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. Introduction

The reactivities of most types of organic molecules
depend on the three-dimensional interactions of
particular orbitals occupied or unoccupied by elec-
trons.! The orbital interactions may determine the
course of attack of a reagent, particularly when the
stereogenic center is free from steric bias.? Such an
influence of electronic modifications of the inducing
center has been demonstrated in studies on the &
facial selectivities of cyclic systems (see Figures 1—5),
such as methylenecyclohexanes,® 5-substituted 2-ad-
amantanones,*® 5-substituted 1,3-cyclopentadienes,®
2,2-diarylcyclopentanones,” and spirofluorenecyclo-
pentanones,®? in addition to the classic examples of
anomeric effects of pyranose sugars'® and the exo
reactivities of norbornanones and norbornenes'! and
cyclohexanones.'? Biased reactions in nucleophilic
additions, electrophilic additions, and Diels—Alder
cycloadditions of those systems are the phenomeno-
logically reasonable results of the unsymmetrical =
face of the carbonyl and the olefin groups, arising
from nonequivalent substituents. This asymmetry is
an intrinsic feature of the system and is not induced
by the attack of a reagent. In terms of perturbation
theory,'® the asymmetry of the & face stems from
orbital interactions between particular orbitals of the
o and z frameworks in the molecule. Thus, the
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unsymmetrical s face of the carbonyl and the olefin
groups involves unsymmetrization of & orbitals (see
section I1). This review is restricted to the x facial
selectivities of sterically unbiased cyclic systems of
ketones (section 111), olefins (section 1V), Diels—Alder
dienophiles (section V), Diels—Alder dienes (section
V1), and 1,4-conjugate addition acceptors (section
VII). Cyclic systems hitherto studied are based on
norbornane, cycloalkane, and bicyclic systems. In
these cyclic systems, unpredictable steric effects due
to the conformational ambiguity inherent in open-
chain systems can be minimized.**~1” Some sterically
biased cyclic systems are also mentioned as a refer-
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Figure 2. Facially biased olefins.
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ence of a steric effect. Finally, the interaction leading
to an unsymmetrical & face affects the interacting
substituents in a reciprocal manner. These reciprocal
perturbations are discussed in section VIII.

ll. Unsymmetrization of & Orbitals

A. z-Facial Selectivities of Sterically Biased and
Sterically Unbiased Systems

m Orbitals of trigonal carbon atoms of a carbonyl
or an olefin group have a symmetric character, i.e.,
they are symmetric in magnitude and antisymmetric
in sign. This nodal property constitutes a symmetric
m face (7 plane) of carbonyl and olefin groups.
Sterically biased carbonyl and olefinic compounds

D13

afford a biased pair of reaction products. Steric bias
can be amplified through coordinative association of
reagents prior to the formation of the product. These
sterically biased systems involve a different space
environment with respect to the relevant x face,
whether the x face remains intact to conserve the
intrinsic symmetric nature of the s orbitals (Figure
6a) or is subject to geometrical distortions, such as
pyramidalization of the trigonal carbon centers®—23
or twisting of the C—0O or C—C double bonds?* (Figure
6b). Facially selective reactions do occur in sterically
unbiased systems, and these facial selectivities can
be interpreted in terms of involvement of an unsym-
metrical & face (Figure 6¢ and 6d). Particular em-
phasis has been placed on the dissymmetrization of
the symmetric magnitude of the orbital extension,
i.e., orbital distortions, as an origin of the facial
selectivities (Figure 6d).2526 There are two types of
orbital distortions, orbital rehybridization (2.1, Fig-
ure 7a) and orbital tilting (2.2, Figure 7b), arising
from p—s orbital mixing and p—p orbital mixing,
respectively. The theoretical foundations and chemi-
cal applications of orbital distortions have been
established by Fukui’s group (Inagaki, Fujimoto,
Fukui),?>~28 Hoffmann’s group (Libit and Hoffmann),?®
and Imamura®3! on the basis of the perturbation



1340 Chemical Reviews, 1999, Vol. 99, No. 5

(b) Geometrical Distortion

T

(a) Different Steric Environment

«

el

c) Different Orbital Phase
Enwronment

(d) Orbital Distortions

n face

Figure 6. Unsymmetrization of the & face in sterically
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(c and d). (a) Steric difference unsymmetrizes the x face.
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tions such as pyramidalization and tilting of the = face. (c)
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face. (d) Different orbital phase environment can induce
orbital distortions such as orbital rehybridization and
tilting (see also Figure 7).
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theory of orbital interactions,'332 and the applicability
of orbital distortions to the chemistry of cyclohex-
anone was proposed as early as 1973 by Klein.1?
Later, essentially the same generalization of orbital
distortions was described by Burgess and Liotta.3?
Although orbital distortion, i.e., thorough orbital
mixing, is essential in canonical molecular orbitals,3*
little attention was paid to the unsymmetrization of
the orbital phase symmetry (i.e., antisymmetric in
sign) of the relevant = orbitals, that is, unsymmetri-
zation of the orbital phase environment in the vicinity
of the & reaction orbital (Figure 6c).° The following
section briefly presents orbital interction diagrams
based on perturbation theory as an aid to under-
standing the unsymmetrization due to the orbital
phase environment, as distinct from that of orbital
extensions.*®

Ohwada

B. Orbital Distortions

1. I:ormalism of Perturbation Theory and Orbital Mixing
Rules

Orbital unsymmetrization of the sz orbitals of
reaction centers can be analyzed in terms of pertur-
bation theory:®* molecular orbitals of the whole
molecule are considered to be constructed from orbit-
als of the composite subsystems, the carbonyl (or
olefin) moiety, and the remaining framework. Such
analysis can identify the intrinsic nature of unsym-
metrization to which the iz orbitals are exposed. The
way in which the orbitals of a molecule (or a frag-
ment) are modified by those of another molecule (or
a fragment), when interaction is allowed, can be
formulated on the basis of perturbation theory.26-%0
Orbitals of fragment A are represented by A and
waj and those of fragment B by ygk (2.3). In most

J = Vaj
YBrk — k

i WYai

23

cases, nondegenerate perturbation can be assumed.
According to perturbation theory, modification of the
orbital ya; of fragment A by other orbitals can be
represented (eq 1) as a second-order perturbed orbital
(yai "), where € is the orbital energy of the specified
unperturbed orbital and hy, is the resonance integral
between the orbitals a and b. This formalism distin-

Yai = Yai t tki(l)ka + tji(Z)Aj 1)
h.
= — @)
. (€ai — €8
hichi
Ji(z) = v ©)

(eai — GAj)(eAi — €gi)

guishes the modification of the original wave function
Yai arising from mixing-in of the orbital ya; on the
same fragment (A) from that of the orbital ygx on the
other fragment B. Thus, ygx mixes into y; with the
first-order mixing coefficient t¥, and y,; also mixes
into ya;i within fragment A with the second-order
mixing coefficient t;{®, when the orbitals yai and yax
both interact with gy of fragment B (see Figure 7).
The energy ear of the perturbed level y,' that
originates from 1w, is given by expansion terms in
perturbation theory as

—. 0 1 2 3
Epp = €pj T eAi( )+ eAi( )+ eAi( )+ .

The first-order energy ea® vanishes since the
geometry of fragment A and that of fragment B are
assumed to be unaffected by intermolecular pertur-
bation in the present approximation. Note that the
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first-order mixing between yai and gk (i.e., ti®)
leads to the second-order energy change eai®. The
second-order orbital mixing (i.e., t;?) between 14 and
Yak leads to a third-order energy correction exi®. Two
modes of interactions are possible, with in-phase and
out-of-phase combinations of orbital mixing (see
Figure 9), depending on the signs of the resonance
integrals (e. g., hay) and the relationship of the orbital
energies. If we arrange the orbital phases of yi and
ek such that a positive overlap integral represents
bonding character and assume that resonance inte-
grals (e.g., hap) are usually negative (according to the
Wolfsberg—Helmholz formula®®), the numerator of
the first-order mixing coefficient t® has a minus
sign and that of the second-order mixing coefficient
t;i® has a plus sign. Thus, in the first-order orbital
mixing, ¥k Mixes into y4; in an in-phase combina-
tion, i.e., in a bonding manner (i.e., t® > 0) if g«
lies higher in energy than ya; (i.e., eai — esx < 0), but
in an out-of-phase combination, i.e., in an antibond-
ing manner (i.e., tq® < 0) if g lies lower in energy
than yai (i.e., eai — ek > 0). Similarly, the sign and
magnitude of the second-order mixing coefficient are
determined by the orbital energy order and overlap
efficiency. All possible modes of orbital mixing in the
second-order perturbation were presented by Inagaki
et al.?® Therefore, second-order orbital interactions
involve mixing together of the orbitals of a molecule
or the atomic orbitals of an individual atom, which
are intrinsically orthogonal, through the interaction
of an intervening orbital B. These authors interpret
the observed unsymmetrical & face in electrophilic
reactions of norbornene (42)%526 (see IV.F) and Diels—
Alder reactions of 5-substituted cyclopentadienes
(50)% in terms of the distorted shapes of orbitals due
to second-order mixing (see VI.B). These distortions
may stem from second-order orbital interactions but
are essentially small and in some cases arbitrary or
overestimated.®® However, this second-order pertur-
bation cannot be ignored, because the first-order
perturbation should lead to second-order mixing.
Furthermore, the effect of the first-order mixing may
be amplified along the reaction coordinate.3”

2. Klein's Model

Klein proposed that the axial preference of cyclo-
hexanones (Al) originates in the nonequivalence of
the two faces of the carbonyl group,'?383% which is
inherent to substituted cyclohexanones but not to
acyclic ketones. The remainder of this paragraph is
taken directly from the publication of Klein'? (see
Figure 8 essentially the same as Klein’s originally
figure). In the substituted cyclohexanones all the
atoms and bonds are on one side of the carbonyl plane
and particularly important are the g C—C bonds
which enter into a hyperconjugation interaction with
the m-electrons of the carbonyl group. The sym-
metrical bonding ¢ orbital of these bonds interacts
with the & bond, forming two orbitals of different
energy (Figure 8). A similar interaction exists be-
tween the antibonding symmetrical o* orbital of the
B C—C bonds and the antibonding z* orbital, again
forming two orbitals of different energy. The bonding
orbital of highest energy (2.4 in Figure 8) has an out-
of-phase combination (i.e., antibonding interaction)

Chemical Reviews, 1999, Vol. 99, No. 5 1341
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of the carbonyl nico orbital with the orbitals of the
C—C bonds (occ), and the electron density at the
carbonyl function on the side containing these bonds
is diminished but the density on the other face would
be therefore larger. This is the frontier orbital
(HOMO) that will be attacked by electrophiles such
as boranes or also a proton in the case of an enol,
since a similar scheme can be established for the
exocyclic C=C double bond of methylenecyclohexanes
(B1). In fact, in the 3-substituted methylenecyclo-
hexanes B1 equatorial attack is therefore observed
(see IV.A). Nucleophiles, on the other hand, will
attack the lowest unoccupied orbital (LUMO, 2.5 in
Figure 8). Here the situation is reversed, since the
in-phase interaction with the symmetrical vacant
C—C o™ bond orbital makes the lobe of the orbital on
the carbonyl carbon (7*co) of the LUMO smaller on
the face containing the C—C bonds, thus avoiding
electron repulsion, and therefore the orbitals of the
LUMO are larger on the side of the § C—C bonds.
The attack of nucleophiles such as hydride ion by
interaction with the LUMO will be therefore easier
from the axial direction in the absence of steric
effects. This is what is observed in the reduction of
cyclohexanones Al.

Apparently the Klein’s model is based on orbital
distortions'? (Figure 7a), i.e., orbital rehybridization
of the carbon 2p and 2s atomic orbitals of the relevant
carbon reaction center, although unsymmetrical first-
order perturbation on the s orbital is suggested.
Another important point in Klein's model is the
orbital motifs of the LUMO of carbonyl molecules and
the HOMO of olefinic molecules. That is, the former
arises from in-phase combination of the orbital of the
carbonyl 7co* and that of the remaining fragment
while the latter arises from out-of-phase combination
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Figure 9. First-order unsymmetrization of s orbitals.

of the olefinic wcc and the residual orbital.*°=42 This
notion is based on the definition of frontier orbital
theory.!

C. Unsymmetrized Orbital Phase Environment

1. Principles of Orbital Interactions

Although the second-order mixing of orbitals has
been appreciated as a source of orbital unsymmetri-
zation, the effect of the first-order mixing on the
unsymmetrization of the s orbitals has been little
discussed. The first-order interactions asymmetric to
each s lobe of the carbonyl or olefin & orbitals are
proposed to be the origin of the facial selectivities
(Figure 9).° These first-order interactions involve two
possible combinations, in-phase (2.6, Figure 9a) and
out-of-phase combinations (2.7, Figure 9b) of the
interacting orbitals, although these mixings will not
by themselves create a second-order hybridization
(Figure 7a) or tilting (Figure 7b) of the & and =*
orbitals to one face of the 7 bond. Unsymmetrization
of the x orbitals arising from the first-order mixing
is based on simple, well-defined principles of electron
density perturbation along the internuclear region
(Figure 10).%2 Principle 1: in-phase mixing of orbitals
(of fragments A and B, for example, 2.8) leads to
buildup of bonding electrons along the internuclear
region (of a combined molecule A—B); out-of-phase
mixing of orbitals (A and B, 2.9) depletes the bonding
electrons from the internuclear region (A—B). To
emphasize the electron density distribution of the
internuclear region in addition to the phase relation
of the interacting orbitals, we adopt the diagrams
depicted in 2.6, 2.7, 2.8, and 2.9 (Figures 9 and 10):°
the buildup of the bonding electron is equivalent to
delocalization of the electron into each bonding region
along the bond axis (2.8, see also 2.6); the removal
of the bonding electron from the internuclear region
can be regarded as virtual delocalization of the
electron of each fragment into each antibonding
region along the internuclear axis (2.9, see also 2.7).
In the case of orbital interactions of two vacant
orbitals, the depletion and buildup of the orbital
electron density (or the diffusion of the orbital into
the internuclear region) are notional because there
is no electron present. However, we can consider the
virtual electron density which is to be attacked by
electrons of an occupied orbital (e.g., the HOMO) of
a reagent.*® The bonding or antibonding delocaliza-
tion depends on the energy difference and on overlap:
13 interactions of orbitals with a smaller energy gap
or with a larger set of overlap integrals more signifi-
cantly perturb the electron density distribution in the
interacting region. All possible orbital motifs for facial
selectivities are shown in Figure 11, motifs i and ii
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Figure 10. Principles of orbital interaction.

being for vacant reaction x orbitals such as those of
ketones and motifs iii and iv being for occupied
reaction s orbitals such as those of olefins.** Predicted
preferred attack is based on the intrinsic unsymme-
trization of the s (=*) orbitals of the reaction centers
(Figure 11). Reagents can recognize this asymmetry
of the s orbital if the trajectory of additions permits.
Houk et al. defined the orbital interaction between
reagents and substrates along the trajectory of ad-
ditions.??? This can be regarded as an outcome of the
orbital unsymmetrization inherent in the s reaction
centers. In-phase combination of the n*¢o orbital and
the vacant peripheral orbital lowers the energy of the
*co fragment, so activating it for attack of a nucleo-
phile, and different amplitudes of the wave functions
of the peripheral orbitals result in different build-up
of the virtual bonding region between nuclei (2.6). A
larger vacant bonding region captures the incoming
electrons of a nucleophile more efficiently (motif i in
Figure 11). Out-of-phase combination of zcc with the
occupied peripheral orbital raises the energy so as
to activate the zicc fragment of the olefin to the attack
of an electrophile. The different overlaps with the
peripheral orbital result in divergent amplitudes of
the antibonding region between nuclei. The anti-
bonding unsymmetrization (2.7), arising from the
orbital bearing a larger coefficient, greatly reduces
the electron-donating ability in response to the attack
of the electron-deficient orbital of an electrophile
(motif iv in Figure 11).

The unsymmetrized orbital interaction through the
first-order mixing involves perturbation of the elec-
tron density along the internuclear axis, that is
perturbation out of the nucleus, which is poorly
described in the conventional nucleus-centered atomic
orbital functions. Dannenberg et al. invented a
method (polarized z-frontier orbitals, PPFMO) of
breaking the symmetry of the z-orbitals of nonsym-
metrical molecules with respect to their nodal
planes.*®46 To break the symmetry of the atomic
p-function of the reactive & center, each new p-orbital
is constructed from a normal p-function and two
additional Gaussian s-type functions, the latter su-
perimposed over each lobe of the p-function (Figure
12). These additional polarizable s-orbitals have
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Figure 12. Combination of a p-orbital with two s-func-
tions.
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Figure 13. Unsymmetrization of & orbitals. Equivalent
substituents on both sides (X = Y) do not perturb s face
symmetry, regardless of whether an interaction is present
(case a) or absent (case b). Nonequivalent substituents (X
ZY) do perturb the z face to be asymmetric (case c¢). When
the nonequivalent interaction arising from the nonequiva-
lent substituents (X = Y) is small or negligible, the = face
can still be symmetric (case d). When the interaction is
absent, even in the case of the nonequivalent substituents
(X =), the & face is symmetric (case e).

different coefficients associated with each face of each
m-center. These additional s functions on each lobe
of the p, orbital in in-phase (2.10) and out-of-phase
(2.11) modes may represent the different first-order
mixing imposed on each lobe of the  orbitals in the
in-phase (2.6) and out-of-phase (2.7) motifs, respec-
tively.#

Phenomenologically, the effects of substituents (in
particular, those free from significant steric interfer-
ence) on the x centers of carbonyl and olefin groups
can be classified as follows (Figure 13):*8 equivalent
substituents on both sides essentially do not perturb
m face symmetry, regardless of whether an interac-
tion is present (case a) or absent (case b). Nonequiva-
lent substituents do perturb the x face and will
produce a biased pair of products (case c¢). This is not
always the case, however. Even in the presence of
the interaction of nonequivalent substituents, the &
face can still be equivalent when the interaction is
symmetric or canceled (case d). When the interaction
between the nonequivalent substituents and the &

Chemical Reviews, 1999, Vol. 99, No. 5 1343
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center is absent, of course, there is no perturbation
of the & face (case e), which corresponds to orbital
noninteraction as defined by Hoffmann et al.,*® owing
to symmetry disagreement. Precisely speaking, case
d can be regarded as an extremely weak asymmetric
interaction of nonequivalent substituents, which is,
in fact, different from noninteraction (case e). Defin-
ing these three cases (c, d, and e) is of theoretical
importance because chemical intuition will not dis-
tinguish them.

D. Orbital Interactions in the Transition State

There are several rationalizations of the experi-
mental facial selectivities, the most significant dis-
crepancies being in the assumptions concerning the
orbital interactions involved in the reaction coordi-
nate leading to the transition state. Formation of a
chemical bond represents localization of electrons in
the internuclear region, that is electron delocalization
into the internuclear region from the nucleus.*350-53
It is, therefore, reasonable to assume that an in-
phase bonding interaction between the carbonyl
vacant w*co and an occupied orbital of nucleo-
philes,>*%5 or between the occupied olefinic mcc orbital
and an unoccupied orbital of electrophiles,51-56-59 js
indispensable for the reaction to proceed along the
reaction coordinate (Figure 14a).5° The orbital phase
relations depicted in Figure 11 all involve these
bonding interactions between a pair of reaction
centers. Furthermore, orbital phase relations be-
tween the paired reaction centers and the peripheral
orbital region (Figure 11) may encourage electron
accumulation into the forming bonds. !

(a) bonding delocalization

Figure 14. Orbital interactions in transition-state struc-

tures.
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Figure 15. Cieplak model of hyperconjugation.

The ideas of Chérest and Felkin®263 and Anh and
Eisenstein® are in line with the assumption that the
incipient bond involves electron localization. They
postulated that torsional repulsion between the
resultant bonding incipient bond and eclipsing vicinal
o bonds destabilize the transition state. Felkin6263
attributed the developing eclipsing and resulting
torsional strains to axial preference in the additions
to cyclohexanones (Al in Figure 1), i.e., they proposed
that the developing torsional strains of the bonding
incipient bond formed on the equatorial side are more
serious than the steric interference by the axial
hydrogens in the three positions that occurs during
attack on the axial side (see Figure 15). More
recently, Houk et al. generalized the effects of
torsional strain in determining facial selection in
cyclic and acyclic systems.®56¢ Anh and Eisenstein
introduced the concept of relief of exchange repulsion
of the bonding incipient bonds,® that is, a hypercon-
jugative delocalization of the electrons in the incipi-
ent bond into their vacant antiperiplanar o* orbitals.
This situation may correspond to motif ii in Figure
11.

On the other hand, Cieplak emphasized on the
stabilizing effect on the transition-state structure
arising from electron donation to the antibonding
(i.e., vacant) incipient bond in an antiperiplanar
manner (Figure 14b).5” Hyperconjugative stabiliza-
tion in the relevant orbital interactions should exist.®®
However, this stabilization is unlikely to result in
accumulation of electron density in the internuclear
region but rather should produce electron density
transfer to the attacking reagent. This electron
transfer resembles the orbital interaction involved in
Sn2 nucleophilic substitution.37:69

[ll. Stereoselection of Ketones

A. Cycloalkanone Derivatives
1. Cyclohexanones (Al)

Facial selectivities of cyclohexanone derivatives Al
(Figure 1), i.e., axial or equatorial addition, have been
intriguing to experimental and theoretical chemists
for a long time. Although the facial selectivities of
cyclohexanones Al depend to some extent on the
nature of the nucleophiles, theoretical accounts of the
axial addition of reducing reagents to cyclohexanones
were proposed by Klein'2%® and Cieplak et al."70 A
key observation concerning cyclohexanones Al is that
hydride reduction of 4-tert-butylcyclohexanone gives
the equatorial alcohol;”* two reducing reagents (Li-
AlH, and NaBH,) exhibit the same preference in
favor of axial addition, i.e., axial addition:equatorial
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addition = 91-88.5:9—11.5 (LiAlIH;)"*" and axial
addition:equatorial addition = 87-86:13—-14
(NaBH,).”%"® Addition of acetylide anion, Na(Li or
K)C=CH, also showed a similar axial preference.”
On the other hand, organolithium and Grignard
reagents exhibited the reverse facial selectivity in
favor of equatorial attack on 4-tert-butylcyclohex-
anone: axial addition:equatorial addition = 35:65
(CHsLi)7? and axial addition:equatorial addition = 31:
69 (C2HsMgBr).”® Similar facially selective behaviors
are observed in 3-monoalkyl- and 3,5-dialkylcyclo-
hexanones.”®

Cieplak focused on the former axial preference
(Figure 15)%7 and postulated that the axial approach
is preferred in 4-tert-butylcyclohexanone because the
stabilization energy arising through electron delo-
calization from ocy bonds into the o*: orbital is
greater than the stabilization energy from the cor-
responding interaction with occ bonds, which occurs
during the equatorial approach. This stabilization
overwhelms the steric hindrance impeding the axial
approach. There is great controversy as to whether
CC or CH bonds are better donor/acceptors.

Laube and Hollenstein studied the single-crystal
structures of conformationally defined cyclohexanone
derivatives complexed with a Lewis acid.”” They
observed pyramidalization of the carbonyl group in
1 and 2, the directions being in sharp contrast, that
is, the pyramidalization is axially oriented in 1 (i.e.,
3) but equatorially oriented in 2 (i.e., 4). Thus, the

° ﬁfo
1 2
~

axial pyramidalization equatorial pyrmidalization

3 4

axial pyramidalization in 3 causes the 2p C atomic
orbital of 7C=0* to approach the C,—Hax bond,
acting as an electron donor, whereas the equatorial
pyramidalization in 4 bends the carbonyl 7C=0%*
orbital toward the C,—Cs bond. Pyramidalization
enhances bonding stabilization arising from the in-
phase combination of the carbonyl 7#* orbital with the
ocn orbital in cyclohexanone 1 (3.1 in Figure 16) or
with the occ orbital in 2 (3.3 in Figure 17). The
bicyclic ketone 1 serves as an example of pure axial
attack, because the olefinic double bond behaves like
an intramolecular nucleophile or it prevents the
equatorial attack of other nucleophiles. Eliel and
Senda showed that nucleophiles (such as H™ in the
reaction with LiAlH,) attack 2 with high preference
from the equatorial direction.”* Thus, the preferred
direction of attack of the hydride nucleophile coin-
cides with the preoriented geometrical pyramidal-
ization, axial in 1 and equatorial in 2. In this context,
the geometric change is inherent to the ketone
substrates, not induced by the attack of a reagent,



Orhital-Controlled Stereoselections

3.2 % = é
—_ )
o T T _ 8
OcH T*co

3.3

T*co

Figure 17. Orbital unsymmetrization in favor of equato-
rial addition.

supporting the intrinsic unsymmetrization of the
carbonyl 7* orbital. In the reciprocal manner (Figure
16), the carbonyl z* orbital, the orbital of the reaction
center, is subject to out-of-phase combination with
the relevant o orbital, i.e., with the ocy orbital in 1
(3.2 in Figure 16) and with the occ orbital in 2 (3.4
in Figure 17). The preferred direction of attack is
consistent with the orbital unsymmetrization arising
from this first-order unsymmetrization (motif ii in
Figure 11). It is also plausible that the carbonyl z*
orbital (3.5) is unsymmetrized owing to the in-phase
combination with the vacant o*cy orbital (motif i in
Figure 11), which would also favor axial addition. The
orbital interaction diagram (Figure 16) is consistent
with the recent computational work of Frenking et
al. based on natural-bond-orbital (NBO) analysis’® of
the parent unsubstitued cyclohexanone,” the mixing
of the B-ocn orbital being predominant over that of
the S-occ orbital in the LUMO of cyclohexanone. This
is a reasonable outcome because of the more efficient
orbital overlap with the carbonyl 7* orbital of the
pB-ocn orbital, which is aligned more parallel to the
carbonyl 7* orbital rather than the f-occ orbital,
which is close to the carbonyl & plane. Frenking et
al. also demonstrated orbital rehybridization of the
carbonyl * orbital of cyclohexanone (3.6), resulting
in a more diffused orbital amplitude in an axial
direction.” This orbital distortion was also discussed
in a quantitative manner by Tomoda and Senju.5880
This is superficially consistent with Klein's model
(2.5, Figure 8). This orbital hybridization (3.6) is
indicative of second-order mixing of the vacant 2s—
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2s 0*CO orbital perpendicular to the carbonyl a*
orbital.

2. Adamantanones (A2)

Adamantan-2-one (5a) can be regarded as a cyclo-
hexanone derivative which is sterically and electroni-
cally symmetrized in both the axial and equatorial
directions by means of additional bridging of the
cyclohexanones (Al) and is also conformationally
rigid. Facial selectivity of 5-substituted adamantan-

o X
o g o
R
3b: APh 6a-6d 7
Sc: R=F (7-SbCls)

2-ones (A2) was initially studied by Giddings and
Hudec,* followed by intensive studies by le Noble's
group®81-83 on the adamantan-2-ones themselves and
related analogues. Electron-withdrawing groups such
as phenyl (5b), fluoro (5c), hydroxyl, and trifluoro-
methyl groups at the 5-position favored syn addition
of the reducing agent (NaBH,) (with respect to the
substituent at the 5-position).*® For example, in the
hydride reduction with NaBH, of 5-phenyladaman-
tan-2-one 5b, syn addition was favored over anti
addition (syn:anti = 58:42). The nucleophilic capture
of the 5-phenyladamantyl cation corresponds well to
the facial selectivity of 5-phenyladamantan-2-one:>84
syn addition is also favored, although the direction
is rather dependent on the stereochemistry of the
precursors. For example, while two precursors 6a (X
= —C=CH,Y=Cl) and 6b (X = CIl,Y = —C=CH) gave
the same preference (syn:anti = 75:25, for both
precursors), another set of precursors 6¢ (X = H, Y=
OTs) and 6d (X = OTs,Y = H) gave a completely
reversed preference: syn:anti = 25:75 (from 6c¢) and
syn:anti = 100:0 (from 6d). Two different interpreta-
tions of the facial selectivities of adamantanones (A2)
have been proposed, i.e., orbital tilting of the carbonyl
carbon z* orbital through the second-order orbital
mixing of the perpendicular carbonyl carbon 2p
orbital (Figure 7b)* and the Cieplak hyperconjugation
model.®> Cieplak himself” mentioned the applicability
of his proposal to the results of Giddings and Hudec.

A comparison of the geometry of the symmetrized
cage of the complex of 5-phenyladamantan-2-one-
pentachloroantimony 7 (7-SbCls) (in order to average
the disorder of the crystal structure of the adaman-
tane skeleton) with the calculated structure of ada-
mantanone was made by Laube and Stilz.8> Bond
length differences between the symmetrized ada-
mantanone cage of 7 and the calculated structure
(MM2) of adamantanone indicated a shortening of
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the C7—C8 and C7—C10 bonds and a flattening of
C7, which is consistent with the superior electron-
releasing properties of the C7—H bond over the C5—
C11 bond. This structural change can be interpreted
in terms of preference for the resonance structures
7c and 7d over 7a and 7b, which is equivalent to the
orbital interaction represented by 3.7. This observed
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structural character is consistent with the Cieplak
model accounting for the observed syn addition of
5-phenyladamantan-2-one (5b) and 5-phenyladaman-
tyl cation. In addition, the work of Laube explicitly
demonstrated interaction of the occ orbital and the
carbonyl 7*co orbital, i.e., the observed geometrical
change enforces the in-phase interaction of these
relevant orbitals (3.7). In a reciprocal manner, the
carbonyl s* orbital of the 5-phenyladamantan-2-one
(3.8) is unsymmetrized, arising from the first-order
out-of-phase perturbation of the occ orbitals, which
is consistent with the observed syn preference. Thus,
the carbonyl x face of the 5-phenyladamantan-2-one
5b is intrinsically unsymmetrized even in the ab-
sence of the reagent, that is, prior to the formation
of a “vacant incipient bond”.

3. Cyclopentanones (A3)

The conformational nature of the six-membered
cyclohexanone ring essentially contains a steric bias
which predisposes the system toward axial attack.
In fact, depending on the reagents, equatorial attack
is favored, probably due to steric hindrance. The
cyclopentyl framework eliminates much of the con-
formational ambiguity inherent in the freely rotating
acyclic systems and also much of the inherent steric
bias of rigid cyclohexane systems, where different
approach trajectories of the nucleophile are not
geometrically equivalent. Conformational flexibility
of the five-membered ring (see Figure 18) allows for
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Figure 18. Puckering of the cyclopentane ring.

the geometric equivalence of the competing transition
states. Halterman and McEvoy studied hydride re-
duction of a functionalized 2,2-diarylcyclopentanone
8 (Figure 18) containing an unsubstituted phenyl
group and a para-substituted phenyl group, both
geminal substituents being assumed to be sterically
equivalent.” In this system, the two possible donating
(or withdrawing) bonds are both carbon—carbon, so
the dispute in the case of Cieplak and Johnson’s
cyclohexanones as to whether C—C or C—H bonds are
better donors/acceptors can be avoided.” The stereo-
selective reduction with sodium borohydride of a
functionalized 2,2-diarylcyclopentane was observed,
the preferred direction being dependent on the aro-
matic substituent. In the case of the electron-
withdrawing nitro group (8a), syn addition of the
hydride ion was favored (syn:anti = 79:21), whereas
the electron-donating methoxy group (8b, X = OCHj3)
favored anti addition (syn:anti = 43:57). The addition
opposite the more electron-rich aromatic ring was
favored, which is in agreement with the Cieplak
hypothesis.” The carbonyl 7* orbital is also assumed
to be unsymmetrized, arising from the out-of-phase
interaction of the ¢CC orbital attached to the more
electron-donating aryl group (3.9 and 3.10). These
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n*co T*co
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3.9 3.10

unsymmetrizations of the carbonyl z* orbital cor-
respond well to syn (3.9) and anti addition (3.10),
respectively. The cyclopentane system was more
sensitive to stereoelectronic effects, showing larger
induced biases than the adamantanone system.®

4. Spirocyclopentanones (A4)

As shown in the previous examples, the unsym-
metric x face of carbonyl groups is postulated to be
attributed to orbital interactions between a o frag-
ment and a it fragment. Possible interactions between
two & fragments in a molecule are anticipated,
wherein each of the interactive fragments would be
subject to efficient reciprocal perturbations in its
reactivity (see also section VIII).8° As probes to
pursue facial selectivities arising from x orbitals
rather than from the o orbitals, spiro[cyclopentane-
1,9'-fluorene]-2-ones 9a—e were designed and syn-
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thesized and the facial selectivities of the carbonyl
groups of 9a—e are studied in this laboratory.®°® The

9a: Ry=H
gb: R1=N02
9c: R2=N02
9d: R1=F

96: R1=OCH3

carbonyl x orbital can interact with the aromatic =
orbital of the fluorene in a manner similar to spiro
conjugation.®-9 The ketones 9 were reduced to the
alcohols by the action of sodium borohydride in
methanol at —43 °C. The anti alcohol, i.e., the syn
addition of the reducing reagent with respect to the
substituent, is favored in all cases irrespective of the
substituent at C-2 or C-4 of the fluorene ring (2-nitro
9b (syn:anti = 68:32), 4-nitro 9c (syn:anti = 71:29),
2-fluoro 9d (syn:anti = 72:28), and 2-methoxyl 9e
(syn:anti = 74:26) groups). This lack of substituent
effect is in sharp contrast to the situation in the 2,2-
diarylcyclopentanones 8.7

A coordinative interaction of the substituent with
the reducing agent can be excluded, in view of the
great distances between the substituents and the
carbonyl group. The distance between the fluorine
atom at C-2 and the carbonyl carbon atom in 9d, for
example, is more than 5 A on the basis of molecular
models. The oxygen atoms of the nitro group at the
4-position (9c) are too far away to interact directly,
or even in a coordinative manner, with the carbonyl
group. Furthermore, the similar behavior of the two
isomeric nitro fluorenes (2-nitro 9b and 4-nitro 9c)
also excludes this possibility.

Simple considerations on the basis of electron
delocalization theory allow us to predict a divergent
reaction depending on the nature of the substituents,
i.e., electron withdrawing (such as a nitro group) or
electron donating (such as a methoxy group), as
exemplified in the biased reductions of 2,2-diarylcy-
clopentanones 8.7 The result of the reduction of
methoxy-substituted 9e is, however, apparently in
conflict with this idea. In the context of the Cieplak
postulation, the electron-donating occupied orbitals,
which may stabilize the incipient bond, will be the o
orbitals (C1'—C9/C8'—C9). However these o orbitals
are lower-lying in energy, as compared with the
orbitals of the fluorene. Thus, the electron donating
arising from these o orbitals is not effective.

In fluorenes bearing a spiro carbonyl group, =«
orbitals of fluorenes (3.12) and those of the carbonyl
group (3.11) can interact predominantly through the
ipso (C-1" and C-8') positions of the fluorene ring (10)
(see also Figure 19). This type of interaction involves
o-type overlaps of the xz orbitals in a spiro geometry,
in a manner similar to spiro conjugation.®8” To
reveal the perturbations arising from the spiro
interaction, the molecular orbitals of the spiro ketone
are considered to be constructed from orbitals of the
composite subsystems, a fluorene and a carbonyl
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Figure 19. Orbital unsymmetrization of the carbonyl =*
orbital.

group. In accordance with the orbital phase agree-
ment and similar energy, the z*co orbital (3.11)
interacts preferentially with the next-LUMO (NLU-
MO) (3.12) of the fluorene derivative, not with the
LUMO: the LUMOs bear the orbitals at the ipso (C-
1" and C-8") positions, symmetric in sign with respect
to the plane passing through C-9 and the carbonyl
group; the NLUMOSs and 7zico* are antisymmetric in
sign (Figure 19). The NLUMOs have coefficients
largely localized on the one of the benzene rings, the
one bearing the nitro, fluoro, or methoxyl substituent
(for example at C-1' rather than at C-8'). In addition,
there are small energy separations between the
NLUMO of the relevant substituted fluorenes and
carbonyl co*. In-phase combination of the NLUMO
of the fluorene (for example, 2-nitrofluorene) and 7*co
orbital (3.13, Figure 19) lowered the energy of the
m*co fragment, activating it for attack of a nucleo-
phile. At the points of interaction (at C-1' and C-8'),
different amplitudes of the wave functions of the
NLUMO of the fluorene result in different build-up
of the virtual bonding region between nuclei.?* A
larger vacant bonding region captures the incoming
electrons of a nucleophile more efficiently. Therefore,
the 7*co fragment favors the interaction with the
HOMO of the hydride ion on the side of the substitu-
ent, resulting in a biased reduction product (see
Figure 11, motif i).

Complex formation of the reducing reagent, pre-
dominantly on the side of the nitro benzene moiety
of 9b and 9c, might take place prior to the attack of
reagents. This idea is based on a favorable electro-
static interaction, which may account for the ob-
served facial selectivity. In this case, however, the
nucleophile on the syn side is stabilized and less
reactive and, therefore, the nucleophile would attack
on the anti side. This is in disagreement with the
observed bias. In fact, Wipf and Kim showed a
retarded addition of a nucleophile arising from
dipole—dipole stabilization of the reagent in the 4,4-
disubstituted cyclohexadienone system A5 (vide in-
fra).%t

5. 4,4-Disubstituted Cyclohexadienones (A5)

Wipf and Kim studied nucleophilic carbonyl addi-
tions of 4,4-disubstituted cyclohexadienones A5 (Fig-
ure 1).°1 Addition of methylmagnesium bromide to
the dieneone 11 in THF at —78 °C gave the alcohol,
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the anti addition (with respect to the methoxy group)
being favored with syn:anti = 17:83 (1:4.8). If com-
plexation of the Grignard reagent to the oxygen
substituent at the 4-position of the dienone 11a has
any influence on the stereochemical course of the
nucleophilic addition, then such an effect would be
expected to be more pronounced in the alcohol 11b
and significantly less effective in the silyl ether 11c.

R3H1
o=
Ry P2

11a: R{=0CHg, Ro=CH3z, R3=H
11b: R1=0OH, Ro=CH3, R3=H
11c¢: R1=0TMS, R>=CHg, R3=H

Treatment of 11c with methylmagnesium bromide
in THF led, however, to a considerable increase of
anti addition, resulting in the facial selectivity of syn:
anti (with respect to the silyl ether group) = 5:95 (1:
17.7). In contrast, treatment of alcohol 11b with an
excess of Grignard reagent resulted in a reduced syn:
anti selectivity (syn:anti (with respect to the methoxy
group) = 11:89 (1:7.9)). In the reaction of 11b with
the Grignard reagent, a product arising from conju-
gate addition was formed, which showed exclusively
syn preference with respect to the hydroxyl group.
This syn preference is consistent with the observation
of Liotta et al.,®>% who suggested ligand-assisted
nucleophilic addition reactions of 11b (see section
VII). An excellent linear correlation of calculated
dipole moments vs the logarithm of the facial selec-
tivity (the larger the dipole moment of the oxygen
function, the larger the anti preference (with respect
to the oxygen function) was obtained in the case of
4,4-disubstituted cyclohexadienones, supporting the
notion that the addition of a reagent on the side
stabilized by dipole interactions will be retarded.

B. Bicyclic Systems

1. Bicyclo[2.2.1]heptane Systems (A6)

a. Small-Ring-Annulated Bicyclo[2.2.1]hepta-
nones. Gassman et al. studied the facial selectivity
of 7-norbornanone 12a annulated with an exo-cyclo-
propyl group, i.e., tricyclo[3.2.1.024]octan-8-one.%*9%
Addition of methyllithium to 12a gave predominantly
the anti addition product with respect to the fused
cyclopropane ring (syn addition:anti addition = 5:95).

0 o}
“l I
N-ph
12a 12b

Similarly, addition of methylmagnesium iodide gave
a 9:1 mixture of anti and syn adducts (syn addition:
anti addition = 10:90). The carbonyl 7* orbital is
subject to out-of-phase coupling with the bonding
Walsh orbital (3.14).3* This out-of-phase motif (3.14)
is consistent with retardation of the syn addition with
respect to the cyclopropyl group, that is, anti prefer-
ence. On the other hand, the addition of lithium
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dimethylcuprate to the ketone 12a gave a reverse
facial selectivity (syn addition:anti addition = 92:8),
which occurs because this reagent has a different
mechanism of methyl transfer, involving an initial
electron-transfer process.®* Sodium borohydride re-
duction of the 7-norbornanone 12b, annulated with
an N-phenyl aziridine ring, 3-phenyl-3-aza-endo-
tricyclo[3.2.1.0%*]octan-8-one, was also studied by
Gassman et al.,* who found a strong syn preference
with respect to the aziridine group (syn addition:anti
addition = 100:0). Replacement of the cyclopropyl
ring with an aziridine ring diminished the contribu-
tion of the Walsh-type orbital to the LUMO of the
molecule. Houk et al. rationalized the anti preference
of a reducing reagent toward 12a in terms of elec-
trostatic repulsion due to the electron-donating cy-
clopropyl group.®® Also, the reverse syn addition of
12b was rationalized in terms of geometrical distor-
tion of the ethano bridges arising from ring strain
due to the aziridine ring, rather than the electrostatic
interaction.%

b. 7-Benzonorbornenones (A7). Metal hydride
reduction of 7-benzonorbornenones 13a was studied
by Okada et al.®”-°8 Reducing agents such as LiAlHy,

A
& =)
R4 O
13a: R=R,=R;=R,=H T arom T'co
13b R1=R2=R3=R4=F
13c: Ry=R,=R;=R,=Cl 3.15

13d R1=R4=OCH3, R2=R3=H

NaBH,, B,Hg, BH(Sia),, LIAIH(O'Bu)3;, and DIBAL-H
favored anti addition (with respect to the ethano
bridge) to the tetrafluoro (13b) and tetrachloro (13c)
derivatives, for example, 13b, syn addition:anti ad-
dition = 0:100 (NaBH,); 13c, syn:anti = 5:95. On the
other hand, the 2,5-dimethoxy derivative (13d) also
exhibited anti preference in the reduction with Li-
AlH; (in ether), NaBH,; (in ethanol), B,Hs, and
LiAIH(O'Bu)s, but a reverse syn selectivity was
obtained in the reduction with LiAlIH, (in THF), BH-
(Sia);, and DIBAL-H. Therefore, undefined effects
such as solvent effects upon the aggregation of the
reducing agents and chelation of the reducing agent
to the carbonyl oxygen atom may influence the facial
selectivity. A typical nonchelating reducing agent,
sodium borohydride, highlights the intrinsic anti
preference of the 7-benzonorbornanone 13a. This anti
preference is in disagreement with the Cieplak
model,®” although the syn preference (with respect
to the ethano bridge) of the related bicyclic system,
benzo[2.2.2]octene-2-one (Al12 in Figure 1; 19), is
compatible with the Cieplak prediction (vide antra).®®
The observed anti preference of 7a can be rational-
ized in terms of steric hindrance due to the methylene
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protons, in addition to the orbital unsymmetrization
of the carbonyl 7* orbital arising from the in-phase
combination of the aromatic z* orbital (3.15).

c. 2,3-endo,endo-Disubstituted 7-Norborna-
nones (A6, A8). 2,3-endo,endo-Disubstituted 7-nor-
bornanones 14a,b are excellent substrates based on
the 7-norobornanone system for probing nonsteric
bias. Mehta and colleagues studied the facial selectivi-

(o]
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’ R
R 2
R4 2 R4
143: R1=R2=002CH3 153:H1=R2=H

14b: R1=R2=CQH5 15b:R1=R2=COZCH3

ties of 2,3-endo,endo-disubstituted 7-norbornanones
14a,b.1007102 I the reduction of 14a,b with sodium
borohydride, lithium aluminum hydride, and the
bulky lithium tri-tert-butoxyaluminum hydride, a
very significant variation in face selectivity as a
function of 2,3-endo,endo substitution was found, the
most dramatic being the reversal in the syn:anti ratio
(with respect to the substituent) in going from 14a
(bis(methoxycarbonyl), 84:16) to 14b (diethyl, 20:80).
The asymmetry of the & face of the 2,3-disubstituted
7-norbornanones 14a,b arises from the first-order
orbital unsymmetrization of the carbonyl z* orbital
(3.16 in 14a and 3.17 in 14b), which is commonly
involved in the facial unsymmetry of 5,6-endo,endo-
disubstituted bicyclo[2.2.2]octan-2-ones (A1l in Fig-
ure 1). Mehta et al. also studied the facial selectivities

T'co T'co
cOe cOe
— —
w d
w d
w= electron-withdrawing group d= electron-donating group

3.16 3.17

of endo-substituted 7-norbornenones 15a,b, which
exhibit steric bias with respect to the anti side of the
a face (with respect to the endo substituent).103104 |n
the reduction with sodium borohydride, high anti
preference (more than 85%) was observed in the
parent derivative 15a. This is consistent with the
facial preference of the reduction of 7-benzonorbor-
nanone 13a. Weak electron-withdrawing substituents
(CH,OCHg3;, CH,0OAc, COONa) also showed anti pref-
erence, the magnitude being comparable to that in
the case of the parent compound (15a), indicative of
the steric bias of 15a. In contrast to the 7-benzonor-
bornanone 13a (like 3.15), the relevant orbital in-
teraction of the carbonyl 7* orbital with the unoccu-
pied olefin * orbital (3.18) is disallowed in 7-norbor-
nenone 15a because of disagreement of orbital sym-
metry. In the case of a strong electron-withdrawing
substituent (di- or mono-CO,CHj;, CN), the syn
preference of addition was increased, becoming pre-
dominant in some cases (di-CO,CH3; (15b), syn:anti
= 55:45; mono-CO,CHg3, syn:anti = 32:68; mono-CN,
syn:anti = 56:44). This is consistent with the intrinsic
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syn preference of 7-norbornanones 14a substituted
with potent electron-withdrawing groups. The syn
preference of the strong electron-withdrawing groups
is even greater in the addition of methyllithium: the
diester derivative 15b exhibited a high syn prefer-
ence (syn:anti = 90:10), while anti preference was
found in the parent (15a) and diether derivative
(CH,0OCH3) (syn:anti = 26:74). Electrostatic attrac-
tion was proposed as a rationale for the observed
facial preferences of 14a,b by Houk et al.?® and Mehta
et al.102

2. Bicyclo[2.2.2]octane Systems

a. a-Alkyl-Substituted Bicyclo[2.2.2]octanones
(A9, A10). The lithium aluminum hydride reduction
of rigid bicyclic ketones, bicyclo[2.2.2]octan-2-ones
A9% and dibenzobicyclo[2.2.2]octan-2-ones A10106-108
(Figure 1), bearing an alkyl substituent at the o
position of the carbonyl group was studied. A more
hindered approach was preferred, i.e., an isopropyl
group at the adjacent position of the ketone (R) seems
to attract the hydride attack in 16a and 17a, syn
addition:anti addition = 72:28 in 16a; syn addition:
anti addition = 80:20 in 17a. This is analogous to

C o

r

H
16a 17a
the predominance of the more hindered approach,
that is, axial addition, in the lithium aluminum
hydride reduction of 4-tert-butylcyclohexanone (Al (R
= tBu)) (vide supra). As in the case of cyclohexanone
(3.2), unsymmetrization of the carbonyl =* orbital
arising from the predominant interaction of the ocy
orbital (3.19) may rationalize the syn preference.

b. 5,6-endo,endo-Disubstituted Bicyclo[2.2.2]-
octan-2-ones (All). Mehta et al. studied the facial
selectivities of 5,6-endo,endo-disubstituted bicyclo-
[2.2.2]octan-2-ones All (Figure 1).10210° These sys-
tems are related to the 2,3-endo,endo-disubstituted
7-norbornanones A6 (in Figure 1) but differ in the
direction of the carbonyl = face (see Figure 25).
Hydride reduction of 5,6-endo,endo-disubstituted
bicyclo[2.2.2]octan-2-ones (18) with NaBH, and
DIBAL-H and methylation with MeLi were stud-
ied.19219 The remote endo-substituents have a pro-
found bearing on the face selectivity in nucleophilic
additions to these ketones. The syn preference (with
respect to the endo substituent) of the bis(methoxy-
carbonyl) substituents (18b) is completely reversed
in favor of anti face addition in the diethyl substrate
18c. On the other hand, relatively modestly inductive
endo-substituents (R; and/or R, in 18), such as

T
cle
9

3.1
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methoxymethyl and vinyl groups, exhibit no facial
bias. These results are generally consistent with
those obtained for the 2,3-endo,endo-disubstituted
7-norbornanone derivatives 14a,b,'%%1%! and therefore
there seems to be no significant effect of bicyclic
systems on the facial selectivities. The facial selec-
tivities observed in both bicyclic systems (14a,b and
18b,c) are compatible with the Cieplak model. These
preferences can be also rationalized in terms of
orbital unsymmetrization of the carbonyl z* orbital
arising from out-of-phase mixing of the vicinal occ
orbital of the bicyclo[2.2.2]octene systems 18 (3.20
(for 18b) and 3.21 (for 18c)). The latter proposal is
compatible with the observation that both 18d (R;:
= CO,CH3, Ry, = H) and 18e (Rl =H, Ry = 002CH3)
exhibit little difference in the face selectivity, i.e., syn
selectivity when subjected to NaBH, (syn:anti = 65:
35 in 18d; 62:38 in 18e) and DIBAL-H (syn:anti =
66:34 in 18d; syn:anti = 61:39 in 18e) reduction. That
is, the facial selectivity is rather indifferent to
whether the donating bond is precisely antiperipla-
nar or not with respect to the vacant incipient bond
as defined in the Cieplak model (Figure 14b). Thus,
Mehta et al. suggested the presence of significant
electrostatic contributions from endo-electron-with-
drawing groups, rationalizing the syn face selectivity
in 18a,b.1%2 The behavior of 18d and 18e is also
consistent with orbital unsymmetrization as in 3.20.

c. Benzobicyclo[2.2.2]octan-2-ones (A12, A13).
The facial selectivity of the parent benzobicyclo[2.2.2]-
octan-2-one 19 (A12, Ry = R, = H) (Figure 1), studied
by Pudzianowski et al.,?® is rather unexpected. Ad-
dition of organometallic reagents such as methyl-
lithium and Grignard reagents exhibited syn pref-
erence (with respect to the ethano bridge), which is
the more sterically hindered side. In the reduction
of bicyclo[2.2.2]octenone 20 (A13 in Figure 1) with
LiAlH,4, syn addition is also favored (82:18 (syn:anti,
with respect to the ethano bridge), the rate of syn
attack being enhanced (in a ratio of 2.6) over that
observed in the saturated derivative, bicyclo[2.2.2]-
octanone 18a.! This is in sharp contrast to the anti
preference (with respect to the ethano bridge) of
bicyclo[2.2.1]hepten-7-one 15a% and 7-benzonorbor-
nanone 13a.9:%8 Therefore, the facial selectivities
depend on the bicyclic systems. In the parent

Ohwada

benzobicyclo[2.2.2]octan-2-one 19 and bicyclo[2.2.2]-
octenone 20, the carbonyl n*co orbitals interact with
the aromatic 7* orbital (3.22) or the olefin z* orbital
(3.23) in the in-phase manner, implying anti prefer-
ences in both systems. Thus, the predictions seem to

o] /O
@é ﬂg
19 20

*
T*co T'co
= e
T arom T'cc

3.22 3.23

be in conflict with the observed syn biases. However,
along the trajectory of attack of the nucleophile to
the carbonyl group of the bicyclo[2.2.2]octane struc-
tures (indicated in 3.22 and 3.23), out-of-phase
interactions between the reagent and the substrate
are involved, which is different from the situation
in the bicyclo[2.2.1]heptane structures (13a and
15a).110-114 Thus, attack on the side opposite to the
unsaturated moiety will be favored.

d. Dibenzobicyclo[2.2.2]octadienones Deriva-
tives (A14). Dibenzobicyclo[2.2.2]octadienones (Al4
in Figure 1) bearing an aromatic substituent were
designed to probe the unsymmetrization of the car-
bonyl #* orbital arising from the aromatic x orbit-
als.*8115 Aromatic substituents on the dibenzobicyclo-
[2.2.2]octadienones 21 are unlikely to unsymmetrize
the carbonyl & face sterically, because of their dis-
tance from the reaction center. Reduction of the
carbonyl moiety of 2- (R, = H) and 3-substituted (R3
# H) dibenzobicyclo[2.2.2]octadienones (21) was stud-
ied by using sodium borohydride in methanol at —43
°C. The 2- (21a) and 3-nitrodibenzobicyclo[2.2.2]-
octadienones (21d) preferentially gave anti alcohols
(with respect to the nitrobenzene moiety) on reduc-
tion with hydride ion, i.e., syn attack with respect to
the nitrobenzene moiety (syn:anti = 77:23), with
values of diastereomeric excess of 54% (21a) and 54%
(21d), respectively. A fluoro substituent (in 21b and

21a: Ry=NO,
21b: R,=F
21c: Ry=0OCHj;
21d: R3=N02
21e: Rz=F

21f : R3=0CHj

21e) also favors syn addition to give an anti alcohol
(for 21b. syn:anti = 57:43; for 21e, syn:anti = 61:
39). Substituent effects were found to be similar in
both 2- and 3-substituted ketones, although the
substituent is remote from the reaction center and
different in direction. On the other hand, a methoxy
group (in 21c and 21f) showed only a negligible
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Figure 20. Orbital unsymmetrization of the carbonyl 7z*
orbital.

preference in the reduction reaction, giving a slight
excess of the anti products.

The orbitals of the substituted dibenzobicyclo[2.2.2]-
octadienones (21) are also assumed to be constructed
from orbitals of subsystems, i.e., the substituted
dihydroanthracene in convex geometry (3.24) and the
carbonyl group (Figure 20). The low-lying vacant
orbitals of the dihydroanthracene fragment bearing
components at the ipso (C-1',C-4', C-5', and C-8)
positions can participate in mixing with the z*co
orbital. An electron-withdrawing substituent such as
a nitro or a fluoro group perturbs the & face of the
carbonyl group. The lower-lying vacant aromatic z*
orbital of the dihydroanthracenes substituted with
an electron-withdrawing nitro group (for example
3.24) has coefficients largely localized on the benzene
ring bearing the nitro group, because the relevant
vacant aromatic s> orbital (3.24) is predominantly
derived from the LUMO of nitrobenzene, which is
significantly lower in energy than the LUMO of
benzene. Owing to orbital phase agreement and
similar energy, the 7*co orbital mixes preferentially
with the vacant aromatic z* orbital of the dihydroan-
thracene (3.24) at the ipso position at C-1' in an in-
phase manner (3.24 in Figure 20). This in-phase
mixing lowers the energy of the x*co fragment,
activating it for attack of a nucleophile. Simulta-
neously, the in-phase overlap results in buildup of a
virtual bonding region between nuclei (3.24). There-
fore, the 7*co fragment favors the interaction with
the HOMO of the hydride ion on the side of the
substituent (motif i in Figure 11), resulting in the
biased reduction product (syn alcohol) observed for
the 2- and 3-nitro derivatives (21a and 21d). On the
other hand, the lowest-lying vacant aromatic x*
orbital (LUMO) of the dihydroanthracene substituted
with an electron-donating hydroxyl group (3.25) has
the orbital amplitudes at the ipso (C-1' and C-4'; C-5'
and C-8') positions that are approximately symmetric
in sign and magnitude with respect to the plane
passing through C-9 and C-10 (Figure 20). The
NXLUMO of the hydroxy-substituted dihydroan-
thracene is also symmetric in sign. Therefore, the
antisymmetric w*co orbital does not interact signifi-
cantly with these vacant & orbitals of 3.25, resulting
in an unperturbed =z face of the carbonyl 7#* orbital.
This motif is regarded as an example of orbital
noninteraction,*® designated as case e (Figure 13).
Thus, the reduction of 2-methoxy and 3-methoxydi-
benzobicyclo[2.2.2]octadienones (21c and 21f) should
intrinsically show little or no bias, although the slight
anti preference of 21c is not explained by this model.
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C. C)Iassical Example of 2-Norbornanone (A15,
Al16

1. Unsymmetrization of the Carbonyl Orbital in
2-Norbornanone

Exo reactivity of 2-norbornanone 22 in nucleophilic
addition (such as reduction with hydride) is a clas-
sical example of the facial selectivity of carbonyl
groups.® Various theoretical interpretations of the

22 23

bias have been proposed. Two basic explanations
have previously been given, that is, torsion-
based arguments!’® and stereoelectronic argu-
ments.2021.25.26,117.118 ntuitively, it seems likely that
the asymmetry of the x orbital is an intrinsic feature
of the nonequivalent environment around the trigo-
nal center arising from the unsymmetrical substit-
uents, methano and ethano bridges in norbornanone.
It is still worthwhile to consider what is the difference
between the orbital interaction of the carbonyl z*
orbital with the methano bridge and that with the
ethano bridge.’*® In a manner similar to orbital
unsymmetrization of the relevant bicyclic ketones (for
example A6 and All, Figure 1), the n*co of the
carbonyl moiety of norbornanone 22 can interact with
CC framework orbitals of the methano and ethano
bridges, i.e., occ orbitals of the vicinal CC bonds,
judging from the small energy difference (see 3.29).
Owing to the higher energy level, the 7*co orbital
mixes out-of-phase with the occupied occ orbitals of
the vicinal C—C bonds (C;—Cs and C;,—Cs in the
ethano bridge; C;—C; and C4—C; in the methano
bridge) to give an energetically deactivated LUMO
(3.29). This mixing involves a z-type overlap of these
orbitals whose magnitude exhibits dihedral angle
dependence. In the Wolfsberg—Helmholz formula,*?
the orbital interaction energy between two orbitals
is approximated to be negatively proportional to the
overlap integral. In a simple arrangement of two
parallel 2p atomic orbitals (AOs) (3.26, ¢ = 90°), the
angular variation of w-type overlap of these 2p AOs
is a sine function (sin #) of the angle 6. Here 6 is
defined as the dihedral angle of the molecular planes
(one of the planes is a & plane in these cases) rather
than that of the orbitals as in 3.27 and 3.28; overlap
greatly increases as the angle (0) increases (0° < 6
< 90°). In out-of-phase mixing, the greater the angle,

3.27 3.28

the stronger the interaction (3.27) and, thus, the
larger the depletion of the virtual bonding electrons.
Owing to symmetry agreement, the C—C bond orbit-
als take part in this z-type overlap with vacant 2p
orbitals of the carbonyl moiety (3.29). Because of the
less acute angle of the o bonds of the ethano bridge



1352 Chemical Reviews, 1999, Vol. 99, No. 5

3.29 3.30

(0 (dihedral angle, 0C;C;C, C3 or IC;C4C3C5) > 6
(dihedral angle OCsC;C,C3 or OCsC4C3Cy) in 3.29,
out-of-phase mixing of the occ orbital of the ethano
bridge more markedly depletes the virtual electron
density of the mcc orbital of the carbonyl group on
the endo face, favoring exo addition of nucleophiles.
This unsymmetrical = face character will be con-
served during the attack of a reagent.

Another mechanism of unsymmetrization of the
carbonyl z* orbital was also proposed, arising from
the in-phase combination of the vacant o*cc orbit-
als.'® Because of the small difference in energy, the
a* orbital can interact with the vacant C—C o*
orbitals (i.e., 0*c—c bond orbitals) of the methano and
ethano bridges (see 3.30). Thus, the lower-lying 7*co
is perturbed by in-phase mixing of the o* orbitals of
the vicinal C;—C; and C;—Cs bonds to give an
energetically activated LUMO (3.30). In this case,
however, owing to the antibonding nature of the
o0*c—c orbitals, the overlap effect of the #* orbital of
the carbonyl group is canceled. Instead, the 7*co
orbital can interact with the backside lobes of the
o0*c—c orbitals centered on the bridgehead carbon
atom (C,) in an in-phase manner. This interaction
motif bears a close resemblance to orbital interactions
in the transition state associated with a backside
nucleophilic attack (Sn2) on a tetrahedral carbon
center.59120 Owing to symmetry agreement, these
interactions can be approximated to the xz-type
overlap of the n*co orbital with 2p AO components
of these o*c_c orbitals. The magnitude of the interac-
tion is also dihedral angle dependent: the greater
the angle (0), the greater the overlap of the orbitals
(3.28). Thus, the in-phase mixing with less acute
orbitals (6") of the ethano bridge involves larger build-
up of the virtual internuclear bonding region on the
exo face which is to be attacked by electrons of an
occupied orbital of a nucleophilic reagent. This orbital
distortion is consistent with the experimental exo
reactivity of norborananone 22.

2-Norbornenone A16 (Figure 1) undergoes reduc-
tion by sodium borohydride under kinetic conditions
to produce 5% exo- (i.e., endo attack) and 95% endo-
(i.e., exo attack) 2-norborneol. This leads to the
partial rate constants of 11.4 for exo and 0.6 for endo
attack (relative rate with respect to the rate of LiAIH,
reduction of cyclopentanone (1.00)).1! In the saturated
2-norbornanone 22, the values are 4.55 for exo and
0.74 for endo attack. Thus, the introduction of the
double bond enhances the exo attack while the endo
attack is rather unaffected. The carbonyl z* orbital
is subject to in-phase combination with the vacant
olefinic #* orbital (3.31), and the orbital level is
lowered, which is consistent with the acceleration of
the reduction. However, the trajectory of the addition
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again involves unfavorable out-of-phase orbital in-
teraction in a manner similar to 3.22 and 3.23, and
thus, the endo addition is not encouraged.

IV. Stereoselection of Olefins

A. Methylenecycloalkane and Cycloalkene
Derivatives

1. Methylenecyclohexanes (B1)

Klein showed that axial reaction of the parent
methylenecyclohexane 24a (B1 (R = H) in Figure 2)
is preferred in hydroboration.® This axial preference
is consistent with Klein's model,*? based on the
orbital distortion of the olefin & orbital (Figure 8).
However, the experimental data on the parent meth-
ylenecyclohexanone 24a accumulated by Senda et
al.’?* and the more recent systematic studies by
Cieplak et al.37° on z-facial selectivities of 3-substi-
tuted methylencyclohexanes 24 characterized the
intrinsic features of the facial selection of methyl-
enecyclohexanes. That is, axial preference of unsub-
stituted and 3-substituted methylenecyclohexanes
was observed in oxymercuration?! and epoxidation
reactions.'? There is also an increase in the propor-
tion of axial attack with increase in the electronega-
tivity of the remote 3-equatorial substituent (R).37°
On the other hand, in the dihydroxylation with
osmium tetroxide,'? equatorial preference was ob-
served in the parent and 3-aryl-substituted methyl-
enecyclohexanes in a manner similar to the hydro-
boration. It is still worthwhile to try to rationalize
the dependence of facial selectivities on the reaction-
s.The inherent axial preference can be rationalized
in terms of orbital unsymmetrization arising from
first-order mixing (Figure 21). Because of more
efficient overlap, the olefin & orbital interacts with
the ocny orbitals to a greater extent than with the occ
orbitals. The HOMO of methylenecyclohexanone is,
thus, generated by out-of-phase combination of the
olefin s orbital and the ocy orbitals (4.2), the com-
position being similar to 3.2 of cyclohexanone but the
occupation of electrons being different.*?* This asym-
metry of the olefin 7 orbital is consistent with the

ﬂ Tce

Tice
R —
Occ

R

24a R=H a1 OcH

Figure 21. Orbital unsymmetrization in methylenecyclo-
hexane.
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axial preference of methylenecyclohexane 24a (motif
iv in Figure 11). The HOMO of methylenecyclohexane
24a, in fact, involves out-of-phase combinations of the
olefin & orbital with the ¢CH orbitals and the ¢CC
orbitals (4.3), the former component being larger.
Electron-withdrawing substitution at C—(3), which
attenuates the contribution of the ¢CC orbitals in 4.3,
thereby increases the percentage of the axial ap-
proach. Cieplak et al. also emphasized the better
donating ability of the ¢CH orbitals rather than the
oCC orbitals which stabilize the vacant incipient
bond in the axial addition.”

2. 2-Vinylideneadamantanes (B2)

Srivastava and le Noble reported facial selectivities
arising from remote substituents in the case of
2-vinylideneadamantane derivatives B2 (Figure 2).1%5
Epoxidation of 5-fluoro-2-methyleneadamantane 25a
with mCPBA gave a mixture of epoxy products (syn:
anti (with respect to the fluoro group) 66:34). A 60/

R

25a R=F

4.5

.y 4.4

occ Tce

40 ratio was obtained in the addition of dichlorocar-
bene. Similar syn preference was obtained in the
addition of dibromocarbene and in hydroboration.
Oxymercuration of 25a with mercuric acetate favored
syn addition (>95% syn alcohol), while addition of
trifluoroacetic acid furnished >99% syn ester, and
HCI gas gave >99% syn dihalide. These syn prefer-
ences of 25a are consistent with the Cieplak model.
The olefin & orbital of 5-fluoro-2-methyleneadaman-
tane 25a is also subject to unsymmetrization arising
from out-of-phase combination of the relevant occ
orbitals (4.5), addition on the side of the fluorine
being encouraged.

3. Cyclopentenes (B3)

The stereoselective osmium-catalyzed dihydroxy-
lation of a functionalized 2,2-diarylcyclopentene B3
(Figure 2) containing an unsubstituted phenyl group
and a para-substituted phenyl group were also
examined by Halterman and McEvoy.*?® A similar
trend of facial selectivity to that in the case of the
reduction of the relevant cyclopentanone derivatives
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A3 (Figure 1)” was obtained in the reaction of the
corresponding olefin 26. The electron-withdrawing
nitro substituent (26a, X = NO,) favored syn addition
with respect to the substituted benzene ring (syn:anti
= 70:30), whereas the electron-donating N,N-di-
methylamino group (26b, X = N(CH5),) favored anti
addition with respect to the substituted benzene ring
(syn:anti = 36:64). The addition opposite the more
electron-rich aromatic ring was favored, which ap-
pears to be in agreement with the Cieplak hypothesis.

X

)

(—>

26a: X=NO,
26b: X=N(CH3)2

w | D

Scc

Occ H

4.6 4.7

The olefin xr orbitals are essentially unsymmetrized
due to the unequal contributions of the relevant ¢CC
orbitals in an out-of-phase manner (4.6 and 4.7). This
out-of-phase motif with respect to the olefin  orbital
is in agreement with the observed facial selectivities
(syn with respect to the electron-withdrawing group
(4.6 in 26a) and anti with respect to the electron-
donating substituent (4.7 in 26b).

4. Spiro[Cyclopentane-1,9'-fluorene]-2-enes (B4)

Epoxidation of substituted spiro[cyclopentane-1,9'-
fluorene]-2-enes 27 with a peroxidic reagent was
studied.® The spiro olefins react with m-chloroper-

27a:R1=H
27b:R,=NO,
27¢:R,=NO,
27d:R,=F

g R 27e:R,=0CHj

benzoic acid (mCPBA) in chloroform at 3 °C to give
a mixture of the epoxides. In all cases (2-nitro (27b),
4-nitro (27c), 2-fluoro (27d), and 2-methoxyl (27e)
groups), the syn-epoxides, i.e., the syn addition of the
peroxidic reagent with respect to the substituent, is
favored. For example, for 27b, syn:anti = 63:37; for
27c, syn:anti = 65:35. Thus, a similar bias is ob-
served in both the reduction of the carbonyl deriva-
tives of A4 (Figure 1) and the epoxidation of the
derivatives of 27.

In the epoxidation of an olefin with a peracid, the
occupied sz orbital of the olefin group (rcc, HOMO)
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Figure 22. Orbital unsymmetrization of the olefin =
orbital.

interacts with the vacant orbital (LUMO) of the
peracid.%®5" The higher-lying aromatic s orbital of the
substituted fluorenes (4.8) can interact with the mcc
orbital in a manner similar to spiro conjugation
(Figure 22). Out-of-phase combination of wcc with the
aromatic « orbital (4.8) of the substituted fluorene
raises the energy so as to activate the wcc fragment
of the olefin to the attack of an electrophile. The
relevant aromatic s orbital of substituted fluorenes,
for all substituents studied, has biased orbital coef-
ficients at the points of interaction: the coefficient
of C-8' is larger than that of C-1' (see 4.8). These
different overlaps result in divergent amplitudes of
the antibonding region between nuclei (4.9). The
antibonding unsymmetrization, arising from the
orbital bearing a larger coefficient, greatly reduces
the electron-donating ability toward the attack of the
electron-deficient orbital of an electrophile (motif iv
in Figure 11). Thus, the zcc fragment favors the
attack of an electrophile on the side of the substitu-
ent, providing a reasonable interpretation of the
observed biased epoxidation of the olefin.

B. Unsaturated Bicyclo[2.2.1]heptane Derivatives
1. 2,3-endo,endo-Disubstituted Bicyclo[2.2.1]heptane
Derivatives (B5)

Mehta et al. studied 2,3-endo,endo-disubstituted
7-methylenenorbornanes 28 '*” and 2-endo-monosub-
stituted 7-isopropylidenenorbornanes 29.104128 The

CH
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. R1=R2=CH200H3
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"Ry=H. R;=CN
R1=H, R2=002CH3
. R1=R2=CN
R1=R2=CH3

2| Ry Ro
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28a-h 29a-d
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7-methylenenorbornanes 28 bearing endo-electron-
withdrawing substituents were subject to epoxida-
tion, hydroboration, and oxymercuration reactions,
which showed consistent syn facial selectivities (with
respect to the endo subsitutent). In the case of
disubstitution of methoxycarbonyl groups (28b), syn
addition of the reagent is favored, for example, in
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epoxidation syn:anti addition = 74:26. The dimeth-
oxymethyl compound 28c showed anti preference,
and the diethyl substrate 28d showed a greater anti
preference, for example, in epoxidation syn:anti ad-
dition = 30:70. Owing to electron-donating methyl
groups on the olefin, the isopropylidene derivatives
29 undergo the addition of dichlorocarbene as well
as singlet oxygen addition, epoxidation and reaction
with the bromine (I) cation. A single endo-electron-
withdrawing substituent, as in 29e (R, = CN) and
29f (R, = CO,CH3), also favored syn addition (with
respect to the endo substituent) in all the reactions
studied. Thus, the substituent effects on the facial
selectivity of the olefin 28 and 29 are consistent with
those of the carbonyl counterparts (A6; 14). Orbital
unsymmetrization of the olefin x orbital of 7-meth-
ylenenorbornane 28 and 7-isopropylidenenorbornane
29 is involved, as in the case of bicyclo[2.2.2]octenes
(B9 in Figure 2) (vide antra).

2. T-Isopropylidenenorbornenes and
7-Isopropylidenebenzonorbornenes (B6, B7)

Okada and Mukai studied facially selective addi-
tion of singlet oxygen to 7-isopropylidenenorbornene
derivatives 30.12° 7-Isopropylidenenorbornene 30a
was photooxidized in acetonitrile, followed by reduc-
tion with dimethyl sulfide in methanol to give a
mixture of 7-alcohols. 7-Isopropylidenenorbornene
30a showed syn preference with respect to the ethano
bridge (syn:anti = 83:17). Similar syn preference
(with respect to the ethano bridge) was observed in
the addition of singlet oxygen to 7-isopropylideneben-
zonorbornene 3la (syn:anti = 74:26). The facial
selectivity of these reactions seems to overwhelm the
steric interference of the methylene groups, that is,
the out-of-phase motif of the exocyclic olefin  orbital
arising from the endocyclic olefin & orbital (4.10 for
30a) or the aromatic s orbital (4.11 for 31a) retards
the addition on the side of the 7 group.*®® Houk also

HSC Ha CHa
Rs R4
Ri—7 Ro
R R4
30a: R1= H 31a: R1=R2=R3=R4=H

31 b: R1=R4=OCH3,R2=R3=H
31 C: R1=R2=R3=R4=F
31d: R;=R,=R,=R,=Cl

30b: R1 = COchs

suggested repulsive orbital interaction of the relevant
orbital motif 4.10 with a reagent.®® On the other
hand, disubstitution of methoxycarbonyl groups on
the olefin moiety of 7-isopropylidenenorbornene (that
is 30b) showed rather small syn preference (syn:anti
= 54:46) (with respect to the ethano bridge) under
the same reaction conditions, that is, an increase of
anti addition. This substituent effect provides sup-
porting evidence for the intervention of the endocyclic
olefin  orbital in retardation of the anti addition.
Substitution with the diester groups (30b) signifi-
cantly lowers the energy level of the olefin i orbital,
leading to a weak interaction with the olefin iz orbital
of the exocyclic olefin (see 4.10).
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Similar stereoselectivity was also observed in the
case of the logicyclic compounds,30-133 7-isopropyli-
denenorbornadiene 32, wherein one of the olefin
groups is disubstituted with methoxycarbonyl
groups.*?® Only the syn hydroperoxide (with respect

H3C, CHg
HaC, CHs
/ 3 \|/
7 COyCH3 O b
CO,CHg
32 33

to the substituted olefin moiety) was formed in the
photooxidation. This facial selectivity can be rational-
ized in terms of the out-of-phase motif of the exo-
olefinic  orbital (4.12) in a manner similar to 4.10.

Tce nce
Taromatic

&

Tce

4.10 4.11

Tce nce

p— Taromatic

nce % CO,CH
o 2 3

%CO,CH3 nce
4.12 413

On the other hand, the facial selectivity of 7-isopro-
pylidenebenzonorbornadiene 33 is unexpectedly anti
with respect to the olefin moiety (syn:anti = 38:62).
The olefin & orbital of the exocyclic olefin was mixed
with the aromatic s orbital to a larger extent than
with the olefin & orbital, in an out-of-phase motif
(4.13). This unsymmetrization of the olefin z orbital
predicts syn addition (with respect to the olefin
moiety) in a manner similar to 7-isopropylideneben-
zonorbornene 3la. The olefin orbital of 33 also
exhibits second-order orbital distortion, orbital tilting
(4.13) (see also 2.2 in Figure 7b), which also predicts
syn addition. However, the experimental preference
is anti. Similar orbital tilting was proposed in the
case of 7-isopropylidenebenzonorbornene 31a (4.10),
which is compatible with the observed syn prefer-
ence.'®

Hertel and Paquette!®* and Gleiter et al.’®® also
independently studied the facial selectivities of elec-
trophilic additions to 7-isopropylidenebenzonorbor-
nenes 31. They described the effect of aromatic
substitution on the facial selectivities. The parent
(31a) and dimethoxy-substituted derivatives (31b) of
7-isopropylidenebenzonorbornadienes are attacked by
10, predominantly from the syn direction (with
respect to the ethano bridge), but this stereoselec-
tivity is appreciably reversed in the case of the
tetrafluoro (31c) and tetrachloro derivatives (31d),
that is, anti preference is observed. This reverse facial
selectivity is relevant to the increase of the anti
addition of 7-isopropylidenenorbornene 30b upon
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disubstitution with the electron-withdrawing ester
groups at the olefin moiety of 30a. On the other hand,
in the epoxidation with mCPBA, a constant syn
preference (with respect to the ethano bridge) was
observed among the 7-isopropylidenebenzonorbornenes
3la—d. These syn preferences are compatible with
the orbital unsymmetrization 4.13. Close scrutiny
showed that the syn preference is decreased upon
substitution of halogen atoms into 31a (31a, syn:anti
= 83:17) to afford 31c (31c, syn:anti = 63:37). This
is consistent with the attenuation of the contribution
of the aromatic x orbital to the HOMO of the
molecule (31c) upon substitution of electron-with-
drawing groups. Electrostatic interactions were pro-
posed to account for these facial selectivities by Houk
et al.1%¢

3. 11-Isopropylidenedibenzonorbornadienes (B8)

Electrophilic additions of 11-isopropylidenediben-
zonorbornadienes 34 were studied by Paquette et
al.*¥" In the epoxidation with mCPBA, the tetrafluoro
derivative (34a) and tetrafluoro-5,8-dimethoxy de-
rivative (34b) favored syn addition (with respect to
the tetrafluoro substituents)—34a, syn:anti = 77:23;
34b, syn:anti = 77:23—while the 5,8-dimethoxy de-
rivative 34c itself showed a small syn preference
(syn:anti = 55:45, with respect to the substituted
benzene). Paquette et al. interpreted these observed

H3C, CHg

Y,

34a: R1 =R2=R3=R4=F
34b: R;=Ry=R.=Rs=F,0CH(5),0CH(€
34c: R,=R,=OCH,, Ry=Rys=H

facial preferences in terms of electrostatic stabiliza-
tion.’¥” Long-range homoaromatic stabilization has
been shown to be important in transition states
involving 9-isopropylidenebenzonorbornenes 34 (see
4.14) and weak electrophiles.134135.138 The unsym-

4.15

metrical transition state for the syn addition involves
charge dispersal to the unsubstituted benzene ring
(4.14), while that for the anti addition created a
positive charge on the tetrafluorobenzene ring.*®” The
former (4.14) is favorable in terms of stabilization of
the formal positive charge, and thus, the syn addition
is favored. In addition, electrostatic stabilization of
the formally negatively charged peracid moiety to the
electron-deficient benzene ring may also participate
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(4.14). Facial selectivities in the reactions which
involve more discrete positively charged electrophiles
were also studied.'®” Strong electrophiles such as the
Friedel—Crafts acylium cation and that in the Prins
reaction (paraformaldehyde in dioxane containing
concentrated sulfuric acid) showed the reverse anti
preference (34a,b with respect to the tetrafluoroben-
zene moiety, 34c with respect to the unsubstituted
benzene moiety) in all the substrates studied (34a—
c). That is, the additions on the side of the more
electron-rich benzene ring are preferred. Thus, the
observed preference can be rationalized in terms of
the cation—sa-type complexation of the reagents (4.15)
on the side of the more electron-rich benzene ring.13%140
This complexation is compatible with the observed
preference.

C. Bicyclo[2.2.2]octene Derivatives

1. 5-exo-Substituted Bicyclo[2.2.2]octenes (B9)

Jones and Vogel recently investigated the substitu-
ent effect of a 5,6-bis(methoxycarbonyl) group in
bicyclo[2.2.2]octene (35i).2! The substituent effect of

a: R1=R2=H
b: R1=CN,R2=H
1 C: R1 =COQCH3,R2=H
6 d: R,=CO,NHPh,R,=H
e: H1=002H,R2=H
f: R,=CH,0CHg,R,=H
g: R1=CH20TS,R2=H
h: R1=CH3,R2=H
35 i: R1=R2=002CH3
i: R1=R2=CN
k: R1=R2=CH3

4 g R
Ry

a single 5-exo substituent on the facial selectivities
of bicyclo[2.2.2]octenes 35b—h was also characterized
by our group.*? Epoxidation and dihydroxylation of
the olefin moiety of 5-exo-substituted bicyclo[2.2.2]-
octenes (35b—h) were investigated. 5-exo-Cyanobi-
cyclo[2.2.2]octene 35b underwent preferential syn
addition (with respect to the face of the cyano group)
of peroxidic reagents, i.e., m-chloroperbenzoic acid
(mCPBA) and osmium tetroxide. In the epoxidation
of 35b with mCPBA, the syn epoxide is favored over
the anti epoxide. In the dihydroxylation with osmium
tetroxide, the syn diol is also favored over the anti
diol. Values of diastereomeric excess observed in
these reactions ranged from 70% (syn:anti = 85:15)
to 72% (syn:anti = 86:14). Direct intervention of the
exo substituent at the reaction center, such as a
coordinative interaction, can be ruled out because of

(@) ﬁ (b) ﬁ

X X

S &L
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the rigid structure of the bicyclo[2.2.2]octene system
and the dangling position of the exo substituent.
5-exo-Methoxycarbonylbicyclo[2.2.2]octene 35c also
preferentially gave the syn epoxide (de 36%) (syn:anti
= 68:32) and the syn diol (de 68%) (syn:anti = 84:
16). The electron-withdrawing nature of the substitu-
ent is important for syn preference, as judged from
the findings that benzanilide (35d) and carboxylic
acid (35e) substituents distorted the olefinic z face
similarly to the methoxycarbonyl group, whereas the
methoxymethyl group (35f) imparted reduced (in the
case of dihydroxylation, de 20%) or absent (in the case
of epoxidation) selectivity. Tosylation of the methyl
alcohol functionality (359) restored the syn selectivity
to some extent in hydroxylation and particularly in
the epoxidation. On the other hand, the 5-methyl
derivative 35h showed a negligible preference in both
reactions.

The syn preference arising from the electron-
withdrawing groups is consistent with the preference
observed in the case of the bis(methoxycarbonyl)
group (35i) (de 46% in the epoxidation; de 66% in the
dihydroxylation). A single substituent is sufficient to
perturb the i face in the bicyclo[2.2.2]octene system
35. This observation is consistent with the case of
vinylidenenorbornanes 29.194127 Furthermore, the
bicyclo[2.2.2]octane system 35 exhibited the same
preference as those found in 7-methylidene- (28) and
7-isopropylidenenorbornanes (29), except for the ef-
fect of electron-donating alkyl groups: in 7-vi-
nylidenenorbornane (29d) the ethyl substituent fa-
vored anti addition in the epoxidation with mCPBA.

In the bicyclo[2.2.2]octene system 35, the olefin &
orbital can interact with the o framework of the
cyclohexane fragment and four possible types of o
fragment orbitals of cyclohexane moiety can partici-
pate, i.e., parallel C—C bonds (a), vicinal C—C bonds
(b), exo-C—H bonds (c), and endo-C—H bonds (d)
(Figure 23).1#2 The nodal property of the ¢ bonds
excludes the contribution of parallel C—C bonds in
the bicyclo[2.2.2]octene system (Figure 23a), and
inefficient overlap (owing to unfavorable directions
and small amplitudes of orbitals) disfavors endo-C—H
bonds (Figure 23c) and exo-C—H bonds (Figure 23d).
Therefore, the  orbital of the olefin should interact
exclusively with the vicinal C—C o orbitals (Figure
23b) in the bicyclo[2.2.2]octene system 35. This is
because the vicinal oc—c orbitals are aligned to
overlap distinctly with the z orbital of the olefin in a
w-type fashion. Thus, the HOMO of unsubstituted
bicyclo[2.2.2]octene 35a is intrinsically comprised of
the 7z orbital of the ethylene and the o orbitals of the

zé

X

& &

Figure 23. o-Components of bicyclo[2.2.2]octenes: (a) parallel oc—c, (b) vicinal occ, (¢) exo-och (0cx), (d) endo-oCH (CX),

(e) exo-0*cx.
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ethano bridges, the coupling being in an out-of-phase
fashion (4.16). Essentially the same motif was found

% %
4.16 4.17

Tice Tce
% — =

w d

4.18 419

in the HOMO of unsubstituted vinylidenenorbornane
28a, but in a different arrangement (4.17). Thus, the
orbital is selected by symmetry not by the order of
the energy level. The & orbitals of the olefins of 35a
(4.16) and 28a (4.17) are symmetric because of
equivalent o—o coupling with respect to the & plane.
Asymmetric o— coupling is postulated to be a cause
of unsymmetrization of the & face. A substituent
modifies the orbital energy level of the vicinal bonds.
An electron-withdrawing group significantly lowers
the energy of the vicinal o orbital (Figure 23b).
Changing the substituent from a cyano to a meth-
oxycarbonyl, carboxylic acid, hydroxymethyl, or meth-
yl group causes the energy of the oc_c orbital of the
substituted ethane to rise, in the case of the hy-
droxymethyl group, to an energy level comparable to
that of the oc—c orbital of the parent ethane. Thus,
substitution of an electron-withdrawing group at the
Cs position (R;) of 35 decreases the contribution of
the vicinal oc—c orbital (C4,—Cs bond) to the HOMO
of the whole bicyclo[2.2.2]octene molecule (4.18).
Therefore, antibonding nature is weakened on the
side of the substituent: the antibonding orbital on
the side of the substituent is less diffused. o-Type
reagents having an early transition state (such as
mMCPBA (the o*oo orbital) and OsO, (the vacant
diffused 3d, orbital)) favor attack on the side of the
less diffused antibonding region. Therefore, the syn
addition is favored. A similar orbital interaction
diagram is also valid in the case of 5-substituted
7-methylidenenorbornane 28 (4.20 for electron-
withdrawing groups; 4.21 for electron-donating
groups). The outcome of orbital unsymmetrization by

Tce Tce
= =
w d
w d
w= electron-withdrawing group d= electron-donating group
4.20 4.21

the unsymmetrical o— coupling coincides with the
result predicted by the Cieplak model because orbit-
als antiperiplanar with respect to the x orbital are
selected to interact with the s orbital due to orbital
symmetry rather than orbital energy level.
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Additional o*— coupling (see 4.22) can also par-
ticipate in the facial selectivities.'*? That is, substitu-
tion of an electron-withdrawing group (W) makes the
relevant carbon atom (C—W) more electronegative,
which leads to a situation where the o bonding
orbitals are weighted more heavily on the atom W
and the o antibonding orbitals are weighted more
heavily on the relevant carbon atoms (4.22).3° The =

o o

w
CHg

4.22 4.23

orbital of the olefin in 35b—e can interact efficiently
with the exo-o*cw orbital in an in-phase manner
(Figure 23e), which provides a more extended bond-
ing region on the side of the substituent (4.23) in the
cases of electron-withdrawing substituents. This in-
phase region corresponds to motif iii of Figure 11.
This reinforces the syn preference.3!

2. Comparison of Norbornane and Bicyclo[2.2.2]octene
Systems

Owing to the energetic perturbation arising from
the methyl substituent on the substituted ethane, the
contribution of the vicinal orbital bearing the methyl
group will be increased in the o—x coupling in the
bicyclo[2.2.2]octene (as in 4.19) and 7-methylidenenor-
bornane (as in 4.21) and, therefore, anti preference
should exist. This is indeed observed in 7-meth-
ylidenenorbornane (2-ethyl-7-methylidenenorbornane
28d),127128 put no definite bias was detected in the
case of bicyclo[2.2.2]octene 35h.142 Despite the ener-
getically perturbing effect of the methyl group, evalu-
ation of the orbital interaction may be exaggerated
due to the neglect of the effect of overlap: because of
the equal contribution of the two oc_c orbitals as in
(4.23), the coefficient of each oc-c orbital in real
bicyclic systems is decreased to compensate for the
energetic effect.

To shed light on the different behavior of the two
bicycles (bicyclo[2.2.2]octenes 35 and 7-methylidene-
norbornanes 28), Bader topological one-electron den-
sity analysis!*® was performed on the HF/6-31G*
optimized geometries.'*? Due to symmetrical benefit
and the anticipated similar substituent effects, the
molecules bearing two substituents (28a, 28g, 28h
and 35a, 35j, 35k), imposing Cs symmetry, were
calculated. The topological one-electron density analy-
sis was previously carried out in the former bicyclic
system by Mehta et al.’®* The parent bicyclo[2.2.2]-
octene (35a) is a cage structure, characterized by the
presence of three ring critical points on each convex
six-membered ring and also containing a cage critical
point. 7-Methylidenenorbornane (28a) is an open
structure with two curved five-membered ring sur-
faces with one common carbon (C;). Therefore, the
two bicyclic systems have different electron networks
as pointed by Wiberg et al.144~146 One-electron densi-
ties (p) at the bond critical points indicated that the
methyl substituent did not increase the electron
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density of the vicinal bond (C;—C; and C3—C, in 28h;
C4—Cs and C;—Cg in 35K) but rather decreased it as
compared with the vicinal bond (C;—Cs and C4—Cs
in 28h; C,—Cg and C3—C; in 35k) opposite the methyl
group. Unexpectedly, this was the case for both 5,6-
exo,exo-dimethylbicyclo[2.2.2]octene 35k and 2,3-ex-
0,exo-dimethyl-7-methylidenenorbornane 28h in the
present calculations. On the other hand, an electron-
withdrawing group such as the cyano group of 28g
and 35j decreases the electron density of the adjacent
vicinal bond. Wiberg et al. also defined the strain
energy of the bicyclic molecules in terms of the Bader
charge'*® of the bridgehead carbon atoms and found
that as strain (or strain energy) is increased on going
from the bicyclo[2.2.2]octene system to the norbor-
nane system, the bridgehead carbon atoms increase
in both electronegativity and stability.*** Therefore,
a charge flow from the peripheral methylene groups
to the bridgehead carbons in the norbornanes 28 is
encouraged as compared with the bicyclo[2.2.2]octene
35.1%2 Thus, the electron donation of the methyl group
is enhanced to refill the electron deficiency of the
peripheral methylene group in the norbornanes
(28a). This electron shift is supported by slightly
smaller values of p and V?p and ellipticity (¢) of the
C,—CHpg; (C3—CH3) bonds in the dimethylnorbornane
(28h) as compared with those of dimethylbicyclo-
[2.2.2]octene (35K) (i.e., Cs—CHj3 (Cs—CHg3) bonds).
Even in terms of Mulliken charges (based on the HF/
6-31G* optimized geometries), while in the bicyclo-
[2.2.2]octene system 35 the carbon atoms (Cs and Cg)
bearing the methyl groups (35k) tend to obtain a
slightly more positive charge as compared with the
parent bicyclo[2.2.2]octene (35a), the C, (C3) carbon
atom shows lower positive charge on substitution of
the methyl groups in the vinylidenenorbornane sys-
tem (21h), indicating enhanced electron donation of
the methyl groups of 28h.14?

3. Benzobicyclo[2.2.2]octadienes (B10)

Paquette et al. studied the effect of the aromatic
substituent on facial selectivities of benzobicyclo-
[2.2.2]octadiene derivatives B10 (Figure 2).147 Anti
preference of the parent 36a was observed with
respect to the ethano bridge. This is in contrast to

Tce
RS R4 ‘ . . ==
aromatic
Ry &2
Ry

36a: Ry=R,=Ry=R,=H

36b: Ry=R,=OCHa,R,=Ry=H

36¢: Ry=Ry=Ry=R,=F 4.24

the syn preference (with respect to the ethano bridge)
of the vinylidenebenzonorbornane 31a. Again, facial
selectivities are divergent, depending on the bicyclic
systems, that is the arrangement of molecular frag-
ments. Furthermore, the magnitude of the anti
preference in epoxidation was increased upon sub-
stitution either of an electron-donating (36b) or an
electron-withdrawing group (36¢): in the parent 36a,
syn:anti = 41:59; in 36b, syn:anti = 37:63; in 36¢,
syn:anti = 24:76. This result suggests that the out-
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of-phase motif (4.24) of the olefin & orbital with the
aromatic s orbitals is not of major importance.
Paquette et al.'*’ pointed out the orbital tilting of the
olefin & orbital of 36, but the syn face of 36 is
sterically biased arising from the methylene protons.
Because of the trajectory of the addition onto the
olefin moiety, the syn preference of 31 is orbital-
controlled and the anti preference of 36 is sterically
determined. Furthermore, it is important to notice
that the facial selectivity of the olefin 36 is reversed
as compared with that of the carbonyl counterpart
19. This is also true in the cases of 30a and 15a and
3la and 13a.

4. Dibenzobicyclo[2.2.2]octatrienes (B11)

Epoxidation and dihydroxylation of the olefin moi-
ety of 2-substituted dibenzobicyclo[2.2.2]octatrienes
(B11, Figure 2) were studied.*®15 2-Nitrodibenzobi-
cyclo[2.2.2]octatriene 37a undergoes preferential syn
addition (with respect to the nitro group) of peroxidic
reagents, i.e., m-chloroperbenzoic acid, osmium tetrox-
ide, and potassium permanganate. In the epoxidation

37a-c

a: Ro=NOo; b: Ro=F; c: Ro=0OCHg3
R1=R3=R4=H

of 37a with mCPBA, the syn epoxide is favored over
the anti epoxide. In the dihydroxylation with osmium
tetroxide or potassium permanganate, the syn diol
is also favored over the anti diol. The epoxidation
with mCPBA at high reaction temperature (20 °C)
did not significantly alter the ratio of syn to anti
isomers. Values of diastereomeric excess observed in
these reactions ranged from 54% to 76%. 2-Fluorodi-
benzobicyclo[2.2.2]octatriene 37b also preferentially
gave the syn epoxide and the syn diol. On the other
hand, the 2-methoxy substrate 37c showed only a
small preference in the reactions, giving a slight
excess of the anti products. Direct interaction of
oxidative electrophilic reagents with the electron-rich
benzene ring (like 4.15) is unlikely to participate in
the facial selectivities of 37.

To reveal the perturbation of the & orbital of the
ethylene arising from the nonequivalent substituents
in the substituted dibenzobicyclo[2.2.2]octatrienes
(37), the molecules are assumed to be constructed
from the orbitals of the convex-substituted dihy-
droanthracene (like 4.25) and the ethylene (4.26)
(Figure 24). The m orbitals of the dihydroanthracene
can also be further analyzed as a combination of &
orbitals of the two benzene moieties. A similar orbital
combination was suggested in barrelene on the basis
of the photoelectron spectra.'*® The HOMO of the
unsubstituted dihydroanthracene in convex geometry
(like 4.25) is essentially derived from the in-phase
combination of the HOMOs of the two benzene nuclei.
The level ordering was modified by the through-bond
coupling of the two aromatic & orbitals through the
pseudo s orbital (;tch2) of the insulating methylene
group:?* the in-phase combination of the HOMOs of
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Figure 24. Unsymmetrization of the olefinic & orbital.

the two aromatic rings is higher in energy than the
out-of-phase combination. A substituent destroys the
symmetrical arrangements of the HOMO and the
NXHOMO of the dihydroanthracene. The HOMOs of
substituted dihydroanthracenes in convex geometry
(for example, 4.25 (nitro) and 4.28 (methoxyl)) are
energetically higher-lying than that of the ethylene
(4.26, 7mcc). The lower-lying HOMO of the ethylene
can mix with the higher-lying aromatic =z orbital of
the aromatic component (4.25 and 4.28) in an out-
of-phase fashion to give the energetically activated
HOMO of the whole molecules, which will determine
the direction of attack of the vacant orbital of the
oxidative reagent. The HOMO (4.25) of 2-nitrodihy-
droanthracene is essentially localized on the unsub-
stituted benzene moiety, stemming predominantly
from the HOMO of the benzene, which is higher in
energy than the HOMO of the nitrobenzene. The
orbital phase agreement favors the interaction of the
ethylene (HOMO) with the HOMO of 2-nitrodihy-
droanthracene. The out-of-phase overlap of these &
orbitals raises the energy of the olefin moiety, involv-
ing the depletion of the electron density in the
internuclear region (4.27), i.e., antibonding orbital
diffusion.® Therefore, electrophilic oxidative reagents
attack the olefinic z lobe opposite the depleted region,
that is, from the same side as the substituent (motif
iv in Figure 11). In the case of an electron-donating
hydroxyl group, an out-of-phase combination of scc
of the olefin with the HOMO of hydroxydihydroan-
thracene (4.28) raises the energy so as to activate the
mcc fragment to the attack of an electrophile. The
HOMO of 2-hydroxydihydroanthracene (4.28) also
has biased orbital amplitudes localizing on the phenol
moiety, not on the benzene moiety, because of the
higher level of the HOMO of phenol than that of
benzene. A larger overlap results in greater ampli-
tude of the antibonding region between nuclei. The
depleted region (4.29), arising from the orbitals on
the phenol moiety, disfavors the attack of the elec-
trophile (Figure 24). Therefore, the mcc fragment
intrinsically favors the attack of an electrophile on
the side opposite the hydroxyl group. However, the
HOMO of hydroxydihydroanthracene (4.28) increases
the energy separation from the HOMO of ethylene
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(4.26) by 13.63 kcal/mol (PM3) as compared with the
case of the nitro substituent (4.25). The large energy
gap of these interactive fragments would decrease the
effect of asymmetrization in 4.29. Thus, the reactions
of 2-methoxydibenzobicylo[2.2.2]octatriene 37c¢ with
mMCPBA and osmium tetroxide showed a slight dis-
tortion of the x face of the olefin moiety. The small
but consistent preference for anti attack of the
reagents in these two reactions is also compatible
with the orbital unsymmetrization model. Thus, the
11-isopropylidenedibenzonorbornadienes 3437 and
the dibenzobicyclo[2.2.2]octenes 37 exhibited similar
substituent effects (see section 1V.B.3.): a “frontier-
electron-withdrawing” nitro or fluoro group gave a
large to moderate bias (preferred syn attack with
respect to the substituents) whereas an electron-
donating methoxyl substituent exhibited a small or
negligible bias. Syn preference of 11-isopropylidene-
dibenzonorbornadiene (for example, the tetrafluoro
derivative 34a) can also be rationalized in terms of
the out-of-phase motif (4.32) exposed on the x orbital
(4.31) of the exocyclic olefin arising from the higher-
lying aromatic = orbital of the tetrafluorodihydroan-
thracene in the convex geometry (4.30).
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D. Orbital Size Effect on the Magnitude of Facial
Selectivity (B12)

The dibenzobicyclo[2.2.2]octatriene system (37) es-
sentially involves orbital interaction of three com-
posite sz orbitals, i.e., the olefinic & orbital as the
reaction center and two aromatic s orbitals. We are
interested in a simplified interaction network, i.e.,
two sr-component systems free from steric bias. In this
context, the facial selectivities of benzobicyclo[2.2.2]-
octatrienes (B12 (Figure 2); 38 and 39) bearing two
electron-withdrawing groups at one of the olefin
groups were studied.’*® Remote substituents do not
change facial preference but do change the magni-
tude of the selectivity.

Unsubstituted benzobicyclo[2.2.2]octatriene 38a
bearing two methoxycarbonyl groups at the C, and
C;3 positions exhibited strong anti preference (with
respect to the benzene moiety) with two oxidative
electrophilic reagents, m-chloroperbenzoic acid (mCP-
BA) and osmium tetroxide.

R
Ry | R, Rs Ry=H Ry;=NO,
CO,CH; H  38a 39a
T Ro COtBu H  38b 39
1 Ro

CO,CH; CH; 38d 39d

The diastereomeric excess (de) of 38a reached 72%
(epoxidation) and 98% (dihydroxylation). Nitro sub-
stitution on the aromatic ring (as in 39a) significantly
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reduced the selectivity (increased the syn proportion),
although anti preference was still conserved in ep-
oxidation (20% de) and in dihydroxylation (68% de).

The anti face, i.e., the syn side with respect to the
diester groups, seems to suffer from steric congestion
owing to the out-of-plane conformations of the proxi-
mate diester functional groups. This is supported by
the results with the bis(tert-butoxycarbonyl) com-
pound 38b: the sterically demanding tert-butyl groups
did reduce the selectivity in both epoxidation (26%
de) and dihydroxylation (90% de). However, anti
preference survived, indicating that the intrinsic
nature of the benzobicyclo[2.2.2]octatriene motif is
as proposed. An aromatic nitro group (39b) also
reduced (46% de in dihydroxylation) or almost abro-
gated (8% de in epoxidation) the selectivity. There-
fore, the selectivity is determined by nonsterical bias.
In the case of dicyanodibenzobicyclo[2.2.2]octatriene
38c and its nitro substrate 39c, a similar effect on
the magnitude of selectivity is observed in the ep-
oxidation reaction. These results exclude a contribu-
tion of electrostatic attraction of the reagent to the
anti side, owing to the electronegative oxygen atoms
of the ester groups of 38a,b and 39a,b.

Dimethyl substitution (R3) on the olefin moderately
activates reactivity, as in the case of 38d. Epoxidation
occurred readily even at 3 °C. In this case, the
observed anti preference of 38d was also reduced
upon substitution of a nitro group on the aromatic
ring (as in 39d).

These substituent effects on the selectivity might
be accounted for in terms of the Cieplak model:° the
nitro substituent reduced the electron-donating effect
of the vicinal C—C ¢ bond, which is relevant to
stabilization of the electron-deficient incipient bond
in the anti addition transition state. However, com-
parison of the 3C NMR chemical shifts of the olefinic
and bridgehead carbon atoms of the unsubstituted
and nitro-substituted substrates, 38a (139.1 ppm;
50.3 ppm) and 39a (139.1 and 138.4 ppm; 50.1 ppm)
and 38c (138.0 ppm; 51.7 ppm) and 39c (138.6 and
138.0 ppm; 51.9 ppm), indicated some shielding shifts
upon nitration, tending to rule out significant trans-
mission of the inductive effect of the nitro group to
the bridgehead and to the olefin moieties.

Within the framework of perturbation theory, the
HOMO of dibenzobicyclic 37 can be represented as a
combination of the three =z orbitals, i.e., Wyomo =
a7olefin + DTaromatic + CTaromatic. HOWever, owing to the
low energy of the m orbital (7r2) of the ethylene
substituted with electron-withdrawing groups, the
HOMO of 38 and 39 can be approximated as a two &
interacting system (see 4.33 and 4.34): the orbital
components are assumed to involve the s orbital
(7orefin) OF the ethylene (as the reaction center) and
that (7arom) Of the aromatic ring. In this system, the
remote nitro substituent significantly modifies the
magnitude of selectivity by causing the anti orbital
side of the HOMO =z olefin to be unsymmetrized
(4.33). Unsymmetrization of the olefin sz orbital (4.33)
on the side of the mr, is much smaller than that on
the side of the aromatic x orbital because the g,
orbital is lower-lying in energy due to the electron-
withdrawing groups. In the substitution of the nitro
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group, unsymmetrization of the olefin & orbital on
the side of the aromatic x orbital is smaller than that
of the unsubstituted case but there is still bias. Thus,
the amplitude of the out-of-phase region exposed to
the xr reaction center can determine the magnitude
of facial selectivity.

E. Effects of Different Arrangements of
Composite Molecules

The spiro[cyclopentane-1,9'-fluorene] 278° 11-iso-
propylidenedibenzonorbornadienes 34137 essentially
involve the interactions of three composite & func-
tional groups, i.e., the olefinic & group as the reaction
center and the two aromatic s orbitals. In these
systems, the x faces of the olefins are subject to
unsymmetrization due to the difference of the aro-
matic groups (arising from a remote substituent) with
respect to the & plane. In terms of the interactions,
spiro[cyclopentane-1,9'-fluorene] 27 and dibenzobi-
cyclo[2.2.2]octatrienes 37 contain similar composite
fragments but the connectivity of these fragments,
i.e., the topology of the & systems, is different (A and
B, Figure 25). This divergent three-dimensional
connectivity might modify chemical behaviors such
as facial selectivity.

While substitution of an electron-withdrawing
group such as a nitro group on an aromatic ring of
the olefins (27b and 37a) and the ketones (9b,21a,
and 21d) favors the syn attack of reagents, the
perturbation arising from a methoxyl group on the
aromatic ring shows appreciably divergent effects on
the facial selectivity depending on the bicyclic sys-
tem: in the cases of the olefin (27¢e) and ketones (9¢e)
in the spiro system, the aromatic methoxy group
favors the syn addition of the reagents while in the
dibenzobicyclo[2.2.2]octane system the methoxy group
shows no influence on the facial selectivities of the
olefin 37c and the ketone 21c and 21f. Recently, a
reverse perturbation effect of a cyclopropyl group on
facial selectivities was described in two bicyclic
systems, bicyclo[2.2.2]octane 40 and norbornane
(bicyclo[2.2.1]heptane) 41.%%° Bicyclo[2.2.2]octene 40a,
annulated with an exo-cyclopropyl group, i.e., exo-
tricyclo[3.2.2.0%#]non-6-ene, and 7-methylenenorbor-
nane 41a, annulated with an endo-cyclopropyl group,
i.e., 8-methylene-endo-tricyclo[3.2.1.0%>*]octane, are
isomers wherein the olefin group is faced with the
same structural units while the orientations of the
olefin are different (40 as in A, and 41 as in B, Figure

A B

Figure 25. Different arrangements of composite mol-
ecules.
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25). The annulated cyclopropyl group introduces no

4H 4 9
MM

HgC CH3

direct steric bias in either of these bicyclic sys-
tems.'51152 Thus, the reactivities of the olefin, in
particular the facial selectivities, are expected to be
similar. However, experimentally this is not the
case.’™ Dihydroxylation of 40a with osmium tetrox-
ide in pyridine and epoxidation of 40a with m-
chloroperbenzoic acid (MCPBA) both showed high syn
preference of the addition (OsO,, syn:anti = 95:5;
MCPBA, syn:anti = 92:8). This preference is in sharp
contrast to the anti preference of 41a (syn:anti = 12:
88), observed under similar dihydroxylation condi-
tions with osmium tetroxide in pyridine. While the
facial selectivity of 41a has been examined pre-
viously,153-156 that of 40a has been little studied!®”
and the topology-dependent behavior described here
has not previously been documented or characterized.

The anti facial preference of the norbornane 41a
was previously found in the additions of dichlorocar-
bene (syn:anti = 44:56)%31%5 and 9-BBN (syn:anti =
11:89).1531%5 The anti preference was also observed
in the reactions of methylidenebicyclo[2.2.1]heptane
(41b) bearing an endo-dimethylcyclopropyl group?®31%
with dichlorocarbene (syn:anti = 34:66) and 9-BBN
(syn:anti = 5:95). Therefore, we can conclude that the
anti preference, induced by a cyclopropyl group, is
intrinsic to the 7-methylidenenorbornane 41a. The
anti preference was also observed in alkyl-substituted
28d (R; = R, = Et), supporting the idea that a
cyclopropyl group behaves as an electron-donating
substituent.10°

On the other hand, the observed syn preference of
40a is consistent with the previous study of hydrobo-
ration of 40a with diborane by Schueler and Rhodes,'*’
who obtained a mixture of the monoalcohols (syn:anti
= 74:26) upon oxidative workup. A similar magnitude
of the syn preference was found (syn:anti = 73:27)
in the hydroboration with a bulkier borane, 2,3-
dimethyl-2-butylborane (thexyl borane).*®” This lack
of effect of the bulk of the reagent in the hydrobora-
tion of 40a is consistent with the idea that the =z face
of 40a is free from steric bias'® and that the syn
preference of 40a found in dihydroxylation and
epoxidation is nonsterically determined.5?

The syn preference of 40a is concluded to be
attributed to the fused cyclopropyl ring, based on the
observation that the bicyclo[2.2.2]octene (40b) fused
with a cyclobutane ring changes the preference to the
anti direction in both the dihydroxylation (syn:anti
= 40:60) and epoxidation (syn:anti = 42:58). The anti
preference of the 7-methylenenorbornane 41a is also
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diminished when the cyclopropyl ring is replaced
with a cyclobutane ring (41c); in the attack of
diphenylketene, the syn:anti ratio is 45:55.154.156

A cyclopropyl group is known to act as a strong =«
donor due to a high-lying occupied Walsh orbital,58
which is frequently regarded as an equivalent of a
double bond.1%4159-166 Photoelectron spectra of the
olefins 40a and 41a were previously measured and
the signals assigned.14163-166 \/ertical ionization
potentials of the olefin iz orbitals of 40a and 41a were
found to be higher than those of the unsubstituted
parent bicyclo[2.2.2]octene 35a (R; = R, = H) and
7-methylenenorbornane 28a (R; = R, = H), respec-
tively, indicating a sizable interaction of the s orbital
of the double bond with the occupied Walsh orbital
of the fused cyclopropane ring. The previous account
of the observed anti facial preference of 41a was
based on this interaction, in particular, out-of-phase
interaction of the relevant orbitals (4.36).153715 How-

4.35 4.36

ever, the corresponding out-of-phase interaction of
the olefinic & orbital with the Walsh orbital of the
cyclopropyl group (4.35) does not seem to be relevant
to 40a because of the observed reverse syn prefer-
ence. This view is consistent with the following
observation. Because substitution of a cyano group
on the cyclopropane ring lowers the energy of the
Walsh orbital of the cyclopropyl group, the resultant
attenuation of the interaction of the olefin orbital
with the Walsh orbital, if this interaction is indis-
pensable, would reduce the facial selectivity. How-
ever, substitution of a cyano group on the cyclopropyl
group as in exo-cyano 40c and endo-cyano 40d
essentially does not modify the syn preference in
dihydroxylation and epoxidation but even increases
the syn preference (40c (98:2) and 40d (>99:<1)) in
the case of dihydroxylation.

Phenomenologically, the effect of the cyclopropyl
group observed in the bicyclo[2.2.2]octene (40a) is
equivalent to that of an electron-withdrawing sub-
stituent, such as a cyano (35b) or a methoxycarbonyl
(35c) group, which shows syn preference in dihy-
droxylation and epoxidation.*® Thus, a cyclopropyl
group can produce a reverse facial selectivity, strongly
depending on the orientation of the olefin group. In
terms of facial selective behavior, the cyclopropyl
group embedded in the bicyclo[2.2.2]octene (40a)
seems to be equivalent to a substitution with an
electron-withdrawing group, although this is in sharp
contrast to the conventional understanding of this
group as strongly electron-donating.%6:167.168

F. Classical Example of 2-Norbornene (B13)

Exo reactivity of norbornene 42 (B13 in Figure 2)
has been rationalized in terms of the torsional
strain!1®169 and orbital distortion of the olefin =«
orbital 2022526117118 Fykui et al.?>2¢ proposed that the
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o orbital extension of the olefin in 42 is unsym-
metrical due to the second-order orbital distortion
(Figure 7a) with the ¢CC bond of the olefin skeleton
through the intervention of the o orbital of the
methano bridge. This mixing leads to hybridization
of the s orbital of the olefin. Another orbital distortion
was also previously proposed,'*” namely, 7 orbital
tilting (Figure 7b) due to the combination of 2pz—
2po orbitals on the same regional carbon atom
through the intervention of the z-type group orbital
of the methylene group (7CH,) of the methano and
ethano bridges in 42.1%8170 In norbornene 42, the zCC
of the olefin moiety can interact with CC framework
orbitals of the methano and ethano bridges (4.37),
i.e., oCC orbitals (rather than ¢CC* orbitals) of the
vicinal CC bonds, judging from the small energy
difference. Owing to the higher energy level, the 7CC
orbital mixed out-of-phase with the occupied ¢CC
orbitals (equivalently, oCC bond orbitals) of the
vicinal C—C bonds (C1—C6 and C4—C5 in the ethano
bridge; C1-C7 and C4—C7 in the methano bridge)
to give an energetically potent HOMO (4.37). This
mixing involves a sz-type overlap of these orbitals
whose magnitude exhibits dihedral angle depen-
dence.’®® In out-of-phase mixing, the greater the
angle, the stronger the interaction and thus the
larger the depletion of the bonding electrons. Owing
to symmetry agreement, the C—C bond orbitals take
part in this z-type overlap with p orbitals of the olefin
moiety. Because of the less acute angle of the o bonds
of the ethano bridge (6 (dihedral angle, OC;C,C, C3
or 0C;C4C3C,) > ¢ (dihedral angle 00CsC,C,C3 or
OCsC4C3Cy) in 42, out-of-phase mixing of the occ
orbital of the ethano bridge more markedly depletes
the electron density of the zcc orbital of the olefin
on the endo face, favoring exo addition of electro-
philes. This unsymmetrical & face character would
be conserved during the attack of a reagent.

V. Stereoselection of Diels—Alder Dienophiles

A. Outlook

Although there have been many experimental and
theoretical studies on the behavior of facially per-
turbed dienes (vide infra), only a few systematic
experiments have been carried out to characterize
facially perturbed dienophiles. Dienophiles embedded
in the norbornane or norbornene motif have been
rather intensively studied.'’*~174 In most cases, steric
effect controls selectivity, but in some cases (Figure
3), the reactions are considered to be free from steric
bias and the selectivity has been explained in terms
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of other factors such as orbital effects.’>17® In
particular, the validity of the Cieplak model is the
subject of lively debate. According to Cieplak, reac-
tions such as polar addition (nucleophilic and elec-
trophilic), radical addition or recombination, cycload-
dition, etc., show unified facial selectivity in related
systems.® However, this is not always the case.'’®

Within the framework of the frontier orbital
theory,2177178 Diels—Alder reactions involve electron
delocalization through the orbital interaction between
the HOMO of the diene and the LUMO of the
dienophile, and this coincides with the geometric
change along the reaction coordinate, i.e., weakening
of the double bonds involved in diene and dienophile
and strengthening of the internal bond of the diene.
Orbital interaction of the LUMO of the diene and the
HOMO of the dienophile also contributes coopera-
tively to bonding of the reagents.*””

B. Dienophiles Based on Norbornane Structure

1. Maleic Anhydride Embedded in Norbornadiene
Derivative (C1, C2)

Edman and Simmons'" synthesized bicyclo[2.2.1]-
hepta-2,5-diene-2,3-dicarboxylic anhydride 43 (Figure
26) as a facially perturbed dienophile on the basis of
the norbornadiene motif, and its top selectivity in
Diels—Alder reactions with cyclopentadiene (top-exo:
top-endo = 60—70:1) was observed by Bartlett (Figure
26).172 The most preferred addition was top-exo
addition, along with the minor addition modes, top-
endo > bottom-endo addition (Figure 26). The addi-
tion of butadiene to this anhydride preferentially
afforded the top adduct (top:bottom = 6:1). In the
addition of anthracene, a top adduct was formed
exclusively. Cycloaddition of bicyclo[2.2.1]hept-2-ene-
2,3-dicarboxylic anhydride 44 (Figure 2b) with cyclo-
pentadiene was also studied by Bartlett et al., who
found exclusive top addition, the top-endo/top-exo
ratio being 3:2.172 The endo/exo ratio is significantly
different from that of 43 (60—70:1). The observed top
selectivity in norbornadiene (43) and norbornene (44)
derivatives is consistent with the inherent top reac-
tivity of norbornanone 22 and norbornene 42. Orbital
unsymmetrization of the dienophile vacant s orbital
arising from out-of-phase o—n* coupling (5.1) may
participate in the top preference.

top-exo top-endo bottom-endo

Figure 26. Addition modes of cyclopentadiene.
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2. Norbornyl- and Norborneyl-Fused p-Benzoquinones
(C3,C4)

Mehta et al. reported a systematic investigation of
the reactions of norborneno- 45a and norbornanoben-
zoquinones 46.172 Diels—Alder reactions of 2,3-nor-

% 0 o)
X\ top ¥\ top
o R o]
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( botton ( bottom
4532 R1=R2=H 46
45b: Ry=(s)S-SOTol; Ry=H

bornenobenzoquinone (45a, NPBQ) and 2,3-norbor-
nanobenzoquinone (46, DNPBQ) with various dienes
such as cyclopentadiene, cyclohexadiene, cyclooc-
tatriene, isobenzofuran, and tetrachlorocyclopenta-
diene were studied. Both examples concern vinylo-
gous s systems of a norbornadiene skeleton as
dienophiles. Compared to 45a, 46 has a uniformly
greater preference for cycloaddition to the top face.
Top or bottom preference was observed, depending
on the structure of the diene. For example, 45a with
cyclopentadiene showed bottom preference (top:bot-
tom = 35:65), while 33 with cyclopentadiene showed
top preference (top:bottom = 78:22); NPBQ with 5,5-
dimethoxytetrachloro-1,3-cyclopentadiene showed top
preference (top:bottom = 77:23), while 46 with 5,5-
dimethoxytetrachloro-1,3-cyclopentadiene showed top
preference (top:bottom = 100:0). The diene depen-
dence of the steroselectivities ruled out any important
role for ground-state structural or electronic effects
or orbital effects inherent to 45a and 46 alone. This
observation is consistent with the idea that steric
interactions essentially determine the & facial selec-
tivity in the cycloadditions of 45a and 46.

Carrefio studied the effect of an additional tolyl-
sulfinyl group on the benzoquinone (45b) and ob-
served reverse top facial selectivity of 45b with a high
selectivity (top:bottom = 90:10) in the reaction of
cyclopentadiene, in contrast to the bottom preference
of 45a.1* In the presence of Lewis acid (ZnBr,), the
reaction is accelerated and the facial selecti-
vity completely changes to bottom preference (top:
bottom = 0:100). These reactions are of synthetic
interest.179-181

3. Benzonorbornadienes (C5)

Diels—Alder cycloadditions involving norbornene
42 (C1 in Figure 3) and benzonorbornene (C5 in
Figure 3), 7-isopropylidenenorbornadiene, 7-isopro-
pylidenebenzonorbornadiene (33), and benzonorbor-
nadiene (47) as dienophiles are characterized as
inverse-electron-demand Diels—Alder reactions.132133
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These compounds react with electron-deficient dienes
such as tropone. Exclusive top reactivities are found
in a manner similar to the electrophilic reactions of
norbornene 42. In the inverse-electron-demand Di-
els—Alder reaction, orbital interaction between the
HOMO of the dienophile and the LUMO of the diene
is important. Thus, the orbital unsymmetrization of
the olefin s orbital of norbornene (4.37) is assumed
to be involved in these top selectivities in the Diels—
Alder cycloaddition. Furthermore, large rate ac-
celeration was encountered in these Diels—Alder
cycloadditions of 7-isopropylidenebenzonorborna-
diene (33) as compared with benzonorbornadiene (47)
in the reaction of tropone.'® As pointed out by

HaG ©Hs
diene diene

e )7

33
Haselbach and Rossi,*® the initial orbital interaction
of the HOMO of 33 and the LUMO of the diene is a
noninteracting one (5.2) because of the orbital sym-
metry disagreement, leading to decreased reactivity
of 33. Thus, the observed large acceleration and high

diene LUMO

exocyclic olefin 1 f
N

aromatic dienophile

5.2

exocyclic olefin

‘0 diene LUMO

aromatic r dienophile ©
5.3
diene LUMO
exocyclic olefin 1t ) @
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exo-selectivity of 33 can be rationalized in terms of
favorable 7* back-lobe interaction of the diene (the
LUMO) with the HOMO of 47 (5.3), the interactions
being late-developing. The secondary orbital interac-
tions (5.4),%%2 though sterically congested, may at-
tenuate the initial unfavarable orbital interaction at
the reaction centers.
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C. Cyclohexanone Derivatives and
Adamantane-2-thiones

1. 2,5-Cyclohexadienones (C6)

Liotta et al. studied the Diels—Alder reaction of
4-hydroxy-4-methyl-2,5-cyclohexadienone 11b (C6,
Figure 3, see also A5 in Figure 1; E1 in Figure 5) as
a dienophile with trans-1,3-pentadiene, which gave
a single adduct at 150 °C, the syn addition with
respect to the hydroxyl group being favored.'®? This

(0]

R3 R

R4 ""Rz
11b R1=OH,R2=CH3, H3=H
11d R1=OH,R2=CH3, R3=CH3

facial selectivity corresponds well to the syn prefer-
ence (with respect to the oxygen group) of the Diels—
Alder reaction of the isomeric cyclohexadienone,
6-acetoxy-2,4-cyclohexadien-1-one 57 (D6 in Figure
4) with maleic anhydride, wherein the cyclohexadi-
enone system works as a diene. Therefore, the oxygen
substituent seems to enforce the addition of the
dienophile or diene on the same side as the substitu-
ent. While the diene seems to react preferentially
with the dienophile 11b on its less hindered face; the
orbital interaction 5.6, which disfavors the anti side,
can also participate. On the other hand, the reverse

diene HOMO

Occ*

(&
co@

HO

5.5

nucleophile HOMO

=

HO
5.7

addition (i.e., anti addition with respect to the hy-
droxy group) of methylmagnesium reagent to the
carbonyl group of 11b has also been reported.®
Different trajectories of addition between the Diels—
Alder cycloaddition to the olefin moiety of 11b and
the nucleophilic addition to the carbonyl moiety of
11b recognize different orbital environments of the
LUMO (5.5) of 11b.??? In the latter case, the trajec-
tory will favor the orbital interaction responsible for
the syn addition (5.7). Furthermore, complete rever-
sal of facial selectivities was observed in the Diels—
Alder cycloadditions of 4-hydroxy-3,4,6-trimethyl-2,5-
cyclohexadienone 11d with trans-1,3-pentadiene,
depending upon whether the process was done ther-
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mally (syn with respect to the hydroxyl group) or
under Lewis acid conditions, SnCls-catalyzed (anti
with respect to the hydroxyl group).'®? For the
catalyzed process, the observed diastereoselectivity
presumably results from complexation of the hy-
droxyl group by SnCl,, thereby transforming it into
the larger of the two geminal substituents.

2. 5-Substituted Adamantane-2-thiones (C7)

le Noble et al. studied the Diels—Alder reaction of
5-fluoroadamantane-2-thione 48a with 2,3-dimeth-
ylbuta-1,3-diene.®® The cycloaddition in toluene at

R

p-s

48a: R=F
48b: R=Br

reflux for 3 days gave a mixture of adducts which
showed that a favored approach is syn with respect
to the fluoro group (syn:anti = 67:33). A 5-bromo
substituent (48b) also showed syn preference (syn:
anti = 59:41). Photocycloaddition of fumaronitrile to
5-X-substituted adamanta-2-ones 5 (X = F, ClI, Br,
OH) also showed syn preference. The observed pref-
erence is consistent with the Cieplak model. The
preferred addition of the dienophile is the same as
that observed in other types of reactions, such as
reduction of the ketone (5) and electrophilic oxidation
of the olefin (25). The observed bias is compatible
with the relevant orbital unsymmetrization of the z*
orbital of the dienophile (like 3.8).

D. Dienophiles Based on Dibenzobicyclo[2.2.2]-
octatriene Structure

1. Maleic Anhydride Embedded in Dibenzobicyclo[2.2.2]-
octatriene (C8)

The Diels—Alder reactions of anhydrides based on
a dibenzobicyclo[2.2.2]octatriene motif 49, as non-
sterically biased dienophiles, were studied in this
laboratory.'” This system is a dienophile involving
m facial nonequivalence arising from a remote sub-
stituent. Substituents in the dienophiles (49b—e) are
far from the reaction center, providing a sterically
equivalent & face. However, the substituents can

493: R1=R2=R3=R4=H

49b R2=OCH3, R1=R3=R4=H
49c: R2=N02,R1=R3=R4=H
49d R1=R2=R3=R4=F

49e: R1=R4=H,R2=R4=CF3

modify the z face of the dienophiles through m*-
(anhydride)—a*(aromatic) orbital interactions. The
cycloaddition reactions of the anhydrides (49a—e)
with acyclic dienes (butadiene and 1,4-dimethylbuta-
1,3-diene) were conducted at 23 °C in dichloromethane
as a cosolvent. Both of the dienes exhibited a similar
substituent effect: while the electron-donating meth-
oxy-substituted dienophile 49b showed no facial
selectivity in the cycloaddition, the nitro-substituted
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49c did exhibit facial selectivity, i.e., anti addition
(with respect to the substituted benzene ring) is
favored over syn addition. The perturbing effect of
an electron-withdrawing substituent is larger in
1,2,3,4-tetrafluoro- (49d) and 2,3-bis(trifluoromethyl)-
substituted anhydrides (49e). Both substrates (49d
and 49e) also favored anti addition over syn addi-
tion: the tetrafluoro compound (49d) exhibited a
similar bias (syn:anti = 36:64) to the nitro compound,
and the bis(trifluoromethyl) compound (49e) exhib-
ited a bias as large as 25:75 (syn:anti). Even when a
mixture of the isolated anti adduct of 1,4-dimeth-
ylbuta-1,3-diene and 1,4-dimethylbuta-1,3-diene in
toluene was subject to heating at 80 °C for 15 h, no
isomerization was observed and the anti adduct was
recovered unchanged. Therefore, the product distri-
bution was determined Kinetically.

Diels—Alder reactions of the anhydride (49) with
the cyclic diene (cyclopentadiene) also proceeded at
23 °C in dichloromethane as a solvent. The four
possible adducts (anti-endo, anti-exo, syn-endo, and
syn-exo adducts) were formed in these reactions. The

syn-endo syn-exo

exo adduct of 49a with cyclopentadiene did not
change into any other stereoisomer, even on heating
at 80 °C for 15 h in the presence of cyclopentadiene
in toluene, indicating that the distributions of prod-
ucts are also kinetically controlled. Cycloadditions
with cyclopentadiene exhibited a similar substituent
effect to that in the cases of the reactions with the
open-chain dienes (butadiene and 1,4-dimethylbuta-
1,3-diene), i.e., the methoxy-substituted derivative
(49b) reacted with cyclopentadiene without facial
discrimination (anti/syn = 51:49), although 49b
showed an endo preference (endo/exo = 2:1) on both
the anti and syn sides. A similar endo/exo ratio was
found in the case of the parent substrate (49a). In
the reactions of the substrates (49c—e) bearing
electron-withdrawing groups, anti addition is favored
over syn addition in both the endo- and exo adducts
(except the endo adducts of 49d). The anti/syn ratios
increased from the tetrafluoro (49d) to the nitro (49c)
and the bis(trifluoromethyl) case (49e); the ratios of
49e were 23:77 (syn:anti, in the endo adducts) and
35:65 (in the exo adducts). Apparently the anti/syn
ratios in the endo adducts are larger than those in
the exo adducts. Close scrutiny of the results indi-
cated that substrates 49c—e favored endo additions
over exo addition in the anti adducts and the endo/
exo ratios are within the range of 1.4—1.6, quite close
to the values obtained in the cases of unbiased 49a
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(1.8) and 49b (2.0). Thus, the endo preference ob-
served in the anti adducts seems inherent in the 9,10-
dihydro-9,10-ethenoanthracene motif. On the other
hand, in the syn adducts 49c—e the endo/exo ratios
are divergent (0.68—1.2): the endo-exo preference
was upset in the cases of 49d and 49e. When the
reactions were carried out at 80 °C in toluene, the
essential anti preference in the endo adducts was
conserved in the substrates 49c—e. However, the
anti/syn selectivity is lower than those found at 23
°C. There is also a remarkable increase of syn
addition in the exo addition of 49d and 49e, resulting
in loss of the anti preference.

The relative rates of cycloaddition of 49b—e were
measured in comparison with that of the parent 49a
as a reference. A solution of an equimolar mixture
of one of the substituted dienophiles (49b—e) and 49a
in CD,Cl, was treated with a 2-fold molar excess of
1,4-dimethylbuta-1,3-diene, and the reaction was
monitored in terms of disappearance of the proton
signals of the substrates by 'H NMR spectroscopy.
The methoxy substituent has practically no effect on
the reaction rate. However it is apparent that electron-
withdrawing substituents (49b, 49c, and 49e) ac-
celerate the anti addition significantly, whereas in
syn addition the acceleration is not as large; the rate
is comparable to that of the reference compound
(49a). In the reactions of the tetrafluoro-substituted
dienophile 49d, we found significant rate acceleration
on both sides, though the anti side addition was still
substantially favored.

Therefore, the preference of the cycloadditions is
opposite in direction to the biases observed in nu-
cleophilic additions of 2-substituted 9,10-dihydro-
9,10-ethanoanthracen-11-ones (A10 in Figure 1; 21)
(dibenzobicyclo[2.2.2]octadienones) and in electro-
philic additions of 2-substituted 9,10-dihydro-9,10-
ethenoanthracenes (dibenzobicyclo[2.2.2]octatrienes)
37 (B11 in Figure 2).“8 This example and the case of
cyclohexadieneone 11b observed by Liotta et al.'8?
(see section V.C.1.) bring into question the general
applicability of the Cieplak model.

The retardation at the syn face was proposed to
stem from unfavorable orbital interaction developing
along the syn attack trajectory:'’®> as the diene
approaches the anhydride moiety (either in endo or
exo fashion), initially favorable in-phase interaction
of the & lobes at C; and C, of the diene with the 7*
lobes of the aromatic moiety of the dienophile occurs
(5.8), in addition to the primary in-phase orbital
interaction of the anhydride with the diene, as in the
case of the attack of the hydride anion on the ketone
(3.24). However, this interaction will start to be

diene
HOMO

dienophile mx @
%

aromatict*  aromatic n*

diene HOMO diene HOMO

dienophile mx

dienophile
w w

aromatic n*  aromatic n* aromatic n*  aromatic ©*

5.8 5.9 5.10

w= an electron-withdrawing group

counteracted by the emergence (or increase) of out-
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of-phase interaction of the w-back lobe of the diene
with the aromatic #* orbital of the dienophile (5.9).
This situation can be regarded as a type of nonin-
teraction, as depicted in Figure 13e with some
simplification. It is known that primary HOMO
(diene)=LUMO (dienophile) interaction does not
provide stabilization at the incipient stage of the
Diels—Alder cycloaddition because of narrowing of
the interfrontier level separation (orbital narrowing),
i.e., raising the energy level (i.e., destabilization) of
the HOMO and lowering the energy level of the
LUMO.*® However, the driving force of the cycload-
ditions depends significantly on the stabilization of
the in-phase-combined 7 orbitals (of HOMO (diene)—
LUMO (dienophile)), generating stable ¢ bonds, i.e.,
the conjugated szt bonds of butadiene are transformed
into two ¢ bonds in the product.’® This stabilization
emerges at a relatively late stage on the reaction
coordinate, although an early transition state would
be consistent with the exothermicity of the cycload-
dition. Therefore, this late-developing orbital phase
disagreement may modify the trajectory of the addi-
tion (probably causing an upward shift of the diene)
on the syn side, leading to destabilization.®® In the
exo mode, the syn addition can also involve attractive
secondary orbital interaction (5.10) (between the C;
and Cz & lobes of the diene and the aromatic z*
orbital of the dienophile), which will cancel the effect
of the above out-of-phase interaction. This is partially
compatible with the observed rather small change in
the rate ratios of the syn-exo mode upon substitution.

VI. Stereoselection of Diels—Alder Dienes

A. Outlook

Although there have been many experimental and
theoretical studies on the behavior of facially per-
turbed dienes, the number of sterically unbiased
dienes available to probe the factors that determine
the facial selectivities is still limited. In most cases
(Figure 4), the steric effect controls selectivity. Facial
selectivities of some dienes have been accounted for
in terms of hyperconjugative,*®-1" electrostatic,>18
torsional,8%1% or orbital effects.?526:35118.147,191-196 The
general applicability and predictive value of the
proposed explanations are not obvious at the present
stage.

B. Cyclopentadiene Motifs

1. 5-Substituted 1,3-Cyclopentadienes (D1)

One of the classical issues in the facial selectivity
of Diels—Alder dienes is concerned with 5-substituted
1,3-cyclopentadienes. Woodward and co-workers es-
tablished that ethylene added syn (with respect to
the acetyl group) to 5-acetoxycyclopentadiene 50a.%7

X

=X

Y

50a:X=0Ac, Y=H
50b:X=0H, Y=H

Recent studies using other 5-acetoxy- (50a) and
5-hydroxycyclopentadiene (50b) systems revealed a

Ohwada

.
e}

e
- 1o

anti

Figure 27. Orbital distortions of 5-substituted 1,3-cyclo-
pentadienes.

similar bias.’®® A systematic study of the facial
selectivity of 5-substituted 1,3-cyclopentadines 50 as
Diels—Alder dienes was carried out by Fallis and
Macaulay.?18 Heteroatom substituents (X in 50) of
the first row (F, NH,, OH, OAc) lead overwhelmingly
to reaction onto the diene face syn to the hetereo-
atom. Dienes with a heteroatom substituent from the
second row (Cl, SPh) afforded both syn and anti
adducts, but for those with a substituent from the
third or fourth row (Br, SePh, I), the anti addition
occurs exclusively.

The first theoretical rationalization of the facial
selectivities of 1,3-cyclopentadienes was based on
second-order orbital distortion, i.e., orbital tilting
(Figure 7b), proposed by Inagaki et al.?6:35191192 The
observed syn and anti preferences were rationalized
in terms of the involvement of 6.1 and 6.2, respec-
tively (Figure 27). Regarding the preference of C-5-
oxygen-substituted cyclopentadiene (50a), Anh pointed
out the beneficial interaction (6.3) of the nonbonding
oxygen orbital with the dienophile (LUMO).**® How-

oi*CC !‘ “\
=X :
_‘ O- Ac

n* (dienophile) 250% CHa
6.3

6.4

ever, the HOMO (i orbital) of the cyclopentadiene is
subject to out-of-phase interaction of the n (7) orbital
of the halogen atom attached to the 5-position (6.1).
This out-of-phase motif, even when orbital tilting
takes place, seems essentially to disfavor the syn
addition. In fact, in the cases of substituents such as
Br, SePh, and I, the anti preference is observed.
As an extension of the Cieplak model, Diels—Alder
reactions of cyclopentadiene would be predicted this
to occur anti to the adjacent C5 o-bond, which is a
better hyperconjugative donor.'®5-187 According to
orbital symmetry, only combination 6.4 can partici-
pate. Coxon and McDonald analyzed the AM1-
calculated transition structures for the cycloaddition
of ethylene and 5-chloro-5-methyl-1,3-cyclopentadi-
ene'®® and showed that the most notable feature of
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the transition-state geometry for the reaction of
ethylene at each face of the diene is that the C—CI
or C—Me bond length for the anti addition of the
dienophile is longer than the comparable bond length
when the substituent is syn to the approaching
dienophile. Lengthening of the C—X bond for anti
addition is consistent with hyperconjugative stabili-
zation involving the donation of electron density from
the o bond of an anti substituent to the forming o*
orbital.

2. 5,5-Diaryl-1,3-cyclopentadienes (D2)

The sterically unbiased dienes, 5,5-diarylcyclopen-
tadienes 51 (D2 in Figure 4) wherein one of the aryl
groups is substituted with NO;, Cl, and N(CHj3),,
were designed and synthesized by Halterman et al.?%®
Diels—Alder cycloaddition with dimethyl acetylene-
dicarboxylate at reflux (81 °C) was studied: syn
addition (with respect to the substituted benzene)
was favored in the case of the nitro group (51a, X =
NO,) (syn:anti = 68:32), whereas anti addition (with
respect to the substituted benzene) is favored in the
case of dimethylamino group (51b, X = N(CH3),) (syn:
anti = 38:62). The facial preference is consistent with
those observed in the hydride reduction of the
relevant 2,2-diarylcyclopentanones 8 with sodium
borohydride and in dihydroxylation of 3,3-diarylcy-
clopentenes 26 with osmium trioxide. Thus, the major
product results from approach of the dienophile from
the face opposite the better electron donor, compat-
ible with the prediction of Cieplak’'s model. Unsym-
metrization of the diene & orbitals is inherent in 51,
which is consistent with the observed facial selectivi-
ties (6.5 for 51a; 6.6 for 51b).

X

)

=>

51a: X=NO,
51b: X=N(CH,),

Yoo

6.5 6.6

3. Spiro-1,3-cyclopentadienes (D3)

Benzo[a]- (a), benzo[b]- (b), and benzo[c]fluorenes
(c) bearing a carbonyl (52), an olefin (53), or a diene
group (54) in spiro geometry are three possible
combinatorial isomers wherein the direction of fusion
of the naphthalene is different (Figure 28).2°! The &
reaction centers of the carbonyl, olefin, and diene
groups are subject to spiroconjugation®87.%0 with the
planar aromatic r system. The effect of perturbation
arising from spiroconjugation on the chemical reac-
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Figure 28. Possible combinatorial isomers.

tivities, in particular the facial selctivities, was
investigated. With respect to the =z faces of the
relevant reaction centers, the first aromatic system
is sterically biased (i.e., sterically unsymmetrical)
while the latter two systems are assumed to be free
from steric bias. These dienes react as Diels—Alder
dienes with several dienophiles (maleic anhydride,
N-phenylmaleimide, and N-phenyl-1,3,5-triazoline-
2,4-dione). Endo isomers of the adducts were pre-
dominantly formed. The direction of fusion of the
aromatic ring changes the facial preference. The
diene (54b) bearing benzo[b]fluorene favored syn
addition of the dienophiles (syn:anti = 62:38 (for
maleic anhydride)) with respect to the naphthalene
ring, whereas the diene 54c (benzo[c]fluorene) showed
a reverse anti preference for the additions (syn:anti
= 28:72 (for maleic anhydride)). In contrast to the
behavior of the dienes, spiro ketones and spiro olefins
bearing a benzofluorene (except 52c in the case of
NaBH, reduction (syn:anti = 60:40)) showed little or
no s facial selectivity in the absence of a steric
influence (that is, 52a and 53a). The lack of interac-
tion of the spiro s substituents (7 fragments) can be
explained in terms of the large energy gap of these
fragments (Figure 29).2%% In the case of the ketone,
the unoccupied carbonyl z* orbital is perturbed by
the lower-lying unoccupied aromatic z* orbitals of the
benzofluorenes, while in the cases of the olefins, the
occupied olefin & orbital is perturbed by the high-
lying occupied aromatic s orbitals of the benzofluo-
renes. In the case of the ketone 52c, the relevant
energy gap is apparently smaller than that of 52b,
leading to effective interaction, which is consistent
with the observed selectivity of 52c¢ (no selectivity in
the case of 52c¢) in the reaction with NaBH,. In the
cases of the sterically unbiased olefins (53b and 53c),
there are consistently large energy gaps. The diene
systems involve complete spiroconjugation, leading
to an effective overlap of the diene & orbital and the
aromatic s orbital. Furthermore, the HOMO of the
diene is close to that of the aromatic benzofluorenes
(Figure 29). Nonequivalent orbital interactions of the
mr reaction center with the aromatic x orbitals at the
ipso positions are thought to be crucial for facial
preference of aromatic spiro systems. In the case of
the occupied x reaction center, reactions on the
opposite side of the out-of-phase motif may be fa-
vored, while in the case of the unoccupied 7* reaction
center, those on the side of the additional in-phase
motif may be favored (Figure 30).° The observed
preferences of the diene (syn (54b) and anti (54c)),
in addition to the ketone 52c (syn), seem to be
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consistent with this idea. This observed diversity of - .NOYNH
the facial selectivities of 54c and 52c may be in - n, o
conflict with the Cieplak model. 56 N
C. Cyclohexadiene Motifs o0y 0
. o 2 (
1. Heterocyclic Propellanes (D4, D5) _ N)/NH

The cycloaddition reaction of heterocyclic propel-
lanes 55 (X = O and S) (D4 in Figure 4) with

g . . . Fi 31. S d bital int tion.
N-phenyltriazolinedione (N) (Figure 31) affords the rgure econdary orbital interaction

anti adduct with respect to the bridge.'3194292 Re- Figure 31) is differentiated with respect to the
direction of attack, i.e., syn or anti, of triazolinedione

OHﬁ/H 0. P (N, Figure 31).
H H o The stereochemical course of the first reaction of
- - 55 can be rationalized in terms of the relative steric
contributions of the flanking bridge, in particular of
55 56 methylene protons and the puckering oxygen atom
(see 6.7 and 6.10). In terms of orbital interactions,
placement of the a.(:H2 groups by Carbonyls (that is both SyStemS_, 55 'a.nd 56, |nV0|Ve-the essential out-
56), instead, resulted in the formation of only syn of-phase orbital interaction motif between two =
products. Secondary orbital interactions (not second- ~ components of the two butadiene units (6.7 and 6.8),
order orbital mixing in Figure 7) were considered to and therefore, the anti addition is intrinsically un-
be responsible for the reverse syn addition of triazo- ~ favorable in these systems. Replacement of the flank-
linediones to anhydride and imide-bridged [4.4.3]- ing methylenes with the trigonal planar carbon
propellane dienes 56 (Figure 31). When the carbonyl atoms as in 56 retrieves the genuine steric unbias
groups are present, the transition state for syn attack (6.8 and 6.11), exhibiting the inherent syn addition
is stabilized by interactions between the out-of-phase ~ arising from the orbital unsymmetrization. Contribu-
combination of the NN lone pairs and the antisym-  tion of the in-phase motif of the vacant carbonyl 7>
metric z* orbital of the CO—X—CO bridge. Although orbital of the anhydride moiety (6.9) to the HOMO
the Secondary effect Operates Only during syn ap- of the molecule 56 also encourage syn addition of 56.

proach and contributes added stabilization to this . .
transition state, the primary orbital interaction (see 2. 6-Acetoxy-2,6-dimethyl-2,4-cyclohexadienone (D6)

6.10) between the HOMO of the cyclohexadiene 6-Acetoxy-2,6-dimethyl-2,4-cyclohexadienone D6
moiety of 55 and the =* orbital of the dienophile (N, (Figure 4), 57 (X = OAc,Y = CHgs), and maleic
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anhydride or propiolic acid in boiling benzene give a
single Diels—Alder adduct,?*® which is formed with
high stereoselectivity by attack on the acetoxyl-
bearing face of the dienone, i.e., syn:anti = 100:0 with
respect to the acetyl group. Endo adducts are formed,
as frequently observed with dienophiles such as
maleic anhydride and p-benzoquinone. Since the
reaction occurs under mild conditions, it is most
probable that the facial selectivity is determined
kinetically. This high syn preference is comparable
with those observed in the Diels—Alder reactions of
5-acetoxy-1,3-cyclopentadiene 50a and ethylene (syn:
anti = 100:0),'% or of 5-hydroxy- (50b) or 5-methoxy-
1,2,3,4,5-pentamethyl-1,3-cyclopentadienes and ma-
leic anhydride (syn:anti = 100:0).618 Therefore, the
2,4-cyclohexadienone system 57 can be regarded as
a p-vinylogous & system of the 1,3-cyclopentadiene
system 50.

3. 2-Phenyl-1,2-dihydropyridine (D7)

Diels—Alder cycloaddition reactions utilizing N-acyl-
1,2-dihydropyridines D7 (Figure 4) offer a convenient
pathway to isoquinuclidines, substituted at 7- and/
or 3,7-positions, which are of synthetic interest as
versatile intermediates in natural product synthe-
sis.?%* Reaction of N-acetyl-2-phenyl-1,2-dihydropy-
ridine 58 (X = OAc, Y = Ph) with maleic anhydride
afforded exclusively the 3-exo-phenyl adduct 59. That

(o]
o
(o]
,,,OAC oh COCH3
CH, = N/
7
(o] SN H
CH3 OAc o
57 58 59

is, the face opposite the 2-phenyl substituent of
N-acyl-1,2-dihydropyridine 58a was favored. This
facial selectivity is concluded to be determined Ki-
netically, and the bias is reasonable due to the
sterically hindered face with respect to the phenyl

group.
4. cis-Cyclohexa-3,5-diene-1,2-diol (D8, D9)

Cycloaddition of cis-cyclohexa-3,5-diene-1,2-diol 60a
with N-phenylmaleimide in chloroform at room tem-
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perature for 24 h showed a syn preference of addition
with respect to the oxygen substituents (syn:anti =
94:6).2%5 Substitution on the oxygen atoms with

OH o)
SH Q—R a: R=H
"'H R b:R=CHg,
C:R,H='(CH2)3'
60a 61a-c
X
j a: X=Y=0
-Y b:X=0,Y=H
”J c:X=Y=S
d:X=S,Y=H
62a-d

acetyl, trimethylsilyl, (dimethylsilylene)bis(oxy), and
isopropylidenedioxy groups essentially did not change
the syn preference, only the magnitude and the
reaction rates being modified. In contrast to the syn
preference of 60a, 1,3,5-cyclohexatriene-1,2-dioxide
(benzene oxide) 61a, an epoxide analogue, showed
exclusive anti preference in the Diels—Alder reaction
with N-phenylmaleimide. 1,2-Dimethyl-1,3,5-cyclo-
hexatriene 1,2-oxide (61b) and 10-oxatricyclo[4.3.1.0]-
deca-2,4-diene (61c) also showed anti preference.?%
Therefore, despite the much larger size of two methyl
or methylene groups compared to two hydrogens, the
cycloaddition still exhibited complete nw-facial selec-
tivity. The geometry of the benzene oxides 61 is such
that the oxygen is almost perpendicular to the plane
of the diene moiety, whereas the oxirane substituents
(two hydrogens, two methyls, and methylene) are
roughly coplanar with the diene moiety. Therefore,
there is a significant steric interaction between the
oxygen and an incoming dienophile on the syn face.
Superficially, the observed anti preference is in
contrast to the syn preference of Diels—Alder reac-
tions of 5-hydroxy-1,3-cyclopentadiene 50b.5185 How-
ever, due to orbital symmetry, the HOMO of the
diene is intact to interact with n orbitals of the
oxygen atom (6.12 and 6.13), unlike that of the
5-hydroxy-1,3-cyclopentadiene 50b (see 6.1). The

No

[ 4
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@

diene &t diene &t

6.12

diene &t

6.14

HOMO of the diene interacts with the oco orbitals
in an out-of-phase motif (6.14), which is also relevant
to the anti preference with respect to the out-of-phase
motif.

5. Dispiro[4.0.4.4]tetradeca-11,13-dienes (D10)

Paquette et al. examined the facial selectivities of
a series of dispiro[4.0.4.4]tetradeca-11,13-dienes 62
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(D10 in Figure 4)'# in a study which is closely related
to the work of Gillard and Burnell?®> on the Diels—
Alder reactions of cis-cyclohexa-3,5-diene-1,2-diols 60
(D8 in Figure 4). These systems (D10) provide
fixation of the direction of the substituent, in par-
ticular of the n(x) orbitals of the heteroatoms, and
minimize steric bias. Heating a benzene solution of
the syn-dioxa diene 62a (X = Y = O) with N-
phenylmaleimide or with maleic anhydride at reflux
or with N-methyltriazolinedione at low temperature
afford the syn adduct in all cases (with respect to the
heteroatom). p-Benzoquinone and 1,4-naphthoquino-
ne were less reactive, and the cycloaddition required
high pressure. These dienophiles also gave exclu-
sively syn adducts with 62a. The mono-oxygen-
containing diene 62b (X = O, Y = H) also gave the
syn adduct. In contrast, the cycloaddition reaction of
the syn-dithiadiene 62c (X =Y = S) is retarded. The
cycloaddition with N-methyltriazolinedione gave the
anti adduct exclusively. The monothia-containing
substrate 62d (X = S, Y = H) gave a 1:1 mixture of
adducts with N-phenylmaleimide, and with N-me-
thyltriazolinedione, anti addition is also favored (syn:
anti = 1:10). These electrostatic properties were
suggested by the authors®® to be important in order
to explain the x facial selectivities. N-Phenyl male-
imide is suggested to have a positive partial charge
on the hydrogen and carbon atoms of the carbon—
carbon double bond, whereas N-methyltriazolinedi-
one has a slight positive charge density on the doubly
bonded nitrogen but a negative charge density in the
region where the lone pairs are located (see N in
Figure 31). Because oxygen bears a negative charge
and sulfur bears a positive charge which is larger
than that of the methylene group, the observed
selectivity is consistent with electrostatic interaction
between the diene and dienophile.

6. Adamantane Diene (D11)

The cycloaddition of 1,3-diene D11 (Figure 4) based
on adamantanes is also studied by le Noble et al.?3?
Although the magnitude of facial selectivity is small
in the reaction of the fluoro derivative 63a with
tetracyanoethene, syn preference (with respect to the
fluoro group) was observed (syn addition:anti addi-
tion = 58:42). This syn preference is compatible with

63a: R=F 64
the case of 5-fluoroadamantane-2-thione 48 as a
Diels—Alder dienophile.

D. Norbornane Motifs (D12, D13)

1. Isodicyclopentadiene

It is noteworthy that Diels—Alder cycloaddition of
isodicyclopentadienes (64, D12 (Figure 4) and 65,
D13 (Figure 4)) with methyl acrylate, maleic anhy-
dride, and p-benzoquinone showed endo preference,
which is in strong contrast to the inherent exo
preference of the norbornene toward electrophilic

Ohwada

reagents,189.195196.207.208 The cause of this behavior
cannot be steric in origin since the reacting centers
actually experience bond formation on the diene
surface that is syn to the large ethano bridge. The
observed facial selectivity can be interpreted in terms
of olm interaction.?® However, the magnitude of the
destabilization energy arising from the four-electron—
two-orbital repulsion is independent of the energy
gap between the fragment orbitals involved.3:175209
Thus, the effect of the relevant interaction of the
higher-lying occupied orbitals can be canceled by
similar interactions between the lower-lying occupied
orbitals. Houk and Brown postulated a role of tor-
sional strain, which is relevant to the transition
structures of the diene in the Diels—Alder cycload-
dition.'® The orbital interaction of isodicyclopenta-
diene (6.15 and 6.16) is reminiscent of the syn
preference of 5-hydroxy-substituted 1,3-cyclopenta-
diene (6.1), which favors addition on the side of the
more diffused out-of-phase motif.

observed observed

6.15 6.16

VII. Stereoselection of Michael Acceptors (E1-E3)

In the viewpoint of orbital interactions, 1,4-
conjugate additions to enones (Michael additions)
involve z* orbitals of the olefin portions of the enones
while the occupied & orbitals of the olefins contribute
to the electrophilic reactions of the olefins (section
V). Therefore, the effects of occupied and unoccupied
orbitals of the same functional group, i.e., olefins on
facial selectivities, can be evaluated. Although facial
selectivities of 1,4-conjugate additions (Michael ad-
ditions) to enones are one of the fundamental issues
in connection with stereoselective reactions,?'° the
potential for facial selectivity arising from sterically
unbiased Michael acceptors (Figure 5) does not seem
to have been well evaluated. Liotta et al. studied the
conjugate addition to y-hydroxyenones E1 (Figure 5)
(A5, C6) of organometallic reagents (Figure 5).92:93
They found that deprotonated p-quinols and 4-hy-
droxyenones undergo diasterofacially specific Michael
additions with reagents which typically react inter-
molecularly in a 1,2-fashion, that is, syn addition
with respect to the hydroxyl group is favored. This
process appears to require the presence of alkoxide
ion. If the oxygen is protonated with a trimethylsilyl
group 11c, no directing effects are observed. Thus,
the syn preference is due to the initial complexation
of the nucleophilic reagent by the alkoxide group,
followed by intramolecular delivery of the bound
nucleophile to the adjacent electrophilic center. This
rationalization seems reasonable because the comple-
mentary anti addition was observed when metallo-
carbanionic reagents in which the metal is coordina-
tively saturated are employed. These observations
are of synthetic significance.®®

Seebach et al. studied the facial selectivity of the
2,6-disubstituted 1,3-dioxin-4-ones (E2 in Figure 5)
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in the Michael additions of organocuprate reagents.?3
The results can be rationalized in terms of steric
hindrance.?! Fixation of the conformations of 2,6-
disubstituted 1,3-dioxin-4-ones does not seem to be
the source of selectivities, because equilibrium is
rapid in solution, even though the crystallographic
structures suggested the conformation (see also
Figure 18).212

In 1,4-conjugate additions toward cyclic unsatur-
ated lactones, facial selectivity is generally deter-
mined by the stereochemistry of the substituents on
the ring. Other effects such as stereoelectronic effects
are also important in some cases.?*?213 To exclude a
contribution of the classical steric effect or precoor-
dination of reagents, several lactones with 2(5H)-
furanone (66) embedded in a dibenzobicyclo[2.2.2]-
octatriene frame (67a—c) (E3 in Figure 5) were
designed and synthesized.?* In this system, the

66 67 a: R1=R2:R3=R4=H
b: R1=R2=R4=H, R3=N02
C: R1=R3=R4=H, R2=N02

aromatic substituent is far from the reaction center
and the s-face is considered to be free from conven-
tional steric effects. Furthermore, the use of the cyclic
lactone moiety fused to the bicyclo skeleton avoids
complexity arising from cis/trans protonation of the
intermediate adduct. Thus, these compounds should
be substrates with minimal bias close to the reacting
sp? carbon, allowing us to separate steric, torsional,
and stereoelectronic variables.?

The base-catalyzed 1,4-addition of ethanethiol to
67a—c in a variety of aprotic solvents at 23 °C for 75
h was studied. The 3-nitrolactone (67b) favors syn
addition rather than anti addition in all cases (with
respect to the nitro group). The 2-nitro lactone (67c)
also favors syn addition, though the ratio obtained
in a neat condition is smaller than that of 67b. The
anti adduct of 67c did not change into the syn adduct
at 23 °C during 94 h in a mixture of ethanethiol and
sodium thioethoxide without solvent. In DMF as a
solvent, the isomerization was observed to only a
small extent (anti adduct:syn adduct = 93:7 (67c)).
These results indicate that the distributions of prod-
ucts are kinetically determined. In both cases (67b
and 67c) it was found that the magnitude of the syn
preference increased with increasing solvent polar-
ity: the syn/anti ratio of 67b and 67c reached 79:21
and 75:25 in DMF, respectively. On the other hand,
the reaction in a nonpolar solvent such as n-hexane
showed a smaller selectivity than that in polar
solvents, though syn preference was still observed.
These results indicate intrinsic syn preference of
attack of the nucleophilic reagent on 67b and 67c.

The syn preference of 67b and 67c is similar to
those observed in the reduction of the related ke-
tones, Al14 (Figure 1), and in the epoxidation and
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dihydroxylation of the related olefins B11 (Figure
2).*8 Although the trajectories of the attacking re-
agents are considered to be different in these
reactions,5565110-114215 3| three types of reactions
favor syn addition, which excludes a predominant
role of divergent trajectories in these dibenzobicyclic
systems.

The substituent effect of the aromatic nitro group
can be accounted for in terms of z orbital unsymme-
trization. The LUMO of the dibenzobicyclic lactone
(7.1) can be analyzed as an in-phase combination of
three vacant x* orbitals, i.e., those of benzene,
nitrobenzene, and the 2(5H)-furanone moiety. The
energetically lower-lying z* orbital of the nitroben-
zene fragment contributes significantly to the LUMO
of the whole molecule rather than the z* orbital of
the nonsubstituted benzene. Thus, the LUMO of
2(5H)-furanone is unsymmetrized (7.1). Therefore the

NO,

aromatic nt*
71

syn attack of the nucleophilic reagent is favored
because of the additional in-phase interaction of the
a* lobe of the nitrobenzene motif.

The predominant component of the LUMO of the
whole molecule is the 7* orbital of the nitrobenzene
fragment rather than that of the reaction center.
However, the orbital being perturbed to generate the
syn preference is the LUMO and not the next-LUMO,
which contains the z* orbital of the reaction center
as a main component.

VIIl. Reciprocal Interactions

Interactions between two fragments (i.e., two func-
tional groups) in a molecule would be subject to
efficient reciprocal perturbations, reminiscent of “ac-
tion and reaction” in dynamics. Few works payed
attention to such reciprocal interactions which can
modify the reactivities inherent to the respective
functional groups. The following example will high-
light the significance of the reciprocal interactions
which is envisioned in the nitration of the fluorene
ring of spiro ketones 9a.

In the spiro systems A4 (Figure 1), the aromatic
orbitals unsymmetrized the carbonyl orbital. Simul-
taneously, the carbonyl group can perturb the or-
thogonal aromatic ring. Nitration of the fluorene
derivatives (9a) bearing a spiro substituent was
studied (Figure 32).8°

The reactivities of 9a can be interpreted in terms
of the reciprocal perturbation of the aromatic ring
arising from the bisected carbonyl group. Fluorene
68 exhibits more nucleophilicity at C-2 than at C-4,
due to increased conjugation of the aromatic rings
and steric congestion at C-4. In the nitration of the
parent fluorene 68 at —43 °C with acetyl nitrate, the
isomer distribution was observed to be 67% at C-2
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(0.4) (0.3) (0.6)

Figure 32. Reciprocal perturbations in nitrations. Ratios
of 4-/2-nitration are shown in parentheses.

and 33% at C-4. Figure 32 also shows the 4-/2-
nitration ratios. A spiro-substitution, on the other
hand, was found to have a large effect on the
nitration, resulting in a great change of the distribu-
tion of products: instead of the 2-nitro derivative
(11%), spiro[cyclopentane-1,9'-fluorene]-2-one 9a pre-
dominantly gave the 4-nitro derivative (77% yield)
with the nitrating reagent at —75 °C. The use of a
higher temperature, —43 °C, did not alter the result.
A similar divergence in the distributions of nitrated
compounds was also observed in the case of the
reactions of the spiro fluorene bearing a six-mem-
bered ring, spiro[cyclohexane-1,9'-fluorene]-2-one 69.
The bisected carbonyl group of 9a and 69 plays a
significant role in these divergent nitrations: the
nitration of spiro[cyclopentane-1,9'-fluorene] 70 and
spiro[cyclohexane-1,9'-fluorene] 71, the decarbon-
ylated compounds, resulted in the commonly expected
distributions of nitrated fluorenes. Judging from the
ratios of 4-/2-nitration, a less flexible conformation,
i.e., amore rigid planarity of the five-membered ring
of 9a and 70, strongly perturbed the nitration.
Neither the cyclohexane ring nor the cyclopentane
ring, in the spiro geometry, encouraged the nitration
at C-4, or rather both enhanced the reactivities at
the C-2 position of the fluorene ring. These results
also exclude possible steric congestion around the C-2
position owing to the spiro-substitution of the C-9
position. Moreover, the nitration of spiro[cyclohexane-
1,9'-fluorene]-4-one 72 also favored the 2-nitro de-
rivative (65%) rather than the 4-nitro derivative
(17%), suggesting that proximity is requisite for
interaction between the carbonyl and the aromatic
moieties. An indirect effect on the nitration reaction
arising from a carbonyl substituent at the C-9 posi-
tion of the fluorene was indicated by the nitration of
9-ethoxycarbonylfluorene 73. The 4-/2-ratio (0.6) is
very similar to that of fluorene 68 (0.5). All the
results, therefore, indicate perturbation of the fluo-
rene ring arising from the bisected carbonyl group
of 9a.

IX. Conclusions

This review contends that throughout the known
examples of facial selections from classic to recently
discovered ones, a key role is played by the orbital
unsymmetrization of x reaction centers arising from
the first-order perturbation, that is, the unsymme-
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trization of the orbital phase environment of the
relevant st orbitals. This asymmetry of the 7z orbitals,
if recognized along the trajectories of additions, is
proposed to be generally involved in the facial selec-
tions of sterically unbiased systems. Experimentally,
carbonyl and related olefin compounds, which bear
a similar structural motif, exhibit the same facial
preference in most cases, particularly in the cases of
adamantanes. This feature seems to be compatible
with the Cieplak model. However, this is not always
the case for other types of molecules and in reactions
such as Diels—Alder cycloaddition.

There have been several studies to characterize
other facial selections of organic reactions, in par-
ticular, of sigmatropic reaction,?'62” oxy-Cope rear-
rangement,?'® Claisen rearrangements,?*® and 1,3-
dipolar cycloadditions,?°-2?4 which we did not mention
here. le Noble and other groups also carried out
extensive studies of the facial selective behavior of
adamantane motifs, for example, captures of car-
bene,?®> radicals,??® carbocations??” and carboan-
ions,?1% sulfur oxidation,??® olefin—metal complex-
ation,??® and thermal®® and photo cycloadditions.?3!
Nevertheless, as Figures 1—5 suggest, the number
of structural motifs of sterically unbiased substrates
is limited. Further advances in our understanding
of facial selections may require the design of new
structural motifs, which can be used to test the
general applicability of the relevant rationalizations
and also to provide a basis for new and more general
rationalizations. This process will be assisted by a
combinatorial approach in experimental and theo-
retical studies.
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