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I. Introduction and Background
“It is a capital mistake to theorise before one
has data. Insensibly one begins to twist facts
to suit theories, instead of theories to suit facts.”
(Sherlock Holmes, A Scandal in Bohemia)1

The desymmetrization of the two faces of a planar
carbonyl group2 has emerged as one of the most
important paradigms in the field of stereoselective
synthesis since Cram3 proposed a model to predict
the facial selectivity of nucleophilic addition to R-chiral
aldehydes and ketones. The Cram model correctly
predicts the major diastereomer of most asymmetric
addition reactions, with the notable exception of
Grignard additions to R-chloro ketones. Cornforth
proposed a modification where the halogen plays the
role of the large substituent, so that the CdO and
C-Cl dipoles are opposed.4 The predictive value of
Cram’s rule notwithstanding, the rationale for the
specific rotamer selection was speculative, and as
spectroscopic methods developed, the validity of the
ground-state conformation was increasingly ques-
tioned.

In 1968, Felkin noted that the Cram as well as the
Karabatsos5 models failed to account for the outcome
of nucleophilic additions to cyclohexanones, and do
not explain the effect of the R substituent on the
selectivity.6 In Felkin’s original proposal, the incom-
ing nucleophile attacked the carbonyl from a direc-
tion antiperiplanar to the large substituent (Figure
1). This model had major weaknesses, e.g., it as-

sumed that intramolecular interactions in the sub-
strate were responsible for the selectivity of a bimo-
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lecular reaction (most distances are identical in both
transition states); it was also hard to accept that R
) H is more sterically demanding than oxygen as
would be required for aldehydes. In 1977, Anh used
ab initio methods to evaluate the energies for all
postulated transition-state structures.7 This clearly
showed that Felkin’s transition states were the
lowest energy conformers for attack on either face of
the ketone carbonyl C, including metal ion coordi-
nated carbonyl groups. Anh and Eisenstein found
that the energy difference between the two Felkin
transition states was amplified when the angle of
nucleophilic attack was adjusted to 105°.8 Thus, the
Felkin model was revised to include the Bürgi-
Dunitz trajectory.9 This work established the first
sound theoretical basis for the selection of transition
states in nucleophilic carbonyl additions.

Anh and Eisenstein also addressed the issue which
substituent would assume the role of the large group
anti to the incoming nucleophile.8 An important
aspect raised in Anh’s study was the stabilization of
the π* orbital of the carbonyl group (LUMO) by
overlapping with the σ* antibonding orbital of the
antiperiplanar R-substituent (L), as well as the
stabilizing effect due to the σ-σ* interaction between
the newly forming C-Nu bond and the antiperipla-
nar C-L bond. A simple rule was offered: the
substituents should be ordered according to the
energies of the antibonding σ* orbitals. The preferred
anti substituent would be the one having the lowest
lying σ* orbital (Figure 2). This rule also explained
the R-chloro ketone anomaly, since the σ* of the
carbon-chlorine bond is lower that a carbon-carbon
bond.

Despite the substantial support2,10 for the Felkin-
Anh model, many alternative theoretical and com-
putational models have been proposed. In 1987,
Heathcock tested the Anh-Eisenstein σ* hypothesis
and concluded that it is only partially correct.11

According to this hypothesis, one would expect a
gradual increase in the anti-selectivity for the reac-
tion shown in Figure 3 as the bulk of the remaining
substituent R increases. However, this is clearly not
the case; in fact, the syn-isomer is favored for the
attack of the lithium enolate of tert-butyl methyl
ketone to 2-tert-butylphenylacetaldehyde. The au-
thors concluded that both steric and electronic effects
determine the favored transition state in these nu-
cleophilic additions.

In the more specialized facial selectivity of nucleo-
philic additions to cyclohexanones, experimental
evidence clearly favored an axial attack for small
nucleophiles and an equatorial addition of bulky
groups (Figure 4).12

However, it was not clear whether stereoelectronic
or purely steric factors determined axial versus
equatorial facial selectivity. According to Felkin’s
torsional strain model, an equatorial attack leads to
greater torsional strain in the transition state (TS‡)
and is therefore intrinsically disfavored (Figure 5).
This analysis was later supported by computational
studies.13

In 1981, Cieplak attempted to use transition-state
hyperconjugation to explain the facial selectivity of
additions to cyclohexanone on the grounds of stereo-

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.
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electronic effects.14 Accordingly, upon approach of a
carbanion or hydride to the carbonyl carbon, the σ*
orbital that forms in the transition state is stabilized
by overlap with the filled C-H σ orbital at the
R-carbon (Figure 6). An equatorial attack is less
stabilized since, according to Cieplak, the analogous
σ*/σ interaction for the â-C-C bond is less energeti-
cally favorable. This hyperconjugation of electron-
deficient transition states explains15 many experi-
mental results that are more difficult to rationalize
by other theories.

Some of the disagreements regarding Cieplak’s
interpretation are based on the relative electron-
donor capacity of C-H bonds compared to C-C
bonds.2a Some quantum chemical calculations do not
agree with the Cieplak interpretation.16,24 Nonethe-
less, his model succeeds in rationalizing a wealth of
adamantanone addition chemistry, as demonstrated
by le Noble’s group. Addition of hydride to 4-chloro-
adamantanone, for example, provides a 2:1 ratio of
axial versus equatorial alcohols (Figure 7).15a This
experimental result was explained by the better σ
donor effect of the C-C bond that is not in direct
overlap with the electron-withdrawing chlorine sub-
stituent in the 4-position of the ketone.

The development of theoretical models for the
analysis of the π-facial stereoselectivity in carbonyl
additions is still one of the most active areas of
physical organic chemistry. In many practical cases,
the Cieplak hypothesis provides predictions for ste-
reoselectivity that are just the reverse of the Anh-
Eisenstein model, even though the attempt was made
to unify the two concepts.2b Gung and Francis argued
that an intramolecular 1,4-conjugate addition reac-

tion which proceeds through an early TS should
follow Anh’s model while a reaction occurring through
a late TS should follow Cieplak’s model.17 In an
alternative approach, the importance of unsym-
metrical extensions of π and π* orbitals were pointed
out by several groups.18 Furthermore high-level ab
initio calculations by Frenking have recently vali-
dated the latter concept for cyclohexanones,19 whereas
Dannenberg20 and Tomoda21 proposed PPFMO (po-
larized π frontier orbitals) and EFOE (exterior fron-
tier orbital extension), respectively, as new methods
for predicting and rationalizing diastereofacial se-
lectivity. In the meantime, Shi and Boyd reported
that there is no significant difference in the extent
of charge depletion on the two sides of the carbonyl
plane of cyclohexanone derivatives based on the AIM
(atoms in molecules) theory.22 They argued that
instead of desymmetrization of the carbonyl orbital,
electrostatic field differences between the two sides
of the carbonyl plane affect the stereoselectivity. This
electrostatic model was also emphasized by Paddon-
Row23 and Houk24 for hydride additions to R-fluoro-
acetaldehyde, 4-substituted trans-decalones, and
3-substituted cyclohexanones.25 Even though some-
times electrostatic effects are clearly eclipsed by other
structural properties,26 in many cases they appear
to be one of the main control factors for the facial
selection of planar carbonyl groups.27 As the pos-
sibilities of computational models increase, calcula-
tions using semiempirical or ab initio algorithms
become more important in reaching the elusive goal
of a general prediction of facial selectivities in car-
bonyl additions.28 To clarify the origin of facial
selectivities in carbonyl additions, a number of steri-
cally unbiased model compounds15a-e,29 were designed
and tested experimentally or theoretically in nucleo-
philic additions. In our work,30,31 we have investi-
gated 1,2-additions to 4,4-disubstituted cyclohexadi-
enones, which are sterically unbiased probes ideally
suited for the critical analysis of the various theoreti-
cal models for stereoelectronic control in carbonyl
addition.32 This review presents the data of our
experimental studies that include variation of reac-
tion parameters such as solvents, nucleophiles, and
substrate structures. We have also discussed several
current theoretical models for explanation of the
observed selectivities. Electrostatic effects have thus
far provided the best agreement with the experimen-
tal data.

II. Preliminary Experimental Data for Nucleophilic
Additions to Cyclohexadienones

One of the first diastereoselective nucleophilic
additions to sterically unbiased 4,4-disubstituted 2,5-
cyclohexadienone was achieved by Swiss et al. in
1992.33a On the basis of prior results33b,c demonstrat-
ing that syn-additions of Grignard reagents to a
variety of quinol alkoxides can be accomplished
efficiently with complete diastereofacial control, they
reasoned that it might be possible to achieve the
complementary anti mode of addition by employing
carbanions with coordinatively saturated counteri-
ons. Since complexation to the oxyanion is precluded
under these circumstances, Coulombic repulsions

Figure 6.

Figure 7.
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between the oxyanion and the approaching nucleo-
phile should disfavor syn attack and thereby allow
for the formation of the desired anti product. In an
attempt to evaluate the legitimacy of this concept,
they sought a substrate with minimal steric differ-
ences around the π faces of the enone â carbon,
thereby allowing them to assess accurately the
magnitude of the repulsive Coulombic interactions.
Alkynyl quinol 1 was the substrate of choice for this
study (Table 1).

In the case of simple homocuprate additions to 1
(either with or without diethyl ether-boron trifluo-
ride complex), anti-selectivity was observed as ex-
pected, but in low chemical yields. The use of more
basic cyanocuprates significantly improved the chemi-
cal efficiency of the addition without compromising
the anti-selectivity. This observed facial selectivity
might be originating from electrostatic interactions
between nucleophile and substrate 1. However, an
Anh-Eisenstein-type hyperconjugation also predicts
anti-preference for the 1,4-addition reactions. Ac-
cordingly, the major control factor is not clearly
defined at this stage. Even though the 1,2-addition
product 4R was not explicitly discussed (entry 1 of
Table 1), this isomer might also be formed stereose-
lectively by minimizing repulsive Coulombic interac-
tions between the nucleophile and the hydroxyl group
in 1,34 but again hyperconjugative effects cannot be
excluded as an explanation.

In the course of a total synthesis of the natural
product aranorosin,35 we observed an intriguing
selectivity in the 1,2-addition of organometallic re-
agents to a 4,4-disubstituted cyclohexadienone in-
termediate. Treatment of spirolactone 6 with ((ben-
zyloxy)methyl)lithium provided the bis-allylic alcohols
7R and 7â in a 5:1 ratio in >50% yield (Scheme 1).
Similarly, addition of methyl Grignard reagent to 9
resulted in a 6:1 ratio of alcohols 10R and 10â
(Scheme 2).

Molecular mechanics minimization of the geometry
of dienones 6 and 9 revealed little if any steric bias
for a face-selective 1,2-addition of organometallics.

The R face of the planar dienone appears to be
sterically slightly more cumbersome due to the larger
size of the methylene group and the carbamate
substituent relative to the lactone oxygen (Figure 8),
but the actual influence of these steric differences at
the remote carbonyl group are questionable.

Recently, Winterfeldt et al. reported that the Di-
els-Alder reaction of conformationally rigid bicyclic
and polycyclic prochiral cyclopentadienes such as 11
with spirolactone 12 and spiroether 13 provided a
single endo-cycloadduct exclusively (Scheme 3).36

Houk et al. argued that this high stereoselectivity
arises from the lower steric demand of oxygen rela-
tive to methylene groups by PM3 and RHF/6-31G*
calculation.37

Since obviously steric effects could not be used to
rationalize the preferential R attack of nucleophiles
to spirodienones 6 and 9, we were considering
electrostatic effects or stereoelectronic factors (e.g.,

Table 1. Dibutylcuprate Additions to Dienone 1 Scheme 1

Scheme 2

Figure 8.
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hyperconjugation, orbital distortion, etc.) for the
control of the facial selectivity. First, however, it was
necessary to investigate the general relevance of our
experimental observations.

III. 1,2-Additions of Grignard and Organolithium
Reagents to 4,4-Disubstituted
2,5-Cyclohexadienones

Due to the planar structure, the relative distance
of the para-substituents of the dienone from the
reaction center (approximately 4 Å), and the absence
of charged, strongly haptophilic groups, steric and
torsional effects, and ligand-assisted nucleophilic
addition were likely to be of minor significance in the
reactions of 6 and 9. Therefore, 4,4-disubstituted
dienones appeared ideally suited for the critical
analysis of the various theoretical models for stereo-
electronic control in carbonyl additions. The func-
tionalization at the amino function of dienones 6 and
9 could possibly attenuate the impact of any elec-
tronic effects responsible for facial selectivity. There-
fore, model compounds 15-22 were prepared as
sterically unbiased substrates, in which the impact
of any electronic effects on facial selectivity could be
readily compared.30

The results of the nucleophilic addition of methyl-
magnesium bromide in THF at -78 °C to these model
cyclodienones are summarized in Figure 9. An R
facial selectivity as observed in the nucleophilic
addition to aranorosin intermediates 6 and 9 was
clearly a general trend for all 4,4-disubstituted cy-
clohexadienones. The observed R selectivities covered
a surprisingly broad range from 4.8:1 for methyl
ether 15 to 32:1 for spirolactone 21. The low yields
of 1,2-nucleophilic additions to dienones 17, 18 and
20 were due to a competing â-selective 1,4-addition
directed by the 4-oxygen substituents. As expected,
a simple hydroxyl group provided the largest per-
centage of conjugate addition product (58%); however,
tetrahydrofuran 17 and tetrahydropyran 18 were
only slightly less effective 1,4-directing groups and
provided 3-methylated product in 42 and 39% yield,
respectively. Spirocyclic lactone 22 was considerably
more base-sensitive than other substrates and a low
yield of a 11:1 ratio of R versus â addition products
was isolated in addition to intractable decomposed
material. Interestingly, spirocyclic ether and esters
provided uniformly higher facial selectivities than the
corresponding monocyclic cyclohexadienone deriva-

tives. This could be due to chelation phenomena
leading to steric shielding of the â face. However,
since both the silyl ether 16 and the hydroxy sub-
strate 20 provided large R selectivities, and the
competitive conjugate addition reaction was highly
â-selective, chelation-induced steric shielding effects
appear highly improbable for directing 1,2-carbonyl
additions to the R face of these compounds.

To expand the scope of our investigation of the
facial selectivity in nucleophilic addition to these
cyclohexadienones, we also studied the course of
reaction with hydride reagents, organolithium com-
pounds, and sp2- as well as sp-hybridized C nucleo-
philes. In contrast to the addition of Grignard re-
agents, reduction of 15 with various hydride sources
did not occur selectively and 1:1 mixtures of R and â
addition products were isolated (Table 2, entry 2).
Similarly, ethynylmagnesium bromide as well as
hexynyllithium reacted without stereocontrol (Table
2, entries 3 and 4). Phenylmagnesium bromide, an
example of an sp2-hybridized carbon nucleophile,
added to dienone 15 predominantly from the R face

Scheme 3

Figure 9.

Table 2. Nucleophilic Additions to Cyclohexadienone
1538

entry nucleophile
yield
(%)

R/â
selectivity solvent

1 MeMgBr 86 4.8:1 THF
2 NaBH4 or LiAlH4 100 1:1 MeOH or THF
3 HCtCMgBr 70 1:1 THF
4 H9C4CtCLi 26 1.1:1 THF
5 PhMgBr 83 3.6:1 THF
6 MeLi 87 2.1:1 THF
7 MeLi 77 3.3:1 Et2O
8 BnOCH2Li 84 3:1 THF
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(Table 2, entry 5) and in lower selectivity than the
methyl Grignard reagent. A slight drop in stereose-
lectivity versus this standard was also observed when
alkyllithium reagents were employed (Table 2, entry
6). In contrast, a change in solvent from THF to the
less polar Et2O led to an improved R/â ratio with the
organolithium reagent.

These results, especially the lack of selective ad-
dition observed with reducing agents and sp-hybrid-
ized carbon nucleophiles, clearly illustrate the high
sensitivity of the stereoselectivity of the 1,2-addition
process toward the solvent medium, as well as the
electronic structure and, accordingly, the state of
aggregation of the nucleophile. A related effect was
recently reported by Yadav et al. for nucleophilic
additions to 6-methyl-1-oxa-4-thiaspiro[4,5]dec-6-ene-
7-carbaldehyde 23 (Scheme 4).39 Whereas the 1,4-
diastereoselectivity observed with sp3-hybridized nu-
cleophiles for this substrate was ca. 1.0:1.1 in favor
of attack anti to sulfur, sp2 and sp nucleophiles
exhibited relatively much improved but reversed π
selection under the same reaction conditions (1.4-
3.5:1 in favor of attack syn to sulfur).

In another study related to our investigation of the
facial selectivity of nucleophilic attack to cyclohexa-
dienones, Carreño et al. observed a 1:1 mixture of
1,2-addition products 29 in addition to the conjugate
addition product 28 when (R)-[p-tolylsulfinyl)methyl]-
quinol (27) was treated with AlMe3, (Scheme 5).40 The
authors proposed that this lack of diastereoselectivity
was due to the electrophilic nature of the aluminum
reagent compared to the nucleophilic nature of meth-
yl Grignard or methyllithium organometallics. How-
ever, with methyl ether 30, an 8:2 anti-selectivity was
achieved at -78 °C, albeit in low yield, and substrate

15 provided a large preference for the anti-addition
product 33 (Scheme 6).41

IV. Electrostatic versus Stereoelectronic Control
For the nucleophilic additions to cyclohexadienones

6, 9, and 15-22, all variations of reaction parameters
only led to an erosion of R selectivity, and we were
not able to observe a switch in the facial selectivity
in favor of predominant â attack in any case.30

Accordingly, attack anti to the 4-oxygen substituent
represented indeed a general trend for 4,4-disubsti-
tuted cyclohexadienones. We were intrigued by the
great variation of selectivity as a function of seem-
ingly subtle changes at the 4-position, e.g., methyl
ether 15 compared to spiroether 17, or benzoate 19
compared to spirolactone 21 (Figure 9). Whereas the
Anh-Eisenstein argumentation of transition state
stabilization by σ-σ* interaction of the newly forming
σ bond with the σ* of the more electronegative
substituent accounted for the general increase in
selectivity from 4-alkoxy to 4-acyloxy dienones, this
theory did not easily lend itself to an explanation of
the significant differences between monocyclic and
spirocyclic systems or the high selectivity of the
4-silyloxy dienone 16 and the oxyanion derived from
20. Further complications in the use of the Anh-
Eisenstein model arose by the vinylogous position of
the polar substituents in 4,4-disubstituted dienones.
In consideration of the phase inversion in the LUMO
of the parent dienone, it could be argued that a
nucleophile was expected to add from the â-face, syn
to the C-O bond, to take advantage of σ-σ* stabi-
lization (Figure 10). Alternatively, an application of
the Cieplak hypothesis, e.g., the stabilization of the
transition state by hyperconjugation of the newly

Scheme 4

Scheme 5

Scheme 6

Figure 10.
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forming σ* bond by the σ orbital of the 4-alkyl
substituent via a σ*-σ interaction, was similarly
unsatisfactory in addressing the range of selectivities
observed for 15-22. Even though the consideration
of a “vinylogous σ*-π*-σ Cieplak effect”, e.g., the
phase inversion due to the double bond inserted
between the carbonyl group and the 4-alkyl donor
substituent, led to a correct prediction of the observed
facial selectivity (Figure 10), no qualitative correla-
tions between the ratio of isomers and the σ energy
or the orbital overlap of the donor C-C bond of
different dienones 15-22 were feasible with this
model. Application of the principle of frontier orbital
distortion as described by Klein, Burgess and Liotta
would lead to an (experimentally incorrect) prediction
for â-selectivity.18a,b,f,42 Therefore we considered more
closely the possibility of an electrostatic control
mechanism in these dienone additions.

Qualitatively, there appeared to be a reasonable
correlation between the observed R-selectivity and
the expected dipole moments of dienones 15-22
(Figure 11). In physical terms, one can consider the
nucleophilic attack of an organometallic reagent to
a ketone to follow a potential energy curve that is,
in a first approximation, related to the potential
energy of interaction between a permanent dipole
and a point charge (or another permanent dipole).
The resulting potential is the sum of the repulsion
of like charges and the attraction of opposite charges
and proportional to the inverse of the square of the
distance between dipole and point charge (or an
inverse cubic dependence for a dipole-dipole interac-
tion); typical values range from 2 to 4 kcal/mol.43

Accordingly, an approach of the nucleophile toward
the positive end of the dienone dipole moment vector
should be favored. It is clear, however, that caution
must be exercised in the qualitative use of a ground-
state parameter such as the molecular dipole moment
in the explanation of kinetic selectivity. An additional
perturbation to the consideration of ground-state
dipole moments derives from the complexation of the
enone carbonyl oxygen with the organometallic re-
agent, in particular with the Lewis acidic counterion
of the carbanionic species. However, it is feasible that
in a closely related series of substrates the influence
of Lewis acid coordination in the plane of the dienone
would have a constant and minor influence on the
component of the dipole moment perpendicular to the
dienone plane. Accordingly, we argued that an ap-
propriate test of the role of electrostatic control in
the observed facial selectivity was the design of a
substrate with an inverted perpendicular dipole
moment opposing the C(4)-carbon-oxygen bond. In
pentafluoroethyl dienone 36, for example, electro-
static control should now lead to preferential â face

attack, whereas hyperconjugative transition-state
stabilization should still induce preferential R-selec-
tivity.

Experimentally, fluorinated substrate 36 demon-
strated indeed inverse selectivity, providing a 1:5
ratio R:â face methyl addition products (Scheme 7).30

This unique â-selectivity represented clearly a sig-
nificant support for dipolar control in our kinetically
controlled nucleophilic additions.

The importance of electric fields imposed by ionic
groups or salts on the substrate reactivity is evident
in enzymes and can also be used for specific rate
accelerations in organic transformations,45 the design
of a chiral auxiliary in organic synthesis,46 and the
design of enzyme inhibitors47 as well as enzyme
model reactions.48,49 However, there was no informa-
tion in the literature regarding the quantitative
correlation of electrostatic effects and reaction selec-
tivities.50,51 Therefore, we were interested to probe
for any quantitative structure-selectivity relation-
ships in the 1,2-addition of organometallics to di-
enones.

V. Quantitative Correlation between Facial
Selectivity and Dipole Moment

Our experimental studies with structurally closely
related dienone substrates allowed us to address an
intriguing question: Can the dipole moment be used
for a quantitative prediction of facial selectivities?
The electrostatic field of the substrate exercises a
torque on any approaching reagent dipole and vice
versa. The torque on the dipole is zero only when it
is aligned with the electric field, and its potential
energy is directly proportional to the dipole mo-
ment.52 Accordingly, dipole moment and possibly also
electrostatic potential at the site of attack should
correlate linearly with the energy of activation of the
addition process and the logarithm of the facial
selectivity. This correlation would be analogous to a
Hammett free-energy relationship.53 However, in a
series of 4,4-disubstituted dienones, only substrates
with functional groups that are positioned in close
vicinity to the dienone moiety could be expected to

Figure 11.

Scheme 7
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lend themselves to a good quantitative correlation of
facial selectivities with overall dipole moments. Our
dienones 15, 17, 18, 21, and 36 fulfilled this require-
ment, whereas 6, 9, 16, and 19 appeared too highly
functionalized or too conformationally flexible to be
readily subjected to dipole moment calculations. The
introduction of functional groups that are in greater
spatial separation from the center of reaction should
have a diminishing electrostatic directing effect on
the carbonyl addition, but they still contribute evenly
to a change in the overall dipole moment. In addition,
dienones 20 and 22 were not included in this study,
the former because the presence of a metal oxyanion
caused problems in the calculation, and the latter
because the yield of isolated product was quite low
due to the unusual instability of this compound, and
we were concerned that the experimentally deter-
mined ratio was not fully representative of the actual
ratio of addition products. An additional concern was
that the structure of the nucleophile, and the reaction
conditions were kept as constant as possible, since
obviously the electrostatic interaction is expected to
be highly dependent on the nature of the nucleophile
as well as solvent parameters.

We calculated the dipole moment of dienones 15,
17, 18, 21, and 36 with the semiempirical AM1
parameter set using the SPARTAN computational
interface.30,54 Optimized starting geometries were
obtained from MM2 and Sybyl force fields imple-
mented in SPARTAN. The vector components of the
calculated dipole moments perpendicular to the plane
of the dienones (µ⊥) were correlated to the natural
logarithm of the observed facial selectivities and
linearly extrapolated. On the basis of this extrapola-
tion and the calculated dipole moment of dienones
15, 17, 18, 21, and 36, the experimentally observed
selectivity for nucleophilic 1,2-carbonyl addition was
indeed very closely matched over a wide range of
substrates and selectivities (Figure 12). The consid-

erably more computer time intensive ab initio cal-
culations of dienones 15, 17, 18, 21, and 36 with the
6-31G* and 6-31G** basis sets provided dipole mo-
ments µ⊥ within 10% of the AM1 values and only
slightly parallel shifted graphical displays.55 To the
best of our knowledge, this study represented the first
example of a quantitative correlation between dipole
moments and kinetic selectivities.30 The extraordi-
nary fit between calculated perpendicular dipole
moments and experimentally observed selectivities
underlines the fundamental influence of ground-state
electrostatic effects in directing the stereochemical
course of organic reactions.56 Interestingly, Figure 12
shows a small preference for R-attack even in the
absence of a substituent-induced dipole moment (e.g.,
with µ⊥ ) 0). It is intriguing to speculate that this
reflects a constant stereoelectronic contribution of the
C(4) oxygen substituent on dienones 15, 17, 18, 21,
and 36. However, we do not have any additional
experimental data to support this hypothesis, and the
derivation from zero might simply be due to a
systematic error of the AM1 calculation.57,58

As mentioned previously, electrostatic effects are
expected to be strongly influenced by substrate-
reagent combinations, the presence of polar or ionic
additives in the reaction medium, and solvent effects.
In fact, the lack of information concerning solvent
influences has been cited as a possible weakness in
the argumentation for electrostatic effects,59 and
accordingly, we were interested in establishing rel-
evant data for solvent effects in our dienone addition.
We were also intrigued by the possibility of testing
for long-range electrostatic effects by removing the
polar functionality even further from the reaction
center.

VI. Solvent Effects and Design of a Long-Range
Electrostatic Chiral Auxiliary

On the basis of the quantitative relationship be-
tween the dipole moments and the facial selectivities
of dienone derivatives (Figure 12), a novel chiral
auxiliary (4,4,4-trifluoro-3-hydroxybutanol, 39) was
designed to induce diastereoselection at a remote
carbon center by a dipole directing effect (Scheme
8).31 The dipole moment of model compound 39 was
calculated as µ⊥ ) 1.9 D [AM1]. According to Figure
12, this would correlate to an approximately 2:1
selectivity for the addition of methylmagnesium
bromide anti to the CF3 group. Experimentally, we
detected a 1:1.5 ratio favoring the expected diaste-
reomer 41 that was unambiguously assigned by X-ray
structure analysis (Scheme 8).31 In contrast, methyl-
acetal 42 (µ⊥ ) 0 D) did not display any facial bias in
the analogous addition reaction. Therefore, the mod-
est but highly relevant diastereoselectivity observed
for fluorinated acetal 39 was due to the long-range
electrostatic field caused by the presence of the
remote trifluoromethyl group and was not simply an
effect of steric hindrance.

The 1,6-diastereoselection with 39 was significant
given the distance of 5.1 Å between the carbonyl
group and the asymmetric carbon atom. Also quite
remarkable was the increase of diastereoselectivity
experienced in reaction solvents of higher dielectric

Figure 12. Least square linear regression correlation of
calculated dipole moments of dienones 15, 17, 18, 21, and
36 versus the natural logarithm of the experimentally
observed facial selectivities in the nucleophilic carbonyl
addition. The values of the components of the dipole
moments perpendicular to the dienone plane (µ⊥) are given
in Debye [D]. Correlation coefficient R ) 0.998.30,55
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constant. In a 9:1 mixture of THF and HMPA, methyl
Grignard reagent gave a 1:2.1 ratio of 40 and 41,
whereas the selectivity dropped to 1:1.2 in ether.
Since an increase in the dielectric constant of the
medium leads to an increase in the induced dipole
moment of the solute,60 this solvent effect is, in a first-
order approximation, in good qualitative agreement
with an electrostatic control of the reaction. The use
of the Cramer-Truhlar AM1-SM2 water solvation
model,61 for example, provides increases of 10-20%
in the values of the perpendicular dipole moment of
dienones compared to the gas-phase calculations used
for Figure 12.55 However, solvents with higher di-
electric constants are expected to reduce the value
of dipole-dipole or dipole-point charge interactions,
and therefore the actual effect of increasing solvent
polarity is not necessarily fully predictable. A further
caveat is the influence of solvent changes or reaction
additives on the aggregation state of the organome-
tallic reagent. Clearly, more comprehensive studies
will be necessary to assess the generality and eluci-
date the fundamental basis of the solvent effects
listed in Scheme 8.

Quite often in synthetic chemistry, the price for
increased selectivity is a drop in reactivity; e.g., a
substrate that provides higher selectivity reacts often

more slowly with the same set of reagents than a less
selective compound. In terms of electrostatic control
mechanisms, however, the reverse effect should oc-
cur, e.g., increasing the more favorable electrostatic
interaction should accelerate the reaction rate. Di-
enones 39 and 42 provided us with the means to test
this hypothesis in a competition experiment (Scheme
9). Exposure of a 1:1 mixture of 39 and 42 with 1
equiv of methyl Grignard reagent in THF at -78 °C
provided an excess of 40 and 41.62 The relative rate
of reaction of 39 compared to 42 (kCF3/kCH3) was 2.0:1
and further increased to 3.1:1 in THF/ HMPA (10%).
Therefore, the electrostatically activated and more
selective trifluoroacetal 39 was indeed reacting faster
than methyl acetal 42 that did not show any facial
selectivity in the carbonyl addition. Furthermore, the
increase of the relative reaction rate to a ratio of 3.1:1
in the more polar solvent mixture was in excellent
qualitative agreement with the solvent effects on
selectivity shown in Scheme 8 and the general theme
of an electrostatic control mechanism in these addi-
tion reactions.

VII. Nucleophilic Additions to Naphthodiquinones

In addition to being a useful tool for the investiga-
tion of long-range electrostatic and solvent effects,
trifluoroacetal 39 also provided us with a welcome
model for the use of electrostatically biased chiral
auxiliaries. As a part of our work toward the total
synthesis of epoxyketone natural products, we in-
tended to apply this concept in a stereocontrolled
synthesis of diepoxin σ and other bisacetal deca-
lins.31,63 Naphthodiquinone bisacetal 44 was designed
to be an important test case for synthetic applications
of the long-range chiral auxiliary concept. The use
of two units of trifluoroacetal in the C2-symmetrical
44 should guarantee a synthetically useful level of
diastereoselectivity. The dipole moment of the bisac-
etal 44 was calculated as µ ) 3.5 D, with an
perpendicular orientation of the dipole moment to the
plane of the dienone carbonyl groups (Figure 13).
According to Figure 12, this would translate into a

Scheme 8 Scheme 9
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facial selectivity of >12:1 for the addition of methyl
Grignard reagent to a single carbonyl function. A
complication to the experimental realization of these
plans presented itself when the tandem spirocycliza-
tion of naphthalenediol 45 provided chair-twist boat
conformation 46 rather than the desired double chair
44 (Scheme 10).62

The formation of the unsymmetrical bisacetal 46
in preference to the C2-symmetric bisacetal 44 is
possibly due to the directing effect of the trifluorom-
ethyl group after formation of the first acetal in the
thermodynamically favored chair conformation. For-
mation of the second acetal in a twist boat conforma-
tion minimizes the overall dipole moment by posi-
tioning the two trifluoromethyl groups anti to each
other on opposite faces of the decalin ring (Figure
14).64

To obtain the desired C2-symmetric naphtho-
diquinone bisacetal, we changed the chiral auxiliary
to the syn-1,1,1-trifluoropentane-2,4-diol on the basis
of the realization that an additional syn methyl group
attached to the acetal ring resulted in a severe steric
repulsion with the â hydrogen of the naphthoquinone
(Figure 15). Indeed, the desired syn cyclization
product 48 was obtained even though this provided
a compound with an unusually large ground-state
dipole moment (Scheme 11).31

Reaction of naphthodiquinone bisacetal 48 with 1
equiv of methyllithium provided mixtures of two 1,2-
carbonyl addition products. We were unable to stop
the reaction after monoaddition, and therefore, we
could not validate the predicted facial selectivity of
12:1 based on the quantitative correlation shown in
Figure 12. However, when the reaction was allowed

to proceed to completion using an excess of methyl-
lithium, the symmetrical double anti addition product
50 was obtained as the major isomer in 50% yield
(Scheme 12).31 The minor diaddition product 51
where the two methyl groups had added opposite to
each other, both syn and anti to the trifluoromethyl
substituents, was obtained in 12% yield. We were
unable to detect the formation of the double syn
addition product 52. After statistical correction, the
ratio of 50:51 corresponds to a facial preference of
9:1 for preferential carbonyl attack anti to the trif-
luoromethyl substituents, a ratio that still corre-
sponds very closely to the calculated value. The major
isomer 50 was monodeprotected to give 53, the
structure of which was secured by X-ray analysis.
Double deprotection of 50 provided the naphthod-
iquinol 54 in enantiomerically pure form. Both 53
and 54 served as key intermediates in a approach
toward the asymmetric total synthesis of diepoxin σ.62

Accordingly, the results observed in this synthesis
are not only a remarkable demonstration of the
directing power of strong dipole moments but also
serve to underline the exciting possibilities of elec-

Figure 13.

Scheme 10

Figure 14.

Figure 15.

Scheme 11
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trostatic models to predict quantitative diastereose-
lectivities in a reliable and synthetically useful
fashion.

VIII. Conclusions

Do dipole effects control facial selectivity? Our
investigations of the facial selectivity of 1,2-nucleo-
philic attack to 4,4-disubstituted cyclohexadienones
provide strong experimental evidence for dominant
dipolar control in these carbonyl addition reactions.
Hyperconjugative orbital stabilization in the Felkin-
Anh and the Cieplak sense or orbital distortion effects
appear to be of secondary importance. A quantitative
correlation of the calculated dipole moments of di-
enones with the facial selectivity is possible in
analogy to Hammett linear free energy relationships.
The excellent linear correlation of calculated dipole
moments versus the logarithm of the facial selectivity
and the considerable variation of the facial selectivity
as a function of the polarity of the organic solvent
support the notion that, in the absence of steric
hindrance, the kinetic selectivity of irreversible C-C
bond formation is strongly influenced by dipole-
dipole interactions between reagents and substrates.
Application of this concept to the design of novel
chiral auxiliaries and the realization of a double
chiral induction in the C2-symmetric naphthodiquino-
ne derivative 48 further showcases the possibility
that electrostatic control can be harvested for quan-
titative reaction planning in asymmetric synthesis.

All stereoelectronic and electrostatic effects are
substrate-, reagent-, and solvent-dependent. In con-
sideration of the many electronic as well as steric
features that can influence stereoselectivity in or-

ganic chemistry, it seems advisable to advocate a
broad, unbiased analysis of all possible parameters
until the elusive goal of a single, unified theory for
the qualitative and quantitative prediction of selec-
tivity and reactivity in organic transformations can
be achieved. In our opinion, the analysis of the π
facial stereoselectivity in carbonyl additions is one
of the most suitable areas to develop and test new
fundamental hypotheses of physical organic chemis-
try.
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