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Âïåðâûå ðàçðàáîòàí ìåòîä öèêëîïðîïàíèðîâà-
íèÿ çàìåùåííûõ àëëèëàìèíîâ ñ ïîìîùüþ ñèñòå-
ìû ðåàãåíòîâ Et2Zn-CH2I2-AlCl3. Óñòàíîâëåíî,
÷òî ñêîðîñòü ðåàêöèè öèêëîïðîïàíèðîâàíèÿ çàâè-
ñèò îò ýëåêòðîííûõ õàðàêòåðèñòèê çàìåñòèòåëåé
ïðè äâîéíîé ñâÿçè: óñêîðÿåòñÿ ïðè ââåäåíèè
ýëåêòðîíîäîíîðíîãî è çàìåäëÿåòñÿ ïðè ââåäåíèè
ýëåêòðîíîàêöåïòîðíîãî çàìåñòèòåëÿ. Íàëè÷èå
îáúåìíûõ çàìåñòèòåëåé ïðè àòîìå àçîòà â àë-
êèëçàìåùåííûõ àëëèëàìèíàõ íå ïðåïÿòñòâóåò
ïðîõîæäåíèþ ðåàêöèè öèêëîïðîïàíèðîâàíèÿ.
Â îòñóòñòâèå AlCl3 ãîìîöèêëîïðîïèëàìèíû â
ðåàêöèîííîé ìàññå íå îáíàðóæèâàëèñü. Ïðåäëî-
æåíà âåðîÿòíàÿ ñõåìà ìåõàíèçìà ðåàêöèè,
âêëþ÷àþùàÿ îáðàçîâàíèå in situ Et3Al.

Êëþ÷åâûå ñëîâà: àëëèëàìèíû; ãîìîöèêëîï-
ðîïèëàìèíû; êàðáåíîèäû àëþìèíèÿ; öèíêîðãà-
íè÷åñêèå ñîåäèíåíèÿ; öèêëîïðîïàíèðîâàíèå.

For the first time, a method for cyclopropanation
of substituted allylamines using the Et2Zn-CH2I2-
AlCl3 reagent system was developed. The rate of
the cyclopropanation reaction depends on the
electronic effects of the substituents at the double
bond: it is accelerated when an electron-donor
substituent is introduced and slows down when
an electron-acceptor substituent is introduced.
The presence of bulky substituents at the nitrogen
atom in alkyl-substituted allylamines did not
interfere with the cyclopropanation reaction. In
the absence of AlCl3, homocyclopropylamines in
the reaction mixture were not detected. A
reaction mechanism was proposed, including the
in situ formation of Et3Al.

Key words: allylamines; aluminum carbenoids;
cyclopropanation; homocyclopropylamines;
organozinc compounds.
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Ðàçðàáîòêà íîâûõ ìåòîäîâ ïîëó÷åíèÿ
öèêëîïðîïàíîâûõ ñîåäèíåíèé ñ èñïîëüçîâàíè-
åì øèðîêîäîñòóïíûõ ðåàãåíòîâ ÿâëÿåòñÿ âàæ-
íîé çàäà÷åé â îðãàíè÷åñêîé õèìèè. Ðåàãåíòû
Âèòòèãà-Ôóðóêàâû è Äåíìàðêà, ïðåäñòàâëÿþ-
ùèå ñîáîé ãàëîãåíìåòèëïðîèçâîäíûå öèíêà
((XCH2)2Zn, ãäå X = I, Cl) è ïîëó÷àåìûå âçà-
èìîäåéñòâèåì Et2Zn ñ CH2I2 èëè ICH2Cl, îêà-
çàëèñü îñîáî ïîëåçíû äëÿ öèêëîïðîïàíèðîâà-
íèÿ îëåôèíîâ è àëëèëîâûõ ñïèðòîâ 1–4. Îäíà-
êî, êàê íàìè áûëî ðàíåå îáíàðóæåíî, ïîëó÷å-
íèå çàìåùåííûõ öèêëîïðîïèëàìèíîâ èç
åíàìèíîâ è 2-àëêåíèëàìèíîâ ïðîõîäèò áîëåå
ýôôåêòèâíî ïîä äåéñòâèåì êàðáåíîèäà àëþìè-
íèÿ Et2AlCH2I

 5–7.
 Óïîìÿíóòûå âûøå ðåàãåíòû, ÿâëÿþùèåñÿ

êàðáåíîèäàìè öèíêà, îêàçàëèñü íåýôôåêòèâíû-
ìè äëÿ öèêëîïðîïàíèðîâàíèÿ àçîòñîäåðæàùèõ
íåíàñûùåííûõ ñîåäèíåíèé âñëåäñòâèå ïîáî÷íîé
ðåàêöèè N-àëêèëèðîâàíèÿ. Íàïðèìåð, âçàìî-
äåéñòâèå N,N-äèáåíçèëöèêëîãåêñ-2-åí-1-àìèíà ñ
ðåàãåíòàìè Âèòòèãà-Ôóðóêàâû è Äåíìàðêà äàåò
ïðîäóêò öèêëîïðîïàíèðîâàíèÿ ñ âûõîäîì 11 è
33 % ñîîòâåòñòâåííî 8–9. Íàèëó÷øèé ðåçóëüòàò ñ
âûõîäîì 92% áûë ïîëó÷åí ïðè èñïîëüçîâàíèè
ðåàãåíòà Øè (CF3CO2ZnCH2I). Îäíàêî è â
ýòîì ñëó÷àå âûõîä ïðîäóêòà öèêëîïðîïàíèðî-
âàíèÿ ðåçêî ñíèæàëñÿ ÷åðåç 1 ÷ ïîñëå íà÷àëà
ðåàêöèè 8,9, ÷òî áûëî ñâÿçàíî ñ óñêîðåíèåì
ïîáî÷íîé ðåàêöèè N-àëêèëèðîâàíèÿ.

Ñ öåëüþ ðàçðàáîòêè íîâîãî ýôôåêòèâíîãî
ðåàãåíòà öèêëîïðîïàíèðîâàíèÿ àçîòñîäåðæà-
ùèõ íåíàñûùåííûõ ñîåäèíåíèé íà îñíîâå
Et2Zn íàìè áûëî èçó÷åíî âçàèìîäåéñòâèå ñèñ-
òåìû ðåàãåíòîâ Et2Zn-CH2I2-AlCl3 ñ çàìåùåí-
íûìè àëëèëàìèíàìè.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Íàìè óñòàíîâëåíî, ÷òî àëêèëçàìåùåííûå
àëëèëàìèíû 1a-f ðåàãèðóþò ñ ñèñòåìîé ðåàãåí-
òîâ, ñîñòîÿùåé èç 1.2 ýêâèâàëåíòîâ Et2Zn,
CH2I è 0.8 ýêâèâàëåíòà AlCl3, ïðè êîìíàòíîé
òåìïåðàòóðå â äèõëîðìåòàíå ñ îáðàçîâàíèåì
ãîìîöèêëîïðîïèëàìèíîâ 2a-f ñ âûõîäàìè 63–
85 % (ñõåìà 1). Ñêîðîñòü ðåàêöèè öèêëîïðîïà-

íèðîâàíèÿ çàâèñèò îò ýëåêòðîííûõ ýôôåêòîâ
çàìåñòèòåëåé ïðè äâîéíîé ñâÿçè: óñêîðÿåòñÿ
ïðè ââåäåíèè ýëåêòðîíîäîíîðíîãî çàìåñòèòåëÿ
è çàìåäëÿåòñÿ ïðè ââåäåíèè ýëåêòðîíîàêöåï-
òîðíîãî çàìåñòèòåëÿ. Òàê, êîíâåðñèÿ (E)-1,4-
äè(ïèïåðèäèí-1-èë)áóò-2-åíà â ðåàêöèè ñ 5 ýê-
âèâàëåíòàìè Et2Zn è CH2I2 è 3 ýêâèâàëåíòàìè
AlCl3 çà ñóòêè íå ïðåâûøàëà 5%. Íàèáîëüøèé
âûõîä ãîìîöèêëîïðîïèëàìèíà 2d áûë çàôèê-
ñèðîâàí ïðè öèêëîïðîïàíèðîâàíèè N-ìåòàë-
ëèëïèïåðèäèíà 1d. Íàëè÷èå îáúåìíûõ çàìåñ-
òèòåëåé (t-Oct, c-Hex) ïðè àòîìå àçîòà â àë-
êèëçàìåùåííûõ àëëèëàìèíàõ 1b,e íå ïðåïÿò-
ñòâîâàëî ïðîõîæäåíèþ ðåàêöèè öèêëîïðîïà-
íèðîâàíèÿ. Â îòñóòñòâèå AlCl3 ãîìîöèêëîïðî-
ïèëàìèíû 2a-f â ðåàêöèîííîé ìàññå íå îáíàðó-
æèâàëèñü.

Àëëèëàìèíû, èìåþùèå òàêèå âûðàæåí-
íûå ýëåêòðîíîàêöåïòîðíûå çàìåñòèòåëè ïðè
àòîìå àçîòà, êàê N-àëëèëàíèëèí, N,N-äèàëëè-
ëàíèëèí, N,N-äèàëëèëíàôòàëèë-1-àìèí, N-àë-
ëèëèìèäàçîë è N,N-äèàëëèëàöåòàìèä, íå ïðî-
ÿâèëè àêòèâíîñòè â èçó÷àåìîé ðåàêöèè. Â òî
æå âðåìÿ, âçàèìîäåéñòâèå 4-àëëèëìîðôîëèíà
1c ñ 2.4 ýêâèâàëåíòàìè Et2Zn, CH2I è 1.6 ýêâè-
âàëåíòîì AlCl3 äàåò ïðîäóêò öèêëîïðîïàíèðî-
âàíèÿ 2c ñ âûñîêèì âûõîäîì.

Ïðè èñïîëüçîâàíèè ãåêñàíà â êà÷åñòâå ðà-
ñòâîðèòåëÿ â ðåàêöèè N,N-äèýòèëàëëèëàìèíà
1a ñ ñèñòåìîé ðåàãåíòîâ Et2Zn-CH2I2-AlCl3,
âûõîä ãîìîöèêëîïðîïèëàìèíà 2a ñíèæàåòñÿ
äî 42%, ÷òî ìîæåò áûòü ñâÿçàíî ñ íåðàñòâîðè-
ìîñòüþ AlCl3 â ãåêñàíå. Â ñðåäå ýôèðíûõ ðà-
ñòâîðèòåëåé (äèýòèëîâîãî ýôèðà, òåòðàãèäðî-
ôóðàíà, 1,4-äèîêñàíà) ðåàêöèÿ íå èäåò, âñëåä-
ñòâèå, êàê ìû ïîëàãàåì, îáðàçîâàíèÿ ìàëîðå-
àêöèîííîñïîñîáíûõ óñòîé÷èâûõ ýôèðàòîâ
ñîëåé àëþìèíèÿ.

Ïðåäïîëàãàåìûé ìåõàíèçì ðåàêöèè âêëþ-
÷àåò îáðàçîâàíèå in situ Et3Al âñëåäñòâèå âçàè-
ìîäåéñòâèÿ Et2Zn ñ AlCl3. Ïîñëåäóþùàÿ ðåàê-
öèÿ Et3Al ñ CH2I2 ïðèâîäèò ê ãåíåðèðîâàíèþ
êàðáåíîèäà àëþìèíèÿ Et2AlCH2I, êîòîðûé è
ÿâëÿåòñÿ àêòèâíûì öèêëîïðîïàíèðóþùèì èí-
òåðìåäèàòîì (ñõåìà 2).

 

N
R'''

Et2Zn (1,2 экв.), 
CH2I2 (1,2 экв.),
AlCl3 (0,8 экв.)

2a: R' = Et, R'' = Et, R''' = H (65%)
2b: R' = t-Oct, R'' = H, R''' = H (70%)
2c: R',R'' = (CH2)5, R''' = H (72%)
2d: R',R'' = (CH2)5, R''' = Me (85%)
2e: R' = c-Hex, R'' = H, R''' = H (63%)
2f : R',R'' = (CH2)2O(CH2)2, R''' = H (69%)

N
R'''

CH2Cl2,
R'

R''

R'

R''

23 oC, 6 ч1a-f

Ñõåìà 1. Öèêëîïðîïàíèðîâàíèå àëêèëçàìåùåííûõ àëëèëàìèíîâ 1a-f
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 3 Et2Zn + 2 AlCl3 2 Et3Al + 3 ZnCl2

Et3Al + CH2I2 Et2AlCH2I + EtI

R''

NRR'

R''

NRR'
Et2AlCH2I

- Et2AlI

Ñõåìà 2. Ïðåäïîëàãàåìûé ìåõàíèçì öèêëîïðîïàíè-
ðîâàíèÿ àëêèëçàìåùåííûõ àëëèëàìèíîâ

Òàêèì îáðàçîì, íàìè ðàçðàáîòàí íîâûé
ìåòîä öèêëîïðîïàíèðîâàíèÿ  àëêèëçàìåùåí-
íûõ àëëèëàìèíîâ ñ ïîìîùüþ ñèñòåìû ðåàãåí-
òîâ Et2Zn-CH2I2-AlCl3.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Èñïîëüçîâàëè êîììåð÷åñêè äîñòóïíûé
äèýòèëöèíê (≥52% wt. Zn basis) ôèðìû
«Sigma-Aldrich». Äèõëîðìåòàí ïåðåãîíÿëè íàä
P2O5. 2-Àëêåíèëàìèíû ïîëó÷àëè ðåàêöèåé
2-àëêåíèëáðîìèäîâ ñ âòîðè÷íûìè àìèíàìè 10.

Ñïåêòðîñêîïèþ ÿäåðíîãî ìàãíèòíîãî ðå-
çîíàíñà ïðîâîäèëè íà ïðèáîðå Brucker
Avance-400. Ñïåêòðû ßÌÐ 1Í çàïèñàíû ïðè
400 ÌÃö, ñïåêòðû ßÌÐ 13Ñ ïðè 100 ÌÃö â
CDCl3. Íóìåðàöèÿ àòîìîâ â ñïåêòðàõ 13Ñ- è
1H-ßÌÐ ñîåäèíåíèé 2a-f ïîêàçàíà íà ðèñ. 1.
Ýëåìåíòíûé àíàëèç âûïîëíåí íà ïðèáîðå
Carlo-Erba CHN 1106. Ìàññ-ñïåêòðû ïîëó÷å-
íû íà ïðèáîðå Finnigan 4021. Âûõîäû ðàññ÷è-
òûâàëè ïî êîëè÷åñòâàì öèêëî- è äèöèêëîïðî-
ïèëàìèíîâ, âûäåëåííûõ èç èñõîäíûõ 2-àëêå-
íèëàìèíîâ.
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Ðèñ. 1. Íóìåðàöèÿ àòîìîâ óãëåðîäà â ñïåêòðàõ 13Ñ-
è 1H-ßÌÐ ñîåäèíåíèé 2a-f.

Îáùàÿ ïðîöåäóðà ñèíòåçà öèêëîïðî-
ïèëàìèíîâ. Â ñòåêëÿííûé ðåàêòîð íà ìàãíèò-
íîé ìåøàëêå â àòìîñôåðå ñóõîãî àðãîíà ïðè 0
îÑ ïîìåùàëè 5 ìë ÑH2Cl2, 0.24 ìë (2.4 ììîëü)
Et2Zn è 0.2144 ã (1.6 ììîëü) AlCl3, çàòåì ïåðå-
ìåøèâàëè 15 ìèí. Äàëåå ïîñëåäîâàòåëüíî äî-

áàâëÿëè çàìåùåííûé àëëèëàìèí (2 ììîëü) è
ÑÍ2I2 (0.2 ìë, 2.4 ììîëü). Ðåàêöèîíóþ ìàññó
ïåðåìåøèâàëè ïðè êîìíàòíîé òåìïåðàòóðå â
òå÷åíèå 6 ÷ , ïîñëå ÷åãî äîáàâëÿëè 25%-íûé
âîäíûé ðàñòâîð NaOH (5 ìë). Âûïàâøèé îñà-
äîê îòôèëüòðîâûâàëè ÷åðåç áóìàæíûé
ôèëüòð, âîäíûé ñëîé ýêñòðàãèðîâàëè äèýòèëî-
âûì ýôèðîì (3 × 5 ìë). Îáúåäèíåííûå îðãàíè-
÷åñêèå ñëîè ïðîìûâàëè âîäîé (10 ìë) è ñóøè-
ëè íàä áåçâîäíûì CaCl2. Ðàñòâîðèòåëü óäàëÿ-
ëè ïðè ïîíèæåííîì äàâëåíèè, îñòàòîê ïåðåãîíÿ-
ëè, ïîëó÷àÿ çàìåùåííûé ãîìîöèêëîïðîïèëàìèí
â âèäå áåñöâåòíîãî ìàñëà.

N-(Öèêëîïðîïèëìåòèë)-N,N-äèýòèëàìèí
(2a). Âûõîä 65%.  Ò.êèï. 136-140 îC. ßÌÐ 1H
δ: 0.05-0.15 (ì, 2H, C(2,3)Ha), 0.3-0.45 (ì, 2H,
C(2,3)Hb), 0.85-0.95 (ì, 1H, C(1)H), 1.03 (ò,
J=7.4 Ãö, 6H, C(6,8)H3), 2.52 (ä, J=7.2 Ãö,
2H, C(4)H2), 2.80 (ê, J=7.4 Ãö, 4H, C(5,7)H2).
ßÌÐ 13C δ: 3.80 (2Ñ, C(2,3)), 7.68 (C(1)), 9.24
(2Ñ, C(6,8)), 46.00 (2Ñ, C(5,7)), 56.29 (C(4)).
Ìàññ-ñïåêòð m/z (%): 127 (7) [Ì]+, 112 (20),
98 (100).

N-(Öèêëîïðîïèëìåòèë)-2,4,4-òðèìåòèë-
ïåíòàí-2-àìèí (2b). Âûõîä 70%. Ò.êèï. 82-85 îC
(10 Òîðð). ßÌÐ 1H δ: 0.04-0.08 (ì, 2Í,
C(2,3)Ha), 0.41-0.55 (ì, 2Í, C(2,3)Hb), 0.85-
0.95 (ì, 1H, C(1)H), 0.98 (ñ, 9Í,
C(8,11,12)H3), 1.10 (ñ, 6Í, Ñ(9,10)Í3), 1.39
(ñ, 2Í, Ñ(6)Í2), 2.37 (ä, J=6.8 Ãö, 2H,
C(4)H2). ßÌÐ 13C δ: 3.32 (2Ñ, C(2,3)), 11.88
(C(1)), 28.92 (2Ñ, C(9,10)), 31.57 (C(7)),
31.68 (3Ñ, C(8,11,12)), 47.23 (C(4)), 52.83
(C(6)), 53.79 (C(5)). Ìàññ-ñïåêòð m/z (%):
183 (5) [Ì]+, 168 (23), 154 (4), 126 (45), 112
(100), 98 (27), 71 (9), 56 (33), 41 (16). Âû÷èñ-
ëåíî äëÿ C12H25N, %: C, 78.62; H, 13.74; N,
7.64. Íàéäåíî, %: C, 78.40; H, 13.65; N, 7.51.

1-(Öèêëîïðîïèëìåòèë)ïèïåðèäèí (2c).
Âûõîä 72%. Ò.êèï. 71-75 îC (10 Òîðð). ßÌÐ
1H δ: 0.05-0.15 (ì, 2Í, C(2,3)Ha), 0.45-0.55 (ì,
2Í, Ñ(2,3)Íb), 0.85-0.95 (ì, 1Í, Ñ(1)H), 1.45-
1.46 (ì, 2H, C(7)H2), 1.55-1.65 (ì, 4H,
C(6,8)H2), 2.23 (ä, J=6.8 Ãö, 2Í, Ñ(4)Í2),
2.47 (óø.ñ, 4H, C(5,9)H2). ßÌÐ 13C δ: 3.97
(2Ñ, C(2,3)), 8.39 (C(1)), 24.47 (C(7)), 25.95
(2C, C(6,8)), 54.64 (2Ñ, C(5,9)), 64.63 (C(4)).
Ìàññ-ñïåêòð m/z (%): 129 (9) [Ì]+, 114 (21),
100 (100), 86 (42). Âû÷èñëåíî äëÿ C9H17N, %:
C, 77.63; H, 12.31; N, 10.06. Íàéäåíî, %: C,
77.70; H, 12.30; N, 9.91.

1-[(1-Ìåòèëöèêëîïðîïèë)ìåòèë]ïèïåðè-
äèí (2d). Âûõîä 85%. Ò.êèï.  88-90 îC (10
Òîðð). ßÌÐ 1H δ: 0.23 (ä, J=8.8 Ãö, 4Í,
Ñ(2,3)Í2), 1.10 (ñ, 3Í, Ñ(10)Í3), 1.41-1.42 (ì,
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2Í, Ñ(7)Í2), 1.54-1.60 (ì, 4Í, C(6,8)H2), 2.10
(ñ, 2H, C(4)H2), 2.35 (óø.ñ, 4Í, C(5,9)H2).
ßÌÐ 13C δ: 12.16 (2C, C(2,3)), 13.24 (C(1)),
21.81 (C(10)), 24.62 (C(7)), 25.91 (2C,
C(6,8)), 54.85 (2Ñ, C(5,9)), 68.04 (C(4)).
Ìàññ-ñïåêòð m/z (%): 153 (5) [Ì]+, 138 (36),
124 (100), 110 (34). Âû÷èñëåíî äëÿ C10H19N,
%: C, 78.37; H, 12.50; N, 9.14. Íàéäåíî, %: C,
78.26; H, 12.42; N, 9.25.

N-(Öèêëîïðîïèëìåòèë)öèêëîãåêñèëàìèí
(2e). Âûõîä 63%. Ò.êèï.  82-85 îC (10 Òîðð).
ßÌÐ 1H δ: 0.01-0.05 (ì, 2Í, Ñ(2,3)Ía), 0.35-
0.39 (ì, 2Í, Ñ(2)Hb), 0.75-0.85 (ì, 1Í,
Ñ(1)Í), 0.88-1.15 (ì, 10Í, Ñ(6-10)Í2), 1.49-
1.82 (ì, 1Í, Ñ(5)Í), 2.40 (ä, J=6.8 Ãö, 2Í,
C(4)H2). ßÌÐ 13C δ: 3.53 (2Ñ, C(2,3)), 10.68
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(C(1)), 24.90 (Ñ(8)), 25.84 (2Ñ, Ñ(7,9)), 32.70
(2C, C(6,10)), 51.52 (C(4)), 56.64 (C(5)). Âû-
÷èñëåíî äëÿ C10H19N, %: C, 78.37; H, 12.50; N,
9.14. Íàéäåíî, %: C, 78.40; H, 12.41; N, 9.09.

4-(Öèêëîïðîïèëìåòèë)ìîðôîëèí (2f).
Âûõîä 69%. Ò.êèï. 80-83 îC (10 Òîðð). ßÌÐ
1H δ: 0.09-0.13 (ì, 2Í, C(2,3)Ha), 0.50-0.54 (ì,
2Í, Ñ(2,3)Íb), 0.83-0.90 (ì, 1Í, Ñ(1)H), 2.26
(ä, J=4 Ãö, 2Í, Ñ(4)Í2), 2.53 (óø.ñ, 4H,
C(5,8)H2), 3.74 (ò, J=4 Ãö, 4H, C(6,7)H2).
ßÌÐ 13C δ: 3.62 (2Ñ, C(2,3)), 8.07 (C(1)),
53.78 (2C, C(5,8)), 64.15 (C(4)), 66.91 (2C,
C(6,7)). Ìàññ-ñïåêòð m/z (%): 141 (11) [M]+,
138 (21) [M-Me]+, 124 (100), 110 (66). Âû÷èñ-
ëåíî äëÿ C8H15NO, %: C, 68.04; H, 10.71; N,
9.92. Íàéäåíî, %: C, 67.89; H, 10.78; N, 9.97.
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