DAEHAN HWAHAK HWOEJEE

(Journal of the Korean Chemical Society)
Vol. 23, No. 5, 1979

Printed in the Republic of Korea

MO mimol &3t REMEL| RE (5148). Diels-Alder
Rite| EFEl oIxl= BREEEel HR

A% - MR - 2ER
Al BRAE (LBR
XMW B R

(1979. 5. 8 #5%)

Determinaton of Reactivities by MO Theory (XIV),

Effect of Acid Catalysis on Regioselectivity
of Diels-Alder Reactions
Ikchoon Lee, Keun Bae Rhyu and Young Koo Jeon*

Department of Chemistry, Inha University, Inchon, Korea
*Daejeon Machine Development, Daejeon, Korea

(Received May 8, 1979)

LN E
TS AN Tolamst WS WG diencphile o BMBmmel FMO mAS A8

E 4. SkE#Bo 2 EikE diene 3} dienophile IS KEEN A . EiatEe] w]X = Axd9 st
3t
CNDO/Z s o 7 ATt

BEHMEE FLE X872 R 38 diene, d1enoph1le«] W& (5, BFTE diene & BFRE
dienophile &} ub-g)ollA Lolvbe Ak zefbdbd& AAF Fola B2 ubSo] oA,

CNDO/2 who] A A ERHt —B3te $& F%a FReh, = REEMAIER] JEHmm
o2 X33 diene 7} dienophile 2] Diels-Alder #b-&-2] w84 o AEE dobe AL E By

gtk Anhe] wile] dEwdpd FAHon @A R, JHEA A S F28 Anho
u 1 [ 7751-_’(6101} £ a‘"}“—‘ -,—Sdl;]-

l"-?l"

I'-?i"

FQ

ABSTRACT. In order to predict the effect of Lewis acid catalysis on the regioselectivity of the
Diels-Alder reactions between unsymmetrically substituted dienes and dienophiles, the frontier orbital
theory applied to the theoretical model of the Lewis acid complexed dienophile was studied by
means of CNDO/2 MO.

In the majority of reactions, CNDO/2 calculations gave good results in accordance with experi-
mental orientation. Also, it was shown that the secondary orbital interaction played an important
role in the regioselectivity of the Diels-Alder reaction between unsymmetrically substituted dienes
and dienophiles. ‘

Although ANH’s treatment is mathematically simpler than other methods, ANH’s method which

laid emphasis on dissymmetrical transition state gave good results on decision of regioselectivity.
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Table 1. Eigenvectors of monosubstituted 1, 3-butadienes.

Ra
R b 1
2
3
4
HOMO LUMO
R, R;
C-1 ‘ C-2 \ C-3 l C-4 ‘ Energy | C-1 ’ C-2 ‘ C-3 | C-4 l Energy
CeHs H —0.4153—0.4337| 0.2392] 0.4159—0.4183 0.4190/—0.4361/—0.2529 0. 4088} 0. 0849+
CH,3 H 0.5220[ 0.4665/—0. 3589|—0. 5256|—0. 4458/ 0. 5613|—0. 4338 —0. 3930, 0.5306, " 0.1219-
OCH; H —0.4490,—0. 4841 0.2918 0.4905—0.4322] 0.5820|—0.3968|—0.4272| 0.5446] 0.1294.
CN H —0.5002|—0. 4414| 0.3180| 0.4869—0.4584] 0.5017|—0.4907|—0.3158 0.4935 0.0807"
H CeHs —0.5595—0. 3467 0.2133; 0.3415—0.4363 0.5330—0.3573—0.2277| 0.3534| 0.0951
H CH;3 —0.6214/—0.4190, (.3391| 0.4939(—0.4609] 0.5569/—0.4271|—0.4110; 0.5504 0.1232+
H CL 0.5439 0.3495/—0. 2628|—0. 3919{—0. 4708 0. 6077 —0. 4295(—0. 3365 0.4860; 0.0918-
H CN —0.6004|—0. 4030 0.3237| 0.4685(—0.4746/—0.6080] 0.4301} 0.3134{—0.4657| 0.0900%

Journal of the Korean Chemical Society -



MO Biggel ¥ REEKES RE (GB148) 289
Table 2. Eigenvectors of LUMO of mono- or di-substituted olefins.
1 Ra
2
4 3
Ry
R R Uncatalyzed reaction Catalyzed reaction
a b

C-1 C-2 C-3 C-4 | Energy| C-1 C-2 ! C-3 ' C-4 | Energy

COOCH; H 0.4404| 0.4314]{—0.6338 0.0917| 0.6601) 0.1790/—0. 5899 —0.1985

COOCH; CHO

0.2984| 0.4853—0.4714(—0. 3361} 0.0284|—0.1331,—0.5 0.1665| 0.6244|—0.2535

«COOCH3 COCHj; {—0.3027/—0.4793] 0.4753] 0.3261] 0.0347| 0.1450{ 0.5457|—0.2293|—0.5869—0. 2312

COOCH; CH, 0.4058 0.4260!—0.6236|—0.0688 0.0910; 0.6409 0.1448—0.5923 0.0175—0.1779
CHO H —0.4594|—0. 4048 0.6148 0.0903 0. 6984] 0.1131|—0. 5857 —(.2387
(multiplicative effect)’32 Ql3le] | zof 1R e] “Table 3. Eigenvectors of LUMO of di-substituted
s Ry (additive effect) B F v}, Tablle 39 quinone.
-2-substituted quinone ©] LUMO A|4& A9 , 2
A% A AR Fojrk 2AGLEA X ) o 30 CHy
gy 2 3E de g Al 44vt Fo e g 5
S FAs A E dAEFA) AFE A &
A AAFA 2& & F ARk . 0
2. C-2-Substituted Diene 2} Dienophile 7} Uncatalyzed reaction Catalyzed reaction
. 2 = . () =3
0| Bt2  Table 5\ A= para : meta &) W7}t = o C2 | Energy| C1 Co | Eneray
wfe] oA 2A Z7MHE GFdedl ol
dienophile 9] FMO 4‘“ l:\_oﬂ 1;1 2] 7]_ 1%0}-1] u} , o_‘l_ 0. 3299 -0. 3291 0. 0146 0.4022 -0. 1607 —0. 2292
Table 4. Reactions of C-2-monosubstituted dienes with monosubstituted dienophiles.
24 2 2y R2 Ri
+ e di o
’
N ezt
(A (8)
Substituents Uncatalyzed reaction Catalyzed reaction
4-Frontier | 2-Frontier 4-Frontier | 2-Frontier
orbitals orbitals SOI | Exp. orbitals - orbitals SOI | Exp.
Ry Re 4-C | 2-c |Hem-| pqp 4C | 2 |Flem| Anh
CH, COOCH;4 BIl B|B|B|A|B|!B|B|B|B]| A !B
CH; CHO B B B B A B B B B B A B
CeHs COOCH; B B B B A B B B B B A B
CL COOCH; B B B B A B B B B B A B
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279 Ag¥-Fol Frtd e Aol 7]l
9188 YT BZ oA $x Fulz
3le] SOIZF 24| FHE L ¥ F ot o
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it AANF 98-S £ F vk Tabled
oA 449 FMO 5% zHdFE 40,
oyt 27028 FMO w8 328 3t Hern-
don, Anh¢] Wgo] AW AFE AP
& F3 9o} SOlE YAA gz rh
diene o] F A ol A JEEBMEe] 2 EHBETHE
3 (normal electron demand)ul-2-o] 4] &= diene
HOMO-dienophile LUMO 4 3.#8-0] %z {tel
Ao BobE HEHE SrEE ARdem
diene LUMO-dienophile HOMO 43482 +
AF 4 ek, 2} o) AT BT
@A 32 239 ASdAE Tga Aot
EFRIARZ J3" A SlAE A9
#52 QlalA LUMO 9] # EelviA] 7} solx] 7]
W] o], diene LUMO-dienophile HOMO 23
Aer FEEAAA S48 9%E WAA
g ned FIot. o2& A52A dzHd H
2= 2-chloro-1, 3-butadiene ol A % ol e},
221} 0] 7 $-oil diene LUMO-dienophile HOMO
H5ALE E=H para WS FA 27 AF
of 4wt B A FTE BAKS RAF

pois '

3. C-1-Substituted diene 3} dienophile 72|
Bt o]w] Table 16)4 & ulg} zto] 3| 2]l
HOMO A%E 3717F §41817] el 434
T A3A4EgE 2RAARAIFA G0 WA
9] AAd Bk Fostz Il C A
otz adEe] stzrdeiateld] JEEEEHE
A3AEE ZAH] ortho il FA S FUt. ¥
sl 2l s} of . Awig o
ga-gd 2z evo]l 9] ubg, 1-v 5AFEd
g7 otz gAY wEEE Fust EA Tl
w2} ortho Wl gk o] ZA Fv]E -2 Table 81 A
2 4 g}, o] dienophile o] FMO A=y
A7 golA s, FAFHY FELE AT 5
o) Z7}, 28z 2AAEAEAEY FrtEA
A2 A9 2 ASE ¢ F AT 2 trans-

oo Rk

14, T as B

4-oxobutenoate 2 2-pentene-4-one-1-oic acidt
methyl ester o} Fslelale] kgl GA 9
2SS W) meta IS FA5 3 Zo) 3ol
A= A% meta flFtEe] FHEZ ASATh o
W]+ diene 2] HOMO, dienophile ] LUMO &}
KAl 7t Z2h A 2 vl 23ty s foll 2 A=
43A4go] Bok Fog 4L FAE S & F
AR}, Table 804 dienophile &) %37 =&
oz 23t xad, WA Es]E v 2dd jiE
BEohe #E9] stz rdwart ddee] Gy
of 2XAEATALE ZAlH HidE 2
meta BLIMES 30 ov] Fufgle] & Cd CF
A7t 15 aAEY &5 meta RAKES Z0
AA Feh =3 2t 2, 6-dimethyl-1,
4-benzoquinone 2] k35162 on] ol F3 ulg}
Zol 1XAE AxA g 2345 434
Fol vl oIS EF ARt &, FHA G
T Byl NI 27 A= $A3% 7
2rdgs voe JgA gAYl dta
etz Agrt tAA EikhE ] =,

o] Fle v detivy} diened €9 2ZAETAZ
288 7HA 5] o] 2, 8, 9-trimethyl naphthoquinene-
& FAEY S AE B2 ¥y Hy
NAG Aol Fuit $EHE o] Fr] W Ee] &
W7t gl Afoke Awde gaAgsE 2A
s o], wigAe] K=z 2,5, 9-trimethyl naph-
thoquinone & F3c}. o] 39 oejul&g 44k
Weo g ANT AFAE Table6, 7ol Folzich,

Table 6014 Herndon, Anh ¢ u} e A3l
e Ralks Zeldev 4, 29
Wy wr Fasled 2olx o (Yl

1-methoxy butadiene &} o} zZE]g]l 8] ut-&-& fi:
). Heelals ofad Anie e kel A= 4.
dul, 2dubwe] A e ol diene o}
HOMO A7t FA3271E 7HA7] wEol Bl
FE kel R fbol i x| o & Aol & Holx| okgk
o, diene 2] LUMO Al47} HOMO 2} &= b
2 3ol glolA diene LUMO-dienophile
HOMO A% 48202 <3t meta 42 4
o] W Afol Zld=Ez YAk, AT diene
LUMO-dienophile HOMO 2} o 3Fo] Ao d o 2
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Table 5. Regioisomer ratios of the Diels-Alder reactions between unsymmetrically substituted dienes and dienophiles.

Uncatalyzed reaction Catelyzed-reaction
Ry R, para: Dienophile | Dienophile PARA: Dienophile | Dienophile Ref.
meta jCi—Ci] | SOI (C?) META |C3—C31 | SOI (C?)
Isoprene | Ml | 70:30 0.22 0.19 | 95:05 0.32 0.44 | 14
Isoprene Acrolein 59 : 41 0.21 0.21 96 : 04 0.33 0.49 15
e e | Moty e | 8020 0.22 0.19 | 97:03 0.32 0.44 | 14
Zchloro | Methyl 1 g7:13 0.22 0.19 | 93:02 0.32 0.44 | 14
Table 6. Reactions of C-1 monosubstituted.
B R By
) 22 R2 By
« . j
o Ry 7y G
(a) (B)
Uncatalyzed reaction Catalyzed reaction
R R, R 4-Frontier | 2-Frontier 4-Frontier | 2-Frontier
1 2 3 orbitals orbitals SOl | E orbitals orbitals sor | E
Hern- Anh P C C Hern- xp-
4-C | 2-C don 4~ 2- don Anh
CH; | COOCH; H B B A A A A A A A A A A
CH; | COOCH; CH; A B A A A A A B A A A A
CH; | COOCH; CHO B A B B B B B B B B B B
CH; | COOCH; COCHs; | B A B B B B B B B B B B
OCH, CHO H A A A A A A A A A A A A
Table 7. Reaction of C-1-monosubstituted diene and 2, 6-Dimethyl-1, 4-benzoquinone.
o]
Ry ° : 8 auad cHyl  om
HyQ SHy P £H 2 3
+ ——
o e g & B 0
(8) {8)
ncatalyzed reaction Catalyzed reaction
R 4-Frontier 2-Frontier 4—F_ rontier Z—Eronﬁer
1 orbitals orbitals. | sor Exp. orbitals orbitals SOI | Exp.
4-C 2-C |Herndon| Anh 4-C 2-C  [Herndon| Anh
CH; B B B B A A B A B B B B
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Table 8. Regioisomer ratios of the Diels-Alder reaction between unsymmetrically substituted dienes and

dienophiles.
Uncalalyzed reaction Catalyzed reaction
. . - . 9 3 R O ']
Diene Dienophile ortho: D};ﬁ'i‘g D1§r601phﬂe ortho: Dlpie:illt: leglg)Iphl i
meta o C: meta o C:
|Ci-C3l ! ‘ 1Ci-Cil ! *
Piperylene | Methyl acrylate 90:10} 0.22 | 0.1940 98:02| 0.32 | 0.4357
Piperylene | trans-Methyl crotonate ortho 0.21 |0.1647 | 0.0047 | ortho | 0.33 | 0.4108 | 0.0003
Piperylene | trans-4-Oxobutenoate 40:60 | 0.01 |0.089110.1130 | meta 0.28 | 0.0177 | 0.3899
Piperylene e i) ster | ™e/¢ | 0.004 | 0.0916 | 0.1063 | meta | 0.25 |0.0210 | 0.345
1 Methoxy | Acrolein ortho | 0.21 | 0.2110 ortho | 0.33 | 0.4878
Piperylene | 2, 6-Dimethyl  ouinone | 2 oy | 0-01 | 0.0821 | 0.0869 | 23 | 0.14 | 0.0401 | 0.2060

Az o3t 4= diene LUMO-dienophile
HOMO 9] dviA 7@t AA KEhkddA=
A3 4% uly  diene HOMO-dienophile
LUMO 235389 @kl vAe a4 74
o8 44hy 2% Fo| EAagel] Wi FAg o] AFA
Ao dXstz Y-S & 4 Uk A
3} trans-methyl crotonate 71¢] wb-gol A% 24k
Do) g m Sl ol ¢Ae A%

T]E-¢] dienophile 8] FMO A4+t il & 2=
2o z4 diene HOMO-dienophile LUMO 43
ZAgolA FAHez PAHHE KinfREes)
diene LUMO-dienophile HOMO 8% {& f ol 4] 9]
Kinthgsgo] Az vh2r] «Eejct. Ay
@5} trans-4-oxohutenoate, 2-pentene-4~one-1-
oic acid methyl ester ¢] ulgoAE diene
HOMO, dienophile LUMO #A47} 747} v] &3}
52, diene, dienophile 8] FMO Al<=7} 244 Al &2
Autdlz 3o 2 2dubwo] HAG:
AeS o ARk 2B E) ol A = diene
HOMO-dienophile LUMO 43 #&-g-o] 43| &
7t mEdol AR WP & FaE2
< < dglek. Hsd A 2 6-dimethy-1,4~

benzoquinone 8] kol A& ofFl o1FF uhs}
7ro] diene 2] HOMO, dienophile 8] LUMO #
7t A7 v s28ks] s el 2 XA 25 A R180]
1AM =3 558t PR o F 23
4ol A8 AAAFAE Aol I WY
AX8kA kot AEwlstol A& dienophile
9 dAlFAC) FEkfks = stErgdgis] A
2717t Feot Qi A Soe Wz £5357)
g Foll 2dudupgolfel mEWHAA Zotm
RS & F Ak, Table9 ol A= 1-phenyl
butadiene ¥} otz @ AlweEle] wubE, 1-phenyl
butadiene 7 o}z E&1] WEEL 470, 2
sl Wb o] whx] 9 kA wt Herndon, Anh 9] u
e A Mgyd S F44. =3} 1-cyano-
butadiene 7 o}a Y Alv| g o] kg 4 WY =F
b Aol 2% v FF ASA @SS B
o F9 k. 22y} Epiotis’:= F-A13F BTAIEH:
£ 7FA A 372 X35 diene 3} dienophile o]
ubS 8 79 it e kgl dojvt Hfv
74] Z (concerted mechanism) B}l ErREfye
1] Z (stepwise mechanism)o] &4 s
{B e} & (intermediate biradical)2] ¥R %E
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#E ]85 ortho BLHIEE T 50] A
3 dAgte Kags 4 ¢ e 2ot
2%}t 2-Cyanobutadiene 3 o}=2 A}el ¥ 9]
u}-8-ol) ] = 2-cyanobutadiene &} AT45HH7E 2~
<hloro, 2-methyl butadiene 7} v} $=3}™ meta L
FEBE T3 ot EhlsidAs 2318 meta
Ertke] ZaHAttE 483 477 AR

methyl-1, 4-benzoquinone ¢] ¥}-2-2 Table 10
Al 2. vle} o] Herndon, Anh 2] w2 ZAwgt
Z ot 450, 250wy & kA %}1/\1?—5
B FA gt Fei ot AQE = kgl A s 2 E
Wol A= P& 2AF2 AT L F A
ek Lk RE wbgol A Ao ziE
a2 v gA 4ol 3 i & vl i

et 2 oA CNDO/2 yiol &3t Wl &AL  Tablell 3 2}, Diene 8} UstA|TEo] & M
—‘-"37} RE BFels 4 257 Az S B Hol dkgol A= 4wy RO AdE
ot ZRZARNAL BAGE BAE 74 AFEL Fu et 2ANEEAEe ¥
o} Alston 9 @795} IR AL FUS  Awx 8L B S Afw, AF ol E WS
a2o9, CNDO/2A4ez d& sSEfdTae A 1ANELZZE] 2ANELTEHER
WG e AAL F AN oazdH 2,64 o T ARl H% FL AL w9
Table 9. Reactions of monosubstituted diene with monosubstituted dienophiles.
B- m Ry
-
. ’
3
(8 (3).
Uncatalyzed reaction Catalyzed reaction
4-Frontier | 2-Frontier 4-Frontier | 2-Frontier
Ry R R orbitals orbitals SOI | Exp orbitals orbitals SOT | Exp Ref.
Hern- : Hern- ’
. 4-C | 2-C |V o0 Anh 4-C | 2-C |7} on Anh
CeHs H | COOCH:| B B A A A A A B A A A A 19
CeHs H | CHO B B A A A A A B A A A A 11
CN H {COOCH;| B B B B A A B B B B A A 20
H CN | COOCH:; | B B B B A B 14
Table 10. Reaction of C-2-monosubstituted diene with 2, 6-dimethyl 1, 4-Eenzoquinone.
R
(&) (3)
Uncatalyzed reaction Catalyzed reaction
R 4-Frontier | 2-Frontier 4-Frontier | 2-Frontier Ref.
orbitals orbitals soI | Ex orbitals orbitals SOI | Ex
Hern- “XPp- Hern- P
sc| 2-c|Hem Ann 4—C| 2-C don] Ach
CH; B B A A B ’ B A l A A l A B A 16
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Table 11. Comparisons of orientation between experiments and theoretical methods in various reactions.

Srch W F49 AN o Fo3 48& 2
Res & T UM o)A AAE sk
gzt et
ETEE diene 3} BF AL dienophile
4 gy 71 & (4-center mechanism) ©.
2 AL ARE G A 5EL 2 A FMO,
Z- diene 2 HOMO, dienophile LUMO =&
# 3t Herndon, Anh 9] we] £& s A &
%t
(2) fRETlA = dienophile o] g4 3 435}
of FMO 9] Bl A & Rl T2, 4AFHK
(alkene HHAA A, Aol

3L
=
e

moiety) &

) Uncatalyzed roaction Catalyzed reaction
Diene Dienophile 5
4-C| 2-c |Hem ] Anh [ SOT | 4-C| 2:C Hern| Ash | sor

Tsoprene Methy! acrylate O O o] o X O O O O X
Isoprene Acrolein O O | O O X O O @ O X
2-Phenyl | Methyl acrylate Olo|lojolx|olo|o]lo]| x
2_}?:1255?8“ Methyl acrylate O O | O O % 0] O 0 O %
Piperylene Methyl acrylate X X O | O O O O 1.0 O O
Piperylene trans-Methyl crotonate O X O O O O X O O O
Piperylene trans-4-Oxobutenoate O{x|]O0O|]CJ]OjJO]J]O]O]O|C
Piperylene triz‘igzgfi?intritéﬁﬁoéig o x O O O O O O O O
e, | Acrolein olololololo|lolo|o]|o
1-5::3:(1};1@6! Methyl acrylate X X O '®) @) @ x O O O
itadiene | Acrolein x| x|ojlololo|x|olo]|o
1’%3;’(’1‘33 e Methyl acrylate X | x 1 x| x| 0| x| x| x| x| 0O
2"53?3’(‘126 ne Methyl acrylate @) @] O @] X

: 2, 6-Dimethyl )
Piperylene 1,4-b enzoiluin one X X X X ol O X o] 0O | O

2, 6-Dimethyl

Isoprene 1, 4~lbenz<¥quinone O o X X O O © O O x
ALE o & ddert, utmo] diene o WA Zid o gA  EEBFENR(normal electron
7k S 38 7R A Lol 4= Herdon, demand) 2 FHFEFIER(neutral electron
Anh 9] wbHo] Atz ,\,19\1_9}4, 134 59 A demand) #-g-E&9] 'h"ﬂ 3ol A BF ERETFE
4 227t A9 ¥ 453 diene D dienophile 7+2] kg WSS Z2AE L 4 F A
el A= 2XA =45 Age] 1AL TE 3) 1AA=AZAEEL okt 244354

25 Fvjo9d] Z7}d oz Diels-Alder uk-2-9).
WP A Fad 4TS Yo, Az 1
AA=AZALRT 2AAEATFEo] 237
583 985 J4< Fdsgo

4) EEFAR diene 3} dienophile 7+¢] u}-2-
CNDO/2 st 53258 Iy & HAT &
At

(5) 2718 BFRFIXZ72 A3 dieno-

o

phile & A4 2 oviAd MR (additive
effect) & FHz ool A 1AAFAA 37

el 2wl Al 2 AFAA IR 22,
AAAEA RN A8 ASelAe 229 &
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