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Abstract: Molecular orbitul calcwlations of the transition states for the reactions of the dienes la-e
with ethylene using the AM ! Hamiltonian show the diene C-X Dond length for anti addition of the
dienophile is longer thun the comparable bond length when the X-substituent is syn to the approaching
dienophile. The bond lengthening is consistent with hyperconjugative stabilization involving the

donation of electron density from the G-bDond of the anti substituent to the forming o*-orbital.

Hyperconjugative stabilization in Diels-Alder reactions of 3-substituted cyclopentadienes by ¢-bonds
antiperiplanar to the bond forming centers has recenty been proposed to account for the observed facial
selectivity.! The explanation was first proposed by Cieplak? to account for the directing effects of remote
substituents in addition reactions to substituted cyclohexanones. The basis of the "Cieplak effect” is that an
incoming nucleophile will add to a carbonyl from the face that allows the greater anti-periplanar hyperconjugative
stabilization from an adjacent o-bond. By analogy Diels-Alder reactions of cyclopentadiene would be predicted to
ocecur anti to the adjacent C7 ¢-bond which is the better hyperconjugative donor,>4 as shown below for the diene

HOMO and the developing incipent bonds with the LUMO of the dienophile (i). This C7 6-bond will also best be

able to stabilize the vacant g*-arbitals of the incipient electron deficient o-bonds forming at the transition state (i
and iii). This qualitative argument rationalises the experimental ohservations and the present study seeks to
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establish a more quantitative definition of the electronic interactions at the transition state for the Diels-Alder
reaction of ethylene with substituted cyclopentadienes.

We report a series of RHF-AMI156 calculations on each of the diastereotopic transition states for the Diels-
Alder reactions of la-e with ethylene as a model far the reactions of 2 which have been the subject of
experimental studies with a number of substituted dieonphiles.! The RHF-AM1 method predicts a concerted
reaction pathway, involving a symmetrical transition structure, for the reactions of ethylene with butadiene,”#
cyclopentadiene and cyclohexadiene? with activation energies consistent with the experimental evidence and high
level calculations. The energies of the Cq stationary point for the reaction of butadiene and ethylene have been
calculated at various levels of theory!® and give activation energies which compare with the experimental value of
115.1 kJ mol"1.11 Using the published AM1 transition state geometry for ethylene and butadiene® as a starting

oint, gradient minimization procedures® were used to locate AM1 transition structures for the addition of ethylene
P y
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to each face of 1a-e.12 Small variations from Cy symmetry were observed for the transition structures from lc-
e. The most important geometrical parameters tor the AM1 calculated ransition states for reaction of ethylene and

1b are shown and these geometries are representative of transition states for the reactions of la-e.

AM1 calculated bond lengths for the Diels-Alder transition structure for reaction of ethylene at each face of 1a-e

Syt Anti % bond extn

X Cl1C6 C4C5 C7X  (7Me CICe C4C5 C7X  CTMe anti vs syn to
A A X Me
1a Me 2.112 2,112 1.509 1.531 2,122 2,122 1.531 1.509 1.5
1y Q 2214 2214 1764 1.322 2125 2,125 1.802 1.503 2.2 1.3
1¢ OH 2117 2.118 1415 1.524 2,128 2,125 1434 1.514 1.3 0.7
1d OMe 2.118 2.117 1.423 1.523 2,130 2,123 1.443 1.513 1.4 0.7
le SMe 2118 2.119 1.782 1.514 2115 2,121 1816 1.499 1.9 1.0
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The most notable feature of the transition state geometry tor the reaction of ethylene at each face of the
diene is that the C-X or C-Me bond length for the anri addition of the dienophile is longer than the comparable
bond length when the substituent is sy to the approaching dienophile. For example when the ethylene reacts syn
to the chlorine in Ib then the C7-chlorine bond length is calculated as 1.764A. while for the reaction anti to the
chlorine this distance lengthens to 1.802A. Such a lengthening of the C-X bond is consistent with the donation of
electron density from the o-bond of the i substituent to the forming c*-orbital. Similar bond lengthening from
1.503 to 1.522A of the C-Me bond occurs for addition anti to the methy! .

The RHF-AMI calculated enthalpies of activation for the reaction of ethylene and 1b-e are shown below
together with the calculated syn:anti ratios. For dimethylcyclopentadiene Ia the activation enthalpy is calculated as
136.8kJ] mol-1. For 1c,d the AM1 calculations are in agreement with the experimental observations obtained for
the additions of N-phenylmaleimide and maleic anhydride! to 2¢,d where addition occurs exclusively syn to the
X-substituent. The calculated activation barrier for addition sy 10 the chloro or SMe group is increased over
addition syn to the OH or OMe resulting in a lowering of the difference in uctivation barriers between the faces.
For 1b and 1e RHF-AMI1 calculations suggest reaction should occur from both faces. For 2e additions of N-
phenylmaleimide and maleic anhydride does occur from both faces, but not for 2b. For le calculation parallels
experiment in that products of addition to both faces are observed. However, the AM1 method continues to
predict that reaction will occur predominantly from the tuce of the diene sya to the sulphur-group whereas the
experimental results! for 2e show a reversal of selectivity with onty 10% of the addition occurring syn to the
sulphur substituent. The expectation that such calculutions of activation barriers will be accurate to within 4kJ
mol-! is a demanding test for any theory. However the difference in AM1 calculated enthalpies of activation for

AMT1 calculated enthalpies of activation (kJ mol-!) for the Diels-Alder reactions

of ethylene at each face of 1a-e and calculated syn to anti ratios.

Cule Enthalpy of Syn:Anri Ratio AAHY (auti-syn)
Activation (kJ mol- 1) Caled. Expt.
X Syn Anti tor 1 @235°C for 2

1b Cl 131.9 134.6 75:25 10010 2.7
le OH 1169 135.9 100:0 {000 19.0
1d OMe 1238 141.0 100:0 100:0 17.2
le SMe 1391 141.2 70:30 131:90 2.1

reaction at each face is considerably less for the chlore and sulphur containing group than for le,d. The
activation barrier for gnti addition to Id and le increases by 5kJ mol-!, and these differences are reflected in
AAHE (gnii-syny. While the AM1 method cannot qualitatively reproduce the experimental observations, the trend for

reduced syn face reaction with sulphur containing substituents is repraduced by these calculations.
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Importantly, molecular orbital calculations of the transition states using the RHF-AM1 Hamiltonian for
reactions of the dienes la-e with ethylene show the dicne C-X or C-Me bond length for the anei addition of the
dienophile is longer than the comparable bond length when the X or methyl substituent is sys to the approaching
dienophile. The method reproduces the sirong preference tor addition sy to the OH and OMe substituents and
predicts a mixture of facial products for SMe. The lengthening of the C-X bond for anti addition is consistent
with hyperconjugative stabilization involving the donuation of electron density from the G-bond of an anvi
substituent to the forming o*-orbital, and with these interactions being important in determining facial selection

for Diels-Alder reactions.
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