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Orbital control of �-facial selectivity in Diels–Alder reactions of
cyclopentadienes having C(�O)YR substituents at the 5-positions
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Abstract—�-Facial selectivity in Diels–Alder reactions of cyclopentadienes having C(�O)YR substituents at the 5-positions was
predicted on the basis of the orbital mixing rule and was substantiated experimentally. The selectivity was disclosed to be highly
dependent on the relative orbital energy between �HOMO of the diene and nY of the substituent. © 2001 Elsevier Science Ltd. All
rights reserved.

Diels–Alder reaction is one of the most important
methods for organic synthesis. Much attention has been
paid to disclose the origin of �-facial selectivity in the
reactions of dienes having an unsymmetrical �-plane.1

We have been investigating the reactions of 5-substi-
tuted cyclopentadienes as the simplest dienes and pro-
posed that the deformation of frontier molecular
orbitals (FMO) of dienes is the major contributor to
the selectivity.2,3 The orbital mixing rule has been suc-
cessfully applied to predict the deformation. We will
predict the �-facial selectivity in the reactions of
cyclopentadienes 1 (and 2) having C(�O)YR sub-
stituents at the 5-positions. The prediction will be con-
firmed by theoretical calculations and by experimental
observations.

In the prediction of the FMO of the dienes, the interac-
tions between four molecular orbitals, namely the �-
HOMO of the diene, the �-orbitals of the carbon
framework, the n-orbital of Y, and the �-orbital of
C�O, were taken into account (hereinafter referred to
as �HOMO, �, nY, and �C�O, respectively).4

According to the orbital mixing rule, the deformation
of FMO takes place by the mixing of �HOMO and �
through interaction with the substituent orbital nY.
Participation of the second substituent orbital �C�O

perturbs this mixing to determine the final deformation
with a dependence on the relative orbital energy
between �HOMO and nY (Fig. 1).

When �HOMO is high, �HOMO mainly contributes to the
FMO. �HOMO combines with both of the low-lying
substituent orbitals, nY and �C�O, out of phase. The
mixing of the low-lying � to �HOMO takes place in such
a way that it is out of phase with nY and �C�O to give
the FMO of the whole diene (since �HOMO lies higher
than �). It is noteworthy that the component orbitals of
the C(�O)YR substituent, nY and �C�O, participate in
the mixing. Since �C�O has the same phase with nY, the
mixing of � is enhanced to give FMO, which favors the
reaction at the syn side of the substituent (case A:
�(FMO)=�HOMO−nY−�C�O+�). This is the case with
dienes 1a–d.

On the other hand, when nY lies closely to �HOMO, the
interaction between �HOMO and nY is strong. Both
orbitals contribute considerably to the FMO. The com-
bined orbital, �HOMO–nY, is a component of FMO. The
�C�O orbital interacts with the nY more strongly rather
than with the �HOMO due to the spatial proximity. The
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phase of �C�O is determined by the relation with nY

rather than �HOMO in such a way that it is out of phase
with nY (viz. in phase with �HOMO). As a result, �C�O is
in the opposite phase with nY, while the orbitals are in
phase with each other in case A. The mixing of �,
caused by the interaction with �C�O and nY, is dimin-
ished by each other. The deformation of FMO is
predicted to be reduced (case B: �(FMO)=�HOMO−
nY+�C�O+�). In this case, the orbital-phase environ-
ment around the reaction centers lower the syn �-facial
selectivity or results in anti �-facial selectivity.1b,2 The
out-of-phase interaction between the nY segment of the
HOMO of the diene and the LUMO of a dienophile
significantly destabilizes the syn attack transition states.
This is the case with dienes 1e–g, while 1g has the
C(�S)SMe substituent.

The predicted FMO deformation was examined by ab
initio molecular orbital calculations. The dienes 1b and
1f were chosen as typical examples of dienes of cases A
and B, respectively. The molecular geometries of the
dienes (Cs) were optimized by ab initio molecular
orbital calculation at the RHF/6-31G* level (Fig. 2).5

The contour maps at the sections of x=0.500 A� of 1b

and 1f clearly indicated the in-phase and out-of-phase
relationship between nY and �C�O, respectively.6 The
difference between the maps (x=0.891 A� ) is clear.
Small contours of the highest value appeared in the
map of 1b (at the syn side) but not in the map of 1f,
thus showing that the FMO of 1b is more effectively
deformed than that of 1f.

The prediction was examined experimentally. To avoid
complication due to [1,5]-hydrogen rearrangement, the
corresponding pentamethylcyclopentadienes 2a–g were
prepared and subjected to reaction with N-phenyl-
maleimide (NPM) in non-polar solvents, such as carbon
tetrachloride and/or toluene (Scheme 1). The progress
of reaction was followed by TLC. After completion of
reaction,7 the residues were analyzed by 1H NMR to
determine the ratios and yields of the products8 (Table
1).

Consistent with the prediction, reactions of case A
dienes 2a–d and case B dienes 2e–g predominantly
afforded the corresponding syn and anti attack prod-
ucts, 3 and 4, respectively.

Figure 1. Direction of non-equivalent extension of the FMO of cyclopentadienes having C(�O)YR substituents. Phase relation-
ship: ----, in phase; —, out of phase. Orbital mixing: , major interaction; —>, minor interaction (and ---->).

Figure 2. Contour maps of the sections (x=0.500 and 0.891 A� ) of the FMO of dienes 1b and 1f at the RHF/6-31G* level (Cs).
The Cp ring is in the xy plane and C-1 and C-4 carbons are on the x-axis at the space coordinates (A� ) of (1.177. 0. 0) and (−1.177.
0. 0), respectively. The absolute value of the largest contour line is 5.0×10−3 AU. The heights of adjacent contours differ by a
factor of two. Atoms in substituents: filled circle, C; open circle, O; shaded circle, S.



C(=O)YR

N-Ph

O

O

RY(O=)C

N-Ph

O

O

/solvent, 25 ˚C

2a-g syn attack
3a-f

anti attack
4a-g

C(=O)YR

NO O

Ph +

M. Ishida et al. / Tetrahedron Letters 42 (2001) 3471–3474 3473

Scheme 1. Reactions of 2a–g with NPM. Solvent: CCl4 and/or toluene.

Table 1. Diels–Alder reactions of the dienes 2a–g with NPM

Diene syn :antia,b,cYR Prediction (case) Diene YR syn :antia,b,c Prediction (case)
3:4 3:4

80:20e syn (A) 2e NH22a 26:74eOHd Low-syn or anti (B)
78:22f 27:73f

OMe2b 84:16f syn (A) 2f SMe 1:99f Low-syn or anti (B)
OPh2c 83:17e syn (A) 2g SMe 0:100f Low-syn or anti (B)

84:16f [C(�S) instead of C(�O)]
2d 84:16eOAr syn (A)

(Ar=4-MeOC6H4-)

a All products gave correct elemental analyses or high-resolution mass spectra.
b The ratio was determined from 400 MHz (or 270 MHz) 1H NMR spectra of the crude mixture.
c The 1H NMR spectra showed that the reactions proceeded quantitatively (exception: 2g, yield 70%).
d See Ref.3e

e Solvent: CCl4.
f Solvent: toluene.

In conclusion, the results open a highly applicable
approach to designing orbital control of �-facial selec-
tivity in organic reactions.
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