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Abstract

The Diels-Alder cycloaddition reactions of isoprene with derivatives of ethylene were studied by the Density
Functional Theory using the B3LYP functional and the 6-311 ++ G (d, p) basis set. In this paper, our result shows that
the activation energy of the reactions is correlated linearly with the total deformation energy of the diene and dienophile
components. In the presence of the Lewis acid catalyst BF3, the activation energy is decreased because of reducing of
HOMO and LUMO distance which is derived from orbital interaction.
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1. MO PAU

Phan ung Diels-Alder (DA) duoc st dung
thudng xuyén trong tong hop hitu co. Trong qua
trinh nay, 1,3-dien (diene) phan ung véi dienophil
(dienophile) dé tao thanh hop chat vong sau canh.
Tinh hitu dung ciia phan ung DA dugc phat sinh tir
tinh linh hoat va wu thé l4p thé vuot troi cia no [1].
Bang cach thay d6i nhom thé trong céu triic ctia cac
dien va dienophil, nhiéu loai hop chit vong sau canh
khéc nhau c6 thé duoc tong hop. Vi vdy, phan tng
DA di va dang nhan dugc nhiéu sy cha ¥ cia cac
nhom nghién ctru trén thé gidi ca vé 1y thuyét 1an
thuc nghi¢m [2-4].

Trong bai bao nay chung t6i trinh bay nhiing két
quéa nghién ctru vé qui ludt bién d6i ctia ning lugng
hoat hoa (E,) va anh huéng cia chit xuc tac axit
Liuyt (Lewis) BF; dén kha ning phan ung DA cua
isopren véi 9 hop phan dienophil CH,=CH-Y (véi Y
la -H, -C;H;, -CsHs, -CN, -COOH, -CHO, -NO,,
-CH3, -OCH3) bing phuong phap tinh toan héa
lugng ta.

2. PHUONG PHAP TINH

Cac tinh toan dugc thuc hién b;"mg ph?m mém
Gaussian 03 [5]. Phuong phap phiém ham mat do
(Density function theory — DFT) lai hoa ba thong sb
B3LYP v6i by co 56 6-311++G™ dugc lya chon dé
thuc hién tinh toan tdi wu hinh hoc va ning lugng

boi cac két qua cia cac nghién ciru trude day thu
dugc theo phuong phap nay trong viée t6i uu hoa
hinh hoc va xac dinh tan sb dao dong cac dong phan
va cac trang thai chuyén tiép (TS) la rat tot [6, 7].
Céc gia tri vé do dai, goc lién két cua chung toi tinh
toan dugc so voi thuc nghiém khong sai khac nhiéu
(hinh 2). Diéu nay ciing ching t6 thém rang phwong
phép ma ching t6i da lua chon 1a phu hop. Dua vao
viéc phan tich tin sé dao dong dé xac dinh dung céu
triic cia mot TS. E, ddi véi mdi phéan ung duogc tinh
tai 298 K, 1 atm. Nang lugng cuia HOMO (highest
occupied molecular orbital), LUMO (lowest
unoccupied molecular orbital) va hé sd obitan bién
duogc tinh theo phuong phap Hartree-Fock voi bd co
s 3-21G (HF/3-21G). Phan tich phan bd tw nhién
(natural population analysis) duoc dung dé danh gia
duoc muc do chuyen va huéng chuyén cua dién tich
[8]. Pién tich chuyén (Qcr) trong TS dugc tinh tai
B3LYP/6-311++G .

3. KET QUA VA THAO LUAN

3.1. Méi lién h¢ giira E, véi niing lwong bién dang
cia isopren va CH,=CH-Y

Két qua khao sat kha nang phan tng cong dong
vong DA giita isopren v6i 9 hop phan CH,=CH-Y
cho théy, gitra E, ctia cac phan tung nay va khoang
cach nang luong AE (LUMO-HOMO) khong c6
mdi lién hé véi nhau. S¢ di ¢6 su bat hop li nay 1a do
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su thiéu sot cia FMO. Theo FMO, trong hai khoang
cach AE (LUMOd|enoph|| HOMOd|en) va
AE (LU MOyien- HOMOd|en0ph||) thi chi co
AE (LUMO-HOMO) nao nho hon thi s€ dugc xem
xét dé danh gia kha ning phan tmg. Tuy nhién, cac
nghién ciru truée day di cho thay rang, twong tac
giita dien va dienophil 13 td hop cia hai tuong tac
gitra LUMO cua dienophil véi HOMO cua dien va
tuong tac gitra HOMO cua dienophil voi LUMO cuia
dien. Sy d4nh gia day dii nhat s& bao gdm ca hai loai
tuong tac ndy. Néu bo qua mot trong hai ¢6 thé dan
dén sai sot, dac biét dbi véi nhimg truong hop ma
hai twong tac nay c6 AE (LUMO-HOMO) tuong
duong nhau. Bang ching 1a khi nghién ciru phan
ung DA gilra buta-1,3-dien véi etylen, Spino C. va
cong su [9] di chi ra rang, hai tuong tac nay khong
xay cung mot lac. Tuong tac gitta LUMO cua etylen
va HOMO cua buta-1,3-dien xay ra trudc con tuong
tac gita HOMO cua etylen va LUMO cua buta-1,3-
dien xay ra sau. 6 1a Iy do vi sao chung ta khong
thé bé qua twong tac nao. Nghién ciru cta ching toi
ciing cho thdy, cac yéu t6 khong gian (dinh hudng
endo/exo) hay sy xen phu obitan thir cap ciing anh

Nguyén Hitu Tho va cong sw

huong dén E, ctia phan tng. Tuy nhién, diy khong
phai 12 nguyén nhéan chinh lam thay doi E, cua phan
Umg gilra isopren voi etylen va cac din xuat cla
etylen. Mot dé xuat khac nham tim ra nguyén nhan
chinh anh huong dén E. la dwa vao dién tich chuyén
(Qcr) gilta hai hop phan dien va dienophil trong cac
cau tric chuyen tiép. Theo két qua tinh Qcr (bang 1),
cho thiy rang khong c6 qui luat lién hé rd rang nao
gitra gitra EE1 va Qcr. Két qua tinh Qct chi cho phép
danh gia chiéu huéng chuyen electron (Qcr c6 gia tri
am tuong Ung véi su chuyén electron tir HOMO ctia
isopren sang LUMO cua cac dienophil va ngugc lai).
Cubi ciing ching t6i quan tam dén nang lu:orng bién
dang (Epq), tirc nang luong can thiét dé lam sai léch
cau tric hinh hoc cua hgp phan dien va dienophil &
trang thai co ban so voi cau trac hinh hoc cua cac
hop phan ndy trong cAu tric chuyén tiép. Do do, Epqg
ctia hop phan dien bang nang lugng cua hop phan
nay tng véi hinh hoc ¢ cdu triic chuyén tiép trir di
nang lugng cua nd tng voi hinh hoc ¢ trang thai co
ban. Twong ty, ching toi tinh Ey cua hop phan
dienophil. Tong gi4 tri ning lugng bién dang cia ca
hai hop phan dien va dienophil goi 13 Eyg (bang 1).

Bdng 1: Gia tri Qcr, Ea, Epe (Kcal/mol)

E. E.
Y TS Qer Eoat Khéng xtc tdc | Co x(c tac
H -0,0094 30,00 28,11
meta-endo-s-cis -0,0058 35,53 28,93
meta-endo-s-trans -0,0354 32,90 30,37
meta-exo-s-Cis -0,0323 33,21 29,74
C.H meta-exo-s-trans -0,0299 31,98 29,43
2 para-endo-s-Cis -0,0389 33,13 29,87
para-endo-s-trans -0,0528 32,60 30,18
para-exo-s-Cis -0,0562 32,51 29,12
para-exo-s-trans -0,0457 31,63 28,93
meta-endo -0,1964 32,19 28,68
C.H meta-exo -0,1942 31,10 28,17
o para-endo -0,1958 31,47 28,68
para-exo -0,1977 30,52 27,67
meta-endo -0,1384 31,18 24,97
CN meta-exo -0,1295 30,26 24,54
para-endo -0,1251 30,51 24,54
para-exo -0,1485 29,78 23,66
meta-endo-s-cis -0,1395 29,81 23,09 16,54
meta-endo-s-trans -0,1303 30,57 24,66 17,42
meta-exo-s-Cis -0,1313 29,36 23,28 17,74
COOH meta-exo-s-trgns -0,1265 30,14 24,41 18,89
para-endo-s-cis -0,1578 28,99 22,40 14,16
para-endo-s-trans -0,1504 30,09 23,91 16,10
para-exo-s-Cis -0,1511 28,74 22,46 16,04
para-exo-s-trans -0,1455 29,59 23,66 17,28
CHO meta-endo-s-cis -0,1614 30,08 22,52 11,77
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Sur bién doi nang luwong hoat hoa...

meta-endo-s-trans -0,1324 30,27 24,41 14,31
meta-exo-s-Cis -0,1496 29,87 23,53 14,26
meta-exo-s-trans -0,1297 30,32 24,97 17,31
para-endo-s-cis -0,1817 28,59 21,84 9,29
para-endo-s-trans -0,1515 29,71 23,66 12,98
para-exo-s-Cis -0,1737 29,01 22,53 12,10
para-exo-s-trans -0,1508 29,81 24,22 15,25
meta-endo -0,1925 29,94 20,77 15,22
NO, meta-exo -0,1819 29,11 21,08 16,42
para-endo -0,2185 28,77 19,77 11,82
para-exo -0,2104 28,37 19,95 13,87
meta-endo 0,0089 33,39 31,00
CH, meta-exo 0,0059 32,64 30,81
para-endo 0,0049 33,26 31,06
para-exo 0,0005 32,71 30,75
meta-endo-s-cis 0,0556 36,78 34,76
meta-endo-s-trans 0,1060 35,12 30,94
meta-exo-s-Cis 0,0702 35,65 34,14
OCH; meta-exo-s-trans 0,0980 33,95 31,06
para-endo-s-cis 0,0493 36,72 34,83
para-endo-s-trans 0,0864 34,67 31,12
para-exo-s-Cis 0,0590 35,65 34,14
para-exo-s-trans 0,0783 33,75 31,00

Két qua bang 1 cho thdy, giita E, v Epg c6 mbi
lién hé v6i nhau. Pé minh ching cho nhan dinh nay
chung t6i da thyuc hién phép hdi quy tuyén tinh giira
Epg Va E,. Két qua hdi qui duge trinh bay tai hinh 1

cho thy c6 du tin cdy dé du doan mdi lién hé tuyén
tinh gitra E, va Epg. Nhu vay, Eug 18 nguyén nhén
chinh anh hudéng dén E, d6i voi phan ung cong dong
vong DA giira isopren véi CH,=CH-Y.

40 -
~ 35 4
=
= o 2
3 30 A y = 1,6871.x - 26,324
& YR ¢®  Re=038667
S, = 15328
25 1 * S, =0,0965
- S, =8,6223
= ¢ b
20 - % ¢ F = 305,5418 (v&i f=47)
15 T T T T T T T
25 27 29 31 33 35 37 39
E,a¢ (kcal/mol)

Hinh 1: Két qua hoi qui tuyén tinh lién hé giita E, VA Epy

3.2. Anh hwéng ciia xic tac axit Liuyt BF; dén
kha ning phan @ng cfng dong vong DA giira
isopren véi cac din xudt CH,=CH-Y (Y =
-COOH, -CHO, -NO,)

Céc hop phan dienophil ¢6 chtra nguyén tir oxi

mang cip electron tu do ¢ thé tao lién két cho —
nhan v6i obitan trong ciia nguyén tir B trong chat
xUc tac axit Liuyt BF;. Anh huéng su tao phuc tir
nguyén tir oxi v6i axit Liuyt BF; dén ning luong
HOMO, LUMO cua CH,=CH-Y (Y = -COOH,
-CHO, -NO,) di duoc khao sat. Tién hanh téi vu cdu
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trac cia CH,=CH-Y (Y =-COOH, -CHO, -NO,) c6
gan xlc tac axit Lluyt BF; theo phuong phap
B3LYP/6-311++G". Két qua cho thay, c6 su tao
phuc gitta oxi trong nhom cacbonyl (-C=0) hay
nhédm nitro (-NO,) cia CH,=CH-Y véi BF; (hinh 2).
Tiép tuc tién hanh tinh nang lugng HOMO, LUMO
cia cac dienophil tmg véi cdu hinh bén cua
CH,=CH-COOH-s—cis, CH,=CH-CHO-s-trans va
CH,=CH-NO, tai HF/3-21G. Két qua trinh bay ¢

Nguyén Hitu Tho va cong sw

bang 2.

Két qua bang 2 cho thiy, khi c6 mit ciia xtc tac
Liuyt BF; thi gia tri nang lwuong HOMO va LUMO
trén CH,=CH- Y déu giam so véi khi khong cé xtc
tac. Lién két gitra O v6i B 1a lién két cho — nhén (O
dung cip electron cho vio obitan trong cua B). Co
thé xem BF; nhu nhom hut electron nén lam cho
ning lugng HOMO, LUMO trén CH,=CH-Y déu
giam.

Bdng 2: Gia tri nang lugng (eV) HOMO, LUMO, AE (LUMO-HOMO) trong

phan ung gilra isopren va CH,=CH-Y (Y =

-COOH, -CHO, -NO,) tai HF/3-21G

AE (LUMOdienophil_ AE (LUMOisopren_
- - HOMOisopren) HOMOcienophil)
Dienophil MO Khong | Coxuc | Khong C ez Khéng Co xuc
s . s Co xuc tac s .
xUc tac tac XUc tac XUc tac tac
=CH- LUMO 2,61 1,08
CH,=CH-COOH 11,42 9,89 1481 | 1593
-S-CIS HOMO -11,07 -12,18
=CH- LUMO 2,53 0,59
CH,=CH-CHO 11,34 9,40 14,49 15,97
-s-trans HOMO -10,74 -12,22
_ LUMO 1,47 0,77
CH,=CH-NO, HOMO 1164 12,36 10,28 9,58 15,39 16,10
(117.6)

Acrolein-s-trans

Trong céc phirc chit giita axit Liuyt BF; véi axit
acrylic hay acrolein, BF; tan cong vao cip electron
ghép d6i cia oxi nim khac phia véi R (géc
hidrocacbon). Diéu nay mot phan tranh duoc sy bat
loi vé mit khong gian do goc R gay ra, dong thoi

o _ Vinyl nitro-s-cis-BFs é )
Hinh 2: Hinh hoc ctia mot s6 cau triic toi uu & mirc B3LYP/6-311++G . D9 dai lién két (A), goc lién két
tinh theo do (°). Gia tri trong ngodc tham khéo tir thie nghiém [10-12]

Axit acrylic-s-cis-BF;

phtt hop véi su hinh thanh lién két hidro CH...F (d6i
v6i 2 truong hop Y 1a -COOH, -CHO). P dai lién
két hidro CH...F & CH,=CH-COOH-s-cis-BF; la
1,659 A (hinh 2). Qui luat bién d6i nang luong
LUMO trén CH,=CH-Y khi cd xuc tac va khong c6
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xUc tac 1a khong giéng nhau. Cu thé, khi khong c6
xUc tac thi LUMO(axit acrylicy  — 261 ev >
I—UMO(acroIein) =2,53eV > LUMO(Viny| nitro) — 1,47 eV,
con khi c6 mat xuc tac axit Liuyt BF; thi LUMO it
acrylic) = 1108 ev > I—l-“\/lo(vinyl nitro) = 0,77 ev >
LUMO aeroeiny = 0,59 eV. Su thay doi trat tu sap xép
nang lugng LUMO nay da lam cho trat ty ning
luong hoat hoa thay doi theo. Khi khong c6 x(c tac
E, (TS-para-endo-s-cis- acrolein) = 21,84 kcal/mol >
E. (TS-para-endo-vinylnitro) = 19,77 kcal/mol,

TS-para-endo-s-cis
(Y=-COOH) xc tac BF;

TS-para-endo-s-cis
(Y=-CHO) xuc tac BF;

Sur bién doi nang luwong hoat hoa...

nhung khi ¢6 xuc tac trat ty ndy bi thay dbi, E, (TS-
para-endo-vinylnitro-BF;) = 11,82 > E, (TS-para-
endo-s-cis-acrolein-BF;) = 9,29 kcal/mol. Két qua
nay la do qua trinh cho cap electron cua nguyén tir
oxXi trén —NO, khé hon trén — CHO. C6 8 céu tric
TS duoc tim thiy trong phan mg cong dong vong
DA giita isopren véi axit acrylic khi c6 mat chat xac
tac axit Liuyt BF;. Gia tri E, twong Gng dugc trinh
bay ¢ bang 1.

TS-para-endo
(Y:'NOZ) xUc tac BF;

Hinh 3: Hinh hoc mét s6 TS ¢6 mit xiic téc axit Liuyt BF; dugc t0i wu & mirc BILYP/6-311++G .
Do dai lién két (A)

Su c6 mit ciia chét xuc tac axit Liuyt BF; di lam
giam dang ké E, cta phan tng cong dong vong DA
gitra isopren voi axit acrylic so véi khong c6 xuc tac.
Chang han, E, (TS-meta-endo-s-cis-BF;) =16,54
kcal/mol thap hon E, (TS-meta-endo-s-cis) = 23,09
kcal/mol, E, (TS-meta-endo-s-trans-BF;) = 17,42
kcal/mol thap hon E, (TS-meta-endo-s-trans) =
24,66 kcal/mol, .... Nghién ctru cua ching t6i cling
cho thdy rang, du c6 hay khong co xuc tac thi trong
cac cdu trac TS, cau hinh s-cis cia axit acrylic van
chiém wu thé hon cau hinh s-trans. Két qua nay hoan
toan phu hgp véi nghién cuu cua nhom tac gia
Loncharich R. J. [13]. Ciing gidng nhu truong hop
khong c6 xuc tac, khi co xuc tac thi cac cau tric
endo c6 E, thip hon cac ciu tric exo tuong tmg. Cu
thé, E, (TS-meta-endo-s-cis-BF3) = 16,54 kcal/mol
thip hon E, (TS-meta-exo-s-Cis-BF;) = 17,74
kcal/mol hay E, (TS-para-endo-s-cis-BF3) = 14,16
kcal/mol thap hon E, (TS-para-exo-s-Cis-BFj) =
16,04 kcal/mol. Piéu nay dugc giai thich dya vao su
xen phu obitan thir cdp, d6 1a do trong trang thai
chuyén tiép endo, sy xen phu obital thi cap giira
obitan = hinh thanh va obitan 7 ctia nhém thé trong
dienophil s& lam giam déng ké nang lugng hoat hoa
[14].

Phan tng giira isopren véi acrolein tuong tu nhu

phan ng cdng dong vong DA gilia isopren vdi axit
acrylic, truong hop nay ciing c6 8 cau trac TS. Xlc
tac BF; ciing da lam giam dang ké E, so vai khong
c6 xtc tac. Chang han, E, (TS-meta-endo-s-cis-BFs)
= 11,77 kcal/mol thap hon E, (TS-meta-endo-s-cis)
= 22,52 kcal/mol, E, (TS-meta-endo-s-trans-BF;) =
14,31 kcal/mol thip hon E, (TS-meta-endo-s-trans)
= 24,41kcal/mol,.... Cac cu tric endo co E, thip
hon cac cau triic exo twong ung. Cu thé, E, (TS-
meta-endo-s-cis-BF3) = 11,77 kcal/mol thip hon E,
(TS-meta-exo-s-cis-BF3;) = 14,26 kcal/mol hay E,
(TS-para-endo-s-cis-BF3) = 9,29 kcal/mol thdp hon
E. (TS-para-exo-s-cis-BF;) = 12,10 kcal/mol. Sy xen
phu obitan thir cdp ciing dugc ding dé giai thich cac
dic diém nay. Mic du theo két qua tinh ning lugng
thi cAu hinh s-trans (-516,5799 Hartree) cua
CH,=CH-CHO-BF; chiém wu thé hon cau hinh s-Cis
(-516,5768 Hartree), twong dwong véi khoang 1,9
kcal. Tuy nhién, két qua tinh E, cho thiy, trong cac
cau trac TS, ciu hinh s-cis cia CH,=CH-CHO-BF;
chiém wu thé hon cdu hinh s-trans. Cu thé, E, (TS-
meta-endo-s-cis-BF3) = 11,77 kcal/mol thap hon E,
(TS-meta-endo-s-trans-BF3) = 14,31 kcal/mol,
E.(TS-meta-exo-s-Cis—BF3) = 14,26 kcal/mol thép
hon  E,(TS-meta-exo-s-trans—BF5) = 17,31
kcal/mol,.... Béi vi & ciu hinh s-cis, ngoai thuan loi
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cho su xuét hién sy xen phu obitan thir cép thi gia tri
nang luong cia LUMO tmg voi cau hinh nay (0,55
eV) thap hon ning luong cau hinh s-trans (0,59 eV).
Do vay, su xen phu gitra HOMO cua isopren-S-Cis
v6i LUMO cua CH,=CH-CHO-s-cis s€& tré nén
thuan loi.

Phan g gilta isopren voi vinyl nitro chi cé 4
cau trac TS. X(c tac axit Liuyt BF; ciing lam cho E,
clia phan ung gitra isopren vé&i vinyl nitro xay ra dé
hon khi khong c6 xuc tac. Cu thé, E, (TS-meta-
endo-BF3) = 15,22 kcal/mol thp hon E, (TS-meta-
endo) = 20,77 kcal/mol, E, (TS-meta-exo —BF3) =
16,42 kcal/mol thap hon E, (TS-meta-exo) = 21,08
kcal/mol,.... Cac cdu trac endo c6 E, thap hon cac
cdu truc exo tuong tmg. Cu thé, E, (TS-meta-endo-
BF;) = 15,22 kcal/mol thdp hon E, (TS-meta-exo-
BF;) = 16,42 kcal/mol hay E, (TS-para-endo-BF;) =
11,82 kcal/mol thip hon E, (TS-para-exo-BF;) =
13,87 kcal/mol. Su chénh 1éch nay cling dugc giai
thich bang sy xen phu obitan thir cap.

4. KET LUAN

Trong phan tng cong dong vong DA gilia
isoprene véi CH,=CH-Y, E, ciia phan Ung ty 1¢
thuan voi Epg. Khi Y 12 -COOH, -CHO, -NOy, su ¢
mat cua xuc tac axit Liuyt BF; s€ lam E, giam di so
véi khi khong c6 xuc tac do sy giam khoang cach
nang lugng HOMO va LUMO cua cac obitan tuong
tac v6i nhau. E, ung v6i TS-para-endo ludn thap
nhit du c6 hay khong co xuc tac. Chit xtc tac axit
Liuyt BF; lam giam d4ng ké ning lugng LUMO cua
acrolein so vdi nang lugng LUMO cua vinyl nitro,
tir d6, phan ung gitta isopren véi acrolein xdy ra dé
hon phan tng giita isopren véi vinyl nitro, két qua
nay nguoc lai so vdi khi khong co xtce tac axit Liuyt
BFs.
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