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1,3-Cyclopentadienes substituted at  C-5 (1) show an 
intriguing range of facial selectivity in their Diels-Alder 
reactions.’ Heteroatom substituents from the first row 
(X = F, NH2, OH, OAc) lead overwhelmingly to reaction 
onto the diene face syn to the heteroatom to give 2.2-4 
Diene 1 with a heteroatom substituent from the second 
row (X = C1, SPh) leads to both syn and anti a d d ~ c t s , ~ ? ~ ~ ~  
but with a substituent from the third or fourth rows (X 
= Br, SePh, I) the anti-addition adduct 3 is the exclusive 
product (Scheme l).3,6 The facial selectivity in Diels- 
Alder reactions has been rationalized in a number of 
ways, but we can now disclose, based on an ab initio 
computational examination of the problem, that none of 
these rationalizations can be correct for an archetypal 
diene system, the simple 5-substituted 1,3-cyclopentadi- 
ene 1. 

We examined 1 with substituents for which some 
experimental results are available, or can be inferred, 
and we added a few more dienes for which experimental 
results are not yet available. The reactants and their 
syn and anti Diels-Alder transition states, with ethene 
as the dienophile, were fully optimized7 with the 3-21G(*) 
basis set using gradient optimization methods. Energies 
were obtained by single-point calculations with the HFI 
6-31G* basis set or Huzinaga basis sets for X = Se, Br, 
and I. The calculated facial selectivities are in good 
accord with the available experimental data (Table 1). 
The relative positions of the carbon atoms proved to be 
strikingly similar in all the transition states that we 
examined. The atom on C-5 that is syn to the incoming 
dienophile lies very close to the plane of the four carbons 
of the diene moiety, and the bond to the anti C-5 atom is 
almost perpendicular to that plane. The syn bond on C-5 
is somewhat shortened, and the anti bond lengthened, 
relative to the ground state bond lengths. It is important 
to note that the range of calculated activation energies 
is significantly larger for the syn than the anti transition 
states (a range of 57.9 kJ/mol for the syn transition states 
versus a 8.9 kJ/mol range for the anti transition states). 
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The latter are clustered near the calculated activation 
energy for the reaction of cyclopentadiene itself. 

A significant steric interactiong between the incoming 
dienophile and the syn substituent at C-5 of 1 seems 
inevitable, but calculation of “deformation energies”1° 
(Table 1) reveals that deformation of the addends at  the 
transition state is the major factor responsible for 
determining the facial selectivity, not a direct interaction 
between the diene and the dienophile. Thus, in every 
case we examined, when the deformation energies of the 
two addends are summed for the syn and the anti 
transition states, the difference between these sums 
accounts for most of the difference in the activation 
energies for syn and anti addition. The remaining 
contributor to the difference in activation energies for syn 
and anti addition must arise from differences in the direct 
diene-dienophile interactions, but these are all relatively 
small .  Thus, it appears that direct interactions such as 
steric effects between the addends have already trans- 
lated largely into changes in the geometries of the 
addends at  the transition state.ll 

In most instances a very large degree of facial selectiv- 
ity results from the difference between the deformation 
energies of only the diene moiety in the syn and anti 
transition states. This is not surprising since the amount 
of geometric change at the transition state is much larger 
in the diene moiety. For example, the H-C-H bond 
angles in the ethene moieties (115.6 f 1.1’) are very 
similar to the angle in ethene itself (116.2”), but the C-2- 
C-1-C-5 bond angles of the diene moieties (107.7 f 2.6”) 
are already close to tetrahedral. Indeed, the activation 
energies for syn addition correlate very well ( r  = 0.989, 
slope = 1.23) with the diene deformation energies for syn 
addition (Figure 1). In contrast, the activation energies 
for anti additions are all close to that of cyclopentadiene 
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energy between the diene (or dienophile) in its initial reactant geometry 
and alone in its transition state geometry. 

(11) The most obvious differences in geometry between the syn and 
the anti transition states of 1 are in the extra-annular angles about 
C-5. Attack on a face of 1 is generally disfavored when these angles 
experience large changes from the ground state. Thus, for 1 with X = 
F the sum of the changes in the angles X-C-5-H, X-C-5-C-1, and 
H-C-54-1  on going from the ground state to  the favored, syn 
transition state is only 2.5” (compared to 9.3” for cyclopentadiene itself), 
whereas going to the the anti transition state requires a 12.2” change. 
In contrast, for 1 with X = SiH3 there is a very large (30.9”) angular 
change for the syn transition state, but for the favored, anti transition 
state it is 4.5”. However, this simple analysis only works for the 
extreme cases, for 1 with X = NH2, W C H ,  and C s N  it does not. 
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Table 1. Facial Selectivities and Transition State Properties Computed for 5-Substituted 1,3-Cyclopentadienes 
facial selectivity (% syn) E& (kJ/mol) diene deformation energya (kJ/mol) dienophile deformation e n e r e  (kJ/mol) substituent 

at C-5 exptl calcdb syn anti SYn anti s y n  anti 
F 100" 99.99 -25.9 -2.9 -19.0 -0.4 -7.5 -3.3 
NH2 lOOd 99.9 -13.1 4.9 -7.9 3.3 -8.4 -1.3 
OH lo@ 99 -11.1 -1.3 -9.2 2.3 -3.0 -3.4 
C=CH 97 -4.8 2.8 -0.9 4.7 -4.3 0.4 
C=N 90 -5.5 -0.5 0.5 3.0 -2.7 -0.5 
c1 7 9  73 -3.7 -1.4 -0.9 -1.0 -6.4 -0.2 
CH3 169 23 8.8 6.0 6.3 2.1 -3.0 0.8 
Br 1 7f 5 5.6 -1.2 9.0 -2.4 -5.1 0.6 
SH 40h 3 12.9 4.4 10.7 2.0 -3.6 -0.1 
SeH Oh 0.1 20.7 5.2 18.0 0.6 -2.6 1.5 
PHz 0.1 19.4 2.8 16.4 -2.4 -1.2 1.8 
I of 0.03 17.3 -1.2 18.9 -3.7 -4.3 1.2 
SiH3 0.001 32.0 5.5 27.0 -1.2 1.6 4.1 

a Relative to cyclopentadiene and/or ethene. Calculated for 0 "C. c With unsymmetrical ethenic dienophiles.2b Inferred from the 
pentamethyl ~ystem.~ e Acetate derivative with ethene.2a f With N-phenylmaleimide: Wellman, M. A,; Burnell, D. J. Unpublished results. 
g 1,2,3,4,5-Pentamethyl-l,3-~yclopentadiene with symmetrical ethenic dienophiles (*5%lga Phenylthio or phenylseleno ethers with maleic 
anhydride.6b These larger groups may be quite different conformationally from the calculated substituents. 
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Figure 1. Plot of computed diene deformation energies versus 
computed activation energies. Open squares are syn transition 
states (with least-squares line indicated); filled diamonds are 
anti transition states; the filled square is for cyclopentadiene. 

itself. In the three cases in which the diene deformation 
energies happen to be close to that of cyclopentadiene (X 
= CECH, C=N, and Cl), the deformation of the dieno- 
phile emerges as an important factor in determining 
facial selectivity, and in these cases one should expect 
the facial selectivity to be sensitive to the nature of the 
dienophile, unlike with the other substituents.l2 

The fact that the diene deformation energies for syn 
addition of 1 with X = F, NH2, and OH are significantly 
lower than that for cyclopentadiene itself indicates that 
these dienes, deformed into their transition state geom- 
etries, are stabilized by the X group. The mechanism of 
this stabilization is not clear. While it may be tempting 
to speculate that stabilization could arise via electron 
donation from the (coplanar) syn substituent, in every 
case that we studied there is an insignificant difference 
in the hybridization of the X group in the syn and anti 
transition states, and bond orders between X and C-1 or 
C-4 and between X and the dienophile carbons are 
negligible. Furthermore, there is no significant correla- 
tion between the Hammett constants (am or aJ13 for the 
substituents and the facial selectivity. Also, orbital 
diagrams of the transition states do not show consistent 
trends, so it appears that syn stabilization may arise by 

(12) Experiments with 1, X = CH3,98 and with other sp3 carbon 
substituentsgb led to very small changes in facial selectivity when 
various dienophiles were employed. 
(13) Oxner, 0. In Correlation AnaZysis in Chemistry; Chapman, N. 

B., Shorter, J. Eds.; Plenum Press: New York, 1978; Chapter 10. 

more than one mechanism. Computational work is 
ongoing in order to pinpoint these mechanisms. 

Many groups have postulated that facial selectivity in 
Diels-Alder reactions is controlled by a direct interaction 
between the diene and the dienophile. In addition to 
simple steric  interaction^,^ phenomena that have been 
implicated are favorable admixture of the C-5 substitu- 
ent's lone pair with the LUMO of a syn-adding dieno- 
phile;14 energetically different interactions of a dienophile 
with a n-system that is facially biased, in terms of either 
electron density15 or nucleophilicity,16 by a C-5 substitu- 
ent; dienophile interactions with tilted p components of 
occupied morbitals of a plane-nonsymmetric and 
direct, facially different dipole-dip~le,~ electrostatic,18 or 
filled-~rbitall~ diene-dienophile interactions. Obviously, 
such phenomena should be evident at the transition state 
if they play a significant role in deciding facial selectivity. 
However, we have shown that even if direct diene- 
dienophile interactions are energetically significant at  the 
syn and anti transition states, these interactions do not 
have much importance in determining facial selectivity 
with 1. Furthermore, the p r o p o ~ a l ~ ~ ~ ~ ~ ~ ~  of facial control 
by the mechanism postulated by Cieplak for carbonyl 
reactionsz1 can also be obviated because it operates by 
donation from a a-donor on the anti face of the diene, 
i.e., the mechanism would predict a large range of 
activation energies for anti additions, but as can be seen 
in Figure 1, these activation energies are all similar to 
that of cyclopentadiene. 
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