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ABSTRACT. Stereoselectivities of (4-+2) cycloaddition reactions of cyclopentadiene with the
methyl-substituted allenic acids and esters were investigated by application of z-nonbonded inter-
action (z-NBI) theory. 2-FMO method has been found to be adequate for determination of endo
selectivities of diene(LUMO)-dienophile (LUMO) interaction in the thermal reactions and diene
(HOMO)-dienophile(LUMO) interaction in the Lewis acid catalyzed reactions. z-isoconjugate diene
structure was formed by through-bond interaction of allene moiety with methyl group in the cumula-
ted diene system;the methyl substituent acts as a conjugative chain and causes inter~level narrowing
effect of the FMO’s. In dienophiles which do not form m-isoconjugate diene system, methy! group
acts merely as an electron donating group. In thermal reactions, the stereoselectivities are controlled
by z-nonbonded secondary orbital interaction (z-NSOI) of methyl substituent, which behaves simi-

larly as an ethylene molecule.

*Determination of Reactivity by MO Theory (Part 49).
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Fig. 1. Frontier molecular orbital interaction.
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Table 1. FMO Properties of cyclopentadiene

4 ’
74
5§ ‘73 ’
1 2
FMO C-1 C-2 C-3 C-4 C-5 E(a.u.)
HOMO -0. 4077 0. 4077 0.5778 0.0 —0.5778 —0. 4542
LUMO -0. 3925 —0. 3925 0.5072 0.1197 0. 5072 0.1122
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Table 2. FMO properties of substituted-allenic dienophiles

R

Substitueuts HOMO(P,)* LUMO(P,)*

R X Y C-1 C-2 C-3 C-4 C-5 E C-1 Cc-2 C-3 C—4 C-5 E
COOH I H —~(0.1984 0.4091 0.5093 —0.2013 —0. 4866 0.1015 0.5878 —0.3802 —0. 4284 0. 0929
COOH_* H H 0.3150 —0.3395 —0.6744 —0.1359 ~0.7628 | —0.0011 —0.5372 0.0709 0.6779 —0.1877
coou CHs H 0.2015 —0.4585 —0.5226 0.1259 0.1595 —0.4644 0.0949 0.5811 —0.3774 —0.4249 —0.0398 0.0917
COOHz* CHj H —0.2428 0.3688 0.5776 0.1698 —0.2817 —0.6993 0.0012 —0.5309 0.0712 0.6824 —0.0057 —0.1843
COOH H CH3 0.2070 —0.4064 —0.5168 0.1959 —0.4806 | —0.0680 —0.5947 0.3611 0.4455 0.1043
COOMe H H 0.1833 —0.3892 —0.4743 0. 2050 —0.4799 | —0.1065 —0.5903 0.3940 0.4148 0. 0992
COOCH,* H H —0.2935 0.3429 0.6457 0.0860 —0. 7439 0.0096 0.5414 —0.1021 —0.6611 —0. 1683
COOCH; CH; H —0.1971 0.4536 0.5110 —0.1340 —0.1540 —0.4603 | —0.0991 —0.5842 0.3915 0.4092 0.0430 0.0975
COOCH,* CHs H 0.2394 —0.3791 —0.5751 —0.1361 0.2699 —0.6856 0.0069 0.5333 —0.1019 —0.6668 0.0052 —0.1654
COOCH; H CHs —0.1931 0.3885 0.4840 —0.2010 —0.4744 | —0.0723 —0.5980 0.3758 0.4310 0.1103
COOC,Hs H H 0.1532 —0.3685 —0.4474 0.1937 0.4772 | —0.1042 —0.5930 0.3993 0.4104 0. 0960
COOC;H¢* 11 H —0.2886 0.2805 0.5032 0.0312 —0.7467 | —0.0147 —0.5499 0.1238 0.6474 —0. 1673

*Lobe of AO is perpendicular to the plane of carbonyl group (CCCO plane).
AFede AedAs FE7ot e 932 ¥ P AA= 2 2 304 & & At 2 oL Al ALY F e
A 3= P, A =3l A ale] o) =l moiety 9 WE A §7] 71e] g2 Aol P, o a-W X PyolAe A ALoe AR
m-isoconjugated diene 7| (X|3+7] COOH % COOCH; &= Al9)E FA 2AY g5 s o5 FMOUAE EF FobAA

w@m\mmmf & JAHM (Fig.2) ©] AFANA adz ¢l T 7

2 BEo A HOMO oYX & Zolx =

LUMO & yo}A 29 Table

3T Tabled 9 1-F A A4 4]
LA E a-sl 2 X 39w Pyo]AE -+

Ao, olghzhe AFA o)A
Z A zgler 53 P

Journal of the Korean Chemical Society



137

23 A5%F 33449 284

A TES @+ 2R 9H AHdel AT 12§

Table 3. FMO properties of substituted allenic dienophiles
w2
§
Substituents HOMO (P,)* LUMO (P,)*

R X Y C-1 C-2 C-3 C-4 C-5 E C-1 C-2 C-3 C-4 C-5 E
COOH H H —0.4403 —0.2560 0.2987 —0.2318 —0. 4903 0.6284 —0.6345 —0.1402 —0.1205 0. 1653
COOH,* H H 0.6432 0.5112 —0.2941 0.2264 —0. 7470 0.5593 —0.4851 —0.1864 —0.1510 —0. 0607
COOH CH,3 H —0.4534 —0.2645 0.3198 —0.2416 —0.1806 —0.4865 0.6321 —0.6622 —0.1005 —0.1145 0.1806 0.1806
COOH* CH; H —0.6344 —0.4858 0.3142 —0.2099 —0.2739 —0.7280 | —0.4838 0.4283 0.1574 0.1395 0.1046 —0.0479
COOH H CH; 0.4973 0.3877 ~0.2819 0.2122 —0. 4629 0.5847 —0.6154 —0.1133 —0.1135 0.1531
COOMe H H 0.4287 0.2412 —0.3035 0.2354 —0.4815 | —0.6274 0.6357 0.138 0.1219 0. 1687
COOCH,* H H —0.6372 —0.4981 0.3022 —0.2388 —0.7336 | —0.5655 0.4950 0.1881 0.1499 —0. 0493
COOCH;4 CHj H —0.4363 —0.2460 0.3231 —0.2450 —0.1751 —0.4776 0.6314 —0.6634 —0.0981 —0.1213 —4.6071 0.1837
COOCH,* CH; H —0.6290 —0.4746 0.3222 —0.2253 —0.2788 —0.7164 | —0.4879 0.4356 0.1576 . 0.1463 0.1079 —0.0367
COOCH;g H CHs —0.4860 —0.3686 0.2890 —0.2181 —0. 4562 0.5829 —0.6164 —0.1116 —0.1153 0. 1559
COOCHs H H —0.5318 —0.3202 0.2540 —0.2184 —(. 4386 0.6081 —0.6315 —0.1321 —0. 1427 0.1610
COOC Hg* H H —0.5668 —0.4297 0.1881 —0.2013 —0.6580 | —0.6050 0.5543 0.1788 0.1637 —0. 0531

g At gl T2 ola NTNE_O_& Mu\Tmn ZA =

*Lobe of a.0. is coplariar to the plane of Carbonyl group (CCCO plane).
| A #Add o] 2
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Fig. 2. Formation of z-isoconjugated diene structure
in a-methylated and S-methylated allenic dienophiles,
in which R is COOH or COOCHj, and X is CHas.

Table 4. One-Electron Factor (2%5;) of various
allenic dienophiles

Zo}c_—c‘, €{a.u)
Dienophiles

Py Py
Allenic acid a-CHj; —35. 0820 —34.1532
p-CHj —34.1746 —35. 1004
Allenic ester a-CHj —40. 4384 —39.5178
B-CHj3 —39. 5400 —40. 45624

ok, gk A" T) s o] A X EE

wjel 7] 7} el 7 r-isoconjugate diene A E &
A g Q7w HEsE 4] AAST
*ﬂi/ﬂ«] o gt gpAlEe] HOMO & +#H=E
A3 z3E = ez AOASE, LUMO=
A7) el Ay wiol AOAIFE &4 A
Ac}® =z o]Ee] HOMO ¥ LUMO-
AL A%e] w0l Foel A = P,
A =84 (Fig. 3(b))ol a4 A, ol
AgA N A& g7t AA FErl 2AT 4

ot pHlE X ‘Iﬂiﬂ oA wEr 7 ¢l Fx=
o} Bl ol4 ZFAClA E3E JAAl "ok

aH e avld I%MM HOMO % LUMO¢|
A A 540l Foke, g AR
HOMO ¢ A& £54 0] Zra3hs el e LUMO
dAe F7HdE Fig. 32 #8 & 5 3z

Table59) A HE=Ael RA = 4 &S Vet

R

LUMO _6__9\
R

X-
HOMO % —e 8—8-—-(

X-
B e
LIMO 8—9—\ o -Me R

R C.

Allenic derivatives o= or p -methylated

Allenic derivatives

(b) Py

Fig. 3. The effect of methyl
polarization of AQ coefficient as electron danating or

substituent on the

conjugating group according to the formation of z-
isoconjugated diene structures, in which R is COOH
or COOCHj, and X and C denotes the electron dona-

ting and conjugating group respectively.

_wma LUMOAY w2sld o
ol ZAFA Ol &= HOMO ¥ A A
S 297 AOAIsFd =

gz gl oy, oA deby X3 dalshEE
oAl WEr]el 47 AOAF FFEMNE ¥
o] 9= MO xEthE AYA MO v & 1y
A weba Wd B9 2= FMOY o
A9} AO Aol 4 LUMO xebE HOMO o
o 2Ad wegse=z AZFEgEdast 3"
el sHgEo] ATl o R Aol Tz
At wAE 231B& B w olEe ubEol
normal electron demand ¥F2% <A 2}% diene
(HOMO)-dienophile LUMO) ®.t}= diene(LU-
MO)-dienophile (HOMO) A3 220} o] 52| ¢

HAog Houzm ]
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Table 5. The polarizability index of AQ
coefficient of allene moiety due to the

wp
IP—‘NL\)
Falee)

substitution of methyl group Y
Substituents P;iC% —C¥ | PyC? —C}
R X HOMO LUMOHOMO LUMO

H H {009 020 |0.13 0.01
COOH CH; | H [0.06 0.20 |[0.14 0.04
H CH; 1 0.10 0.22 | 0.10 0.04
COOH,* H H |0.34 0.28 [0.15 0.08
CHs | H [0.20 0.28 |0.17 0.05
H H {007 0.19 |0.13 0.01
COOCH; | CHa H 0.06 0.19 [0.13 0.04
H CH; | 0.08 0.22 |0.10 0.04
COOCH,* | H H |0.30 028 |0.16 0.07
CHs H 0.19 0.27 |0.17 0.05
COOC,H; H H 0.06 0.19 |0.18 0.03
COOCHe*| H H 0.17 0.29 |0.14 0.06

AR 2A A A Aoz

dale] 4k 4 "z o] EY awE
A2l MOoYA &t AOA % E= A ql
2] C=C—C=0wd] dale] Fuio] 5383}
A L3 Fig.4(a)o] wyol 302 3 Zahe
Fig.4(b) ®vd fEleb fol" X3 A=
P., P,°] LUMO ovA2] =7} Zz (42
0.48~0.500) Al P, o] A0} P, 2t}
v] 243 5lo] 9lomz= A matrix element
H; 7} A A o2 A3k o] 725 #-$38)
Hez Fig.4(a)7F bS8 f28 el =

ewis AtEu] ¥l Al= Zo] gH%a
5] dale] FMO VA & % o]
oA AxBEe) A oS Felo]
A = Fzg.4(a)J diene (HOMO)—dienophile (LU-
MO) A3z#-8o] JAAHALE -3 =

2. endo ME{M A Fzo el AR
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Fig. 4. Approaching modes of two addends in
transition state, in which R denotes COOH or
COOCH;.

o] zej gt ub-go <Al e A AHA
& Table 63 3t} diene(HHOMO)-dienophile
(LUMO) ¢} diene (LUMO)—dienophile (HOMO)
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(LUMO) ~dienophile (HOMO) 435 28118 2.
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2oy Aod 94A AgA S Fag “4‘ o] 7 &
A% wHel A olnl dFauhel 2ol a-vW
ABANAE =2 Do) oo} %61 e
HOMO o v A 7} LUMO o] v} §A3] Zo}x
a2 A (4eHOMO: 12, 3~13. 9 keal/mole, JelUMO;
0.75~1.07 kcal/mole), F2  diene(LUMO)
~dienophile(HOMO) 4 37-go0] AA4E9 9
A ARAE HEaee e ww A9
AA L} a- g " ABZANA HEY K
g swr A% A3 wske]l BE FMOS oy
18] H3ste B35 2ok 4elWMO: 7.9~8.0
kcal/mole, A4eH0M0: 12.3~13.9kecal/mole 7+
FMO 9] o)A =}o] (energy gap)= HOMO o
vl 3] LUMO 9w A4 oz Zrom w3} o]n]
QFqsh o] Ae EFAolx HOMOS
¥al LUMO | %S0l A %719 &3t v
A = 22 (Table5 Fx) ©]52 4 A
4L F2 diene(LUMO)-dienophile (HOMO)
A5 Ago] F9-abA "), wetd Table 6 o A
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Table 6. Stabilization energy and endo selectivity in the reactions between cyclopentadiene and various allenic

dienophiles
(endo) (exo)
Substituents Stabilization Energy (e.v.) Exop. ¢
4-FMO= 2-FMO? p-

R X Y endo exo endo % endo €xo endo % endo % yield %
COOH H H 2.2135 1. 8064 55.1 0. 8405 0.7145 54.1 68 86
CooH CH; H 2.2614  2.0327 52.7  0.9157  0.9391 49.4 40
COOH H CH; 2. 1657 1.7574 55.2  0.8585  0.7337 53.9
COOH,+ H H 2. 0490 1. 5048 57.7 1.4434 0.8354 63.3
COOH,* CH; H 1.9133 1.5251 55.6  1.4061  0.8026 63.7
COOCH,4 H H 2.1489  1.7537 55.1 0.7577  0.6355 54.4 69 85
COOCH;, CH; H 2.2622  2.0355 52.6 0.8968  0.9106 49.6 40 ~80
COOCH; H CHs 2.1080 1.7121 55.2 0.7814 0. 6590 54.2
COOCH,* H )51 2. 0590 1. 5187 57.6  1.4590  0.8784 62.4
cooCH,t CHs; H 1. 9547 1.5763 55.4  1.4186  0.8415 62.8 76 90
COOC,H; H H 2.0848 1.7026 55.0 0. 6703 0. 5615 54.4 64 90
COOC,Hg* H H 1. 9547 1. 3772 58.7 1. 55625 0. 9632 61.7 86 95

¢ diene (HOMO) -dienophile (LUMO) interaction plus diene(I.LUMO)-dienophile(HOMO) interaction.
(LUMO)-dienophile(HOMO) interaction. ‘reference 16.

2-FMO & 4-FMO 2t} A Ao 2o kg
JA AR & FAE

w3 AZoukLe] = FMO o v Ao gt
A& Fg o2 F2 diene(HOMO)-dienop-
hile(LUMO) A 3#-8o] Aol e|9] <4 3t
7194 817] el ol EFubg &g 2-FMO »y
o] AW Hs & A A& FAH
dut-go] w3 endo %7} A3 FobAH

53 AZadgddst o E X 3A e F
QA ZEo] exo o 2A endo rule®o] A g3
@ ol ol AHolTxe z-NSOIE A

9§47 =@z @ 714 POI(primary
orb1ta1 interaction)®¥= exo % endo 3 4 A =2
PAol Eo] 73y Wel el il
A AP AN} diene(HOMO)—-dienophile (LU-
MO) A 5282 repulsive NSOIZF §lot=A ¢
ol &= diene(LUMO)-dienophile 4} & 3-&3} u] <
g, A9 AW EhE A% FAY 4%
Ago] ukge QA AWAE F53hy] = ol

49 45AEd FeAA wABY =
A ubg FAel widal Fxd g
Ao Gael FA & 9
AR Fz AddAe] ABASH dal
2 2ut-2-5=4 719] “through-space” ¥ 2 34 3

|81 oA AAE 4 Y Fig.59 o
Zrds] veld g vk WEs st e-X8 A

TFzd A AFadA] H-Ee HOMOE ®w o-X
3 wWdre] F4o] FhERdetae] wld] A
(Table 2 =z) webA Fig.5(a)d]A] attractive
NSOI + exo_>endo repulsive NSOI:= exo< endo
o] 5o} exogo] endoq B} -FE]FA =}

e R 1 e e B B B B R B g
gAA oz 23 wEFHAo2RE He] 943
271w el wlErlel 93k NSOI &a4% 7|
g & A HEo AR g ()9
A8 A Jo Fendog oA &tz
Jelio] 93} attractive NSOI & 7|3 4 ¢
o1} exo 3 oA repulsive NSOl glo] »}l&3)

Journal of the Korean Chewical Society

+



GAFEES @2zl A AdA ] A AT 23 AT 4348 Fo4 141

(a)
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(endo)

(exo0)

()
Fig. 5. Orbital interaction pattern in the diene
(LUMO)-dienophile (HOMO) interaction, where
R denotes COOH or COOCH3;, and X is CHs.

At} a8zz Fig.5(b)d A= endod o] exo
g rod g Aol et Hel = fd A
=% (a)9 A$rc A Jehdd, o722 A4
AA e B3 Fg AL endod 7 exoq 79
Z-NSOI o] 1i=] 018l AAEE xsor(endo-exo) 2.
2 el & glesl 4 @% 2w o] HejA
endo g o] F4A4Fold AAE%—NSOI(endo—exo)>0°]
o] exod] o] F44 8] % AMEE nsorcnto-ean0
o] ek, Awrge] HHA T ol gL A
E Table 73 ov] AYAS FAE AP
Qi A94L 2Tz gk mekd oF A
JaAet AZedgddis wgld 9A A
wge 2 AdAd A9 dd9 2%
e A4 NAY 23 ARTF FBAE
o o3 AAE 4 A

upebd zE]shelge) wrgAelv A B Wl
A Ae vt Al #AAHANA =3y S
Ae A7 g 64T 23 A=EF Z%
Agel 4L zHof & vt o A4F
B g FE7 T gol aFH = A
Aoz Btz FIrt & ARV = N3 +
AL7re] ukgo] diFlA o] 2Ad ATt A
o] o]Fo] Arhy Y3l FAE AAST &
¢4 oz FANLELE Fusted B =39
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Table 7. The relative interaction energy in reactions,
inwhich R is COOH, COOCH;

dienophiles D y A4E xson (endo—exo)
ree

0.5988 0 0.1332

COOH |a-Me 0. 5988(0. 0222 —0.0227
8-Me |0. 5988/0. 0060 0.1303

0.5921} 0 0. 1365

COOCHj3| a-Me |0. 5921/0. 0196} —0.0135
B-Me (0. 5921/0. 0055 0.1344

2 Aoz Azt
| B

Agzd st oy gy FPEY 9 =
A& wbgel 23] FMO ¥ z-NBI o] &
SAA 4A AR S =24 A5 59 4
& 4% F AL

1) dul-g A=  diene (LUMO)~dienophile
(HOMO) Z3#&-gw-& =353 2-FMO ol
AZu| 1}-2-¢]] A] = diene (HOMO) -dienophile (LU
MO) A3 #4-8-& 23 2-FMO o] A4
A& A ste] AQzat A== AT endo
AL B F3r)

(2 AFAY AAAY a- =& " AF
7= o8l F28 z-isoconjugated diene FEE
B A3t AO Aol = AFA 0] A FL7] 249
33 ez FMOY o vl Aol = narrowing
effect & vepdict, 28y WEr] o) o] 2L
isoconjugated diene FZ5 F AL 4 g+ ?3_
daAedAds AE2r 7 AAFE 245 -
Al "t

(3) Fuk-gollA A AHEAL F= dda
to] A9 vlE7bA] & cumulated diene A) bl
A A% slandrd iy g7 =

o]l z-NSOI g7l 9J8)A FH$5+ o
S 233 JE, xadlE FAREE A3
o AEA S e gt
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