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ABSTRACT. Diels-Alder reaction between cyclopentadiene and 5-membered ring compounds which
have exo-cyclic double bond has been studied using the PM3 method. Transition states do not show
large geometrical change with the variation of dienophiles. Two isomers are possible due to the rotaticn
of the exo-cyclic double bond of a dienophile. The reactivity for the formation of different products
are explained using the FMO energy gap. The exo and endo selectivity of the reaction has been also
studied from the cotrelation between the deformation energy and the activation barrier. Minimun energy
reaction path is discussed using the Curtin-Hammett principle.
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Table 1. PM3 optimized geometrical parameters’ of reactants’

Compound C-C, C.-C, C,-C, Cs-Cs C-X C,=0s <CL:C0, £CCLCLC,
1 1.352 1.464 1.352 0.0
2-trans 1.350 1.387 1.207 180.0
2-cis 1.349 134 1.21¢ —-01
3-trans 1.344 1498 1.211 180.0
3-cis 1.344 1499 1212 —-0.1
4-trans 1.348 1.388 1.213 —130.0
4-cts 1.350 1.394 1218 -08
S-trans 1.342 1499 1217 —130.0
5-cis 1.345 1.500 1.220 -15
6-trans 1.350 1.389 1.206 —1746
6-¢is 1.359 1.396 1.209 -25
T-cis 1.350 1.396 1.217 —-26

‘Bond lengths in A and dihedral angles in degree. *Heats of formation (in kcal/mol) of reactants are as follows;
(1: 31.76), (2,s—trans: —55.70, 2.s-cis: —57.17), (3,5-trans: —31.45, 3,5-cis: —31.96), (d,s-frans: —63.93, 4,s-¢is:
-64.81), (5,5-trans: —39.38, 5,5-cis: —40.00), (6,5-trans: —137.95, 6,5-cis: —13947), (7.s-cis: —147.26).

Table 2. PM3 optimized geometrical parameters® for the transition states of the Diels-Alder reactions between
1 and C=C bond of dienophile

£CCCs 2CCC,s 2CeCeC;0, 2C,C GG,

2.5-trans.exo
2,s-frans.endo
2,5-¢cis,exo
2,5-¢is,endo
d.s-trans.exo
3.s-trans,endo
3.s-cis.exo
3,s-cis,endo
4,5-frans.exo
4,s-trans.endo
4,5-cis,exo
4,5-cis,endo
§.s-trans,exo
5,s-trans,endo
§,5-cis.exo
§,s-cts,endo
6,5-frans.exo
6,5-trans,endo
6,5-¢i8,€X0
6,5-cis,endo
7,s-cis.exo

Reacti od R R R R R R
caction Mede (¢,-C) (CCy) (C-Co (Cs-Ca) (€1-C (CC)
1.398 1410 1405 1410 2231 2114
1.401 1409 1405 1410 2236 2120
1.399 1410 1405 1408 2234 2115
1.399 1409 1405 1408 2247 2114
1.400 1409 1406 1406 2226 2101
1.402 1408 1406 1405 2223 2115
1.400 1408 1407 1405 2234 209
1401 1409 1406 1405 2235 2106
1.359 1410 1405 1409 2229 2119
1.400 1409 1406 1410 2245 2115
1.399 1410 1405 1409 2229 2119
1.399 1410 1405 1410 2252 2114
1.400 1409 1406 1406 2231 2106
1.401 1408 1406 1405 2233 2109
1400 1409 1407 1407 2242 2096
1.400 1408 1407 1408 2248 2099
1.397 1411 1405 1410 2247 2108
1400 1410 1405 1409 2248 2117
1.398 1411 1405 1408 2250 2.110
1.398 1410 1405 1407 2261 2111
1.397 1411 1405 1409 2245 2113
1.398 1411 1405 1409 2266 2112

7.s-cts,endo

100.5
100.4
1003
1004
1004
100.3
1060.0
1003
100.2
100.0
100.2
9.9
99.7
99.9
99.5
99.6
100.0
99.9
99.8
99.9
99.7
995

103.4
103.3
103.5
1034
103.7
103.7
103.9
1036
103.7
103.7
103.7
103.8
104.2
104.0
104.3
104.2
103.9
1039
104.0
103.9
104.1
104.2

—145.1
153.7
10.9
-77
—149.1
1574
6.9
-16
-17
174.1
-17
=77
—-176.3
1754
118
-39
—146.8
157.3
112
—-75
-23
—-78

-1669
—582
—159.2
—629
—1684
—559
- 1614
—594
—163.1
-60.9
—163.1
- 606
—162.7
—58.2
—162.9
-57.0
—166.6
—58.7
- 1687
—62.7
—162.7
—-605

“Bond lengths in A and bond angles and dihedral angles in degree.

g % Wolgelsl |HTEE Table 19} 200 2% F2FF Fig. 19 £Ashgich Diened! cyclopenta-
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Fig. 1. PM3 optimized transition states for the reac-
tion between 1 and 2. (a) 2,s-frans.exe TS, (b) 2,;5-
trans,endo TS, (c) 2,5-cis,exo TS, (d) 2.5-¢is,endo TS.
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angle®] 180°.2k, 6,5-trans3l 73-Felle —175°%
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AR S4ere] vbE st A7) A2 2 MY
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Table 3. Rotational barrier’ between s-¢is and s-frans
conformers of dienophile

Rotational mode Rotational barrier

2,5-cis —> Ls-trans 231
3,s~cis — ds-trans 1.86
4,5-cis — 4.s-trans 1.05
Ss-cas ~» Ss-trans 0.84
6,5-cis — 6,5-trans 1.84

“Rotational barrier (in kcal/mol} is the difference of
the heats of formation between rotational TS and s-cfs
conformer.
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$&3tolr). Table 3¢l }ebd rotational barriere
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—56~—63°2] W 94| 2 d&7iRe ne}
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O & Zo2 Hggsn 985S ¢ 5 9t F
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TSal %97} 84 endo TSETH ZA ez 9}
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g Hazslr) 98t exocyclic Agge] AAE
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Table 4. Heats of formation® of reactant(R), reactant complex(RC), transition state(TS), and product(P), activation
enthalpy’ heat of reaction” and dipole moment(uy at the TS for the Diels-Alder reactions between 1 and
C=C bond of dienophile calculated using PM3 method

Reaction mode AH(R) AH(RC) AH(TS) AHP) AR AH° w(TS)
2,s-trans,exo —2394 —27.05 14.12 —-39.95 38.06 —16.01 391
2,5-trans,endo —2394 -26.95 14.12 —41.18 38.06 —17.24 403
2,5-¢18,€X0 —2541 —28.14 13.08 —39.95 3849 —-14.54 2.28
2,s-¢is,endo —-2541 —-2791 13.85 —41.18 39.26 —15.77 302
3,s-trans,exo 0.31 —2.81 3951 —-13.17 39.20 —-1348 323
3,s-trans,endo 031 -141 39.31 —14.67 39.00 —14.98 332
3,5-¢is,exo —-0.20 —-313 39.52 -13.12 39.72 —-1292 243
3.s-¢cis,endo -0.20 -3.01 39.87 —14.65 4007 —1445 3.16
4,5-trans,exo —32.17 —35.48 541 —47.97 3758 -15.80 2.18
4,5-trans.endo -32.17 —34.88 714 —-47.58 39.31 -1541 409
4,5-¢15,X0 -33.15 —34.59 541 —47.97 38.56 —14.82 218
4,5-¢is,endo —-33.15 —-35.82 642 —48.99 39.57 —15.84 296
8.s-trans,exo -7.62 —1091 32.02 —20.87 39.64 —13.25 3.24
8 s-frans.endo —-762 - 1040 32.56 —21.35 40.18 —13.73 3.29
§,5-¢is,eX0 —824 -9.65 31.98 -21.31 4022 -13.07 247
5,s-cts,endo —8.24 —11.04 3241 -21.99 40.65 -13.75 320
6,5-trans.exo -106.15 —-10840 -69.31 —125.53 36.84 —19.38 394
6,5-trans.endo —106.15 —108.62 -69.12 —-126.29 37.03 -20.14 3.88
6,5-¢i5.€X0 -107.67 -—109.35 —70.62 —124.63 37.06 —16.96 210
6,5-cis,endo —10767 -110.37 —69.65 —-125.33 38.02 —-17.66 263
7.5-cis.eX0 —11546 ~117.22 —78.29 —132.19 3717 —-16.73 222
7.s-cis,endo —-115.46 -118.19 -77.11 —-133.04 38.35 —-17.58 2.62

“in kecal/mol. *in Debye.

s-trans BHEHEolWA] exocyclic CH,71& 7HA2
dieneo| exo ¥H3o 2 ZAH3R= A4 ZHolrh 9]
g 725 717 A5-e Aol el (4,s-trans.exo)
TSellA] o] dihedral angle& A#Rm —17°2 u}
£ 2] dihedral angle(179.1°)0) w)ste Acisd
W 3E Jehlin AFE s-cs conformerol M (4s-
cis, exo) TSe} & Holae FxE 7halck”
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e A, $A A, wkgd 3 dolded
€] dipole momentZt-& Table 4ol 731t Ta-
ble 4914 AH/R), AH{RC), AHATS) ¥ AH/(P)e
27} ubg-g, 9 A8, HolAd o WNES] A
Aae Jehin, AH*E Holdejeh wEE7
QA o)z wrgel BAsAUAE e,
AHoE HF-E3 A48 iR o)z kAR
75 vjep@e). b8 dienedd dienophile 3k
dipole-dipole interaction®l] ©}%} reactant complex
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t}. 0]2)&t A ek-L s-trans conformer”} s-cis confo-
rmer2et & AUAE ZARZ g2, o) oA
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7] dEo Ad F glch el FU dieno-
philes] | 238 exo, endo TS| #o|4E AHE
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A3 AYHE A EE F e ¢ T AN,
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Table 5. Heats of formation® of reactant(R), reactant complex(RC), transition state(T'S), and product(P), activation
enthalpy” heat of reaction and dipole moment{u) at the TS for the Diels-Alder reactions between 1 and

C=0 bond of 2 calculated using PM3 method

Reaction mode AHAR) AH(RC) AH(TS) AH(P) AH” AH® WTS)
2.s-trans,exo —-2394 —27.04 21.80 —-17.69 45.74 6.25 243
2,s-trans,endo -2394 —27.94 21.39 —18.80 4533 5.14 2.46
2,5-¢1s,eX0 —2541 ~27.68 2047 —19.15 45.88 6.26 1.67
2,s-cis,endo —-2541 —27.67 19.96 —20.10 4537 531 2.08

%in kecal/mol. *in Debye.

o 2] & 7}x| ™, Hbgel) (3,5-frans,endo) TS (35~
iransexo) TSR} 22 oz § 7IAEZE endo
TS7} #2ld 53e e slch

Dienophile E-& 2702 n-2¢-E 7IX =2 9lonE
o| 7o ukgA o] AHBI] 913t 17 29|
C=0A72) ubgell 4] A4Hg A3, 845 o
U=, uhg-o R #e]4be) o A9 dipole moment3t&
Table 59| Lo¥stsirh. Table 43} 59 8435 A7
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6.1~7.7 keal/mol A& ¥ FAAAAE 71L&
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Ageie AT E o 9k

Effects of dipole moment at the TS. W. R.
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A u 7] ¢sie], B cifelx dejal 7zl Hol
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9} dipole moment®] =7|E v|wsd, (3s-trans,
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29l 780l = diene?] dipole®} dienophile2] C=0
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7Fs@ Helrh
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FMO2] energy gap(AETMO)3} §H4] o2 7o) 3
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Fig. 2. FMO energy levels of cyclopentadiene(middle), s-frans(left), and s-cis(right) dienophiles.
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Fig. 3. A plot of AE™® ys. AHP.
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Table 6. Calculated deformation energies’ for the
Diels-Alder reactions between diene and C=C bond
of dienophile

AHY  AHM AH™

Reaction mode

{diene) (dienophile) (total)
2,5-trans, exo 16.59 13.75 30.34
2.s-trans, endo 1691 13.74 30.65
2,s-cis,exo 16.69 14.16 30.85
2,5-cis,endo 17.00 14.42 3142
3,s-trans,exo 17.30 14.44 31.74
3,s-trans,endo 17.38 14.46 3184
3,s-cis.exo 17.52 1507 3259
3,s-cis,endo 17.58 15.30 32.88
4,s-trans,exo 1661 13.77 30.38
4,s-trans.endo 17.07 16.14 3221
4,5-cis.exo 16,61 14.75 3136
4,s-cis,endo 16,95 14.98 31.93
5,5-trans.exo 17.71 15.94 33.65
5.s-trans.endo 17.60 16.77 3337
5,5-cis,exo 17.51 15.96 3347
5,s-cis,endo 17.71 1596 33.67
6,8-trans,exo 16.15 1345 29.60
6,s-trans,endo 1641 1345 29.86
6,5-¢is,exo 16.20 13.81 30.01
6,s-cis,endo 16.44 14.13 3057
7,8-¢is,exo 16.19 14.55 30.74
7,s-cis,endo 16.38 14.65 31.03

“in kcal/mol.
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