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Various factors controlling the preferred facial selectivity in the reductions of a number of sterically
unbiased ketones have been evaluated using a semiempirical MO procedure. MNDO optimized
geometries do not reveal any significant ground-state distortions which can be correlated with the
observed face selectivities. Electrostatic effects due to an approaching reagent were modeled by
placing a test negative charge at a fixed distance from the carbonyl carbon on each of the two faces.
A second series of calculations was carried out using the hydride ion as a test nucleophile. The latter
calculations effectively include orbital interactions involving the ¢ and o* orbitals of the newly
formed bond in the reaction. The computed energy differences with the charge model are generally
much larger compared to those with the hydride ion. However, both models lead to predictions
which are qualitatively consistent with the experimentally determined facial preferences for most
of the systems. Thus, electrostatic interactions between the nucleophile and the substrate seem to
effectively determine the face selectivities in these molecules. However, there are a few exceptions
in which orbital interactions are found to contribute significantly and occasionally reverse the
preference dictated by electrostatic effects. Theremarkable success of the hydride model calculations,
in spite of retaining the unperturbed geometries of the substrates, points to the unimportance of
torsional effects and orbital distortions associated with the pyramidalized carbonyl unit in the transition
state in most of the substrates considered. Additional experimental results are reported which

provide useful calibration for the present computational approach.

Introduction

The possibility of inducing face selectivity in additions
to trigonal carbon through remote electronic perturbation
is currently being actively explored.l? Subtle, but con-
sistent, preferences have been determined in a number of
carefully designed substrates in which the role of steric
effects has been effectively eliminated. For example, face
selectivities in nucleophilic additions have been obtained
for remotely substituted adamantanones,®* 7-norbor-
nanones,’ norbornenones,® benzonorbornenones,” cyclo-
pentanones,® trans-decalones,® etc. Theimpressive volume
of experimental data obtained in recent years provides a
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valuable testing ground for the numerous qualitative
models!®!5 and quanitative studies!6-2° which have been
employed for rationalizing and predicting face selectivity.
Two extreme theoretical approaches are now widely
employed. In quantitative studies, the two possible
transition state structures are precisely determined and
the face selectivity is predicted from the corresponding
energy difference.?! Since the energyseparationis usually
very small, high-level ab initio calculations are needed for -
areliable prediction. Many such successful studies have
indeed been reported.!8-1° These studies have also led to
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valuable insights concerning the contribution of different
factors to the computed energy differences. While this
rigorous approach would be the preferred alternative,
especially in controversial systems, it cannot be used
routinely. Precise determination of transition state struc-
tures is a nontrivial task. With certain models of nu-
cleophiles, the potential energy surface may be flat or even
lack a transition state.16d:22

Alternatively, numerous qualitative models have been
advanced for interpreting the observed face selectivities.
These include steric and torsional models emphasizing
geometric features in the ground state as well as in the
transition states,1%-12 orbital distortion effects,!? electro-
static effects,'6 and different types of specific orbital
interactions in the idealized transition states.!#!’ In a
conformationally unconstrained substrate, the above fac-
tors may all be operative.! It has therefore been difficult
to use the proposals unambiguously and to segregate the
relative contributions of the various effects.

It is highly desirable to have an intermediate semi-
quantitative model for predicting face selectivity. The
approach should lead to unambiguous and reliable results,
be applicable torelatively large substrates, and also provide
insights into the origin of observed preferences. With the
above goals in mind, we propose a simple computational
model, evaluate its validity on the basis of comparisons
with experimental and ab initio results, and derive some
general conclusions on the factors contributing to facial
selectivity in the reductions of a number of sterically
unbiased ketones.

Computational Procedure

Toenable the study of a large number of experimentally
studied substrates, the MNDO method was chosen for the
computational model.22 The structures of all the ketones
were optimized without any symmetry constraints in order
to identify potential ground-state geometric effects.

Next, the effect of electrostatic interactions involving
the nucleophilic reagent was modeled by placing a test
negative charge on either face of the carbonyl = unit at a
distance of 1.4 A from the corresponding carbon.?* The
angle of approach of the charge with respect to the carbonyl
group was kept at 90°. Importantly, the geometry of the
substrate was left unchanged. The preferred direction of
reagent approach is predicted on the basis of the computed
SCF energies in the presence of the charge.

It is important to emphasize that the charge model is
not identical to the use of molecular electrostatic potential
maps (MEPS). The latter is the most direct approach for
modeling electrostatic effects and has indeed been suc-
cessfully applied for a number of studies of regiochemical
and facial selectivities in conjunction with both ab initio?2
and semiempirical methods.?’ However, the present
procedure incorporates an additional effect. Since the
wave functions are recomputed in the presence of the test
charge, electronic reorganization within the substrate due
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to the approaching reagent is taken into account. Thus,
the model includes polarization effects.

In another series of calculations, the nucleophile was
represented by a hydride ion. The distance, orientation,
and angle of approach were identical to those used in the
previous charge model. Again, the substrate geometry was
unaltered, and the computed relative energies were used
to account for the observed face selectivity.

The hydride model should include the consequences of
partial bond formation, besides electrostatic interactions.
The presence of the hydrogen s orbital at a strongly
interacting distance from the carbonyl carbon should lead
to a high-energy C-H ¢ bond and a low-energy C-H o*
orbital. The model should incorporate the interactions of
these orbitals with adjacent fragment orbitals. In par-
ticular, the two-electron stabilizing interactions critical
to the Cieplak model (C-H o* orbital with the vicinal
antiperiplanar ¢ bond)!® and the Anh-Eisenstein model
(C~H o orbital with the vicinal antiperiplanar o* orbital)!4
are both effectively included in the present calculations.
Even the four-electron destabilizing interaction should
contribute to the SCF energy. Therefore, the hydride
modelshould, in principle, lead to more reliable predictions
than either of the two idealized hyperconjugative theories
of face selectivity. The procedure also includes the
preference dictated by electrostatic effects. Therefore,
the predictions of the charge and the hydride models can
be used to gauge the relative importance of orbital effects.

There are a number of apparently arbitrary assumptions
in the above models. Of these, the chosen orientation for
the approach of the nucleophile is relatively easy to justify.
The reagent interacts predominantly with the carbonyl
carbon. However, retaining the structural parameters of
the ketone unchanged in the model transition state is
indeed a gross approximation. The assumption was made
to keep the computational model as simple as possible.
The problem of determining the transition-state structures
isavoided. Inprinciple, the rehybridization of the carbonyl
carbon could have been idealized on the basis of some ab
initio structures. However, the substrates considered are
complex polycyclic systems in which structural parameters
are strongly coupled. Since we were keen to ensure that
no facial bias of any kind was introduced by the assump-
tions in the model, a simplified procedure was preferred.
The geometric assumption also has an interpretative value.
Torsional interactions involving the sp? rehybridized
carbon with adjacent groups are not taken into account
in the present procedures. Further, orbital distortions
associated with s,p mixing which have been proposed!3.1®
to contribute to face selectivity are also not described.
The role of these factors can be inferred from the present
results.

The choice of the distance and angle of approach of the
hydride ion was on the basis of preliminary optimizations
on a few test systems. With the substrate geometry kept
fixed, the structural parameters of the hydride ion were
optimized. The optimized C-H distances were found to
vary between 1.35 and 1.45 A, while the H—==0 angle was
around 91-94°., To keep the model simple, an idealized
distance and angle were chosen. The same choice was
made for the charge calculations to enable a direct
comparison of the two sets of predictions.

The use of a full negative charge may lead to an
overestimation of electrostatic interactions. Calculations
using the present hydride model as well as previous
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results!® on realistic transition structures yield a Mulliken
charge of around —1/2 on the nucleophile. However, the
present study is aimed at only a qualitative prediction
resulting from charge effects. The trends are expected to
be similar with a different value of charge.

The hydride ion was chosen as a test nucleophile in
order to remove potential steric contributions to the
predicted face selectivity. The latter effects may be
important in some experimentally studied systems. The
calculations also do not include counterion interactions?®
as well as solvation or related medium effects.

The use of the MNDO methodology may appear to many
as the most serious approximation requiring justification.
Therefore, ab initio calculations with the hydride model
were carried out for two representative 2,3-endo,endo-
disubstituted 7-norbornanones (le and 1f). The split-
valence 3-21G basis set was employed.?® The hydride ion
was augmented by a diffuse s function with an exponent
of 0.036.% For the dimethyl derivative, the en face
approach was predicted to be favored by 2.4 keal/mol. In
the case of the corresponding dicyano compound, the zu
face attack is preferred by 4.8 kcal/mol. These values are
consistent with the preferences obtained at the MNDO
level, 1.9 and 2.6 kcal/mol, respectively. We therefore
proceeded to use the MNDO procedure for a large number
of 2,3-endo,endo-disubstituted 7-norbornanones (la-g),
the corresponding mono-substituted derivatives (2a—e),
related compounds in which the substituents are annulated
(8a-i), 5,6-endo,endo-disubstituted bicyclo[2.2.2]octan-
2-ones (4a-f), the corresponding mono-substituted de-
rivatives (5a,b), 5,6-endo,endo-disubstituted 7-nor-
bornenones (6a—f), benzonorbornenones (7a-c¢), and
remotely substituted adamantanone and azaadaman-
tanone derivatives (8a—c).

Results and Discussion

The optimized geometries of the ketones 1-8 do not
reveal any constitent feature which can be correlated with
the observed face selectivity in the corresponding nu-
cleophilic additions. In particular, the carbonyl unit is
essentially planar. The sum of the angles around the
corresponding carbon atom does not deviate by more than
2° from 360°. The presence of endo substituentsin 1 and
2 does not lead to significant tilt of the carbonyl bridge
toward either of the ethano bridges. The angles C7—M; 4~
M;3and Cr—M; 4—M; ¢, where M, ; represents the midpoint
of C; and Cs, are nearly identical in these systems. The
carbonyl unit in these compounds are also nearly eclipsed
with the bridgehead hydrogen atoms. Hence, ground-
state distortions and torsional interactions during the
formation of the transition structures cannot be implicated
for the face selectivity in these substrates. The conclusion
is further confirmed by the direction of tilt noted for the
diester derivative of norbornenone, 6d. As pointed out
recently,’! the computed geometry as well as the X-ray
structure reveal a tilt which is inconsistent with the
preferred direction of nucleophilic approach. While the
carbonyl tilt is away from the C=C unit, nucleophilic
attack from the more hindered zu face is favored.®
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Scheme I. Calculated Relative Energies (kcal/mol)
between er and zu Approach to la-g, 2a-e, and
Experimentally Observed Selectivities
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The computed energy differences for the en and zu face
nucleophilic approach in the substituted norbornanones,
1 and 2, are quite large with the charge model (Scheme I).
The exaggerated preferences are a direct consequence of
the use of a full negative charge at a relatively short
interaction distance. While the relative energies should
not be taken as a quantitative indicator of facial selectivity,
the large values lead to unambiguous conclusions. The
hydride model generally yields smaller and more realistic
energy differences. However, these values should also not
be considered to be of quantitative accuracy in view of the
neglect of details of the transition-state structures.

Qualitatively, the observed face selectivities in the
reductions of la-e are correctly reproduced by both the
charge and the hydride models (Scheme I). For example,
donor substituents like ethyl and methyl groups have a
greater preference for the en face attack.5® In contrast,
electron-withdrawing groups, as in the diester 1b, induce
azufaceselectivity. Itistempting tointerprettheseresults
in terms of Cieplak theory,!% since the nucleophile seems
tobedirected antiperiplanar to the relatively electronrich
C-C bond. However, the charge model which does not
include the corresponding orbital interactions also yields
the correct qualitative predictions. Donor groups in la,
lc, and le are calculated to have a large repulsive
interaction with the test charge. In the diester, 1b,
Coulombic attraction of the charge with the exo-face
hydrogen atoms is compensated by long-range repulsive
interaction with the oxygen atoms on the endo substit-
uents. The net interaction would be sensitive to the
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orientations of the ester groups. The relative energetics
of the charge and hydride models suggest the possible
presence of orbital effects, but which merely reinforce the
preference dictated by electrostatic interactions.

The apparently anti-Cieplak behavior of the divinyl
derivative 1d% provides an excellent test for the compu-
tationalmodel. Inductive effect of the vinyl groups should
reduce the hyperconjugative stabilization due to the C,-
C; and C3—C, ¢ bonds with the newly formed o* orbital.
Hence a zu face preference is predicted on qualitative
grounds, in disagreement with the observed selectivity.
Both the charge and the hydride models correctly repro-
duce the en face preference. Significant electrostatic
repulsion between the test charge and the substituents is
indicated to be responsible for the reversal of the favored
direction of attack expected on the basis of orbital effects
alone. Thus, the observed face selectivities in substituted
norbornanones are indicated to be predominantly deter-
mined by electrostatic factors.

The present results generally parallel those obtained
using ab initio calculations at the MP2/6-31G* level using
transition structures for LiH additions optimized with the
6-31G* basis set.!® The high-level theory successfully
reproduced the experimental preferences for nucleophilic
additions to substituted norbornanones. Further, model
calculations with a test charge of —0.5 yielded the same
preferences for a selected set of derivatives, pointing to
the dominant role of electrostatic effects in determining
the facial selectivities. These results provide a useful
calibration for the reliability of the present simple
computational models. Use of an approximate MO
method as well as the neglect of transition-state structural
details in the present study have not altered the basic
qualitative conclusions.

In the disubstituted norbornanones, intersubstituent
interactions lead to conformational uncertainities. While
the hyperconjugative effects should be relatively insen-
sitive to the orientation of the endo units, electrostatic
effects with the approaching nucleophile may vary, as also
noted in previous calculations.'® Therefore, we examined
the behavior of dicyano- and diethynylnorbornanones, 1£
and 1g, and also that of a set of monosubstituted
derivatives, 2a—e. To provide a critical test, experimental
face selectivities for hydride reduction with NaBH, were
also determined for some of the mono-endo-substituted
norbornanones. These results are included in Scheme 1.

The monoester 2b shows the same zu face preference
for reduction as the diester, but by a smaller magnitude.
The charge model yields a negligible energy difference for
the two directions of approach in 2b. The selectivity is
correctly reproduced by the hydride model, indicating the
role of hyperconjugation in this system. The cyano
derivative 2¢ exhibits a strong zu face selectivity. Both
the charge and the hydride models yield the same
preference. The larger substituent effect of a cyano group
relative to an ester found experimentally is attributable
to the relative magnitudes of electrostatic interactions in
the idealized zu face transition states in the two systems.
In 2¢ the approaching nucleophile is stabilized by the net
positive charge on the exo face. The effect is partly
dampened by the ester oxygen atoms, reducing the overall
preference for zu face attack in 2b.

The observed facial selectivity for the ethynyl compound
2e is also revealing. Unlike in the case of the divinyl
derivative, the preferred face for reduction in 2e is
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Scheme II. Calculated Relative Energies (kcal/mol)

between en and zu Approach to 3a-i and
Experimentally Observed Selectivities
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constitent with the Cieplak effect expected from an
electron-withdrawing group. The charge model reveals a
smaller magnitude of electrostatic repulsion due to the
substituent in 2e and 1g for the zu face attack compared
to that in the vinyl derivatives 2d and 1d. The computed
zu face preference with the hydride model for 1g is
supportive of the presence of orbital interactions proposed
by the Cieplak model.

An alternative approach to reduce intersubstituent
interactions is to fuse the groups in cyclic structures. The
face selectivities in the reductions of a number of such
derivatives, 3a—e, have been reported.3? The present
models yield results which are generally consistent with
the observed selectivities (Scheme II). For example, the
endo-cyclopentyl unit in 3a is predicted to behave like the
corresponding diethyl derivative, 1a. The en face pref-
erence is reduced by the introduction of a carbonyl group
in the substituent. A subtle comparison of the facial
selectivities induced by an sp? and an sp® carbon atoms
at the endo positions is made with the pentacyclic
substrate,’® 3e. The preferred approach of the nucleophile
from the side of the double bonds is correctly reproduced
by the calculations. Inthese systems, electrostatic effects
seem to be generally responsible for the overall facial
selectivity on the basis of the reliability of the charge model.

Experimental face selectivities for a couple of norbor-

(32) Mehta, G.; Praveen, M. Tetrahedron Lett. 1992, 33, 1759.
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Scheme III. Calculated Relative Energies (kcal/

mol) between enr and zu Approach to 4a-f, 5a,b, and
Experimentally Observed Selectivities
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nanones with an endo three-membered ring are known.3?
The two x faces of the carbonyl groups are not sterically
quite equivalent in view of the distortions introduced by
the small ring.1# However, the present models with a test
charge and a nucleophile yield relative energies which
parallel the observed face selectivities (Scheme II). In
qualitative terms, the preference for the cyclopropyl
derivativ 3f is consistent with the Cieplak model. The
reversed face selectivity observed for the aziridine with an
N-phenylsubstituent evoked considerable surprise.33* The
present models suggest that the observed preferences result
primarily from electrostatic terms. The sensitivity of the
predicted face selectivity on the orientation of the nitrogen
lone pair (also noted in previous ab initio calculations)18
provides additional support to this interpretation. In the
experimetnally examined N-phenyl derivative, the pre-
ferred conformation is likely to be that of 3g rather than
3h. The corresponding predictions are consistent with
the observed preference for exclusive zu face attack.
The observed face selectivity in the reductions of 5,6-
endo,endo-disubstituted bicyclo[2.2.2]octan-2-ones par-
allel the pattern found for the corresponding 2,3-endo,-
endo-disubstituted norbornanones.?* To confirm whether
the origin of the face selectivities in the two series of
compounds is similar, calculations were carried out on a
number of derivatives, 4a—d, Scheme III. Unfortunately,
for each system a number of conformers with similar
stabilities (within 1 kcal/mol) were obtained which were
computed to have significantly varying face selectivities
(Scheme III). These results are clearly indicative of
electrostatic interactions between the test charge and the
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Scheme IV. Calculated Relative Energies (kcal/
mol) between en and zu Approach to 6a—f and
Experimentally Observed Selectivities
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endo substituents. The problem is aggravated by the
unsymmetrical disposition of the reaction center with
respect to the substituents. It is therefore not possible to
obtain reliable predictions of facial selectivity using the
present models for these systems.

As we have pointed out recently, the unsymmetrical
location of the carbonyl unit in the bicyclo[2.2.2]octan-
2-one system can be used advantageously to unravel the
relative magnitudes of electrostatic and orbital effects.
With the appropriate choice of monosubstituted deriva-
tives, hyperconjugative interactions can be turned on, e.g.
5a, or off, e.g. 5b. We have shown that the face selectivity
induced by a single ester substituent is as effective at the
on position as in the alternative isomer. The present
computational model was employed to point out the
importance of electrostatic interactions in these systems
which contribute to the observed face selectivities (Scheme
III).

The origin of face selectivity found in 7-norbornenone
has long been a contentious problem.?® The charge model
is consistent with the major products obtained with
nucleophiles such as BH;~ and CH;sLi (Scheme IV). The
hydride model which is supposed to include additional
interactions leads to an incorrect prediction for these
systems. This result represents the first serious failure of
the hydride model. However, carbonyl reduction in the
norbornenone system is known to be rather complex.8:35
The preferred direction of reagent approach is sensitive
to the medium and the choice of the nucleophile. Potential
interactions between the counterion and the C=C unit
can also be a complicating factor. We have therefore

(33) (a) Gassman, P. G.; Shaffhausen, J. H.; Raynolds, P. W. J. Am.
Chem. Soc. 1982, 104, 6408 (b) Gassman, .G Schaffhausen, J. H.;
Starkey, F. D.; Raynolds P. W. Ibid. 1982, 104, 6411.

(34) Mehta, G Khan, F. A.; Ganguly, B.; Chandrasekhar J.J. Chem.
Soc., Chem. Commun 1992 1711

(35) (a) Brown, H. C.; Muzzio, J. J. Am. Chem. Soc. 1968, 88, 2811. (b)
Erman, W. F. J. Org. Chem. 1967, 32, 765. (c) Warkentin, J. Can. J.
Chem. 1970, 48, 1391. (d) Clark, F. R. S.; Warkentin, J. Can. J. Chem.
1971, 49, 2223. (e) Gassman, P. G.; O'Reilly, N. J. Org. Chem. 1987, 52,
2481,
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Scheme V. Calculated Relative Energies (kcal/mol)
between en and zu Approach to 7a-c, 8a-c, and
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focused attention on the effect of endo substituents on
the face selectivity in 7-norbornenones.

The effect of acceptor type groups is particularly
unambiguous. The predicted face selectivity is unaltered
on going from 6a to the diester 6d within the charge model
(SchemeIV). However, use of the hydrideion probe clearly
yields a greater preference for attack from the substituent
side in 6d. Only the latter result is consistent with the
experimentally observed face selectivities. The data for
the cyano derivative, 6f, also support the importance of
hyperconjugative interactions in these systems. The
acceptors weaken the ability of the C;—C¢ and C4—C5 ¢
bonds to stabilize the newly formed antiperiplanar o*
orbital. The trends are in accord with the Cieplak model
for these systems.

Comparison of the calculated data with the experimental
face selectivities” for the benzonorbornenones 7a and 7b
also reveals the importance of orbital effects (Scheme V).
For both these systems, the charge model makes an
incorrect prediction of face selectivity.3® On the other
hand, the hydride model is consistent with the observed
results. The nucleophile is predicted to prefer the
approach over the aromatic ring in these systems. Inthe
tetrafluoro derivative, 7c, the selectivity is reinforced by
strong electrostatic interactions.

The remarkable face selectivity found for 5-fluoroad-

(36) The previous qualitative analysis of electrostatic effects in
benzonorbornanones 7a and 7b given in ref 17 is not supported by the
present calculations. However, the suggestion of large electrostatic
interactions in the fluoro derivatiye, 7¢, is consistent with our results.
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amantanone,’ 8a, was one of the key observations that
generated excitement in the possible role of relative
hyperconjugative interactions in the transition states. OQur
present calculations support the original interpretation.
Use of a test charge leads to the incorrect anti preference
(Scheme V). The hydride model restores the energy
difference in favor of the observed syn face attack. More
recent data®” obtained for the azaadamantanone deriva-
tives, 8b and 8c, are also reproduced by the present
calculations. However, in these systems, the highly polar
nature of the substituents leads to strong electrostatic
interactions. The final preference is essentially deter-
mined by these terms.

Conclusions

A simple semiquantitative computational model is
proposed for rationalizing and predicting =-face selectiv-
ities in nucleophilic additions to sterically unbiased
carbonyl compounds. The effect of electrostatic and
polarization interactions is exclusively modeled using a
test charge, while the role of orbital interactions are
included in a series of calculations with a hydride ion. Use
of two sets of calculations keeping a variety of factors
constant leads to valuable insights into the origin of »-face
selectivity. In most cases, especially endo-substituted
norbornanones and bicyclo[2.2.2]octan-2-ones, the ob-
served face selectivities are reproduced within the charge
model. Orbital effects are either small or reinforce
electrostatic effects in these systems. However, orbital
interactions are found to be essential even to make correct
qualitative predictions in a few cases.

The hydride model leads to correct face selectivities in
virtually all cases. The failures are surprisingly few and
correspond to contentious systems. At least in the set of
sterically unbiased series of ketones considered in this
study, details of the transition-state structures and as-
sociated torsional effects are indicated to be unimportant.
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