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ABSTRACT : In order to predict substituent and Lewis acid effects on the regiospecificity of the
Diels-Alder reaction, and to investigate the competition for the complexation of Lewis acid bet-
ween diepe and dienophile, frontier orbital theory has been applied to thermal and catalyzed
Diels-Alder reaction by means of CNDO/2 MO method. It has been found that: (1) Lewis acid
coordinated preferentially with diene rather than dienophile when carbonyl oxygen of acetoxy
substituted diene had larger negative atomic charges than that of dienophile. (2) Most of the
reaction were neutral electron demand type, and hence 4-C, 2-C and quantitative secondary
orbital interaction methods were generally in good accord with experiments. (3) Sulfur activated
the adjacent terminal carbon atom greatly to increase diene LUMO-dienophile HOMO interaction
through vacant-d-orbital participation, and played an important role in controlling regioselectivity
of neutral electron demand reaction type.
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Fig.1. HOMO-LUMO orbital arrangements of the
three types of Diels-Alder reaction.
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Fig.2. HOMO, LUMO of the diene and dienophile.
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Table 1. Eigenvector of mono-or di-substituted 1, 3-butadiene.
R 1
2
X
Rz 4
HOMO LUMO
R1 R2
G C Cs C; I|ENERGY| C C Cs C. [ENERGY
OH H 0.6555( 0.3941)—0.2749\—0. 4198 —0. 4588 —0.5050 0.4054] 0.4617|—0.5041] 0.1249
JCHa B 0.6420 0.40931—0. 30801 —0. 4579 ~0. 4646] 0. 5255/ —0. 4196/—0.4390] 0.5732 0.1238
OAC H 0.62150 0. —0. 3046(—0. 4482 0. 4671 0. 52801 —0.4227[—0. 4335 0.5712] 0.1216
JACH* | H 0.5867; 0.3997|—0.4210—0. 5255 —0. 6532|— 0. 5854] 0.4439 0. 2804!—0. 4629—0. 0637
OCH; Sph -0.1983—0.1169 0.1 0. —0.4425)~0.2085 0.1246] 0.2545/—0.4923 0.0661
OCH; Sph-Cl 0.22071 0.1 _M:%_a —0.4504(—0.1941| 0.1111} 0.2409—0.4780 0.0573
OCH; Sph-OCHs | ¢.2075 Q. ;%—o. 1425(—0. 2412~ 0. 4432— 0. 2091 0. 1254{ 0. 2545(—0.4919] 0 0674
QAC Sph —0. 3815(—0. 0.2216) 0.3463—0.4556 0.2009—0. 2010| - 0. 3239 0.5382 0. 0850
OACH | Sph 0.1133 0. 0607—0. 1114 —0. 1823 — 0. 5744/—0. 0.3503 0.2913—0.5278 —0. 0513
SH H 0.4199 0. 2306/—-0. 1181(—0. 2013 —0. 4363 0.6018—0.4178—0. 3198 0.4660{ 0.0738
3CHy H —0.3790—0.1901] 0.0851| 0.1531(—0.4202/—0.5991| 0.4093 O0.3263—0.4666] 0.1052
Sph H 0.2973 0. —0. 1838 —0. 2611|—0. 4757 —0. 5350{ 0.3209 0.1999—0. 3180, 0.0858
SH OH 0.4310; 0.2423—0. 2780, 0. 3354 —0. 4408 —0. 6235 0.4293 0.3005—0.4112 0.0931

Table 2. Ratio of AQ Coefficients for substituents of
mone- or dihetero atom substituted 1, 3-butadiene,
{CNDO/2)

Substituents HOMO LUMO
Ry R | G| coe | cvee | cve
OH H 1.56 1.18
OCH;z H 1.40 1.09
DAC H 1.39 1.08
H SH 2.09 1.29
H SCH3 2.47 1.28
H Sph 1.14 1.68
OH SH 1.29 1.52
OCH; Sph” 1.19 2.36
OCH; | Sph-Cl 111 2.46
OCH, g%hﬁs 1.16 2.35
QAC Sph 1.10 1.79
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58 o g AOAS Bt F& 23
A e},

- Table 2014 A3 Bet AFRe RAHNH 2
A 44 ¥R AW Afd AF$ANE
HOMO & <13 24 94923 & 24 34384
7AA5H(1.39~1.56), LUMO ¢ A%+ o|ntf
43 ¥ 24 9 FdaYAE 1.08~1.18
2 ¥ 2 E2FAA AR5 #5571 HOMO o
A w5 2A vdedn Q8¢ B et =23
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A3 o] o] v E d-AE7t FAsA 2
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Table 3. FEigenvector of mono- or di-sustituted 1, 3-butadienes.

R

&

Rg
HOMO LUMO
R, R;
G | € | G | C [Eney| & | € | © | G |Enersy
Sph H 0.3070] 0.2794 —0. 19461—0. 2085 —0. 4539 —0. w 0.4493 0.2471|1—0.4110| 0.0772
Sph OAC 0.3001] 0.2132—0. 2646,—0. 2860\—0. 4347) 0. --0.3166{—0.1679 0.3 0. 0805
Sph QACH* 0.1029| ©.1333/—0.0557[—0. 1131[—-0.5509 ¢. 2967[—0. 2447|—0. 301Qy 0. 0. 0568
H 0QAC 0.1850 0.1271i—0. 1658/ — 0. 1326{—0. 4852 —0.6601| 0. 0. 2081|—0. 3711} 0. 1454
H OACH* —0. —0.4207| 0.3854| 0.5385—0.6219 0.4049,—0. 2356/— 0. 43 0. 4528,—0. 0463
Table 4. Eigenvector of mono- or di-substituted olefins.
Ry R2
\‘F
1
HOMO LUMO

Ry R, G C: I ) Eﬁergy G G Energy

H CN 0. 5909 0.4755 ~0.5272 —(.6543 0.5316 0.1239

H CHO 0.5870 0. 4972 —0.5258 0.6138 —(. 4038 0. 0903
H CHOH* —0.5612 —0.6763 —{. 8498 —0. 5857 0.1131 —0.2387
CH; CHO —0.6300 ~0. 4084 —0. 5003 0. 5905 —{. 4010 0. 0852
CHs CHOH* —0.5338 —0.5137 ~0. 7565 0. 5569 ~-0. 1065 —0.2617

H COCHs ~—(. 5229 -0. 4283 —0.5101 —{.5999 0. 3950 0. (956
H COCH* _ —0. 5898 —0.6798 —(Q.8334 0. 5765 —0.1699 —-Q. 2121
H COOCH;5 —0.3471 —0.2670 ~0.5005 —0.6338 0.4314 0.09017
H COOCH,* 0.3486 0. 3802 —0.7923 —(. 5899 —0.1790 —0.1985
CHs COOCH;3 —0.4923 ~0.3584 —0. 4827 0. 6249 —{.4378 0. 0962
CH; COOCH* —0.5532 —0. 5091 —0.7289 0.5720 —0. 1905 —0.1847
H CH; —0.6705 —0.5615 —0.5199 0. 6698 —0.6479 0. 1750
CH; CH;3 —0. 6842 —0. 51556 —0.4903 0. 6460 —0.6122 0. 1664

phS )¢ A%¥ phrle EFAIA A2
# A HOMO = 1.1424 SH, SCH, Rrci3|,
LUMOA A4 : 1.683t 02 2383 =A 43
AN} o] e Ade oF 42 R # 3
/77 A7) d5H ez EAse diene 9] AF
Qul o2 7% directing group &2 FE3}
Al Aoke g4} A2 e o F F X
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Table 5. Eigenvector of 5-methoxy and 5-acethoxy 1,4-naphthoquinone.

ORy
!
HOMO LUMO
R R, :

G C; Energy Ci C Energy

OH i 0. 2916 0. 3065 ~0. 4732 0. 3595 0. 3515 0. 0062
OH ;O —0.0846 ~0. 0496 —~0.6219 —0.1827 0. 4463 —0. 2404
OCH; | ~0. 3015 —0. 3112 —0.4667 0. 3477 —0. 3596 0.0120
octH; |, H* 0. 0796 0. 0356 —0. 6065 ~0.1676 0. 4504 —0.2302
of EES] AFC/C>1 & F LUMO 48] HOMO, LUMOHAE o|vx 3 2o

o) A4e & TR AR AW U gy
Ao 243 Ak FH AR QA wx By
ﬂ?% A5EFE el C/Cust 1.52~

462 A/ tEo s 24 Youc Y4
- A8 AL ol F AEYFIYE THeo)
2 Q7o o7 Fa.
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1’5]‘ -g-"ﬂ A A  diene LUMO-dienophile
HOMO 4 }?“_Z}-%-O] 'suil 2834 § Zloleh

AtglA o] 2 w4 FMOIY A
afe] Ei-Ejot ¥l3lr] ol AE §49 7
Ay Hiol XAz Fashd € Ao+

detd HE ZY e 2Pow HOMO
Al (1.11~1.29)¢]  #]3] LUMO ¢ #H$&
(1.52~2.46)24 ] = ¥ F{orbital polarization)
of W58 27 W] WGy AR LA
diheteroatom-substituted diene 8] FMOQ & LU-
MO ¢ F84& 2 8= glch, ¥ dieno-
phile 2] B$& 3ol Table 40)4 Rzol AA
w7l A#7)7 A8" 2 Rl dA
A7), Reelt AARA A7) 74 A{E 7 5ol
Ad F A4 ZF olnl R vt o)k
HOMO LUMO A7t A @71 248 wdxe A
7t F& ¢ T A% 2z 450 EA g
A AR 7t2nd g o 3gg 9

ol AApgT|

T2 LUMO o] gl A& A4 238 2714
A FAe A&e]A] HOMO A4§ 2 R,
A&7z @YD 3% HOMO
ATE Fulgig B2F A7V R, o ARAF7 2
271, Reel AAZ A#2)7F A @R A S
< HOMO A48 338 a4 AZE wg=
T3 A7 E2€ ¢ 4 et Table 59 1-
A 35 naphthoqumone-«} HOMO, LUMO A=
= A9 vl&stzs Diels-Alder ub&ol 4 9] +
¥ A £ diene o] ®Fo) 2A AL "k,

Neuiral Electron Demand Reaction

Teble 6 9l 4 2-methoxy-phenylthio-butadiene,
2-methoxy-3-(4~chlorophenylthio)-butadiene =}
dienophile #}2] #l-¢14.2 ¥ diene HOMO-
dienophile LUMO ¥ diene LUMO-dienophile
HOMO 43 %% 2571 & AAE g4 F4
A 7]« 3t Neutral electron demand ¥l&-o
24 vz B nrhe 23]y A4 43
7t F AAEY kA3t Bt £ 7oA E e
vt Table 6o]A ¥50] 49H ETFIL AP
A7 P FP4Aez F Az =¥
SOId 97 AANAR F Hzmgle ol F
Lol 4 = diene 8§ HOMO, LUMO 7} 2. o
Fog EIe glx dienophilex 2 whyk
22 235 o F 3L 7 F ) FA
7} B A 49 2 dXsm Yt of
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Table 6. Reaction of disubstitutd diene with mono-or di—substituted tlefiiens.
K3 Hch H'&
, ‘.
Thermal reaction Catalyzed reaction
Substituents
4-FMO 2FMO | | e |7 4-FMO | 2-FMO eor e
xp. ype S xp| Type
R\ | Ra| R | 4C| 2:C 3= | Anh s-c| 2. [ |anh
SPh H €N A A A | A A A | NE.
SPh CH; (CHO A A A A A A | NE. A A A A|A]A| NO.
SPk ' H ‘COCHA A A A A A A | NE. B A A AlB{A NO.
Seh i H COOCHy A | A Al Al alalNe} a]l al] alalajagNo
%{’h— H ‘COCH3 A A A A A A | NE. I A A |A|JB|B| NO.
Sph- | CH, CHO, alataialajalne| a]alajajalagnNo
¢ Expected major regioisomer.
Table 7. Reacticn of moncsubstituted diens with mencsubstituted diencphiles.
R Ry A~
Yo, \fﬁs Y O
| L R
| 2 l
(a) (8)
Thermal reaction Catalyzed reaction
Substituents
eFMO | 2FMO | | | 4FMO | 2-FMO cor el T
. Xp. ype Xp ype
| R R sc| 2-c [Hem | anh aC | 2¢ Fm |aah
Sph‘HCOCHaBBBBBBNE.ABAABA‘NO.
Sph ; COOCH; B B A A B B | NE. A A A Al B A | NO
H lSph lCOOCHa B B B B B B | NE. B B B IB B | B | NO
@ Expected major regioisomet,
= yigo] A&dAa 3A, dienophile s Ax thoxy-3-phenylthio butdiene ¥} methyl vinyl
JuAT A A dEel F2 A ketone 9 WAL Aol A3 A4E

27 ¢AE AAE FpeA s g4,
dienophile 8] HOMO A|§=¢| #-3Fo] MR
5920) ¥/3] dienophile 2] LUMO A+ =2
A 23510 1o} diene HOMO- ~dienophile LU-
MO 43 74go] @utgol vialA 24 F5E
ot < givh m&t dienophiles] LUMO A 7t
2y gad AF BJo] AFHel &3 =2

A Zrstnz SOIAAE 2 @Agch 2-Me-
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v7 4:1904 1:5:18 &= ¥ A
7 o 2 velytl o] uint-g&-& Normal electron
demand ¥-&e]1} diene o] LUMO E3o] #AA
diene LUMO-dienophile HOMO 43 380} =
A 7lelsie] Table 6914 2%e] 4-C R SOI
o) o] g FadE w2 A A4S
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Table 8. Reaction of I-acetoxy-butadiene with juglone.

LR
% ' :

9; %
@) 2

ta)
Thermal reaction Catalyzed reaction
Substituents
4-FMO 2-FMO sot | E T 4-FMO 2-FMO sor | g T

XPp. ype xp-. ype
R R 4-C | 2-¢ [l | Anh 4C | 2-C [lerm-] ann
H (OAC B A B A A A | NE, B B B B B A | NO.,
H OACH* | A A A A B A | IN. B B B B A A | NO.

¢ Lewis acid is complexed with acetoxy group diene.

Table 9. Atomic charge of carbonyl oxygen of
various diene and dienophile.

Compounds to be complexed by | Atomic charge
C, . of carbonyl
Lewis acid catalysis oxygen
2 aﬁeitel;zxy 3-phenylthio- —0.3385
éugcé?tel:’:xy 4-phenylthio- —0.3346
1-Acethoxy-butadiene —0.3742
2-Acethoxy-butadiene —{. 3286
Acrolein —0.2328
Methacrolein —0.2270
Methyl vinyl ketone —0.2757
methyl acrylate ~0.3257
Methy]l methacrylate —0.3407
Juglone —0. 2467
5-Methoxy-1, 4-naphthoquinone —0.2369

.cetone 2] Zcljul-2-o| 4 Herndon 3 Anh ¥y
o] E2]¥& o] protonated-methyl vinyl ke-
‘tone 8] HOMO, LUMO|vz A3z diene
‘HOMO-dienophile LUMOQ 4} 3 4-&0] 3 ) 33
£ 233 5 £d diene HOMO Y dienophile
LUMO 8 A5 59 4@e] 2o} AT2E F
A=) = g-olck,

Teble 7 <1 A 1-phenylthio-butadiene 5} dieno-
-phile }2} W858 wwl Table 304 REo]
HOMO A+ A vx3Azt A#/r|oA 7}
HEedLE AN LUMO = 4dZ4 =
£F 843 A9} o] ¥g-& Neutral eleciron
demand ¥t o 24 oix] 2] 3t} orbital o]
53 yhgo 2 dienes] LUMO A4 250)

7 diene LUMO-dienophile HOMO 4 % % o)
A 2148 Heol 4y A4 ZE wdo)

- 2 AA3m vk 22 o] diene I methyl

acrylate 9}¢] wb-£¢j 4] Herndon = Anh o]
ZF 24 g ot F Wiel dux 2eist
AL Aol FeAF Wylolnz oiA el A
£ diene HOMO-dienophile LUMO %3 #£0)
ad Z19q8s] HEe @2 g gk

Table 89| A 1-acetoxy-butadiene 3} juglone
o] W-§'¢ 8.9 naphthoquinone 9 159X
d ALl EFAL A5 £Fo] A9 Qo HE
of FM PN E 1-acetoxy-butadiene o] LT o)
aA A$gE ¢ + Aok dienesy) LUMO ¢
2ANEAG C7b 2AS Counh 453 =
A ESH 3ol sd ol ez SOTE] ool
ASE & 4 st .

o] ul-g9] &oiwk$-& nl Lewis ko] diene
5t dienophile F 3 %o ©} FEL o] & 4 ¢
o1} Table 904 2= wpel el diene 9 %}
239 4xe YA} dienophile 9 &
Bk AN $£RH 0% diened) Fl2BY A
7t AEE ol & Aolvk, 2dte diene 2
HOMO, LUMO#E oA & $dd Fumz
HE#H e & Neutral 5o A Inverse electron
demand ¥lg o2 o)E#A = diene LUMO-
dienophile HOMO 4 3.4 80) Fuj & A
A ®lc}, Table 804 2Eo} dieneo) A&
7t RS o] FR0| AYALFA 2 gAEm
kol diene el W&} sl=3Ro] Fel g zojc}. o
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WgdA SOI 7k 8 oife e 94 R
g9 diene 8} 2RAE A5 dgHe A
Wz 235 1] Ageich
1-Acetoxy-4-phenylthio-butadione #}  dieno-
philes}s] ul-§16, 2-acetoxy-3-phenylthio-buta-
diene 8} ulg%0] Table 10, 110 AN,
o] W ES @utge 4} P& neutral UHE
yoln] Fojuk &AL Trost b FAY vis}

o] $-A diene 8} Fr2.8 Aiol o7 XE
£ o] F7 g}, 7] A 2-acetoxy-3-phenylthio-
butadiene 8} 2 S AYPAe 2 2-acetoxy-3
-(4-methoxyphenylthio)-butadiene o} } AR
Ae NLAEQ dieneTR22 ¥ P2 W
o4 §138}7] o] FMOARAAE d3bt 9
sual pA 8N g A ALN

o) 4¢] Neutral electron demand k-8 Jel &

Table 10. Reaction of mono- or di-substituted dienes with disubstituted dienophiles.

é| R R
(A) (8)
Therma) reaction Catalyzed reaction
Substituents
4-FMO 2-FMO 4-FTMO 2-FMO
SOI | Exp. | Type SOI | Exp. | Type
Ry R: | 4-c| 2-C 1 | Anh s-c| 2c oo | Anh
OAC H B A B B A NE. | B B B B B A | NO.
QACH* H A A A A A A |IN. B B A A A A | NO.
OAC CHy | A A A B A A |NE.| B B B B B A | NO
OACH** | CHy A A A A A A | IN. A A A A A A | NO.
¢ Lewis acid is complexed with acetoxy group of diene.
Table 11. Reaction of disubstituted diene with mono- or di-substituted dienophile.
Y O e
+ ——t—t—y 'y
SPh /K SPI SPR- "
(a) (B)
Thermal reaction Catalyzed reaction*
Substituents
4-FMO 2-FMO so1 | B T 4-FMO 2-FMN 1l
xp. | Type xp| Type
R |RefRs sc| 2 e | anh sc| 2¢ [ |anh
QAC H ICN A A A A A A | NE.
QAC CH; [CHO A A A A A A | NE. B A B B|B| A !NO
QACH* [ICH3ICHO A A A A A A |IN. A A A |A|A]|A|NO
QAC H 3 A A A A A A | NE. B A B B | B | A" | NO.
OACH* [H s A A A A A As { IN. A B A |A| B! A|NO
QAC H [COOCH; A A B B B A |NE | B B B B | B | A*| NO.
QACH* [H [COOCH, A A A A A A* | IN. A A A A| A|A®] NO
OAC ICH, Ha A A B A A A |NE | B A B |BiB|A|NO
QACH* [CH3|COOCH; A A A A A A |IN. A A A |A|A]|A|NE

o Expected major regioisomer. * In the catalyzed reaction, Lewis acid catalyst is complexed with carbonyl
oxygen of dienophile. < Lewis acid is complexed with acetoxy group of diene.
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FE¥ - BT - Pz

7FR e Qubgol4 SOlygel A4y A3 2

EDERES

8| Z8he) Tabe 12 8} 2ok,

Normal Electron Demand Reaction

A4 AR FA2 vhehiel

Table 1391 2-methoxy-butadiene isoprene 3}

ol @At o] & ulgL Table 54 2 vhel 7
o] dienophile 8] A4 £50| g ¥ &3A
Lol diene 9] AF £330 4L AL
diene ¢} HOMO Al £39] 23 diene HOMO-
dienophile LUMO oY1 7] £:&j7F Ao o 435
Zgo] w34 AAsA ¥ & Normal electron

1-substituted naphthoquinone 8] uk$-1%}

Table 12. Comparisons of oriention between experiments and theoretical calculations in various reactions

Reactants —dEsq; (keal/mole)
Exp.
Dienes Diencphiles ortho | meta | para
2-Methoxy-3-phenylthio butadiene Acrylonitrile 16.25 ; 17.13 para
2-Methexy-3-phenylthio butadiene Methacrolein 16.65 | 18.11 para
2-Methoxy-3-phenylthio butadiene | Methy! vinyl ketone 13.16 | 13.89 | para
2-Methoxy-3-phenylthio butadiene Methy] acrylate 874 9.23 para
2-Methoxy-3-(4-chloro phenylthio) | Meihyl vinyl ketcne 6.27 | 6.42 | para
2_%?33’%;3_ (4-chlord phenylthio) | porhacrolein 6.98 | 7.24 | pare
2-Phenylthio-butadene Methyl viny! ketone | 22.44 | 20.14 oriho
2-Phenylthio-butadiene Methyl acrylate 7.50 6.62 ortho
1-Phenylthio-butadiene Methyl acrylate 13.68 | 14.09 para
1-Actoxy-4-phenylthio-butadiene Acrolein 17.20 | 17.06 caly decompesition
1-Actoxy-4-phenylthio-butadiene Methacrolein i8.51 |17.83 ortho
2-Acetoxy-3-phenylthio~butadiene Acrylonitrile 30.80 | 31.26 bara
2-Acetoxy-3-phenylthio-butadiene Methacrclein 30.34 |31.23 para
2-Actoxy-3-phenylthio-butadiene Methy! vinyl ketene 25.05 | 25.21 para
2-Acetoxy-3-phenylthio-butadiene Methyl acrylate 19.57 | 19.52 para
2-Acetoxy-3-phenylthic-butadiene Methyt methacrylate 25.02 | 25.54 | para

Table 13. Reaction of moncsbustituted dienes with

1, 4-naphtheguincne,

[ad] N
. -
. S
> OH
Thermal reaction Catalyzed reaction
Substitu-ents -
4-FMO 2-FMO sor | E T 4-FMO 2-FMO o
. xp. | 1ype I | Fxp. | Type
Ri | R | 4| 2cfhe™ | Aot ac| 2-c e | anh
OCH; H A A A A B A | NO. B B B B B B* | NO.
OCH; CHy B B B B B B | NO. B B B B B B+ | NO.
CH; H A A A A A A 1 NO. B B B B B B | NG.

« Expected major regioisomer.
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demand 4k-2-0) }, Diene ¢] HOMO, dienophile?)
LUMO A% 232 wako] Zol AFAA= 4
bz gleh A&e] 43l 4 & dienophile o}
Lewis Ato]. ZH&& o] F¢] dienophile 2f HOMO,
LUMO 5 oA 7} o= = 2 diene HOMO-
dienophite LUMO 43480 <A =] &
o) 2 713 E s ek 2ok FokgolA

7 B% g s FAAL ez d&dth

2 B

(1) acetoxy & X.3g diened] 712EY A
4% dienophile 27+ 8§ & & A& #7
o) Lewis 4o] dienophile 2.7 diene o $-
AHez HH-‘.’-]?‘:‘I—Oﬂ]' Neutral electron demand type
(2 ¥ Aol A Inverse electon demand type
oz 5o] diene LUMO-dienophile HOMO 43
ZHgo] WP FEIAS.

(2) d4r&elA Neatral electron demand 8t
e o= Ber} A9 v s orbital o] v
gL e wgezy 4-C 2-C R SO
uilo] Herndon Anh(2FMO) whiach & 2
5% £ ZofukSol A Normal, Inverse electron
demand ¥12-& <t ouiAlel oA 27k
274 Adsmn oA ¥k He Ad F
2)5 Herndonst Anhutdiol & A#E 3
o,

() B A% gae] FAn el ¥
3 53 qA™ T Bk YA LUMOE =
A B43 AA Neutral electron demand 4]
A ¢l diene LUMO-dienophile HOMO 432%
o A HF) g AFd FrA 9FF
st ek
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