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ABSTRACT

The utility of the inside attack model to predict and analyze the stereoselectivities of nucleophilic additions to complex five-membered ring
oxocarbenium ions is demonstrated in a systematic study of C-4-substituted acetals.

Stereoselective nucleophilic addition reactions to substituted
five-membered ring oxocarbenium ions continue to be
important transformations in bioorganic and synthetic organic
chemistry.1-5 Our laboratory recently developed a model to
explain the stereochemical outcomes resulting from these
transformations and, in particular, the strong dependence on
the substitution pattern at C-3 for high selectivity.6,7 This
model stipulates that a stereoelectronic preference directs the
nucleophile to attack the five-membered ring oxocarbenium
ion from the inside face of the envelope conformer, providing
the low-energy staggered product.8,9 Establishing that the
stereoelectronic principles of this model tolerate substrate

complexity would broaden its application toward highly
substituted molecules encountered in synthetic applications
and biological systems.10-13

Seemingly contradictory selectivities associated with sub-
stituted five-membered ring oxocarbenium ions suggest that
further efforts to understand the reactivities of these inter-
mediates are required.14,15 Reissig16 and others6,17 demon-
strated that the presence of a substituent at the C-4 position
of an oxocarbenium ion is not sufficient to obtain selectivity
in nucleophilic substitution reactions (Scheme 1). In a
separate account, the addition of Me3SiCN to acetal3 in the
presence of a Lewis acid afforded the contrasteric 1,4-cis
product4 with high selectivity.18 Because acetal3 featured
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a single stereocenter at C-4, the selective formation of4
contradicted the results observed for the nucleophilic sub-
stitution of acetal1. The counterintuitive stereochemical
outcome for acetal3 was attributed to the steric bias imparted
by Lewis acid coordination to the oxonium oxygen and the
C-2 heteroatom.18,19

While the unselective reaction of the C-4 phenyl acetal1
is consistent with Reissig’s16 model and our model,6,8 the
correlation between substrates1 and3 remains unresolved.
We surmised that the sulfur substituents might not participate
in a chelated transition structure but would instead influence
the conformational preference of the oxocarbenium ion
intermediate. According to that hypothesis and the stereo-
electronic model,6,8 the contrasteric 1,4-cis product4 would
arise from inside attack of the nucleophile to the lower energy
diequatorial oxocarbenium ion5 (Scheme 2). This reaction
pathway would provide a lower energy transition structure
relative to inside attack of the nucleophile on the diaxial
conformer6 (vide infra).20,21

To prove this hypothesis of inside attack and to elucidate
the factors that contribute to the selective reaction of acetal
3, alkyl analogues (R1, R2 ) Me, Figure 1) with various

substitution patterns at C-1 and C-2 were investigated.
Experiments with alkyl substituents at C-2, in place of the
sulfur heteroatoms, eliminate the viability of a chelation-

controlled selectivity and reveal the significance of geminal
substitution.22 Perturbation of the C-1 substituent of the
oxocarbenium ion intermediate has little effect on reaction
stereoselectivity, and analysis of this observation lends
additional support for stereoelectronically preferred inside
attack of the nucleophile. Our results demonstrate that
selective formation of the 1,4-cis product4 does not require
a chelated transition structure, reinforcing the utility of the
inside attack model to analyze the reactivity of complex five-
membered ring oxocarbenium ion intermediates.

Nucleophilic Substitution Reactions.Prior to the discus-
sion of the nucleophilic substitution reactions, details of the
experimental design deserve mention. Anomeric mixtures of
the desired acetals were prepared and employed as oxocar-
benium ion precursors.23 Allyltrimethylsilane24,25was utilized
as the nucleophile in the majority of the addition reactions
to obviate product epimerization that may occur with
Me3SiCN.26-28 The stereochemistry of the substitution
products was assigned by analysis of NOE measurements
on the products or their derivatives.

Nucleophilic substitution reactions of acetates7 and 9
indicate that a single substituent at C-2 is not the origin of
stereoselectivity for acetal3 (Scheme 1). Treatment of the
trans acetate7 with allyltrimethylsilane in the presence of
SnBr4 provided the 1,4-cis product8 with 67:33 stereose-
lectivity (Scheme 3).29,30 The reaction of the related cis
acetate9 also afforded a mixture of diastereomers.29,31

Both the conformational preference of the oxocarbenium
ion intermediate and steric interactions that arise in the
transition structure for nucleophilic attack influence the
stereochemical outcomes observed with acetates7 and 9.
While the two ground state conformers of the cation derived
from trans acetate7, namely,11 and12, are comparable in
energy, developing steric interactions between the approach-
ing nucleophile and the pseudoequatorial methyl of inter-
mediate12 slightly disfavor the formation of the 1,4-trans
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Scheme 2

Figure 1. Substitution pattern of the alkyl analogue.
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product (Scheme 4). The low selectivity obtained from the
reaction of cis acetate9 indicates that the difference in

transition state energies (∆∆Gq) is negligible. Inside attack
of the nucleophile to the two ground state conformers13
and14 each involve destabilized transition structures. The
transition structure for inside attack on the lower energy
conformer13 develops a destabilizing gauche-butane interac-
tion between the nucleophile and the pseudoequatorial C-2
methyl substituent.31,32While inside attack on conformer14
circumvents an unfavorable interaction with the nucleophile,
the steric interactions between the methyl and phenyl groups
destabilize the transition structure leading to product.21,33

The origin of the contrasting selectivities exhibited by
acetal116 and acetal318 is not attributable to the presence of
an alkyl substituent at the acetal carbon (C-1). Treatment of
acetal15 with allyltrimethylsilane in the presence of SnBr4

afforded tetrahydrofuran16 with 65:35 stereoselectivity
(Scheme 5).34,35The C-1 substituent exerts minimal influence
on the equilibrium of the ground-state conformers17 and
18 and the respective transition state structures for inside

attack, resulting in a similar selectivity for the reaction of
the C-1-unsubstituted substrate9 (Scheme 3).

The selectivities for the reactions of acetate9 and acetal
15 provide experimental support for stereoelectronically
preferred inside attack on five-membered ring oxocarbenium
ions, confirming the importance of torsional angle effects
in addition reactions.6,8,36 A potential reaction pathway
leading to the minor 1,4-trans product obtained with acetal
9 could involve outside attack of the nucleophile to the lower
energy conformer13. The reaction of acetate15 resolves
this ambiguity because formation of the 1,4-trans product
21 via outside attack on conformer19 would be disfavored
due to a more severe eclipsing interaction (MeTMe and a
MeTH) that develops in the transition structure (Scheme
6).37 If outside attack occurred, acetal15should have shown

considerably higher selectivity for the staggered 1,4-cis
product20. The selectivity for the nucleophilic substitution
reaction of methyl-substituted acetal15 confirms that the
minor product obtained with acetate9 is the result of inside
attack on the higher energy conformer of the cation and not
outside attack on the lower energy conformer.38

Because the C-4-substituted acetals in this study exhibit
low selectivity as was observed for acetal116 (Scheme 1),
the unique feature of acetal318 that contributes to high
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selectivity may be geminal substitution at C-2. With a
pseudoequatorial methyl in both ground state conformers22
and23, steric interactions with the approaching nucleophile
would be comparable in both transition structures (Scheme
7). Therefore, the energy difference between the transition

structures of inside attack would reflect the relative energy
difference between the ground-state oxocarbenium ion
conformers22 and23. Inside attack on the favored diequa-
torial conformer22 should afford the 1,4-cis product with
high selectivity, consistent with acetal3.

Our experiments confirm that geminal substitution at the
C-2 position, regardless of the substitution pattern at C-1, is
required to obtain high stereoselectivity for this series of
substrates. Allylation of geminal dimethyl acetate24 in the
presence of SnBr4 afforded the 1,4-cis product25 with high
selectivity (Scheme 8).29,39 To mimic the experiments
reported for the nucleophilic substitution reaction of dithiane-
substituted acetal3 (Scheme 1), the reaction of C-1 phenyl
acetal 26 with Me3SiCN was studied. In accord with
experiments described previously, the substituent at C-1
exerted little influence on the selectivity. The kinetically
controlled addition of Me3SiCN to 26 in the presence of
SnBr4 afforded the 1,4-cis product27 with high selectiv-
ity.29,40

In conclusion, the dissimilar selectivities exhibited by the
two related tetrahydrofuran acetals shown in Scheme 1 are
not the result of chelation of the Lewis acid. Instead, the
substituent at C-4 biases the conformation of the oxocarbe-
nium ion, and inside attack provides the product with high
cis selectivity. This study demonstrates the capacity of the
model to analyze the stereochemical outcomes of nucleo-
philic addition reactions to complex five-membered ring
oxocarbenium ions.
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(39) The solvent employed for these nucleophilic substitution reactions
was CH2Cl2. With toluene as the solvent, selectivities were optimized to a
96:4 ratio of cis:trans isomers for the reaction of acetate24.

(40) Control experiments indicate that this reaction is irreversible at low
(-78 °C) reaction temperatures (details of these experiments are provided
as Supporting Information).
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