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Abstract—�-Face selectivity in Diels–Alder reactions between specially crafted bicyclo[2.2.2]octane-fused benzoquinones, where
the dienophilic moiety is imbedded in an isosteric environment, can be modulated by a remote olefinic bond and a cyclopropane
ring. Quantum mechanical calculations while reproducing the observed diastereoselectivities at the TS level indicate the
involvement of ground state orbital effects. © 2003 Elsevier Science Ltd. All rights reserved.

The [�4s+�2s]-cycloaddition (the Diels–Alder reac-
tion),1a resulting in the formation of two C�C bonds
and the generation of up to four stereogenic centers in
a single laboratory operation, is among the most ver-
satile reactions in the armamentarium of synthetic
chemists and has been widely exploited.1 The stereo-,
regio- and topographical (endo versus exo) control in
these cycloadditions has sound predictability and fur-
ther enhances its synthetic appeal.1d However, a more
subtle issue of diastereoselectivity in [4+2]-cycloaddi-
tions arises through �-face selectivity when either of the
reacting partners viz. the diene or the dienophile is
facially dissymmetric.2 Studies involving acyclic 1,3-
dienes and various dienophiles have revealed that �-
face selection is generally dominated by steric and
conformational factors and the role of electronic
effects, if any, often become masked. Recent efforts
have focused on investigating substrates wherein the
1,3-diene moiety is embedded into a polycyclic frame to
minimize conformational and steric effects and these
studies have indicated the importance of orbital mixing/
tilting, secondary orbital interactions, hyperconjugative
effects and electrostatic effects as additional factors in

determining diastereoselectivity.3 A complementary
approach wherein a dienophile is embedded in a dis-
symmetric environment has received very limited atten-
tion.4 Sometime ago, we investigated [4+2]-cyclo-
additions in norbornyl- and norbornenyl-fused benzo-
quinones 1–2 and found that the face-selectivities were
largely determined by steric considerations.4b,c These
findings were complicated by the fact that the two
�-faces in 1 and 2 are sterically differentiated by the
presence of the ‘methano’ and ‘ethano’ or ‘etheno’
subunits, making it difficult to glean the effect of subtle
electronic factors. This led us to craft new systems in
which the dienophile is in a nearly isosteric environ-
ment, such that diastereoselectivity is not manifested
through steric factors and facial discrimination can be
induced through electronic modification at a distal posi-
tion. With this backdrop, we identified the bicy-
clo[2.2.2]octane-fused benzoquinone system 3 for the
present study where facial discrimination can be
induced through modification of one of the ethano
bridges. Based on this premise, [4+2]-cycloaddition of
novel quinones 4–8, with minimal steric differentiation
of the �-faces and only endo-ring annulation, with
cyclopentadiene, has been studied experimentally and
computationally. We have encountered rare examples
of the profound effect of remote electronic perturba-
tions on �-face selectivity and these findings constitute
the subject of this communication.
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Bicyclo[2.2.2]octane annulated benzoquinones 4–8 were
synthesized following adaptations of the route previ-
ously described5 for norbornenobenzoquinone 2 and
were fully characterized on the basis of spectral data
and the X-ray crystal structure determinations of 5 and
7.6 The crystal structures of the quinones confirmed our
surmise that the dienophilic moiety in these quinones
resides in a sterically neutral environment as indicated
by the appropriate bond angles. All the annulated
benzoquinones 4–8 reacted smoothly with cyclopentadi-
ene, under ambient conditions within minutes, to fur-
nish the 1:1 endo-adducts 9–18 in near-quantitative

yields (Scheme 1). In each case, the adducts through
endo-addition to both the �-faces of the distal quinone
double bond were isolated (silica gel column chro-
matography) and the ratios shown in Scheme 1 were
obtained through 1H NMR integration of the well
separated relevant protons.7 The endo-stereochemical
disposition of the adducts 9–18 was secured through
their intramolecular [2+2]-photocyclization to the corre-
sponding polycyclic caged compounds 19–28, respec-
tively, as displayed in Scheme 2.7 The complete
stereostructures of the diastereomeric adducts 9–18
were unambiguously deduced through complementary
1H and 13C NMR data, X-ray crystal structures8 of 10,
13, 22, 26 and chemical correlation.

The observed facial-selectivities in the cycloaddition of
cyclopentadiene to benzoquinones 4–8 are quite
remarkable. For example, dissymmetrization of the two
�-faces in 3 through the incorporation of a remote
double bond as in 4 leads to a significant 75:25 (9:10)
preference for the face syn to the etheno bridge. Simi-
larly, dissymmetrization in 3 through endo fusion of a
three- membered ring, with practically no steric facial
bias, results in 68:32 (12:11) selectivity from the cyclo-
propane bearing face, Scheme 1. The strong �-donor

Scheme 2. Reagents and conditions : (a) 450 W, CDCl3, quan-
titative.

Scheme 1. Reagents and conditions : (a) cyclopentadiene, ben-
zene, r.t., 15–30 min, quantitative.
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Table 1. Experimental ratios, relative energies (RE), R.E. (ZPE corrected), activation energies (kcal/mole), activation energies
(ZPE corrected), free energy of activation, ratio of rate constants of compounds 9–18

R.E. RE+ZPE �E‡ �E‡+ZPE �G‡ k1/k2Comp No. %

0.2 0.2 14.59 16.275 29.02
10 25 0.0 0.0 15.3 17.0 30.08 6.015

0.0 0.0 15.2 17.0 30.0711 32
0.2 0.2 14.968 16.712 29.69 0.486

6713 0.1 0.1 14.5 16.2 29.08
0.0 0.0 15.114 16.933 29.91 4.047
0.1 0.1 14.471 16.115 28.99

2916 0.0 0.0 15.0 16.9 30.03 5.858
0.017 0.050 15.1 16.8 29.93
0.0 0.0 15.150 16.918 30.21 1.613

k calculated from the Arrhenius equation, k=kbT/h [e(−�G‡/RT)].

abilities of the cyclopropyl group through its high-lying
Walsh orbital, similar to that of a double bond are well
documented.9 The involvement of the cyclopropane
orbitals in determining the diastereoselectivity in the
present case becomes apparent on comparing the results
with the cyclobutane fused quinone 8 in which no facial
preference (17:18, 50:50) is observed. Thus, both the
double bond and the cyclopropane ring exert compara-
ble long-range electronic effects on facial-selectivity.
When both the �-faces of 3 are perturbed by pitching
the double bond and the cyclopropane ring antagonisti-
cally as in quinone 6, there is a clear 67:33 (13:14)
preference for the etheno face. Interestingly, in this case
the contribution of the double bond �-orbitals humbles
the cyclopropane Walsh orbitals. This dominating
effect of the olefinic bond in promoting syn selectivity is
also seen in the cyclobutene-fused quinone 7 which
adds cyclopentadiene to furnish 15 as the major
product (15:16, 71:29), Scheme 1.

The significant �-face diastereoselectivities described
above, prompted us to examine the thermodynamic
versus kinetic control of these reactions computation-
ally. Accordingly, the structures of quinones 4–8, their
cyclopentadiene addition products 9–18 and the ten
transition structures TS9–TS18 leading to them were
optimized using Density Functional Theory at the
B3LYP/6-31G* level.10 All the stationary points were
characterized as ground states or transition states by
calculating the number of imaginary vibrational fre-
quencies. The energy differences between each of the
diastereomeric pairs is small and not in tune with the
observed product distribution (RE in Table 1), ruling
out thermodynamic control and product stability as the
determinants of face-selectivity. We then turned to
transition states. These were characterized at the same
level as having one imaginary vibrational frequency.
There was nothing exceptional in the geometrical
parameters but the activation energies calculated as the
difference in energies between the reactant and the
transition state showed a remarkable correlation with
the experimentally observed product ratios which were
not changed by the inclusion of the ZPE corrections.
The free energies of activation as well as the ratio of

rate constants calculated for room temperature also
reflected a similar trend (Table 1).

While it is not easy to separate the steric and orbital
effects within such small magnitudes, the obvious
change in the symmetry of the system prompted us to
probe the perturbation of the � MOs of the parent
quinone 3 as a consequence of the introduction of the
olefinic bond and endo-ring annulation. The p-orbitals
of the HOMO at the reaction center constituted a pure
� bond; the mixing of s orbitals was zero by symmetry
in 3. However, a distal � orbital as in 4 was found to
interact with the � MOs at the reaction center leading
to sp mixing and making the syn face predisposed
towards a better overlap with the incoming diene and
reducing the TS energy, albeit by a small magnitude.
The differing size of the lobes of the � orbitals on the
two faces of quinones 4–8 suggests that the diastereose-
lectivities observed here has a contribution from orbital
effect (Scheme 3).3a

In conclusion, we have studied �-facial selectivities in
[4+2]cycloadditions to novel bicyclo[2.2.2]octane annu-
lated quinones and observed a remarkable syn-directing
effect of a remote double bond and a cyclopropane

Scheme 3. Highest occupied �-MOs of 3 and 4, showing the
dissymmetric reaction center.
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ring. Computational studies demonstrate an excellent
convergence between transition state energetics and
experimental results and point to subtle ground state
orbital effects as the main causative factors for the
�-face selection.
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