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Frontier Molecular Orbital(FMO) o] 2% #8314 CNDO/2 u 2} EHT-SPD uh o = 384
ko (1) 9 4% Hammett 4]9) rho(p)3te] ko] == Normal electron demand By g & 7= e
4-FMO 2 Anh wWio] ARAQ F vl FA AFE ¢t @AARE A= A== dieno-
phile & HOMO, LUMO A E g5l A7l dolxz whgAo] AXE AL Igrt. (3) Lewis A&
dienophile ¥} Z-%& ¥ 43} dienophile o] LUMO AF2 A wvlg 2IAA Foz = Hj) kA
E By oz &gt (4) diene HOMO-dienophile LUMO 43489 A3t o= (4E)S
Hammett 219} Az} (o) gh}9] zepZol A £ A S ve FYt,

ABSTRACT. This paper aims to predict the substituent and Lewis acid catalysis effect or
reactivity on the regioselectivity of (4+2) cycloaddition reaction of the substituted-E-arene-
diazocyanides and nitrosobenzenes. Frontier orbital theory (FMO) has been applied to thermal and
catalyzed Diels-Alder reaction by means of CNDO/2 and EHT-SPD methods. It has been found
that: (1) The above reaction is positive rho(p) values in Hammett equation, so it takes normal
electron demand reaction, and four~frontier orbitals and Anh methods are identical with experi-
mental major regioisomer. (2) When electron withdrawing radicals are substituted, HOMO and
LUMO energies of dienophiles ‘are reduced, and the reactivity is increased. (3) The major
regioisomer is predicted as B type, as the Lewis acid makes complexes of dienophile, and polarizes
LUMO coefficients of dienophile in an opposite way. (4) The linear correlation of Hammett is
indicated in the graph of stabilized energies (4E) and sigma (o).
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Fig. 1. Types of Diels-Alder reactions according to
the FMO model.
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Fig. 2. FMO’s interactions and sign of g, (a) Sis
an electrophile (b) S’ is a nucleophile.
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Scheme 1
Table 1. Eigenvectors of mono- or di-substituted 1, 3~butadienes
RX
R
R!ﬁ
Rz
CNDO/2 ERT-SPD
Ry [ By R} R4 H o » Q L U M 0 L o L} 0 i U " ]
¢ | g o | |G o (e ey [ o [ e C2 o | ¢ [0 K ‘s o [
H H H H [~0.5735]-0.4080 0.417“0.5750 ~0.4744{~0.5696|0,4255|0.4154|-0.565310.1180{ =0.5555{~0.3607{0.3607( 0.5555| -12.447%|0.6443 [ -C.4569| -0.4569]0.6443 =0.283%2
H H CH5 H {-0.6207|-0.4172]0.3490/0.5030!-0.4608 |~0.5595|0.4254|0.4073|~0,5559(0. 1173 =0.5976|~0.3672 | 0. 3269} 0.5208| -12.3885 0;6085 ~C.4490| ~0,4850|0,£614 | =2,2001
CHy |H | H ['H 1-0,5237|-0.4655(0.5384]0.5325|-0.4440]-0,5623|0.42020.4001]-0.5401| 0.1165| -0.5296 | ~0.42220,3168| 05521 |~12.2924 | 0.6541{-C,4079| =0,4839 | 0.£407{~9.1520
E |H m) Hy1-0.56211-0.3663)0,3584]0.5576{-0.4476(~0.551910.4142|0.7076| ~0.54301C. 1165| -0.5653|=0.3320|0. 3349 0.5674 | ~12.3196(0.6276| -C.4743| ~0.4759|0.£287|-0. 1359
~CHp= [ | M 1-0.57351-0.449¢,0.5605)0.5780|-0.4472|-0.5463|0.3506 | 0.4119]~0.5356 | 0.1421(-0.5462{=0.4236{0.3181| 05617/ -12.2501 | 0.6702| -0. 3542 | ~0.4753|0.6758|-8.5285
‘(CHZ)Z“ H H ]-0.4464 —0.42‘?1[0.5652[0.4724 =0,3862 |~0,559210.3686(0.4283]-0.5457|0.1375]~0.4778|~0.4609(0.3522|0.5257|~12.8092 [0.&614 -C.)SSOi-O.SOdS 0.6556|-8.8655
Table 2. Eigenvectors mono-substituted E-arenediazocyanides
No—-CN
CNDO/2 EHT-SPD
-X HOMO L U MO Charge HOMO L U MO Charge
e Iy ! ner ner, ner
B Ny | {her e ) a.u % Y, 5 Y eav % N, [ fremey | Yo
OCHz 10.1952]{0.3570|=0.4325|0.4752 | =0.4954]0,0647 |~0.0262 |-0.0506 | -0.1324|0.3961{~11.551| ~0.6863(0.5334! ~10.848|~0.2511|-0.2828
CHz |0.2387,0.3888|-0.4454|0.4563|-0.4866|0.0610 {~0.0287 |~0.0468|-0.0947]0.3946 |~11.553! -0.6867|C.5462| ~10.896{~0.2360| ~0.2574
H  10.3005)0.4289|-0.4547/0.46731-0.4989}0.0593 |-0.0306 |-0.0421|-0.0374|0.2949|-11.553| ~0.6866|0.5570| -10.935|~0.2249| -0.2359
F 0.2606/0,4020)-0.4602/0.4609{-0.4937|0.0%36 |=0.0279|-0.0436|-0.10410.4021]~11.552 ~0.6891[0,5418)~10,872(~0,2403]-0.2671
Cl  |0.2244]0.73476|-0.4606!0.4175|-0.4745{0.0400 [~0,0316|~0,0355|=0.103110.3808|~11.553 -0.6609|0.5407[=10.952|~0.2378|-0,2516
C¥  [0.2513]0.3840|-C.4616;0.4093|~0.4663[0.0409 [-0.0312|~0.0380|-0.0171(0.1962|-11.553| -0.6663(0.5577| -10.999| ~0.2225|~0.2215
. H 7
COCEL[0.2369 0.3601;-0.452050.}6}7 ~0.4365}0.0312 (~0,0323|~0.0254]~0.0046|0.0747|=11.553| =0.6528[0.5577 -11.038[~0.2195{~0.2114
KO, 10.3055}0.4051 _0.485250.20.19 ~0.3028}~0.0164-0.0350!-0.0234{~0.3337]0.3865|~11.561] =0.6199)0.4468|-11.553|+0.5238| +0.2832
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Aste A Fvist s d ot 28 LUMOA 3 ZF 9x=rc}, =& dienophile 2] LUMO #
o -
=34 diAE ddey gt s X AR
W CHe. -1 =
s ol JleA e 712 X3l mtep dolx A
N . . . -
~or" diene HOMO-~dienophile LUMO &3 #-&o] o
e Zoisel WA odvAel A Sestnz
N, N I N LGSy ¥, o s
: WAL AA ] = JldA e 72 A"
OCHz [ -0,0301| 0.2744]-0.5858) 0.6031|-0,3286|-0,1676| 0.0984|-0.0756 = g - ]' ]L ] ] ‘] - ] ] L%T
CH) =0.0046| 0.3306)~0.6121] 0.6004|-0.3324|-0.1694| 0.0974{~0.0715 R
R _CN X
H 0.0495| 0.3887|=0.6519] 0.6017|~0.3410[~0.1769| 0.0975]~0.0A39 4
F | 0.0160( 0.3610[-0.6372| 0.6010|~0.3407] -0.1805 0.0990| -0.0670 + hn —
cl | 0.0106| 0.2259|-0.6087| 0.5936|-0.3470| -0.1854| 0.0970} ~0.0613 R’/L\1 /©/N
Ccx 0.0041] 0.3126|=-0.6251 0.5928|-0.3441; ~0.1829| 0.0967| -0.0636 R2 x
COOEt | 0,0028] 0.2577]-0.5885| 0.5862|~0.3458,~0.1642| 0.0957| =0.0611 g * R=CHs, Re= Ry=Ry=H 2a: X=H, 2e:X=NO,
B — : 1b :R=R#=H. R=R=CH,  2b° X=F . 2f: X=0
N0, | 0.0440| 0.3432[<0.5861] 0.5608|~0.3553 ~0.2068| 0.0959 ~0.0512 (AT 3 CH
, lc 'R, R;(CH}rR:ﬁ: 2¢ - X=Cl, 2¢° X=CH,’
id R, R;: ={CH#$, R R,=H 2d @ X=COCE ghX N’
Table 3. Eigenvectors of mono-substituted and
protonated E-arenediazocyanides by CNDO/2 Scheme 2
Tzble 4. Eigenvectors of mono-substituted nitrosobenzenes
-@r”
CKNDO/2 EHT-SPD
X EH O M O L U MO Charges H O MO L U MO Charges
E Ener Ener 0 Ener, o
N (] :Efu H o e N 0 N 0 ﬁ N (orv N
oCity |0.0867]0.2936-0.4404| 03963 ~0.461110.0934 0.0522{~0.1435|0.61671-0.5185 -11.197 0.5108}=0.3143[-10.115{-0.4504 |-1.0074
CHy [0.11320.3299|-0.4384{0.57511-0.4453 |0.0875 0.0526| -0.1398(0.1362 | -0.0690| -11.674 |0.3397|-0.7485|~10.943] 0.1316|-0.7583
g lo.156100.37781-0.4427]0.3934|~0.4650{0.0871 §0.0529/-0.1358{0.2314|-0.3811|~11.675]0.7521 |-0.5632|=10.995| 0.1555|-0.7384
P 10.125410.3439|20.451610.3857 |~0.4563 |2.0799 [0.0561]|-0.13560.1735|-0.2664|~11.676|0.7499{-0.5502 [~10.914| 0.1226[-0.7664
¢ 10.0922|0.2662|-0.4547|0.3383|~0.4240!0.0613 [0.0542]|-0,1274{0.2490(~0.3619}-11.675(0.7194}~0.5410|-11,011] 0.1299(-0.7559
oY 10.1174]0.3211{=0.4526{0.3266|=0.4121]0.0617 00.0537|~0.1299]0.2215[-0.3657]=11.674]0.7312 |-0.5586 | -11.072| 0.16391~0.7275
COOE |0.098310.2729 |-0.4516[0.2789|-0.5718|0.0478 10.0525{-0.1264|0.2117|-0.3624|-11.674]0.7183|~0.5557|~11.120| 0.1722|-0.1789
x0, [0.1439]0.2470]-0.4758]0.1508|-0.2418|~0.0117%0.0557]~0.1143|C. 1853 ~0.3406 |~11.675 10,4257 |~0.3844|~11.647| 0.1941|-0.6885
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Table 5. Eigenvectors of mono-substituted and
protonated nitrosobenzenes by CNDO/2

0
@
RS Luwo Charges
NE T VB T
N o [PErEl s o |fera| s )

OCHgy| 0.1500}-0.2047 ~0,6354(-0.7127| 0.4195|-0.2137} 0.2299| 0.0076

-X

CH3 0.1608|~0,2572|~0.6726]-0.7106| 0.4218(~0.2161] 0.,2323] 0,014

H' 0.0024( 0.0023|-0.7050|~0.7163! 0.4306|-0.2276[ €.2399! 0.0186

P 0.1533[-0.2714[-0,7055|-0.7116: 0.4261|-0.2315| 0.23%0| 0.0150

Cl | 0.1084(=0.1553|=0.6546|~0.7019] 0.4254|-0.2358| 0.2398; 0.0188

CN | 0.1441)-0.2345/ ~0.6830(=0.6994| 0.4223{-0.2327| 0.2377| 0.0170

COOEt| 0.0304[-0.0373:-0.6125|-0.6912| 0.420C(-0.2334] 0.2376! 0.0186

KOz| 0.1279|-0.2511/~0.6143| ~0.64646] 0.,4140|-0.2606 0.2463| 0.0253

E b% AXe A& ¢ 4 dvh =3 dieno-
phile o] HAadAe] AFLEs B8 AxA
Scheme 204 ¥ wpotzke] F WA A A
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Sz AR 2 $2A4 FenE o
Fe B2 A5T F Jlor AxdT o
YA 5 3A oA diene HOMO-dienophile
~-LUMO 43.&8°] dubgel wdjA 24 St
ol kA3t Ao ZA JlAtER Hh-EA o]
A FbEE AR & od dA
AAnE 712 ZFE 5 SHEt

Table 4 2 59 p-substituted—nitrosobenzens
o] CNDO/2, EHT 2 Lewis 4 &7} &g
=] CNDO/2 & A4 ZFHHE vehigl
t} ZoA] R wpelzto] p-substituted-nitroso-
benzenes ] 7 $-o] = p-substituted-E-arenedia-
zocyanides ¢} 7to] LUMO Al & A2 A2) A
F% A FARed LUMOAEES oY
AE AAE 7| 2FH AAnEe 712 X3
o Tmteb A Yol =z diene HOMO-dieno-
phile LUMO 43 #80] ZFrtHx b3 3ol
Aol A7 ste] F MFA = AFoz AF
g 4 Ak zElz Lewis 4k FojubgolAx
dienophile ¢ LUMO # =34 o A & o] S
Fol Fx JAAEY ATl E dubEel At
B4 3A dFez F uFgde BIS
2 AR & 3

CHs

Qe 0.08 ‘Ih
S AHY

O ozl

3= ‘e
- 0.444@ —-Qﬁ_t}}_

S .H+

@ —0.705

Fig. 3. Frontier moleculal orbital interaction of
1-methyl 1, 3-butadiene and E-arenediazocyanide.

Table 6. Reaction of 1-methyl-1, 3-budiene and
substituted E-arene—diazocyanides

v
9 4 LN
e

[P1O
[N L
R @) ~CN
[ WSS o

Thermal reaction
4-Frontied2-Frontieq

Catalyzed reaction
H-Frontiemp-Frontiex

Substituents

R X 4~C | 2-C Egg Anh F.0.1| Exp.| 4-C | 2-C ﬁgg Anh 5.0.1
CHy | OcHs 4 | A | & | & | B |& |& B [B |B |B
Cy (cig A fA |Aa fa iB L A |a B | P 3
CHs H A A l® la |[B |a A B IR |E
oy F A A B lA [B |a A | A B |

Cily cl A LA Al A (A 1A [a B | R »

Cily A A A | A | A & BooA B |R |E
CHy | co0Bt | A A A A la |a ja |a B {®» |r
CHz HO, ) 4 A A A A A S F =

(2) Normal Electron Demand 2t2 - Fig. 3
ol w3 ulglzto] 1-methyl-1, 3-butadiene
HOMO-E-arenediazocyanide LUMO 45 2-£-9]
of11%] 27} E-arenediazocyanide HOMO-1-
methyl-1, 3-butadiene LUMO A& 349] o]
A FE ot &5 w o] diene HOMO-dieno-
phile LUMO 43 #-8-0] F wj A Ao =2
Al 7143 normal electron demand uk-&o]t}.
A Fel 7 EA|E #o] = E-arenediazocyanide
o] LUMO A =3 ol A7k H & wolx]7] =
ol diene HOMO-dienophile LUMO 4 &34
o] dutgel Hlal A =A Frlslo] kg dt oy
Aol =A 7]]gr}, 1-methyl-1, 3-butadienes}
p-substituted-E-arenediazocyanide ]  4}-2-0]l A]
+ diene ¥ HOMO, LUMO A <=2} dienophile
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°] HOMO, LUMO A §7} & 3oz ¥
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t} o)glg AL diene HOMO-dienophile
LUMO A3z =-go] <kgstelAol =A 714
3} normal electron demand ¥F-Zol| A+ diene
LUMO-dienophile HOMO 43 #&e 543
T A7 WFelH, olHd AFL AAv = A
S0 A2 A% 0% 2 b 4
Zujju}-2o| A= dienophile & LUMO A =8
o ¥R 7} A Ro}lA A diene HOMO-dienophile
LUMO A 33-80] zA] %7}5 A5l dienophile
9] LUMOAIFE Aukd 2 aA £HAA F7
o Fo o Z&He FulgAEe BYoE AAE
4 gtk Table 604 2wl A Zojub-gollA 2
9 FMOw=e =23 Herndon, AnhHz}
SOIHe] & ow 4-F4, 2-FAWHAA
E Aue wgd & Bve Fx v 2 olf
E 2-FMO 2 ov]A] Eelst A2 diene
HOMO-dienophile LUMO A3 780} =A 7]
ot kgl R3] w o]tk

Fig. 49} Table 1 2 404 ®E u}s}t 7ol
1-methyl-1, 3-butadiene 3} p-substituted-nitro-
sobenzene ] ¥l-&2 diened] Y& JAAEIT
o AgEe st AY Hlksy] A E dieno-
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Fig. 4. Frontier molecular orbital interaction of 1-
methyl-1, 3-butadiene and nitrosobenzene.
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