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Khdo st dnh hudng cda cac nhom thé dén kha néng phan dng, 49 chon loc
lap the ciia phan ing diels-alder gida Isopren vdi CH, = CHY (¥=-H, -CH,
-G.H., -CN, -COOH, -CHO, -NO,, -CH,, -0CH,) bang phuong phap hoa hoc tinh toan
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1. GIGI THIEU

Phan Ung xay ra gitta mét Diels lién hgp, goi chung la Diels (cé 4 electron 7) va mét hgp chat
chua no, goi chung dienophin (c6 it nhat c6 2 electron 7) dugc goi la phan ting Diels-Alder [1, 2].

C4u trdc chuyén tiép
(TS)

Ngoai cac nghién ctru vé mat thuc nghiém, phan ng Diels-Alder cling da thu hut dugc su quan
tdm nghién cu cGa cac nha héa hoc ly thuyét nhu nghién ctu cdu trdc chuyén ti€p cda phan tng
Diels-Alder gitia buta-1,3-Diels v&i acrolein [3], anh hudng ctia nhém thé va cau tric chuyén tiép doi
vé&i phan tng Diels-Alder clia butadiels va cyclopenta-1,3-Diels v&i acriylonitrin [4], phan Ung gilta 1,4-
Diaza-buta-1,3-Diels v&i acrolein [5], vai trd clla nhém thé déi véi dé chon loc vi tri trong phan ng
Diels-Alder [6]. Tuy nhién, mét nghién clu tuong doi cé tinh chat hé théng vé anh hudng ctia nhom
thé dén kha nang phan Gng va d6 chon loc 1ap thé clia phan ng Diels-Alder van chua thuc hién
nhiéu, dic biét & Viét Nam. Trong bai viét nay ching toi tap trung gidi quyét nhiing van dé nay thong
qua phan Ung céng doéng vong Diels-Alder gilra isopren véi CH,=CH-Y (Y= -H, -CHs, -CeHs, -CN, -
COOH, -CHO, -NO,, -CHs, -OCHs) bing phuang phap héa hoc tinh toan.

Il. PHUONG PHAP TiNH

Tat ca cac tinh toan dugc thuc hién bang phan mém Gaussian 03 [7]. Chdng t6i lua chon phuong
phap DFT.B3LYP/6-311++G" dé€ thuc hién tinh todn t6i uu hinh hoc va nang lugng bdi cac két qua cta
cac nghién ctu trudc day thu dugce theo phuong phap nay trong viéc t8i uu hda hinh hoc va xac dinh
tan s6 dao déng cac déng phan va cac trang thai chuyén tiép la rat tét [8, 9]. Su xac dinh ding mot TS
dua vao viéc phan tich tan sé dao dong. TU cac két qua nhan dugc & trén sé tinh nang lugng hoat hoa
(E.) d6i v&i mbi phan tng & 298K, 1 atm. Trén cg s& cdu tric da téi uu, ching toi tinh nang lugng cla
HOMO, LUMO va hé s6 obitan bién tai HF/3-21.

Dua vao viéc phan tich phan bé tu nhién (natural population analysis-NPA) cho phép danh gia
dugc muic d6 chuyén va hudng chuyén cla dién tich [10]. Dién tich chuyén (Qcr) trong trang thai
chuyén tiép dugc tinh tai B3LYP/6-311++G™.
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Hinh 1: So d6 hinh thanh cac cau tridc chuyén tiép.

ll. KET QUA VA THAO LUAN
1. Anh huéng cia cdc nhém thé dén nang luong HOMO, LUMO

Chung t6i da ti€n hanh khao sat ba loai nhom thé phé bién, méi loai c6 cach anh hudng khac
nhau dén nang lugng HOMO, LUMO va hé sé obitan bién. K&t qua tinh nang lugng HOMO, LUMO cua
hgp phan dienophin dugc trinh bay & Bang 1 cho thay:

- Cac nhom thé tao vdi lién két 7 cha etylen thanh mét hé hidrocacbon lién hgp nhu: -CH=CH,
(vinyl), -CéHs (phenyl) lam tang nang lugng HOMO (tlr -10,25 eV trong etylen dén -8,71 eV trong buta-
1,3-Diels va -8,30 eV trong vinyl benzen) va lam gidm nang lugng LUMO (tur 4,98 eV trong etylen
xudng 3,41 eV trong buta-1,3-Diels va 2,9 eV trong vinyl benzen).

- Cac nhom thé ¢ tinh hat electron tir hé 7 cla etilen nhu: -CN, -COOH, -CHO, -NO, lam gidm
nang lugng ctia cda HOMO va LUMO. Chang han, etylen c6 nang lugng HOMO (-10,25 eV), LUMO (4,98
eV), trong acrylonitrin cac gia tri nang lugng tuong ting nay déu giam so véi etylen: HOMO (-10,69 eV),
LUMO (2,71 eV), hay trong axit acrylic: HOMO (-11,07 eV), LUMO (2,61 eV),...

- Cac nhém thé c6 tinh ddy electron vao hé 7 cla etilen nhu: -CHs, -OCH; thi Iam ting ning
lugng ctia cd HOMO va LUMO. Chang han, etylen c¢é ning lugng HOMO (10,25 eV), LUMO (4,98 eV),
trong propen cac gia tri nadng luong tuong ting nay déu ting so vai etylen: HOMO (-9,73 eV), LUMO
(5,18 eV), hay trong metyl vinyl ete: HOMO (-9,24 eV), LUMO (5,62 eV).

Qui luat bién d&i nang lugng HOMO, LUMO c6 thé giai thich mét cach dinh tinh dua trén mé

hinh Hiickel [11, 12] nhu sau:
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Hinh 2: Su bién d6i ndng lugng obitan bién clia cac dan xuat etylen so véi etylen.
Trong Hinh 2.a, LUMO cua hé hidrocacbon lién hop (buta-1,3-dien) dugc hinh thanh tir su to
hgp 2 obitan 7,,.cla 2 phan t etylen, con HOMO dugc hinh thanh tir 2 obitan 7. Theo nguyén tac
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t6 hop d6, khi mach hidrocacbon lién hop cang dai thi nédng luong LUMO cang giam, con ning lugng
HOMO téng. Trong Hinh 2.b, LUMO va HOMO ctia cac dan xuat chita cdc nhém hiit electron dugc hinh
thanh do su t6 hop gitia 7, V6i 7,.va 7. LUMO va HOMO clia cdc dan xuét chia cdc nhém hut
electron déu c6 nang lugng thap hon LUMO va HOMO trong etylen. Trong d6 nang lugng LUMO giam
nhiéu hon so véi HOMO vi LUMO cé ndng lugng gén véi ndng lugng 7', . Con trong Hinh 2.c, LUMO va
HOMO ctia cac dan xuét chifa cdc nhom day electron dugc hinh thanh do su té hop gitfa obitan chita
cép electron clia cdc nhém nay véi 7, va 7. LUMO va HOMO cla cac dan xuét chda cac nhém day

electron déu c6 nang lugng cao hon LUMO va HOMO trong etylen. Trong dé nang luong néang lugng
HOMO tdng nhiéu hon so vé&i LUMO vi HOMO cé nang lugng gan véi nang lugng obitan chua cap
electron.

2. Anh huéng ctia nhém thé dén kha nang phan ting

Thuyét obitan phan tr bién dy doan kha nang phan Ung dua vao khoang cach nang lugng
HOMO-LUMO (AE (HOMO-LUMO)) clia cac chat phan tng [11].

Bang 1: Gia tri nang lugng HOMO, LUMO va AE (LUMO-HOMO) dugc tinh & muc HF/3-21G.

E (eV) AE (eV)
MO Tinh Tham khao LUMOaienophin— LUMOmen—
['I 3] HOMOtﬁen HOMOGienophin
CH, = CH ~C(CH,)=CH, sis [ FYMO_| 375
HOMO -8,81
LUMO 498 5,08
CH, =CH, HOMO | -10,25 -10,33 13,79 14,00
LUMO 3,41 3,59
= - = , s-trans . ’
CH,=CH-CH =CH, HOMO 8,71 8,85 12,22 12,46
LUMO 29 3,14
CH, =CH -C,H, HoMO | 830 YT 11,71 12,04
LUMO 2,71
CH,=CH-CN HOMO | -10,69 11,52 14,43
. LUMO 2,61 2,89
CH, =CH - COOH , s-cis L !
2 ! HOMO | -11,07 | -10,91 1142 1481
LUMO 2,53
CH, =CH —CHO, s-trans !
) ran HOMO | -10,74 11,34 14,49
LUMO 1,47
CH,=CH - NO. L
) ) HOMO | -11,64 10,28 15,39
LUMO 5,18 5,3
CH,=CH-CH, HOMO 9,73 0,83 13,99 13,47
. LUMO 5,62
= — , S-CIS
CH,=CH -OCH,, sci HOMO 9,24 14,43 12,99

Can cu vao AE (LUMO-HOMO) cho thdy trong phan ting gilia isopren v6i CH, = CH - Y (Y="-H, -
C;Hs, -CgHs, -CN, -COOH, -CHO, -NO;) xay ra su tuong tac giita HOMO cua isopren (dien) va LUMO cua
dienophin, khi d6 electron tir HOMO cda isopren (dien) chuyén sang LUMO cda dienophin. Nguac lai,
trong phan Ung gilra isopren v6i CH, = CH - Y (Y= -CH;, -OCH;) electron dugc chuyén tir HOMO clia
dienophin sang LUMO cua isopren (dien). Du doan nay hoan toan phu hgp vaéi két qua tinh dién tich
chuyén (Qcr) dugc trinh bay & Bang 2 (Qcr 6 gid tri am tuong Ung vdi su chuyén electron tir HOMO
cta Diels sang LUMO cuia dienophin, con Qcr ¢6 gia tri duong tuong ting véi su chuyén electron tur
HOMO cua dienophin sang LUMO culia dien).

Theo Bang 1, cac dan xudt chifa nhom thé hut electron nhu: -CN, -COOH, -CHO, -NO, lam giam
dang ké nang lugng clia LUMO so vdi etylen. K&t qud 1a AE (LUMOuienophinmHOMOisopren) NG han rat
nhiéu so v6i AE (LUMOisopren—HOMOdienophin), cu thé AE (LUMOisopren-HOMOscritonitin) = 11,52 eV con
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AE (LUMO;criionirin-HOMOijsopren) = 14,43 eV hay AE (LUMOisopren-HOMO:croein) = 11,34 eV codn
AE (LUMO:croein-HOMOisopren) = 14,49 €V,... Nhin chung, trong céc phan Ung giiia isopren véi cac dan
xudt etylen cé chita nhom thé loai nay thi gitta nang lugng hoat héa (E) va AE (LUMOdienophin—
HOMOisopren) €6 MG quan hé véi nhau. Cé nghia la, trong phan ting Diels-Alder gira isopren véi cac
dan xudt chra cac nhom hut electron nhu: -CN, -COOH, -CHO, -NO,, khi AE (LUMOienophin—HOMOisopren)
cang nhd thi phan ting xay ra nhanh hon. Diéu nay hoan toan phi hgp véi nghién ctiu thuc nghiém vé
dong hoc cla phan Ung cdéng dong vong gilia isopren véi etylen (k = 3,51.10%* cm?/phan tu.s) va
acrolein (k =2,61.1022 cm?/phan tdr.s) 600K va 2,53 Pa [14, 15]. Tuy nhién, d6i v6i cac dan xudt chia
nhom lam tdng nang lugng HOMO nhu: -CoH;, -CeHs, -CHs, -OCH; thi gitia E, va AE (LUMO-HOMO) hau
nhu khong c6 quan hé véi nhau. Cu thé, trong phan (ng giifa isopren véi CH,=CH-CHs,
AE (LUMOpropen-HOMOisopren) = 13,47 €V nhd hon AE (LUMOisopren-HOMOetyien) = 13,79 €V nhung E. clia
phan ing gitta isopren nhin chung déu cao hon E, ctia phan ing gitfa isopren vdi etylen (Bang 2).

Nhu vay, thuyét obitan phan td bién (FMO) déi khi khong thé dua ra mot du doan tét vé kha
nang phan tng cta phan ting Diels-Alder. S& di c6 su bat hop Ii nay la do sai sét ctia thuyét obitan
phan ti bién. Theo thuyét obitan phan ti bién, trong hai khodng cach AE (LUMOgienophin-HOMOgien) va
AE (LUMO gien-HOMOvienophin) thi chi c6 AE (LUMO-HOMO) nao nhé haon thi sé dugc xem xét dé danh
gia kha nang phan ung. Tuy nhién, cac nghién ctu cho rang, tuong tac gitia Diels va dienophin la t§
hop clia hai tuong tac-tuong tac gitta LUMO cla dienophin véi HOMO cua Diels va tuong tac gitra
HOMO cua dienophin véi LUMO ctia dien. Su danh gia day du nhat sé bao gom ca hai loai tueng tac
nay. Néu bd qua mét trong hai cé thé dan dén sai sot, dac biét d6i vai nhing trudng hop ma hai tuong
tac nay c6 AE (LUMO-HOMO) tuong duang nhau. Khi nghién ctru phan ting Diels—Alder gitta buta-1,3-
Diels vdi etylen, Spindo [16] da chi ra rang, hai tuong tac nay khong xay cung moét luc. Tuong tac gitra
LUMO cua etylen va HOMO cla buta-1,3-Diels xay ra trudc con tuong tac gita HOMO cla etylen va
LUMO cuia buta-1,3-Diels xay ra sau. D6 la ly do vi sao chiing ta khéng thé bd qua tuang tac nao.

3. Anh huéng cia nhém thé dén dé chon loc lap thé

D6 chon loc 1ap thé tuang d6i clia cdc nhom thé & cac tam 1ap thé mai dugc tao thanh trong sén
pham cong bdi hai su dinh hudng endo va exo (Hinh 1).

Bang 2: Ning lugng hoat hoa (E.), d6 dai lién két (A), tan s6 dao ddng ao va dién tich chuyén (Qc).

Y TS E. (kcal/mol) d,_, (R d, ,(A) | Tan s6 dao déng (cm™) Qcr

H 28,112 2,239 2,256 547,82i -0,0094
m-endo-s-Cis 28,9467 3,116 1,943 440,28i -0,0058
m-endo-s- 30,4093 2,474 2,062 524,95j -0,0354
trans
m-exo-s-Cis 29,7592 2,695 1,965 480,50i -0,0323

CHs m-exo-s-trans 29,4574 2,541 2,007 514,80i -0,0299
p-endo-s-cis 29,9174 1,999 2,737 460,51i -0,0389
p-endo-s- 30,2082 2,058 2,510 511,21i -0,0528
trans
p-exo-s-Cis 29,1511 1,970 2,737 473,00i -0,0562
p-exo-s-trans 28,9205 2,003 2,594 489,08i -0,0457
m-endo 28,6797 2,524 2,038 526,88i -0,1964

C.Hs m-exo 28,1629 2,588 1,992 509,30i -0,1942
p-endo 28,6889 2,057 2,531 499,86i -0,1958
p-exo 27,6609 1,994 2,642 492,34 -0,1977
m-endo 24,9714 2,470 2,079 511,80i -0,1384

CN m-exo 24,5655 2,521 2,032 506,61/ -0,1295
p-endo 24,5336 2,048 2,523 498,42i -0,1251
p-exo 23,6844 2,019 2,584 490,15i -0,1485
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Z
0
-
E m-endo-s-cis 23,1294 2,525 2,033 483,95i -0,1395
O m-endo-s- 24,6408 2474 2,061 495,24 -0,1303
2 trans
<>‘: m-exo-s-Cis 23,2865 2,550 2,045 487,63i -0,1313
Ll COOH m-exo-s-trans 24,4166 2,480 2,056 497,23i -0,1265
% p-endo-s-cis 22,3865 2,030 2,577 466,79i -0,1578
Z p-endo-s- 23,8895 2,048 2,523 481,39i -0,1504
L] trans
(% p-exo-s-Cis 22,4770 2,021 2,586 473,27i -0,1511
0 p-exo-s-trans 23,6704 2,038 2,549 479,18i -0,1455
0 m-endo-s-cis 22,6158 2,684 1,989 444,55 -0,1614
%‘ m-endo-s- 24,4544 2,502 2,049 489,08i -0,1324
< trans
0 m-exo-s-Cis 23,5239 2,643 1,999 455,52 -0,1496
5 CHO m-exo-s-trans 24,9963 2474 2,062 496,92| -0,1297
— p-endo-s-cis 21,8563 2,006 2,736 425,73 -0,1817
5 p-endo-s- 23,6815 2,040 2,555 475,45i -0,1515
o trans
E' p-exo-s-Cis 22,5435 1,991 2,710 440,20i -0,1737
p-exo-s-trans 24,2348 2,042 2,553 478,60i -0,1508
m-endo 20,772 2,536 2,034 473,26i -0,1925
NO, m-exo 21,068 2,548 2,030 475,52i -0,1819
p-endo 19,770 2,020 2,632 447,00i -0,2185
p-exo 19,957 2,004 2,633 450,89i -0,2104
m-endo 31,0345 2,284 2,210 550,39i 0,0089
CH, m-exo 30,8465 2,314 2,181 549,54 0,0059
p-endo 31,0698 2,227 2,281 541,41i 0,0049
p-exo 30,7540 2,165 2,325 550,16i 0,0005
m-endo-s-cis 34,8094 2,307 2,136 587,15i 0,0556
m-endo-s- 30,9738 2,532 2,017 531,51i 0,1060
trans
m-exo-s-cis 34,1687 2,403 2,054 581,11i 0,0702
OCH, m-exo-s-trans 31,0585 2,575 1,994 543,29i 0,0980
p-endo-s-cis 34,8622 2,133 2,318 582,02i 0,0493
p-endo-s- 31,1689 2,046 2,541 522,35 0,0864
trans
p-exo-s-Cis 34,1856 2,057 2414 575,01i 0,0590
p-exo-s-trans 31,0149 2,013 2,574 530,23i 0,0783

Trong hai su dinh huéng endo va exo thi dinh hudng exo thuan Igi hon dinh huéng endo do
tranh dugc cac tuong tac lap thé bat Igi [17]. Nhan dinh nay hoan toan phu hop véi phan ng gida
isopren vai CH,=CH-Y (Y= -CHs, -OCH;). Trong cac phan tng nay, dinh huéng exo thuan Igi vé mat
dong hoc, tuc dinh huéng exo cé E, thap hon dinh huéng endo. Cu thé theo Bang 2, trong phan tng
gilta isopren véi CH,=CH-CH; c6 E, (m-endo) = 31,0345 kcal/mol, E, (m-exo) = 30,8465 kcal/mol, E. (p-
endo) = 31,0698 kcal/mol, E, (p-exo) = 30,7540 kcal/mol. Cling theo Bang 2, trong cac cau trdc chuyén
ti€p cla phan Ung gila isopren v6i CH,=CH-OCHs, cu hinh s-trans ctlia CH,=CH-OCH3 chiém uu thé
hon cau hinh s-cis, nghia la E, trong cac cau hinh s-trans cGa metyl vinyl ete déu thap hon cau hinh s-
cis. Mdc du theo tinh todn clia chiing t6i cing nhu tai liéu tham khao [18], & trang thai co ban CH,=CH-
OCH; ¢6 cau hinh s-trans bén han cau hinh s-cis. Diéu nay dugc gidi thich trén co sé tuong tac tinh
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dién gilta cac cap electron doc than clia oxy vsi phan dién tich duong clia anken trong trang thai
chuyén ti€p [18] (Hinh 3).
CH,

:\ ’ // ----- Y \
/D

HaC Nz
o—CH3
s-cis & trang thai co ban s-tras & trang thai chuyén tiép

Hinh 3: M6 ta cau hinh ctia metyl vinyl ete & trang thai co ban va & trong cau tric chuyén tiép.

Trong phdn ung gilta isopren véi CH, = CH-Y (Y= -COOH, -CHO, -NO,) thi dinh hudng endo lai
thuan lgi hon dinh huéng exo - ndng lugng hoat héa theo dinh huéng endo nhdé hon so véi dinh
hudng exo (Bang 2). Chéng han, trong phan ting giita isopren voi CH,=CH-NO, c¢6 E.(m-endo) = 20,772
kcal/mol, E,(m-exo) = 21,068 kcal/mol, E,(p-endo) = 19,770 kcal/mol, E.(p-exo) = 19,957 kcal/mol. Hién
tugng trén dugc giai thich theo quy tac Alder hay quy tac tich Iy tinh khong no [19], trong trang thai
chuyén tiép endo, su xen phu obitan thit cdp dugc hinh thanh gitia obitan 7 trong nhém thé khéng
no cda dienophin vdéi obitan 7 méi dugc tao thanh trong isopren, diéu nay gilp lam gidm dang ké
nang luogng hoat héa. Tuong tu nhu trudng hgp cda metyl vinyl ete, mdc du & trang thai co ban,
CH,=CH-CHO ¢6 cdu hinh s-trans bén han cdu hinh s-cis [12] nhung trong cac cdu truc chuyén tiép,
cdu hinh s-cis ctia CH,=CH-CHO chiém uu thé& hon cau hinh s-trans. Diéu nay la do & cdu hinh s-cis,
ngoai thudn Igi cho sy xudt hién xen pht obitan thd cap thi LUMO ting véi cau hinh nay c6 nang lugng
(2,49 eV) thap hon nang lugng (2,53 eV) cau hinh s-trans (Hinh 4). Do vay, su xen ph( gitta HOMO cua
isopren-s-cis v&i LUMO clia CH,=CH-CHO-s-cis sé& tr& nén thuan Igi. Hién tugng thay déi cau hinh clia
dienophin cling xuat hién déi v6i CH,=CH-CH=CH,. Trong cac cdu tric chuyén tiép endo, cdu hinh s-cis
cla CH,=CH-CH=CH, chiém uu thé& hon cau hinh s-trans: E.(m-endo-s-cis) = 28,9467 kcal/mol, E,(m-
endo-s-trans) = 30,4093 kcal/mol, E.(p-endo-s-cis) = 29,9174 kcal/mol, E.(p-endo-s-trans) = 30,2082
kcal/mol. Diéu nay cliing khong ngoai du doén su xuat hién xen phu obitan thir cap trong cac cdu tric
endo-s-cis. Du doan nay dua trén ca s& vé do dai lién két gitta Cosopren) — Cadienophiny (Hinh 5). G cau hinh
s-cis, khodng cach nay (3,168 A) ngdn hon & cau hinh s-trans (3,361 A). Do vay sé thuan lgi cho su xen
pht obitan 7 gitta Casopren) VGi Csdienophin)-

0227 0,335 0227 0,335
HOMO HOMO
LUMO

LUMO
0’66 0,583 2,53 eV
2,49 eV 07 0345 0,406
0,361 0,392 0
TS— p—endo—S —cis TS— p—endo—S —trans

Hinh 4: HOMO cUa isopren-s-cis va cac LUMO ctia CH,=CH-CHO cling v&i hé s6 obitan tai HF/3-21G.
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SO 0B NAM 2018




na
>

KHOA HOC KY THUAT

Tuy nhién, mac du chia cdc nhém thé khéng no nhung trong phan (ng gitta isopren vGi
CH,=CH-Y (Y= -C¢Hs, -CN) lai cho thay dinh hudng exo lai thuan Igi vé mat déng hoc hon endo - néng
lugng hoat héa theo dinh huéng exo nho han so véi dinh hudng endo (Bang 2). K&t qua nay hoan
toan giéng véi két qua cla nhém tac gid Houk, Jorgensen khi nghién ctru vé phan Ung gilia
xiclopenta-1,3-Diels véi acrylonitrin & HF/3-21G [20]. G day nhém téc gid da tinh dugc E, (endo)= 26
kcal/mol, con E, (exo) = 25,7 kcal/mol. Biéu nay hoan toan mau thuan véi quy tc Alder [19] cling nhu
két ludn ma chung t6i tham khédo & [21]. Va dé gidi thich hién tuong bat thudng nay cé |é xudt phat tu
su khéng thuan Igi vé mat hinh hoc dé xuat hién xen phi obitan thi cap trong cdu tric chuyén tiép.
Cu thé chung t6i khao sat do dai lién két gitia hai nguyén tf cacbon c6 kha nang xuét hién xen phu
obitan thit cap, d6 la khoang cach C, cta Diels vai C; cia nhom thé khéng no. Trong céc cau tric TS-
endo cla phan Ung gila isopren véi CH,=CH-Y (Y= -C¢Hs, -CN) (Hinh 5e; 5g; 5h va 5i) thi d6 dai lién
két nay lan luot 1a 3,289 A; 3,320 A; 3,205 A va 3,248 A. Do dai lién két nay I16n hon so véi nhitng trudng
hap cé xen pha obitan thi cdp, vi du nhu trong phan (ng gita isopren vsi CH,=CH-COOH-s-cis (Hinh
5a) 13 3,170 A, con véi CH,=CH-C,Hs-s-cis (Hinh 5c) 1 3,168 A. Diéu nay din dén su xen phi obitan
gilra hai nguyén ti cacbon nay kém hiéu qua. Nhu vay, trong phan ing gilta isopren véi CH,=CH-Y (Y=
-CsHs, -CN) thi dinh hudng endo khong thuan lgi xuat hién xen pht obitan thia cap, do dé doi véi cac
phan Ung nay dinh hudng exo sé chiém uu thé.

TAP CHI KHOA HOC CONG NGHE VA MOI TRUONG

TS-m-endo-s-trans (b) TS-m-endo-s-cis (c) TS-m-endo-s-trans (d)

TS-m-endo (e) TS-p-endo (g) TS-m-endo (h) TS-p-endo (i)

Hinh 5: C4u trdc cac trang thai chuyén ti€p trong phan ting gilia isopren véi CH,=CH-COOH (a, b);
CH,=CH-C;H;s (¢, d); CH,=CH-C¢Hs (e, g) va CH,=CH-CN (h, i) & mic B3LYP/6-311++G**,. Do dai lién két
tinh theo don vi angstron (A).



