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Ðàññìàòðèâàþòñÿ ïðîáëåìû âûáîðà ìåòîäà è áà-
çèñà äëÿ îïòèìèçàöèè ñîåäèíåíèé èññëåäóåìîãî
ðÿäà 3-[2′-àëêèë-2′-îêñîýòèëèäåí]-3,4-äèãèäðî-
õèíîêñàëèí-2(1Í)-îíîâ ñ ïîìîùüþ êâàíòîâî-
õèìè÷åñêèõ ïðîãðàìì, à òàêæå ïðèâîäÿòñÿ, ðàñ-
ñ÷èòàííûå ñ ïîìîùüþ âûáðàííîãî ïðèáëèæåíèÿ,
òåðìîõèìè÷åñêèå äàííûå. Âîñïðîèçâîäèìîñòü
ïàðàìåòðîâ ðàñ÷åòà äîêàçàíà íà îñíîâå ñðàâíå-
íèÿ ïðàêòè÷åñêèõ ßÌÐ è ÈÊ-ñïåêòðîâ ñ òåîðå-
òè÷åñêèìè. Ââèäó îòñóòñòâèÿ òåðìîõèìè÷åñêîé
èíôîðìàöèè äëÿ ñèíòåçèðóåìûõ âåùåñòâ, â êà-
÷åñòâå òåñòîâûõ ñèñòåì èñïîëüçîâàëèñü ñîåäèíå-
íèÿ, ïðèíèìàþùèå ó÷àñòèå â èõ ñèíòåçå. Äîêà-
çàíî, ÷òî õîðîøèå òåðìîäèíàìè÷åñêèå
ïîêàçàòåëè, â ñðàâíåíèè ñ ýêñïåðèìåíòîì, ïîëó-
÷àþòñÿ ïðè èñïîëüçîâàíèè ïðèáëèæåíèÿ PBE/
jorge-dzp. Ïîêàçàíà âåëè÷èíà âëèÿíèÿ ìîëåêóë
ðàñòâîðèòåëÿ íà ýíòàëüïèè îáðàçîâàíèÿ ñîåäè-
íåíèé ïî äâóì ìîäåëÿì: â ôîðìå êîíòèíóàëüíîé
ìîäåëè è ôèçè÷åñêîãî ó÷åòà ìîëåêóë âîäû. Ïðè
èñïîëüçîâàíèè ëþáîé ìîäåëè íåìíîãî ïîâûøà-
åòñÿ òåîðåòè÷åñêàÿ ýíòàëüïèÿ îáðàçîâàíèÿ, îäíà-
êî èñïîëüçîâàíèå «ôèçè÷åñêèõ» ìîëåêóë âîäû â
ðàñ÷åòå ïðèâîäèò ê áîëüøèì çíà÷åíèÿì, íî íå
ñèëüíî îòëè÷àþùèìñÿ îò êîíòèíóàëüíîé ìîäåëè
IEFPCM-SMD. Ïðåäëîæåí ìåõàíèçì ðàñòâîðè-
ìîñòè àëêèëüíûõ ïðîèçâîäíûõ 3,4-äèãèäðîõè-
íîêñàëèí-2(1Í)-îíà. Ðàññ÷èòàíû ýíåðãèè äèññî-
öèàöèè ïÿòè ïðåäñòàâèòåëåé èññëåäóåìîãî ðÿäà
âåùåñòâ. Ïðåäëîæåí ñïîñîá èñïîëüçîâàíèÿ, ïî-
ëó÷åííûõ òåîðåòè÷åñêè, çíà÷åíèé ∆Gaq è lnKsp,
êàê îòíîñèòåëüíûõ ïîêàçàòåëåé ïîêàçûâàþùèõ
ðàñòâîðèìîñòü â ðÿäó ãîìîëîãîâ, ÷òî î÷åíü âàæ-
íî ïðè èññëåäîâàíèè ìåõàíèçìà ñâÿçûâàíèÿ ñ
ìîëåêóëàìè áåëêîâ, ïîñêîëüêó òàêèå ðåàêöèè
ïðîòåêàþò â âîäíîé ñðåäå.

Êëþ÷åâûå ñëîâà: êâàíòîâî-õèìè÷åñêèé ðàñ÷åò;
ïðîèçâîäíûå 3,4-äèãèäðîõèíîêñàëèí-2(1Í)-îíà;
ñïåêòðàëüíûé àíàëèç; ýíåðãèÿ äèññîöèàöèè.
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The article discusses the problems of choosing a
method and basis for the optimization of compounds
of the series 3-[2′-alkyl-2′-oxoethylidene]-3,4-
dihydroquinoxalin-2(1H)-ones using quantum-
chemical programs, approximation of thermo-
chemical data. The reproducibility of the
calculation parameters has been proven by
comparing practical NMR and IR spectra with
theoretical ones. Due to the lack of
thermochemical information for the synthesized
substances, compounds participating in their
synthesis were used as test systems. It has been
proven that good thermodynamic performance, in
comparison with experiment, is obtained using
the PBE/jorge-dzp approximation. The
magnitude of the influence of solvent molecules
on the enthalpies of formation of compounds is
shown according to two models: in the form of a
continual model and a discrete approach. When
using any model, the value of the theoretical
enthalpy of formation increases slightly, however,
the use of «physical» water molecules in the
calculation leads to higher values, but not much
different from the results obtained using the
IEFPCM-SMD continuum model. Solubility is
thought to be related to the dissociation of a
proton at the amino group position. The
dissociation energies of five representatives of the
investigated series of substances are calculated. A
method is proposed for using the theoretically
obtained values of ∆Gaq and lnKsp as relative
indicators showing solubility in a series of
homologues, which is very important when
studying the mechanism of binding to protein
molecules, since such reactions occur in an
aqueous medium.

Key words: derivatives of 3,4-dihydro-
quinoxalin-2 (1H) -one; dissociation energy;
quantum-chemical calculation; spectral analysis.
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Ïðîèçâîäíûå õèíîêñàëèíà ñîñòàâëÿþò äî-
ñòàòî÷íî áîëüøóþ ãðóïïó ãåòåðîöèêëè÷åñêèõ
îðãàíè÷åñêèõ ñîåäèíåíèé è ïðîÿâëÿþò øèðî-
êèé ñïåêòð áèîëîãè÷åñêîé àêòèâíîñòè – àíòè-
áàêòåðèàëüíóþ, àíòèâèðóñíóþ, ïðîòèâîðàêî-
âóþ, èíñåêòèöèäíóþ 1, 2. Ìåõàíèçì äåéñòâèÿ
ýòèõ ïðåïàðàòîâ îáóñëîâëåí èõ ñïîñîáíîñòüþ
âûçûâàòü ãëóáîêèå ñòðóêòóðíûå èçìåíåíèÿ â
öèòîïëàçìå ìèêðîîðãàíèçìîâ è íàðóøàòü áèî-
ñèíòåç ÄÍÊ. Ïîìèìî ýòîãî, èçâåñòíî èõ ïðè-
ìåíåíèå â êà÷åñòâå êðàñèòåëåé, ýôôåêòèâíûõ
ýëåêòðîëþìèíåñöåíòíûõ ìàòåðèàëîâ, îðãàíè-
÷åñêèõ ïðîâîäíèêîâ, ÄÍÊ-ñâÿçûâàþùèõ àãåí-
òîâ 3, 4. Ìîæíî ñ óâåðåííîñòüþ ñêàçàòü, ÷òî
ñèíòåç íîâûõ ïðåäñòàâèòåëåé ýòîãî êëàññà ñî-
åäèíåíèé è èññëåäîâàíèå èõ áèîëîãè÷åñêîé àê-
òèâíîñòè îñòàåòñÿ àêòóàëüíîé çàäà÷åé.

Ðàíåå áûë îñóùåñòâëåí ñèíòåç 3-[2-îêñî-
ïðîïèëèäåí]-3,4-äèãèäðîõèíîêñàëèí-2(1Í)-
îíà äâóõñòàäèéíûì è òàíäåìíûì ñïîñîáàìè.
Ñòðóêòóðà  ñîåäèíåíèÿ ïîäòâåðæäåíà ñïåêò-
ðàëüíûìè ìåòîäàìè àíàëèçà 5. Ïðè íîðìàëü-
íûõ óñëîâèÿõ îáðàçóþùèåñÿ ñîåäèíåíèå íàõî-
äèòñÿ â òâåðäîì ñîñòîÿíèè.

Â äàííîé ñòàòüå ðàññìàòðèâàþòñÿ ïðîáëå-
ìû âûáîðà ìåòîäà è áàçèñà äëÿ îïòèìèçàöèè
ñâîéñòâ ñîåäèíåíèé èññëåäóåìîãî ðÿäà 3-[2′-
àëêèë-2′-îêñîýòèëèäåí]-3,4-äèãèäðîõèíîêñà-
ëèí-2(1Í)-îíîâ. Òåîðåòè÷åñêèå äàííûå, ïîëó-
÷åííûå â âûáðàííîì ïðèáëèæåíèè, áóäóò èñ-
ïîëüçîâàíû äëÿ èäåíòèôèêàöèè ïîëó÷àåìûõ
ñîåäèíåíèé è ïîñëåäóþùåãî ìîëåêóëÿðíîãî
äîêèíãà. Ðàñ÷åò âçàèìîäåéñòâèÿ ìîëåêóë áåë-
êîâ èëè èõ óïðîùåííûõ àíàëîãîâ ñ 3-[2′-àë-
êèë-2′-îêñîýòèëèäåí]-3,4-äèãèäðîõèíîêñàëèí-
2(1Í)-îíàìè ïî ìîäåëè QM/MM+ 6 èëè
ONIOM ïîçâîëèò îïðåäåëèòü ñèëó è ìåõàíèçì
ñâÿçûâàíèÿ èõ ñ áåëêàìè è îöåíèòü áèîëîãè-
÷åñêóþ àêòèâíîñòü. Ïðåäâàðèòåëüíûé ïðîãíîç
áèîëîãè÷åñêîé àêòèâíîñòè ìîæåò îñâîáîäèòü
èññëåäîâàòåëåé îò íåðàöèîíàëüíîãî ñèíòåçà
çàâåäîìî íåýôôåêòèâíûõ ïðîòèâîìèêðîáíûõ
ïðåïàðàòîâ, ÷òî çíà÷èòåëüíî óñêîðÿåò è óäå-
øåâëÿåò èõ ïîèñê.

Ìàòåðèàëû è ìåòîäû

Îñíîâíîé ïðîáëåìîé êâàíòîâî-õèìè÷åñêèõ
ðàñ÷åòîâ ÿâëÿåòñÿ ó÷åò êîððåëÿöèîííîé ýíåð-
ãèè. Ïðÿìûå ðàñ÷åòû ïî÷òè âñåãäà äàþò íåóäîâ-
ëåòâîðèòåëüíûå ðåçóëüòàòû. Áîëåå òî÷íûì ìîæ-
íî íàçâàòü ãîìîäåñìè÷åñêèé ïîäõîä 7, 8. Â íàøåé
ðàáîòå èç-çà ñëîæíîñòè âûáðàííûõ ñèñòåì ìû
íå ìîæåì èñïîëüçîâàòü òàêîé ñïîñîá ðàñ÷åòà.
Â öåëîì òî÷íîñòü ïîëó÷àåìûõ çíà÷åíèé ýíåð-

ãèé çàâèñèò îò âûáîðà áàçèñà. Íàèáîëåå òî÷-
íûå çíà÷åíèÿ ìîæíî ïîëó÷èòü, èñïîëüçóÿ áà-
çèñíûå íàáîðû, ñîñòîÿùèå èç íàòóðàëüíûõ
àòîìíûõ îðáèòàëåé. Î÷åâèäíî, ÷òî äàæå íà
òàêèõ íåáîëüøèõ ñèñòåìàõ, êàê ïðîèçâîäíûå
õèíîêñàëèíà, ðàñ÷åò íà îáû÷íîì êîìïüþòåðå
ìîæåò çàíÿòü äëèòåëüíîå âðåìÿ, ëèáî ïîòðåáó-
åòñÿ èñïîëüçîâàíèå áîëüøîãî êëàñòåðà. Â òî
æå âðåìÿ, ïðè èñïîëüçîâàíèè ìàëûõ áàçèñíûõ
íàáîðîâ óâåëè÷èòñÿ ïîãðåøíîñòü ïðè âû÷èñëå-
íèè îòíîñèòåëüíûõ çíà÷åíèé. Ïîýòîìó âíà÷à-
ëå áûëè ïðîâåäåíû ðàñ÷åòû ìîëåêóë, âõîäÿ-
ùèõ â ðåàêöèþ îáðàçîâàíèÿ äèìåòèëîêñàëàòà -
îíè ïîäîáíû ìîëåêóëàì, ó÷àñòâóþùèì â ðåàê-
öèè îáðàçîâàíèÿ õèíîêñàëèíîâ (ñõåìà 1), íî
èìåþò ìåíüøèé ðàçìåð. Ýòè ðàñ÷åòû ïðèìåíÿ-
ëèñü äëÿ óñòàíîâëåíèÿ ôóíêöèîíàëà è áàçèñà,
ïðè èñïîëüçîâàíèè êîòîðûõ íàèáîëåå òî÷íî
âîñïðîèçâîäèëèñü òåðìîäèíàìè÷åñêèå ïîêàçà-
òåëè, ïîëó÷åííûå â ýêñïåðèìåíòå. Âû÷èñëåíèÿ
ïðîâîäèëè ñ èñïîëüçîâàíèåì äâóõ ìåòîäîâ: òå-
îðèè ñàìîñîãëàñîâàííîãî ïîëÿ è òåîðèè ôóíê-
öèîíàëà ïëîòíîñòè.

Ñõåìà 1. Ñèíòåç 3,4-äèãèäðîõèíîêñàëèí-2(1Í)-
îíîâ

Äëÿ ïðîâåðêè áûëî âûáðàíî ïÿòü áàçèñ-
íûõ íàáîðîâ: jorge-dzp 9, cc-pvdz, aug-cc-
pvdz, 6-311++G(2d,2p), 6-31++G**. Âñå áàçè-
ñû, çà èñêëþ÷åíèåì cc-pvdz, aug-cc-pvdz, ÿâ-
ëÿþòñÿ âàëåíòíûìè è õîðîøî îïòèìèçèðîâàíû
äëÿ ðàñ÷åòîâ ïî ìåòîäó Õàðòðè-Ôîêà. Íàáîðû
áûëè âûáðàíû òàêèì îáðàçîì, ÷òîáû â íèõ
ïîñòåïåííî óâåëè÷èâàëîñü êîëè÷åñòâî áàçèñ-
íûõ ôóíêöèé, è, êàê ñëåäñòâèå, ðîñëè ñëîæ-
íîñòü è òî÷íîñòü ðàñ÷åòà. Ðàñ÷åò ïðîâîäèëè ïî
ôîðìóëàì 8:

totalH E ZPE TC,= + +0
298

ãäå ïîëíàÿ ýíåðãèÿ ñèñòåìû;
ZPE – ýíåðãèÿ íóëåâûõ êîëåáàíèé;
TC – òåðìè÷åñêàÿ ïîïðàâêà.

продуктов исходныхH H H .= −∑ ∑0
298
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Ðåçóëüòàòû è îáñóæäåíèå 

Âûáîð áàçèñà. Ýêñïåðèìåíòàëüíûõ äàí-
íûõ ýíòàëüïèè îáðàçîâàíèÿ äèìåòèëîâîãî ýôè-
ðà ýòàíäèîâîé êèñëîòû ðåàêöèåé ýòåðèôèêàöèè 
ìåòàíîëà è ùàâåëåâîé êèñëîòû â æèäêîé ôàçå 
íàéòè íå óäàëîñü. Â ãàçîâîé ôàçå ýíåðãèÿ îá-
ðàçîâàíèÿ ðàâíà (–709 ± 1) êÄæ/ìîëü, ïî 
ðàçíûì èñòî÷íèêàì 10–12. Îäíàêî åñòü òåðìî-
äèíàìè÷åñêèå äàííûå ðåàêöèè ãèäðîëèçà äèìå-
òèëîêñàëàòà (ñõåìà 2), â êîòîðîé èçìåíåíèå 
ýíòàëüïèè ðàâíî 17.428 ± 0.065 êÄæ/ìîëü 12. 
Ýòè çíà÷åíèÿ è áûëè âçÿòû äëÿ ñðàâíåíèÿ ðåàêöèè, 
ïðåäñòàâëåííîé íà ñõåìå 1. 

 
Ñõåìà 2. Ãèäðîëèç äèìåòèëîêñàëàòà 

 
Íàèáîëåå áëèçêîå ê ýêñïåðèìåíòàëüíîìó 

çíà÷åíèå ýíòàëüïèè îáðàçîâàíèÿ áûëî ïîëó÷å-
íî ïðè èñïîëüçîâàíèè êîððåëÿöèîííî-
ñîãëàñîâàííîãî áàçèñíîãî íàáîðà cc-pvdz. Îä-
íàêî áàçèñíûé íàáîð, ðàçðàáîòàííûé ãðóïïîé 
ó÷åíûõ Francisco, Elias, Jorge (jorge-dzp), äëÿ 
òåêóùèõ ðàñ÷åòîâ ïî÷òè íå óñòóïàåò â òî÷íî-
ñòè, íî çíà÷èòåëüíî ïðåâîñõîäèò ïî ñêîðîñòè 

cc-pvdz. Ðàñ÷åòû ñ èñïîëüçîâàíèåì áàçèñíûõ 
íàáîðîâ, ðàçðàáîòàííûõ Ïîïëîì, äàþò íåìíîãî 
çàâûøåííûå ðåçóëüòàòû (òàáë. 1). Ñêîðîñòü 
ðàñ÷åòà è ñõîäèìîñòü â çàäà÷àõ îïòèìèçàöèè 
ìîëåêóë äëÿ ýòèõ áàçèñîâ ïðåâîñõîäÿò âñå èñ-
ïîëüçóåìûå, íî ýíåðãèÿ îáðàçîâàíèÿ äèìåòè-
ëîêñàëàòà, îòíîñèòåëüíî ýêñïåðèìåíòàëüíûõ 
çíà÷åíèé, ïî ðåçóëüòàòàì ðàñ÷åòà, îòëè÷àåòñÿ 
íà 90%, ïîýòîìó áàçèñíûå íàáîðû 6-311++G 
(2d,2p), 6-31++G** äëÿ îïòèìèçàöèè ïðîèç-
âîäíûõ 3,4-äèãèäðîõèíîêñàëèí-2(1Í)-îíà â 
äàëüíåéøåì íå ïðèìåíÿëèñü. 

Îïòèìèçàöèÿ ìîëåêóë ïðîèçâîäèëàñü óñ-
ëîâíî â ãàçîâîé ôàçå, íî ðåàêöèÿ ãèäðîëèçà 
èäåò â âîäíîé ñðåäå. Î÷åâèäíî, ÷òî íåó÷åò ìî-
ëåêóë ðàñòâîðèòåëÿ ìîæåò ïîâëèÿòü íà êîíå÷-
íîå çíà÷åíèå ýíòàëüïèè îáðàçîâàíèÿ. ×òîáû 
ïðîâåðèòü äàííûé ôàêò, áûë ñäåëàí ðàñ÷åò òîé 
æå ðåàêöèè â ïðèáëèæåíèè HF/jorge-dzp ñ 
ó÷åòîì êîíòèíóàëüíîé ìîäåëè IEFPCM-SMD 
(òàáë. 2). Â êà÷åñòâå ìîëåêóë ðàñòâîðèòåëÿ 
âûáðàíà âîäà. Òàêæå èçâåñòíî, ÷òî ðàñ÷åò ñ 
èñïîëüçîâàíèåì òåîðèè ôóíêöèîíàëà ïëîòíîñòè 
(DFT) äåìîíñòðèðóåò áîëåå áûñòðóþ ñõîäè-
ìîñòü. Äàííûå áàçèñíûå íàáîðû ðàçðàáàòûâà-
ëèñü íå äëÿ ìåòîäà DFT, íî óñïåøíî ïðèìåíÿ- 

Таблица 1  
 

Абсолютные и относительные значения энтальпий молекул, участвующих в  реакции 
гидролиза диметилоксалата,  рассчитанные по методу Хартри!Фока 

 

Базисный набор Вода Метанол Щавелев. 
кислота 

Метил-
оксалат 

Диметил-
оксалат 

∆H1/∆H2 

(кДж/моль) 

jorge-dzp –76.015151 –115.006900 –376.401896 –415.399436 –454.394931 –15.20/–25.04
(–7.61) 

cc-pvdz –76.000260 –114.989728 –376.348341 –415.341897 –454.335203 –10.73/–20.81
(–3.38) 

aug-cc-pvdz –76.015032 –115.002571 –376.377797 –415.371842 –454.365236 –17.08/–32.45
(–15.03) 

6-311++G (2d,2p) –76.029917 –115.025965 –376.442218 –415.444660 –454.446288 –16.79/–31.44
(–14.01) 

6-31++G** –76.004137 –114.992142 –376.330948 –415.325003 –454.319598 –15.88/–33.19
(–15.76) 

Ïðèìå÷àíèå. Â ñêîáêàõ óêàçàíà ðàçíèöà â ñðàâíåíèè ñ ýêñïåðèìåíòàëüíûì çíà÷åíèåì ýíòàëüïèè.  
∆H1 – ýíòàëüïèÿ îáðàçîâàíèÿ ìåòèëîêñàëàòà, ∆H2 – äèìåòèëîêñàëàòà. 

Таблица 2  
Абсолютные и относительные значения энергий молекул,  участвующих в  реакции 

гидролиза диметилоксалата,  рассчитанные по методу DFT 
 

Значения  
в приближении Вода Метанол Щавелевая 

кислота 
Диметил-
оксалат 

∆H|∆G 
(кДж/моль) 

–76.015151 –115.006900 –376.401896 –454.394931 –25.04|–21.79 HF 
(142) 

Без учета 
PCM –76.029093 –115.016210 –376.425119 –454.409427 –26.45|–25.76 

–76.412910 –115.683697 –378.350074 –456.909194 –21.10|–20.09 B3LYP 
(197) 

Без учета 
PCM –76.425694 –115.690628 –378.369549 –456.909194 –25.67|–23.97 

–76.330059 –115.550251 –377.954432 –456.403416 –22.58|–21.31 PBE 
(164) 

Без учета 
PCM –76.343057 –115.558528 –377.972508 –456.412811 –24.58|–22.98 

Ïðèìå÷àíèå. Â ñêîáêàõ óêàçàíî âðåìÿ â ñåêóíäàõ, çàòðà÷åííîå íà îïòèìèçàöèþ è ðàñ÷åò ãåññèàíà 
äëÿ ìîëåêóëû äèìåòèëîêñàëàòà. 
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þòñÿ è äëÿ íåãî. Ïîýòîìó íàìè áûëî ðåøåíî
ïðîàíàëèçèðîâàòü íà òî÷íîñòü è ñêîðîñòü åùå
äâà ñïîñîáà ðàñ÷åòà, â ïðèáëèæåíèè B3LYP/
jorge-dzp è PBE/jorge-dzp.

Çíà÷åíèÿ ýíåðãèé ∆H|∆G (òàáë. 2), ïîäòâåð-
æäàþò, ÷òî ñ ó÷åòîì ìîëåêóë ðàñòâîðèòåëÿ ïî
êîíòèíóàëüíîé ìîäåëè IEFPCM-SMD íåçíà÷è-
òåëüíî ïîâûøàåòñÿ òåîðåòè÷åñêàÿ ýíòàëüïèÿ îá-
ðàçîâàíèÿ äèìåòèëîêñàëàòà – â ñðåäíåì íà
∆H±1–2 êÄæ/ìîëü, ∆G±2–4 êÄæ/ìîëü. Äëÿ
êâàíòîâî-õèìè÷åñêèõ ìåòîäîâ èññëåäîâàíèÿ
ýòî íå ÿâëÿåòñÿ ñóùåñòâåííûì îòêëîíåíèåì 13.
Â öåëîì âñå ñïîñîáû ðàñ÷åòà äàþò õîðîøèå
ðåçóëüòàòû, áëèçêèå ê ýêñïåðèìåíòó. Áîëåå
òî÷íûå çíà÷åíèÿ ∆H|∆G äèìåòèëîêñàëàòà ïî-
ëó÷àþòñÿ ïðè èñïîëüçîâàíèè ïðèáëèæåíèÿ
PBE/jorge-dzp, îäíàêî ïðè òàêîé ðàçíèöå â
ýíåðãèÿõ (1–4 êÄæ/ìîëü) äëÿ êîððåêòíîãî
ïîèñêà ýíòàëüïèé îáðàçîâàíèÿ âîçìîæíî ïðè-
ìåíÿòü ëþáîé ìåòîä.

Îòñóòñòâèå â îêðóæåíèè «ôèçè÷åñêèõ»
ìîëåêóë âîäû ïðè îïòèìèçàöèè òàêæå ìîæåò
âëèÿòü íà çíà÷åíèå ∆H|∆G. ×òîáû ïðîâåðèòü
ýòî, áûëè ñäåëàíû ðàñ÷åòû äèìåòèëîêñàëàòà,
îêðóæåííîãî äâóìÿ è ÷åòûðüìÿ ìîëåêóëàìè
âîäû (ðèñ. 1). Îïòèìèçàöèþ ïðîâîäèëè â äâóõ
ïðèáëèæåíèÿõ  – HF/jorge-dzp è PBE/jorge-
dzp ñ ó÷åòîì êîíòèíóàëüíîé ìîäåëè IEFPCM-
SMD, à âû÷èñëåíèå ýíòàëüïèè ïðîâîäèëè ïî
ðåàêöèè, óêàçàííîé íà ñõåìå 1, ñ ïîïðàâêîé íà
äèìåòèëîêñàëàò. Òàêèì îáðàçîì, îáðàçîâàíèå
êîíå÷íîãî ñîåäèíåíèÿ îçíà÷àëî áû ñîëüâàòà-
öèþ äèìåòèëîêñàëàòà, êîòîðóþ ìîæíî âû÷èñ-
ëèòü ïî óðàâíåíèþ:

( )сольватации aqua диметилоксалат H OH H H H .= − +
2

Êàê è ñëåäîâàëî îæèäàòü, «ôèçè÷åñêèå»
ìîëåêóëû âîäû ìîãóò åùå íåìíîãî ïîâûñèòü òå-
îðåòè÷åñêîå çíà÷åíèå ýíòàëüïèè îáðàçîâàíèÿ
äèìåòèëîêñàëàòà çà ñ÷åò ó÷åòà ýíòàëüïèè ñîëüâà-
òàöèè (òàáë. 3).

Таблица 3
Абсолютные и относительные значения
энтальпий сольватации аквакомплексов

диметилоксалата с учетом континуальной
модели IEFPCM�SMD

Приближение 2H2O 4H2O ∆Hсольватации 

HF/jorge-dzp  –606.469108 –758.529629 –3.93/–10.06 
MP2/jorge-dzp –608.123689 –760.591479 –23.46/–45.31 
PBE/jorge-dzp –609.108867 –761.802302 –26.10/–45.32 
PBE/6-31++G** –609.026685 –761.706621 –15.18/–27.97 

Ïðèìå÷àíèå. ×åðåç äðîáü ïîêàçàíû ýíòàëüïèè
ñîëüâàòàöèè ñ äâóìÿ è ÷åòûðüìÿ ìîëåêóëàìè
âîäû. Àáñîëþòíîå çíà÷åíèå ýíòàëüïèè, ðàññ÷è-
òàííîå â ïðèáëèæåíèè MP2/jorge-dzp, äëÿ âîäû
Hî, Õàðòðè = –76.229734, äëÿ äèìåòèëîêñàëàòà
Hî, Õàðòðè = –455.655287.

Âû÷èñëåííûå çíà÷åíèÿ ýíåðãèè îòíîñè-
òåëüíî õîðîøî ñîãëàñóþòñÿ ñ ýêñïåðèìåíòàëü-
íûìè äàííûìè (–37.6±0.5 êÄæ/ìîëü) 14, îä-
íàêî ìåòîä Õàðòðè-Ôîêà ïðè ðàñ÷åòå äàåò
ìåíüøèå âåëè÷èíû, ÷åì òåîðèÿ ôóíêöèîíàëà
ïëîòíîñòè. Ìîëåêóëû âîäû ïîñëå îïòèìèçà-
öèè â äâóõ ðàçëè÷íûõ ìåòîäàõ ðàñïîëàãàþòñÿ
àíàëîãè÷íûì îáðàçîì (ðèñ. 1). Ïðîáëåìà çàê-
ëþ÷àåòñÿ â íåïîëíîòå ó÷åòà êîððåëÿöèîííîé
ýíåðãèè. Äîêàçàòü ýòî âîçìîæíî, âîñïîëüçî-
âàâøèñü òåîðèåé âîçìóùåíèé è ïðîâåäÿ ðàñ÷åò
ñ ïîïðàâêîé MP2 (òàáë. 3).

   

Ðèñ. 1. Ãåîìåòðè÷åñêîå ñòðîåíèå àêâàêîìïëåêñîâ
äèìåòèëîêñàëàòà

Â öåëîì, õîðîøî ñåáÿ ïîêàçàëè äâà áàçèñ-
íûõ íàáîðà cc-pvdz è jorge-dzp. Òàê êàê îòëè-
÷èÿ â ýíòàëüïèÿõ ìåæäó cc-pvdz è jorge-dzp íå
ñòîëü ñóùåñòâåííû, íî âðåìÿ, íåîáõîäèìîå íà
ðàñ÷åò âî âòîðîì ñëó÷àå ãîðàçäî ìåíüøå, òî
âûáîð áûë ñäåëàí â ïîëüçó âòîðîãî áàçèñíîãî
íàáîðà. Îáîáùàÿ ïðîäåëàííûå âû÷èñëåíèÿ
ðåàêöèè ïîëó÷åíèÿ äèìåòèëîêñàëàòà, áûëî ðå-
øåíî èñïîëüçîâàòü äëÿ äàëüíåéøèõ ðàñ÷åòîâ
ïðèáëèæåíèå PBE/jorge-dzp ñ ó÷åòîì ìîëå-
êóë ðàñòâîðèòåëÿ ïî êîíòèíóàëüíîé ìîäåëè
IEFPCM-SMD.

Ïðîâåðêà âûáðàííîãî ïðèáëèæåíèÿ
íà 3-[2-îêñîïðîïèëèäåí]-3,4-äèãèäðîõèíîêñà-
ëèí-2-îíå.

3-[2-Îêñîïðîïèëèäåí]-3,4-äèãèäðîõèíîê-
ñàëèí-2-îí – ïåðâûé ïðåäñòàâèòåëü èññëåäóå-
ìîãî ðÿäà õèíîêñàëèíîâ (ðèñ. 2). Åãî ñòðîåíèå
ïîäòâåðæäåíî ñïåêòðàëüíûìè ìåòîäàìè 5.
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Ðèñ. 2. Ñòðóêòóðû ñîåäèíåíèé èññëåäóåìîãî ðÿäà
3-[2′′′′′-àëêèë-2′′′′′-îêñîýòèëèäåí]-3,4-äèãèäðîõèíîêñà-
ëèí-2(1Í)-îíîâ



Башкирский химический журнал. 2022. Том 29. №1 61

Äëÿ óñòàíîâëåíèÿ íàèáîëåå âåðîÿòíîé
ñòðóêòóðû ñîåäèíåíèÿ 1 áûëè ïîñòðîåíû è
îïòèìèçèðîâàíû åãî ðàçëè÷íûå êîíôîðìàöèè
è êîíôèãóðàöèè (òàáë. 4). Èñõîäÿ èç âåëè÷è-
íû E, ìîæíî ñêàçàòü, ÷òî íàèáîëåå âåðîÿòíîé
êîíôîðìàöèåé áóäåò 1a.

Таблица 4
Энергии образования различных

конформаций 3�[2�оксопропилиден]�3,4�
дигидрохиноксалин�2�она 1

Конфор-
мация 

E°,  
Хартри 

∆E°, 
кДж/моль 

Структура 

1a –684.5263189 0 
N
H

N
H

O

O

 

1b –684.5163734 26.11 
N
H

N
H

O

O

 

1c –684.5061893 52.85 
N
H

N
H

O
O

 

1d –684.5054562 54.77 
N
H

N
H

O

O

 

Ñðàâíåíèå ýêñïåðèìåíòàëüíî ïîëó÷åííûõ
ÈÊ- è ßÌÐ-ñïåêòðîâ ñ òåîðåòè÷åñêèìè, ãîâî-
ðèò î õîðîøåé ãåîìåòðè÷åñêîé âîñïðîèçâîäè-
ìîñòè ñòðóêòóðû ìîëåêóëû 1a, óêàçàííîé íà
ðèñ. 2. Ìàñøòàáèðóþùèé ôàêòîð äëÿ êîððåê-
öèè òåîðåòè÷åñêèõ ÷àñòîò íå ïðèìåíÿëñÿ.  Ïî-
ëó÷åíèå ñïåêòðîâ ßÌÐ ïðîâîäèëè â ñðåäå ðà-
ñòâîðèòåëÿ äèìåòèëñóëüôîêñèäà, ïîýòîìó ïðè

îïòèìèçàöèè ñîåäèíåíèÿ 1a äëÿ ðàñ÷åòà ßÌÐ-
ñïåêòðà èñïîëüçîâàëè çíà÷åíèå ε = 46.826.

Ïî ðåçóëüòàòàì ýêñïåðèìåíòàëüíûõ èñ-
ñëåäîâàíèé ÈÊ ñïåêòð, ν, ñì-1 (òâ.) 5: 1678 ν
(Ñ=Î), 1614 ν  (Ñ=Î…HN), 1575, 1557, 1500 ν
(CAr–CAr), 931-642 δ (CAr–H, CAr–H). Ñðàâíå-
íèå òåîðåòè÷åñêîãî è ýêñïåðèìåíòàëüíîãî ÈÊ-
ñïåêòðîâ ïðåäñòàâëåíî íà ðèñ. 3. Íàáëþäàåòñÿ
íåáîëüøîå ñìåùåíèå ïîëîñ â ðàñ÷åòíîì ñïåêò-
ðå îòíîñèòåëüíî ýêñïåðèìåíòàëüíîãî, íî ðå-
çóëüòàòû ïîêàçûâàþò îòíîñèòåëüíîå ñîâïàäå-
íèå õàðàêòåðèñòè÷åñêèõ ÷àñòîò.

Ýêñïåðèìåíòàëüíûé ñïåêòð ßÌÐ 1H, δ,
ì.ä. (ÄÌÑÎ-d6) 

5: 2.17 ñ (3Í, ÑÍ3), 6.03 ñ
(1Í, =ÑÍ-), 6.35 ñ (1Í, NH), 6.47 ñ (1Í, NH),
7.04-7.14 ì (4Í, Ñ6Í4 â ñîñòàâå õèíîêñàëèíî-
âîãî ÿäðà). Ñêîððåêòèðîâàííûé òåîðåòè÷åñ-
êèé ßÌÐ 1H-ñïåêòð, δ, ì.ä. (ÄÌÑÎ-d6): 1.93,
1.94, 1.23 ñ (3Í, ÑÍ3), 5.74 ñ (1Í, =ÑÍ-), 6.01
ñ (1Í, NH...Î=Ñ), 10.45 ñ (1Í, NH), 6.22,
6.49, 6.62, 6.71 ñ (4Í, Ñ6Í4 â ñîñòàâå õèíîêñà-
ëèíîâîãî ÿäðà). Ñðåäíåå çíà÷åíèå êîíñòàíòû
ýêðàíèðîâàíèÿ äëÿ òåòðàìåòèëñèëàíà, ðàññ÷è-
òàííîå â ïðèáëèæåíèå PBE/jorge-dzp, ñîñòàâ-
ëÿåò 31.152 (ì.ä.). Òàêèì îáðàçîì, îøèáêà îòíî-
ñèòåëüíî ýêñïåðèìåíòà ñîñòàâëÿåò –0.048 (ì.ä.).

Ðàñòâîðèìîñòü 3-[2-îêñîïðîïèëèäåí]-3,4-
äèãèäðîõèíîêñàëèí-2-îíà ñîñòàâëÿåò 0.501 ã
íà 100 ã â âîäå, 3.965 ã íà 100 ã â ýòèëîâîì
ñïèðòå, îí òàêæå õîðîøî ðàñòâîðèì â ÄÌÑÎ è
äèîêñàíå, òðóäíî –  â áåíçîëå è òîëóîëå. Ìå-
õàíèçì ñîëüâàòàöèè ïðåäïîëîæèòåëüíî ñâÿçàí
ñ âçàèìîäåéñòâèåì ìîëåêóëû õèíîêñàëèíà è
ìîëåêóëû ðàñòâîðèòåëÿ â ïîëîæåíèè àìèíîã-
ðóïï (ðèñ. 4). Ïðîöåññ äèññîöèàöèè èññëåäóå-
ìûõ õèíîêñàëèíîâ ïðåäñòàâëåí íà ñõåìå 3.

Ðèñ. 3. Ñðàâíåíèå òåîðåòè÷åñêîãî (ñíèçó) è ýêñïåðèìåíòàëüíîãî (ñâåðõó) ÈÊ-ñïåêòðîâ 3-[2-îêñîïðîïèëè-
äåí]-3,4-äèãèäðîõèíîêñàëèí-2-îíà
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Ðèñ. 4. Ðàñïîëîæåíèå ìîëåêóë âîäû îòíîñèòåëüíî 
èìèíîãðóïï 3-[2-îêñîïðîïèëèäåí]-3,4-äèãèäðîõè-
íîêñàëèí-2-îíà 

 
Ñõåìà 3. Äèññîöèàöèÿ 3-[2′-àëêèë-2′-îêñîýòèëè-
äåí]-3,4-äèãèäðîõèíîêñàëèí-2(1Í)-îíîâ 

 
Äëÿ ðàñ÷åòà çíà÷åíèÿ ýíåðãèè äèññîöèà-

öèè ñîåäèíåíèÿ 1a áûë èñïîëüçîâàí òåðìîäè-
íàìè÷åñêèé öèêë I (ñõåìà 4), èç êîòîðîãî ñëå-
äóåò ôîðìóëà äëÿ ðàñ÷åòà ∆Gaq: 

 

( ) ( ) ( )

( ) ( ) ( )

aq gas gas gas

sol sol sol

sol aq gas

G nG H G A G HA

n G H G A G HA

G G G .

+ −

+ −

⎡ ⎤∆ = + − +⎣ ⎦
⎡ ⎤+ ∆ + ∆ − ∆⎣ ⎦

∆ = −

;

 

 
Ñõåìà 4. Òåðìîäèíàìè÷åñêèé öèêë I 

 
Êâàíòîâî-õèìè÷åñêèìè ðàñ÷åòàìè íåâîç-

ìîæíî ïîëó÷èòü ýíåðãèþ äëÿ ïðîòîíà. Äëÿ   
∆Ggas(H+) èñïîëüçîâàëè çíà÷åíèå –6.28 êêàë/ 
ìîëü, ðàññ÷èòàííîå â ðàìêàõ òåîðèè Ñàêóðà-
Òåòðîäå, à ∆Gsol(H+) çàìåíèëè ýêñïåðèìåí-
òàëüíî ïîëó÷åííîé âåëè÷èíîé  ýíåðãèè ñîëüâà-
òàöèè ïðîòîíà –265.9 êêàë/ìîëü 15. Äàííûé 
ïîäõîä óæå áûë àïðîáèðîâàí â äðóãîé ñòàòüå è 
äàâàë íåïëîõèå ðåçóëüòàòû 16. Äëÿ ïðèâåäåíèÿ   
∆Ggas

298
 ïðè 1 àòì ê 1Ì, êîòîðàÿ èñïîëüçóåòñÿ 

ïðè ðàñ÷åòàõ ∆Gsol, ïðèìåíÿëè âûðàæåíèå: 
( ) ( )gas gasG M G атм RT ln .∆ = ∆ +1 1 24 46
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Ïðè ðàñ÷åòå Ksp äëÿ ñîåäèíåíèÿ 1a â ýòà-
íîëå áûë èñïîëüçîâàí äîïîëíèòåëüíûé òåðìî-
äèíàìè÷åñêèé öèêë, àíàëîãè÷íûé ïåðâîìó 
(ñõåìà 4), ïî êîòîðîìó âûñ÷èòûâàëîñü çíà÷å-

íèå ∆Gsol(H+) ïðîòîíà â ñïèðòå, òàê êàê ýêñïå-
ðèìåíòàëüíûõ äàííûõ ñîëüâàòàöèè íàéòè íå 
óäàëîñü. ∆Gaq ýòàíîëà â âîäå ðàññ÷èòûâàëè èç 
ýêñïåðèìåíòàëüíî ïîëó÷åííîé êîíñòàíòû äèñ-
ñîöèàöèè ñïèðòà (96%) ïðè 20 îÑ.  Ïîëó÷åííîå 
çíà÷åíèå ∆Gsol(H+) äëÿ ïðîòîíà â ñïèðòå òàêæå 
ïîäñòàâëÿëè â ñõåìó 3 äëÿ õèíîêñàëèíà â 
ñïèðòå. 

Ïðè òàêîì ïîäõîäå Ksp > 1 äëÿ ñîåäèíå-
íèÿ 1a, èç ÷åãî ñëåäóåò, ÷òî äëÿ êîððåêòíîãî 
ðàñ÷åòà ýíåðãèè äèññîöèàöèè íåîáõîäèì ó÷åò 
íåèäåàëüíîñòè ðàñòâîðîâ. Â öåëîì, ñîãëàñíî 
òåîðåòè÷åñêîìó ðàñ÷åòó, ìîæíî ñ÷èòàòü, ÷òî 
ñîåäèíåíèå 1a äîëæíî áûòü õîðîøî ðàñòâîðè-
ìî â ýòàíîëå, ÷òî êîððåëèðóåò ñ ýêñïåðèìåí-
òàëüíûìè äàííûìè. Çíà÷åíèÿ ýíåðãèé Ãèááñà 
èîíîâ è íåéòðàëüíûõ ìîëåêóë èññëåäóåìûõ 
ñîåäèíåíèé ïðèâåäåíû â òàáë. 5. 

Ìû íàïðÿìóþ íå ó÷èòûâàëè ýíòàëüïèþ 
ñîëüâàòàöèè, íî èçâåñòíî, ÷òî äàííûé ïîäõîä 
äàåò ñóùåñòâåííî çàâûøåííûå ïîêàçàòåëè ∆Hsol 
è, ñëåäîâàòåëüíî, ðàññ÷èòàííûå ñ èõ èñïîëüçî-
âàíèåì íå ñîâñåì êîððåêòíûå çíà÷åíèÿ ýíåðãèé 
äèññîöèàöèè 17, 18. Ïîëó÷åííûå äàííûì ñïîñî-
áîì òåîðåòè÷åñêèå çíà÷åíèÿ ∆Gaq è lnKsp ìîæ-
íî èñïîëüçîâàòü ëèøü êàê îòíîñèòåëüíûé ïîêà-
çàòåëü ðàñòâîðèìîñòè â ðÿäó ãîìîëîãîâ. Âëèÿ-
íèå ðàñòâîðèòåëÿ íà ôèçèêî-õèìè÷åñêèå õàðàê-
òåðèñòèêè â ðÿäó ïðîèçâîäíûõ õèíîêñàëèíà íå 
ñóùåñòâåííî 19. Îïèðàÿñü íà ýêñïåðèìåíòàëü-
íûé ðåçóëüòàò ïåðâîãî ïðåäñòàâèòåëÿ è ñîâìå-
ùàÿ ñ òåîðåòè÷åñêèìè çíà÷åíèÿìè, ìîæíî 
ïðåäñêàçàòü îòíîñèòåëüíîå ýêñïåðèìåíòàëüíîå 
çíà÷åíèå ðàñòâîðèìîñòè, íî òî÷íûé ðåçóëüòàò 
ìîæíî óçíàòü òîëüêî â ýêñïåðèìåíòå. Òàêîé 
ìåòîä áóäåò ïîëåçåí ïðè î÷åíü áîëüøîì ÷èñëå 
ãîìîëîãîâ èëè íåáîëüøîì âûõîäå ïðîäóêòîâ 
ðåàêöèè. 

Òàêèì îáðàçîì, íàáëþäàåìàÿ õîðîøàÿ 
êîððåëÿöèÿ ðàññ÷èòàííûõ ÈÊ è ßÌÐ-ñïåêòðîâ 
ñ ïðàêòè÷åñêèìè ÿâëÿåòñÿ äîêàçàòåëüñòâîì 
ïðàâèëüíîé âîñïðîèçâîäèìîñòè ñòðóêòóð ìîëå-
êóë ïðè èñïîëüçîâàíèè ïðèáëèæåíèÿ 
PBE1/jorge-dzp. Òåîðåòè÷åñêèå çíà÷åíèÿ ñâî-
áîäíîé ýíåðãèè äèññîöèàöèè ïîëó÷àþòñÿ çà-
âûøåííûìè, íî â ðÿäó ãîìîëîãîâ õîðîøî ïî-
êàçûâàþò èçìåíåíèå ðàñòâîðèìîñòè ñèíòåçè-
ðóåìûõ ñîåäèíåíèé. 

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò ñ óâå-
ðåííîñòüþ ãîâîðèòü î òîì, ÷òî èñïîëüçîâàíèå 
áàçèñà Jorge-DZP è ìåòîäà PBE1 äëÿ ðàñ÷åòà 
àëêèëüíûõ ïðîèçâîäíûõ 3,4-äèãèäðîõèíîêñà-
ëèí-2-îíà äàåò âîçìîæíîñòü ïðîâåñòè äîñòî-
âåðíóþ îïòèìèçàöèþ â ðàìêàõ ïîñëåäóþùåãî 
 



Башкирский химический журнал. 2022. Том 29. №1 63

Литература

1. Pereira J.A., Pessoa A.M., Cordeiro M.N.D.S.,
Fernandes R., Prudencio C., Noronha J.P., Vieira
M. Quinoxaline, its derivatives and applications: A
State of the Art review // European Journal of
Medicinal Chemistry.–  2015.– T.97.– C.664-672.

2. Ïèñàðåíêî Å.À. Ôàðìàêîëîãè÷åñêàÿ õàðàêòåðè-
ñòèêà 2,3-áèñ-(ãèäðîêñèìåòèë)-õèíîêñàëèíà
1,4-äè-N-îêñèäà // Ìåæäóíàðîäíûé æóðíàë
ïðèêëàäíûõ è ôóíäàìåíòàëüíûõ èññëåäîâà-
íèé.– 2014.– ¹3-1.– C.100-101.

3. Gobouri A. Ñèíòåç è áèîëîãè÷åñêàÿ îöåíêà íå-
êîòîðûõ N -çàìåùåííûõ ïðîèçâîäíûõ õèíîêñà-
ëèíà â êà÷åñòâå ïðîòèâîîïóõîëåâûõ àãåíòîâ //
Áèîîðãàíè÷åñêàÿ õèìèÿ.– 2020.– T.46, ¹3.–
C.327-327.

4. Íîñîâà Ý.Â., Òðàøàõîâà Ò.Â., Óñòþãîâ Â.Ñ.,
Ìî÷óëüñêàÿ Í.Í., Âàëîâà Ì.Ñ., Ëèïóíîâà
Ã.Í., ×àðóøèí Â.Í. Ôòîðñîäåðæàùèå ñòèðèëï-
ðîèçâîäíûå õèíîëèíà è õèíîêñàëèíà: ñèíòåç è
ôîòîôèçè÷åñêèå ñâîéñòâà // Èçâåñòèÿ Àêàäå-
ìèè íàóê. Ñåð. õèì.– 2011.– ¹5.– C.920-925.

5. Êàçàåâ Ê.À., Ëåâåíåö Ò.Â., Êóíàâèíà Å.À. Òàí-
äåìíûé ñèíòåç 3-[2-îêñîïðîïèëèäåí]-3, 4-äè-
ãèäðîõèíîêñàëèí-2(1H)-îíà // Óíèâåðñèòåòñ-
êèé êîìïëåêñ êàê ðåãèîíàëüíûé öåíòð îáðàçî-
âàíèÿ, íàóêè è êóëüòóðû.– 2021.– C.2709-2711.

6. Peshkov S.A., Khursan S.L. Complexation of the
Zn, Co, Cd, and Pb ions by metallothioneins: A
QM/MM simulation // Computational and
Theoretical Chemistry.– 2017.– T.1106.– C.1-6.

7. Õóðñàí Ñ.Ë. Ñîïîñòàâèòåëüíûé àíàëèç òåîðåòè-
÷åñêèõ ìåòîäîâ îïðåäåëåíèÿ òåðìîõèìè÷åñêèõ
õàðàêòåðèñòèê îðãàíè÷åñêèõ ñîåäèíåíèé
// Âåñòíèê Áàøêèðñêîãî óíèâåðñèòåòà.–
2014.– T.19, ¹2.– C.395-402.

References

1. Pereira J.A., Pessoa A.M., Cordeiro M.N.D.S.,
Fernandes R., Prudencio C., Noronha J.P., Vieira
M. [Quinoxaline, its derivatives and applications:
A State of the Art review].  European Journal of
Medicinal Chemistry, 2015, vol.97, pp.664-672.

2. Pisarenko E.A. Farmakologicheskaya kharak-
teristika 2,3-bis-(gidroksimetil)-hinoksalina-
1,4-di-N-oksida [Pharmacological characteristics
of 2,3-bis-(hydroxymethyl)-quinoxaline 1,4-di-N-
oxide]. Mezhdunarodnyi zhurnal prikladnykh i
fundamental'nykh issledovaniy [International
Journal of Applied and Fundamental Research],
2014, no.3-1, pp.100-101.

3. Gobouri A. [Synthesis and Biological Evaluation
of Some N-Substituted Quinoxaline Derivatives
as Antitumor Agents]. Russian Journal of
Bioorganic Chemistry, 2020, vol.46, pp.409-416.

4. Nosova E.V., Trashakhova T.V., Ustyugov V.S.,
Mochul'skaya N.N., Valova M.S., Lipunova
G.N., Charushin V.N. [Fluorine-containing
quinoline and quinoxaline styryl derivatives:
Synthesis and photophysical properties]. Russian
Chemical Bulletin, 2011, vol.60, no.5, pp.942-947.

5. Kazaev K.A., Levenets T.V., Kunavina E.A. Tan-
demnyi sintez 3-[2-oksopropiliden]-3,4-digid-
rokhinoksalin-2(1H)-ona [Tandem synthesis of 3-
[2-oxopropylidene]-3,4-dihydroquinoxalin-2(1H)-
one]. Universitetskiy kompleks kak regional'nyi
tsentr obrazovaniya, nauki i kul'tury [University
complex as a regional center of education, science
and culture], 2021, pp.2709-2711.

6. Peshkov S.A., Khursan S.L. [Complexation of the
Zn, Co, Cd, and Pb ions by metallothioneins: A
QM/MM simulation]. Computational and
Theoretical Chemistry, 2017,  vol.1106, pp.1-6.

7. Khursan S.L. Sopostavitel'nyy analiz teoreti-
cheskikh metodov opredeleniya termokhi-

Таблица 5
Абсолютные значения энергий Гиббса ионов и нейтральных молекул

3,4!дигидрохиноксалин!2!1(Н)!онов в воде и энергии их диссоциации

Соединение 1 2 3 4 5 
Ggas(HA) –684.354379 –723.59211 –762.834073 –802.076339 –841.318825 
Gsol(HA) –684.370121 –723.610852 –762.852846 –802.094293 –841.335125 
Ggas(A2–) –683.126429 –722.370643 –761.61115 –800.853496 –840.097088 
Gsol(A2–) –683.423352 –722.66296 –761.90491 –801.145767 –840.385841 
lnKsp 1.82E–38 5.57E–39 5.31E–39 2.85E–39 1.28E–39 
∆Gaq (кДж/моль) 216.06 219.01 219.13 220.68 222.67 
В/А 1 3.273 1.048 1.865 2.226 
X/А 1 3.273 3.429 6.394 14.235 
ς 0.501 0.153 0.146 0.0783 0.0352 

Ïðèìå÷àíèå. Ýêñïåðèìåíòàëüíîå ðàññ÷èòàííîå çíà÷åíèå ïðîèçâåäåíèÿ ðàñòâîðèìîñòè ñîåäèíåíèÿ 1a â
âîäå áåç ó÷åòà àêòèâíîñòè èîíîâ ðàâíî 1.502E-05; B/A – îòíîøåíèå lnKsp ñëåäóþùåãî ñîåäèíåíèÿ ê
ïðåäûäóùåìó; X/À – îòíîøåíèå lnKsp ñëåäóþùåãî ñîåäèíåíèÿ ê ïåðâîìó ïðåäñòàâèòåëþ; ς – ïðåäñêàçàí-
íàÿ ðàñòâîðèìîñòü áóäóùèõ ñîåäèíåíèé.

ìîëåêóëÿðíîãî äîêèíãà. Ýíåðãåòè÷åñêèå è ãåî-
ìåòðè÷åñêèå ïàðàìåòðû ðàññ÷èòûâàþòñÿ ñ ìàëîé
ïîãðåøíîñòüþ, ÷òî íåîáõîäèìî äëÿ êîððåêòíîãî
QM/MM+ èëè ONIOM èññëåäîâàíèÿ.

Ïîëó÷åííûå ðåçóëüòàòû ìîãóò ñëóæèòü
ìåòîäè÷åñêèì ìàòåðèàëîì ïðè êâàíòîâî-õèìè-
÷åñêîì àíàëèçå ñîåäèíåíèé ñ õèíîêñàëèíîâûì
ÿäðîì, ÿâëÿþùèõñÿ êðàéíå ðàñïðîñòðàíåííû-
ìè â ôàðìàêîëîãèè.



64 Башкирский химический журнал. 2022. Том 29. №1

8. Õóðñàí Ñ.Ë. Ãîìîäåñìè÷åñêèé ìåòîä îïðåäåëå-
íèÿ ýíåðãèè äèññîöèàöèè ñâÿçåé O–H â ôåíî-
ëàõ // Êèíåòèêà è êàòàëèç.– 2016.– T.57,
¹2.– C.164-175.

9. Jorge F.E., Neto A.C., Camiletti G.G., Machado
S.F. Contracted Gaussian basis sets for Douglas-
Kroll-Hess calculations: Estimating scalar
relativistic effects of some atomic and molecular
properties // The Journal of Chemical Physics.–
2009.– T.130, ¹6.– C.064108.

10. Anthoney M.E., Carson A.S., Laye P.G. The
thermochemistry of formates and oxalates //
Conf. Int. Thermodyn. Chim. C.R. 4th.– 1975.–
C.99-103.

11. Anthoney M.E., Carson A.S., Laye P.G., Yrekli M.
The enthalpy of formation of dimethyl oxalate // J.
Chem. Thermodyn.– 1976.– ¹8.– C.1009-1010.

12. Anthoney M.E., Finch A., Stephens M. The
solution of dimethyl oxalate and oxalic acid in
water and alkali. Standard enthalpy of formation
of dimethyl oxalate // Thermochim. Acta.–
1975.– ¹12.– C.427-431.

13. Øåïîâàëîâ Ê.Ì., Ìàñëîâà Î.À., Áåçíîñþê
Ñ.À., Æóêîâñêèé Ì.Ñ., Æóêîâñêàÿ Ò.Ì. Îïòè-
ìàëüíîñòü è òî÷íîñòü êîìïüþòåðíûõ âû÷èñëå-
íèé ñâîáîäíîé ýíåðãèè Ãèááñà ãèäðàòàöèè ìîëå-
êóë â êîíòèíóàëüíûõ ìîäåëÿõ ñîëüâàòàöèè //
Èçâåñòèÿ Àëòàéñêîãî ãîñóäàðñòâåííîãî óíèâåð-
ñèòåòà.– 2019.– ¹1(105).– Ñ.56-59.

14. Samatov A.A., Nagrimanov R.N.,
Miroshnichenko E.A., Solomonov B.N.
Vaporization/sublimation enthalpies of mono-
and dimethyl-esters estimated by solution
calorimetry method // Thermochimica Acta.–
2020.– T.685.– C.178529.

15. Camaioni D.M., Schwerdtfeger C.A. Comment
on «Accurate experimental values for the free
energies of hydration of H+, OH-, and H3O

+» //
The Journal of Physical Chemistry A.– 2005.–
V.109, ¹47.– Pp.10795-10797.

16. Liptak M.D., Gross K.C., Seybold P.G., Feldgus
S., Shields G.C. Absolute pKa determinations for
substituted phenols // Journal of the American
Chemical Society.– 2002.– V.124, ¹22.–
Pp.6421-6427.

17. Meloun M., Ferencikova Z. Enthalpy-entropy
compensation for some drugs dissociation in
aqueous solutions // Fluid Phase Equilibria.–
2012.– V.328.– C.31-41.

18. Dragan A. I., Read C. M., Crane-Robinson C.
Enthalpy-entropy compensation: the role of
solvation // European Biophysics Journal.–
2017.– V.46, ¹4.– Pp.301-308.

19. Ùåðáàêîâ Â.Â., Êóðáàòîâà Ñ.Â., Çåìöîâà Ì.Í.
Âëèÿíèå ïðèðîäû ðàñòâîðèòåëÿ íà ôèçèêî-õè-
ìè÷åñêèå õàðàêòåðèñòèêè ïðîèçâîäíûõ õèíîëè-
íà // Áóòëåðîâñêèå ñîîáùåíèÿ.– 2019.– T.60,
¹11.– C.31-39.

micheskikh kharakteristik organicheskikh
soyedineniy [Ñomparative analysis of theoretical
methods  for the determination of thermochemical
parameters of organic compounds]. Vestnik
Bashkirskogo universiteta [Bulletin of  Bashkir
University], 2014, vol.19, no.2, pp.395-402.

8. Khursan, S.L. [Homodesmotic method of
determining the O–H bond dissociation energies
in phenols]. Kinetics and Catalysis, 2016,
vol.57, no.2. pp.159-169.

9. Jorge F.E., Neto A.C., Camiletti G.G., Machado
S.F. Contracted Gaussian basis sets for Douglas-
Kroll-Hess calculations: Estimating scalar
relativistic effects of some atomic and molecular
properties // The Journal of Chemical Physics.
2009. Vol. 130. no.6. pp. 064108.

10. Anthoney M.E., Carson A.S., Laye P.G. [The
thermochemistry of formates and oxalates].  Conf. Int.
Thermodyn. Chim. C.R. 4th., 1975, pp.99-103.

11. Anthoney M.E., Carson A.S., Laye P.G., Yrekli M.
[The enthalpy of formation of dimethyl oxalate]. J.
Chem. Thermodyn., 1976, no.8. pp.1009-1010.

12. Anthoney M.E., Finch A., Stephens M. [The
solution of dimethyl oxalate and oxalic acid in
water and alkali. Standard enthalpy of formation
of dimethyl oxalate]. Thermochim. Acta,  1975,
no.12, pp.427-431.

13. Shepovalov K.M., Maslova O.A., Beznosyuk
S.A., Zhukovsky M.S., Zhukovsky T.M. Opti-
mal'nost' i tochnost' komp'yuternykh vychisle-
niy svobodnoy energii Gibbsa gidratatsii
molekul v kontinual'nykh modelyakh sol'vata-
tsii [The Optimality and Accuracy of Computer
Calculations of the Gibbs Free Energy of
Hydration of Molecules in the Continuum Models
of Solvation]. Izvestiya Altayskogo gosudar-
stvennogo universiteta [Proceedings of the Altai
State University], 2019, no.1(105), pp.56-59.

14. Samatov A.A., Nagrimanov R.N., Miroshni-
chenko E.A., Solomonov B.N. [Vaporization/
sublimation enthalpies of mono- and dimethyl-
esters estimated by solution calorimetry method].
Thermochimica Acta, 2020, vol.685, p.178529.

15. Camaioni D.M., Schwerdtfeger C.A. [Comment
on «Accurate experimental values for the free
energies of hydration of H+, OH-, and H3O

+»].
The Journal of Physical Chemistry A., 2005,
vol.109, no.47, pp.10795-10797.

16. Liptak M.D., Gross K.C., Seybold P.G., Feldgus
S., Shields G.C. [Absolute pKa determinations for
substituted phenols]. Journal of the American Chemi-
cal Society, 2002, vol.124, no.22, pp.6421-6427.

17. Meloun M., Ferencikova Z. [Enthalpy-entropy
compensation for some drugs dissociation in
aqueous solutions]. Fluid Phase Equilibria,
2012, vol.328, pp.31-41.

18. Dragan A.I., Read C.M., Crane-Robinson C.
[Enthalpy-entropy compensation: the role of
solvation]. European Biophysics Journal, 2017,
vol.46, no.4, pp.301-308.

19. Shcherbakov V.V., Kurbatova S.V., Zemtsova
M.N. Vliyaniye prirody rastvoritelya na fiziko-
khimicheskiye kharakteristiki proizvodnykh
khinolina [The effect of the solvent nature on the
quinoline derivatives physicochemical charac-
teristics]. Butlerovskiye soobshcheniya [Butlerov
Communications], 2019, vol.60, no.11, pp.31-39.


