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Different modes of direct through-space interactions be-
tween remote substituents and an approaching reagent are
indicated as important additional controlling factors of face
selectivity in singlet oxygen cycloaddition to facially differ-
entiated cyclohexa-1,3-dienes.

Evaluation of stereoelectronic effects that influence p-face
selection and control diastereoselectivity in [4+2]-cycloaddi-
tions to cyclic dienes continues to be an area of intense scrutiny
and new explorations.1 In this context, substrates in which the
1,3-diene moiety is grafted on to a rigid polycyclic frame to
eliminate conformational ambiguities are particularly advanta-
geous, as the facial discrimination and stereoelectronic pertur-
bations can be effected through distal modulation of functional-

ities.2,3 In recent years, several polycyclic systems 1–4
embodying a cyclic 1,3-diene substructure have been devised
and probed for diastereoselection employing a variety of
dienophiles, but among these, 4 has been more enduring3

because of its rigidity, ready accessibility,4 reactivity and
functional group manoeuvrability. In the hexacyclic diene 4,
facial discrimination in the cyclohexadiene moiety is mani-
fested through the interplay of the steric effects of cyclobutyl
hydrogens and the electronic interactions of the carbonyl
groups. The diastereoselectivities observed in cycloadditions to
several derivatives of 4 (obtained through substitutions on the
diene moiety as well as modifications of the carbonyl group)
have led to the identification of steric effects, filled orbital and
electrostatic repulsions, the Cieplak effect and transition state
geometrical distortions as the main determinants of face-
selectivity.3 We have now observed that even the simplest
derivatisation can lead to a reversal in diastereoselectivity
which we interpret in terms of transition state interactions, some
of which have not been recognised before as contributors to face
selectivity. These subtle effects, though promoted in the present
case by the geometry of the hexacyclic system 4 and the relative
spatial orientation of the diene unit and the remote functionality,
can be operative in other substrates as well and in the absence of
other dominant effects, can be the principal determinants of face
selectivity; inter alia caution must be exercised in extrapolating
stereoselectivities, even when seemingly inconsequential func-
tional group changes are effected at distal sites.

The hexacyclic endo,endo-diol 5a, its diacetate 5b and
dimethyl ether 5c readily underwent cycloaddition with 1O2
generated in the presence of Methylene Blue (500 W tungsten
lamp, O2, CHCl3, 5–10 °C, 4–5 h) to furnish a diastereomeric
mixture of endoperoxides 6a–c and 7a–c in 80–85% yield.5
While the gross structures of both the ‘bottom’ and ‘top’

addition endoperoxides 6a–c and 7a–c, respectively, were
apparent from the spectral characteristics (1H and 13C NMR),
their stereochemistry was unambiguously determined via X-ray
crystal structure determination‡ of the major endoperoxides 6b
and 7c. The diastereoselectivities observed in the 1O2 additions
(Scheme 1) indicated that while in the endo,endo-diol 5a and
diacetate 5b ‘bottom’ face addition was preferred, complete
reversal occurred in the case of the dimethyl ether 5c and the
‘top’ addition product was exclusively obtained. The expecta-
tion from earlier studies and interpretations3 with substrates
such as 4b was that repulsion between endo-directed oxygens in
5a–c and the 1O2 reagent should uniformly favour addition from
the ‘top’ face. While the observed selectivity in 5c was fully in
consonance with this reasoning, the unpredicted outcome of
diastereoselectivities in the case of 5a,b suggested intervention
of some additional, unrecognized interactions and these needed
to be probed through transition state modelling.

The origin of the variations in face selectivities in 5a–c was
examined through AM1 calculations6 on 1O2 addition transition
states. Saddle points with vanishing gradients and characterized
by a single imaginary vibrational frequency were located for the
top and bottom face addition. The possibility of conformational
variation in the OR groups was considered by using different
initial geometries.

For the methoxy derivative 5c, two sets of transition
structures are obtained, both favoring the top face attack by
varying degrees. While the energy preference is marginal (0.2
kJ mol21) in the structures in which the methyl groups are
pointed towards the diene moiety, a strong bias (10.3 kJ mol21)
is predicted when the methyl groups are oriented away from the
diene. In the latter, repulsive interactions involving the oxygen
lone pairs towards the approaching 1O2 evidently come into
play [Fig. 1(a)]. Hence the exclusive formation of the top face
adduct in 5c is entirely consistent with electrostatic control of
face selection.

For the 1O2 addition to the dihydroxy derivative 5a, a
significant bottom face preference (7.9 kJ mol21) is computed,
qualitatively in accord with the experimental trend. The
transition structures for both the top and bottom face approach
lack any symmetry (C1) due to an intramolecular O–H···O
hydrogen bond. In the bottom face attack saddle point, an
additional hydrogen bonding interaction is evident. The second
OH group in the structure interacts with one of the oxygen

Scheme 1
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atoms of the approaching dienophile [Fig. 1(b)]. The cyclic,
cooperative hydrogen bonds seem to provide enough stabiliza-
tion to overcome electrostatic repulsions noted in 5c. Additional
proof for the role of hydrogen bonding with the singlet oxygen
was obtained by computing the energies of transition states with
Cs symmetry constraints which led to conformations similar to
those of the dimethoxy derivative. The face selectivity calcu-
lated in these high energy conformations is revealing. With both
the OH groups pointing towards the diene, the bottom face
approach of 1O2 is favored by 25.6 kJ mol21. In this structure,
the two OH groups form strong hydrogen bonds with either end
of the dienophile. In the alternative transition structures in
which the OH groups point away from the diene, an electrostatic
preference for top face attack (12.6 kJ mol21) similar to that
calculated for the corresponding conformation of 5c is ob-
tained.

Transition state energies favoring the bottom face attack for
the diacetoxy derivative 5b are also consistent with experiment.
Remarkably, the computed preference (6.9 kJ mol21) is similar
to that obtained in the most stable transition state structures of
5a. While the latter allows hydrogen bonding between the
substituent and 1O2, the origin of the selectivity in 5b is
intriguing. The calculated transition state structure for the
bottom face attack suggests a possible mode of stabilisation.
The oxygen atoms of the dienophile make fairly short contacts
(2.9 Å) with the carbonyl carbon atoms of the symmetrically
oriented ester groups [Fig. 1(c)]. The O···C§O angles of 91°
support the possibility of a favorable interaction between the
lone pairs on 1O2 with the p* orbitals on the ester linkages.
Similar long range attractive interactions have been recog-
nised,7 on the basis of several solid state structures, as key
factors governing the nature of the reaction coordinate in
nucleophilic additions to carbonyl groups. We now propose that
such orbital interactions between the reagent and the remote
substituent direct the approach of 1O2. The attractive effects are
not translated into any reaction at the substituent, but only result
in the delivery of the reagent to the nearby diene face. Evidence
for this model comes from calculations on a different conforma-
tion of the diester groups, with the acyl units pointing away
from the diene. While the energy of the transition state for top
face addition was virtually unaffected by the conformational
change, in the case of the bottom face addition transition state,

the ester groups were reorientated to attain the conformation
shown in Fig. 1(c), implying the stabilizing interactions present
in this structure.

In summary, a subtle change of functionality in 5 leads to
remarkable variations in the face selectivities of 1O2 additions.
Our results indicate that direct through-space interactions
between remote substituents and the approaching reagent via
three distinct modes, viz. electrostatic, hydrogen bonding and
stabilizing orbital interactions, need to be considered as
additional stereoelectronic factors in determining face se-
lectivity.
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Notes and References

† E-mail: jc@orgchem.iisc.ernet.in
‡ Crystal data for 6b: C19H20O6, M = 344.35, colourless crystals from
CH2Cl2–hexane, triclinic, space group P1̄, a = 8.381(1), b = 8.620(1), c =
12.508(3) Å, a = 87.52(1), b = 85.08(1), g = 62.32(1)°, V = 797.3(2) Å3,
Z = 2, Dc = 1.434 Mg m23, T = 293 K, F(000) = 364, µ(Mo-Ka) = 0.107
mm21, crystal dimensions 0.143 0.213 0.16 mm. Data were collected on
Enraf-Nonius MACH-3 diffractometer, graphite-monochromated Mo-Ka
radiation (l = 0.71073 Å), by the w scan method in the range 2 @ q@ 25°,
2804 unique reflections [Rint = 0.0], of which 2213 had Fo > 4s(Fo), were
used in all calculations. At final convergence R1[I > 2s(I)] = 0.0497, wR2

= 0.1936 for 228 parameters, GOF = 1.334, Drmax = 0.403 e Å23, Drmin

= -0.357 e Å23. The data were reduced using XTAL (ver. 3.4), solved by
direct methods, refined by full-matrix least-squares on F2 with the non-H
atoms anisotropic, and H atoms isotropic (ref. 8).

For 7c: C17H20O4, M = 288.3, colourless crystals from CH2Cl2–hexane,
monoclinic, space group I2/a, a = 26.035(8), b = 8.259(3) and c =
26.04(1) Å, b = 90.05(3)°, V = 5599(3) Å3, Z = 16, Dc = 1.372 Mg m23,
T = 296 K, F(000) = 2464, µ( Mo-Ka) = 0.097 mm21, crystal dimensions
0.253 0.203 0.45 mm. Data were collected on Siemens R3m/V
diffractometer, graphite-monochromated Mo-Ka radiation (l = 0.71073
Å), by the w scan method in the range 3 @ 2q@ 42°, 3077 unique reflections
[Rint = 0.03], of which 1961 had F > 4s(F), were used in all calculations.
At final convergence R1 = 0.0564, wR2 = 0.0588 for 309 parameters, GOF
= 1.47, Drmax = 0.23 e Å23, Drmin = 20.22 e Å23. The structure was
solved by direct methods, refined by full-matrix least-squares on F2 with all
non-hydrogen atoms anisotropic, except C4–C9, C17, C25–C30, C38 and H
atoms, which were isotropic (ref. 9). CCDC 182/942.
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Fig.1 AM1 optimised transition state structures for the bottom face addition
of 1O2 to (a) 5c, (b) 5a and (c) 5b
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