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Introduction

Of the many chemical legacies of Professor Teruaki Mu-
kaiyama,[1] perhaps the most significant is his development
of the directed aldol reaction that now bears his name.[2]

The idea of using a preformed, stable enol derivative that
could engage in additions to, for example, aldehydes and ke-
tones was a brilliant solution to the problem of uncontrolled
crossed aldolization.[3] This concept was the single most cru-
cial advance that enabled the apotheosis of the aldol reac-
tion to the stature it enjoys today as one of the most power-
ful and selective carbon–carbon bond-forming reactions.

The combination of an enoxysilane derivative of an alde-
hyde, ketone, ester, thioester, or other carbonyl compound
with an aldehyde under the action of a Lewis acid is com-
monly known as the Mukaiyama directed aldol reaction.[4]

This reaction can be activated by either Lewis acids or fluo-
ride sources, and in some cases occurs without catalysts to

produce up to four possible b-hydroxycarbonyl products
after desilylation (Scheme 1). Enantioselective Mukaiyama

aldol reactions with chiral Lewis acids have been extensively
developed over the past two decades.[5] Indeed, the number
of reviews, books, monographs, and chapters summarizing
the enormous literature on this transformation is fitting tes-
timony to the impact of Professor Mukaiyama/s inspirational
studies.[6]

After a brief summary of the evolution of structure
models of the transition state for the origin of stereocontrol
in the Mukaiyama aldol addition, we will describe our stud-
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Scheme 1. Diastereomeric products from the Mukaiyama directed aldol
reaction.

Chem. Asian J. 2008, 3, 327 – 341 ? 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 327

www.interscience.wiley.com


ies on a model system designed to elucidate the existence of
intrinsic stereoelectronic preferences in the carbon–carbon
bond-forming event as well as the role of the Lewis acid.
Studies on the stereochemical course of fluoride-promoted
addition will also be described.

Background

Hypotheses for Transition-State Structures in Lewis Acid
Induced Mukaiyama Aldol Reactions[7]

In their landmark report in 1973, Mukaiyama and co-work-
ers described the first reaction of silyl enol ethers and alde-
hydes in the presence of stoichiometric amounts of titanium
tetrachloride to afford b-hydroxyketones at room tempera-
ture.[2] The mechanistic pathway they proposed involved the
formation of a titanium enolate after metal exchange
(Scheme 2). The resulting titanium enolate was believed to
react with an aldehyde to give a stable titanium aldolate. No
structural evidence was supplied at the time.

This first-proposed pathway was later revised by Mukaiya-
ma et al. to a mechanism in which a metalloenolate is not
involved (Scheme 3).[8] The absence of a metalloenolate was
later unambiguously established by the use of an INEPT
(insensitive nuclei enhanced by polarization transfer)
29Si NMR spectroscopic study of the reaction between a silyl
enol ether and a carbonyl compound.[9] Nevertheless, titani-
um (and presumably other) enolates can be prepared sepa-
rately and can react with aldehydes with completely differ-
ent stereochemical results (syn-selective) compared to the
TiCl4-induced reaction of silyl enol ethers (anti-selective).[10]

In the revised pathway, a Lewis acid is coordinated to the
aldehyde oxygen atom. A large number of complexes be-

tween Lewis acids and carbonyl compounds have been thor-
oughly characterized by spectroscopic and crystallographic
methods.[11] The complexation provides sufficient electro-
philic activation to allow the enoxysilane derivative to add
to the carbonyl group to afford the titanium-chelated aldo-
late and trimethylsilyl chloride (Scheme 3).

The diastereoselectivity was also investigated in the reac-
tion of a silyl enol ether of cyclohexanone with benzalde-
hyde in the presence of TiCl4, SnCl4, or BF3·OEt2. There are
no significant differences in diastereoselectivity between
these three Lewis acids; all showed anti-enriched products
with diastereomer ratios of 75:25, 76:24, and 74:26, respec-
tively.

The first transition-state hypothesis to explain the syn/anti
diastereoselectivity of Lewis acid mediated Mukaiyama re-
actions of silyl enol ethers and aldehydes was forwarded by
Heathcock et al. in 1984.[12] Intermolecular reactions of vari-
ous silyl enol ethers and aldehydes in the presence of repre-
sentative Lewis acids were carried out (Scheme 4). For most

of the reactions examined, there was only modest stereose-
lectivity (syn/anti=70:30–28:72). However, high anti selec-
tivity (syn/anti<5:95) was obtained in the reaction of the Z
silyl enol ether of ethyl tert-butyl ketone with aldehydes in
the presence of TiCl4, SnCl4, or BF3·OEt2.

Heathcock et al. postulated the involvement of open tran-
sition-state structures to explain the high anti selectivity of
the Lewis acid mediated reaction of the Z silyl enol ether of
ethyl tert-butyl ketone with benzaldehyde (Scheme 5).[12b] In
these structures, the Lewis acid coordinates to the aldehyde
oxygen atom in a position cis to the hydrogen atom to mini-
mize steric repulsion.[12c] Transition-state structures T1, T2,
and T3 produce anti aldol adducts, whereas T4, T5, and T6

afford syn products.
Synclinal transition-state structures T3 and T5 are disfa-

vored because of the dipole–dipole interactions between the
two carbon–oxygen bonds. T3 is further destabilized by the
nonbonding interactions between the phenyl and tert-butyl
groups. T4 is disfavored for the same reason. T2 can be elimi-
nated because of the interaction between the tert-butyl
group and the Lewis acid. In T6, there are severe interac-
tions between the TMSO and phenyl groups as well as be-
tween the tert-butyl group and the carbonyl oxygen atom.
Therefore, transition-state structure T1 is the most favora-
ble; the high anti selectivity is thus rationalized. When the
tert-butyl group is replaced by a smaller group, the anti se-
lectivity should decrease because of the increased contribu-
tion of transition-state structures T4 and T6. Indeed, with the

Scheme 2. Initial mechanistic hypothesis for the TiCl4-promoted aldol
ACHTUNGTRENNUNGaddition. TMS= trimethylsilyl.

Scheme 3. Revised mechanism for the TiCl4-promoted aldol addition.

Scheme 4. anti-Selective addition of a bulky enoxysilane.
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silyl enol ether of diethyl ketone, the reaction showed
modest syn selectivity (60:40).

Closed transition-state structures are excluded for the fol-
lowing three reasons. First, the lithium enolate of tert-butyl
ethyl ketone reacts with high syn selectivity (syn/anti
>98:2), which is believed to arise from reaction via a closed
transition-state structure.[13] Second, because the same selec-
tivity is obtained with three different Lewis acids, BF3·OEt2,
SnCl4, and TiCl4, no interactions seem to occur between the
Lewis acid and the silyl group in the transition-state struc-
tures. Finally, Chan and Brook/s investigations of the TiCl4-
mediated reaction of bis(silyl ketene acetal)s with aldehydes
established that the reactive intermediate is not a titanium
enolate and that the coordination between TiCl4 and the si-
lyloxy group is weak.[9a]

Aldol reactions of thiolester silyl ketene acetals with alde-
hydes showed enhanced anti selectivity (Scheme 6).[14] Fur-
thermore, the high anti selectivity (syn/anti=1:7–1:26) was
obtained from either E or Z thiolester silyl ketene acetals.
This convergent anti selectivity can be explained by “pin-
wheel” steric interactions.[15] For E thiolester silyl ketene
acetals (Me is Z to the silyloxy group), transition-state struc-
ture T7 is favored over T8, which has interactions between
the StBu and R1 groups (the “pinwheel” interaction) as well

as between the Me group and
the Lewis acid. For the Z thio-
lester silyl ketene acetal (Me is
trans to the silyloxy group),
transition-state structure T10

has interactions between the si-
lyloxy group and R1 (the “pin-
wheel” interaction) as well as
between the Me group and the
Lewis acid. The gauche inter-
actions between the Me and R1

groups in T7 and T9 are over-
whelmed by the Lewis acid–
Me interactions in T8 and T10.

Therefore, the anti aldol selectivity is diastereoconvergent.
Mukaiyama et al. introduced the use of trityl salts as cata-

lysts for the aldol reaction. In the presence of 5 mol % of
trityl perchlorate, the anti aldol product was produced from
both E and Z silyl enol ethers with anti/syn ratios of up to
84:16.[16] The diastereoselectivity is dependent on the sub-
stituents on silicon, and anti aldols always dominate from
either E or Z silyl enol ethers. The open transition-state
structures were proposed to explain the high anti selectivity
and are independent of the geometry of silyl enol ethers
(Scheme 7). For E silyl enol ethers, transition-state structure

T11 is favored over T12 because the interaction between the
large trityl group and R2 in T12 is more severe than that be-
tween R2 and R3 in T11. For the same reason, T13 is favored
over T14 for Z silyl enol ethers.

Cyclic Transition-State Structures in Lewis Acid Induced
Mukaiyama Reactions

Titanium tetrachloride catalyzed reactions of cyclic, cross-
conjugated dienylsilyl ethers with aldehydes were investigat-
ed by Barner et al.[17] It was shown that the steric demand of
the aldehyde plays a critical role in determining the stereo-
selectivity (Scheme 8). With pivalaldehyde, the syn adduct

Scheme 5. The Heathcock analysis of transition-state structure.

Scheme 6. Transition-state structures for the addition of thiolester silyl
ketene acetals.

Scheme 7. Transition-state structures for trityl cation promoted aldol
ACHTUNGTRENNUNGaddition. TBS = tert-butyldimethylsilyl, Tr= trityl.
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was formed preferentially (syn/
anti= 81:19). With decreasing
aldehyde size, anti adducts
were enriched (albeit still the
minor component) up to a syn/
anti ratio of 74:26.

Six-membered, closed cyclic
transition-state structures were
proposed to explain the alde-
hyde-dependent selectivity
(Scheme 8). The chairlike tran-
sition-state structure produces anti adducts, whereas the
boatlike transition-state structure gives syn adducts. For
small aldehydes (R=Me, Et), the reactions proceed via
chairlike transition-state structures to afford anti products.
As the size of R in the aldehyde increases (R= tBu), the
steric interaction between R and the substituent on C6 leads
to a preference for a boat transition-state structure, thus ra-
tionalizing the formation of the syn product as the major
isomer.

In recent years, Yamamoto and co-workers developed sil-
ver(I)–binap (binap= 2,2’-bis(diphenylphosphanyl)-1,1’-bi-
naphthyl) catalysts for the enantioselective addition of stan-
nyl and trimethoxysilyl enol ethers to aldehydes. They also
speculated that the silver(I) ion serves to bridge the oxygen
atoms of the reactive groups on the basis of the diastereodi-
vergent selectivity with geometrically defined enol ethers.[18]

Fluoride-Induced Aldol Reactions of Silyl Enol Ethers

In 1976, Kuwajima and co-workers found that the fluoride
ion can induce reactions between silyl enol ethers and alde-
hydes.[19] In the following year, Noyori et al. developed the
fluoride-induced aldol reactions of silyl enol ethers and al-
dehydes.[20] In view of the high affinity of fluoride for silicon,
two intermediates, the anionic pentacoordinate silicon spe-
cies and the naked enolate, were proposed (Scheme 9).

In 1981, Noyori et al. reported that tris(diethylamino)sul-
fonium difluorotrimethylsiliconate (TASF) can also induce
the reaction between a silyl enol ether and an aldehyde.[20b,c]

A naked enolate with no interaction with the TAS counter-
cation was proposed, and the reaction pathway is depicted

in Scheme 10. On the basis of an NMR spectroscopic study,
TAS+TMSF2

� was considered to exist in equilibrium with
TASF and TMSF [Eq. (1)]. The resulting fluoride reacts
with the silyl enol ether to produce the TAS enolate
[Eq. (2)]. After reaction with an aldehyde, TMSF traps the
unstable aldolate [Eq. (3)].

Under conditions of kinetic control, syn aldol products
were observed as the major isomers from either E or Z silyl
enol ethers. To accommodate this behavior, new transition-
state structures were proposed to explain the syn selectivity
that is independent of enolate geometry (Scheme 11). The

Scheme 8. Proposals for cyclic transition-state structures for TiCl4-
promoted aldol additions.

Scheme 9. Mechanistic pathways for fluoride-promoted aldol additions.

Scheme 10. Mechanistic interpretation of TASF-promoted additions.

Scheme 11. Transition-state structures for aldol additions of “naked
ACHTUNGTRENNUNGenolates”.
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electrostatic repulsion of the negatively charged oxygen
atoms should be minimized in the extended transition-state
structures. For Z enolates, transition-state structure T15 was
believed to be favored over T16, which has an R2/R3 interac-
tion. Transition-state structure T17 from the E enolate was
also believed to be favored over T18 for the same reason.
Therefore, syn products are produced through T15 and T17

from Z and E silyl enol ethers, respectively.
Besides the “nonchelate, ex-

tended” transition-state struc-
ture, the “nonchelate, skew”
transition-state structure was
proposed to explain certain
cases in fluoride-catalyzed
aldol reactions of silyl enol
ethers and aldehydes that af-
forded anti selectivity
(Scheme 12).[19b] The hypothe-
sis of the nonchelate, extended
transition-state structure can
explain the consistent selectivi-
ty upon variation of the coun-
terion of the fluoride sources
and the silyl groups. Further-
more, the same selectivity from different silyl groups, includ-
ing trimethyl, dimethylphenyl, and triphenylsilyl derivatives,
also remove the possibility of a pentacoordinate siliconate
in the transition-state structures proposed by Corriu and co-
workers.[21] However, the fluoride-induced reactions of tetra-
or trisubstituted E silyl enol ethers with aldehydes were
found to be anti-selective rather than the usual syn-selective
in fluoride-induced reactions.

This anti selectivity cannot be rationalized by extended
transition-state structures. Instead, the “nonchelate, skew”
transition-state structures for anti products from the reaction
of E silyl enol ethers with aldehydes was introduced
(Scheme 12). Transition-state structure T19 has a gauche in-
teraction between R2 and R3, and T20 has a dipole–dipole re-
pulsion between the two carbon–oxygen bonds. Ab initio

calculations showed that T19 and T20 are of equally low
energy, and T21 is disfavored by 3.3 kcal mol�1 due to
oxygen–oxygen repulsion.[19] Therefore, T20 should have a
significant contribution in this reaction.

Hypervalent silyl enol ether mechanisms were proposed
by Corriu and co-workers for the fluoride-mediated reaction
of silyl enol ethers and aldehydes (Scheme 13).[21] Two com-
peting pathways were believed to be dependent on the fluo-

ride sources. After the association of the first fluoride ion, a
common pentacoordinate silicon species is produced. In the
case of very reactive fluoride sources (such as TASF or
R4N

+F�), the fluoride ion attacks the pentacoordinate sili-
ACHTUNGTRENNUNGconate to produce a “naked enolate” by losing TMSF2

�. The
second mechanism involves a “hypervalent” silicon inter-
mediate for less-reactive fluoride sources such as CsF or KF.
In this case, the pentacoordinate siliconate is attacked by
the aldehyde oxygen atom to afford a hexacoordinate silicon
intermediate.

Although there are many reports about the reaction path-
ways and the transition-state structures in the aldol reactions
of silyl enol ethers and aldehydes, the origin of stereogenesis
and the elements that govern the steric course of the Mu-
kaiyama aldol reactions are not well-understood. To address
this concern, model system 1 was designed to investigate the
transition-state geometry in the presence of Lewis acids and
fluoride sources (Scheme 14).

Model system 1 embodies several features that are impor-
tant for the investigation of transition-state structures in the
Mukaiyama aldol reaction: 1) the intramolecular reaction
removes the ambiguity of assigning the disposition of the re-

Scheme 12. Alternative transition-state structures for aldol additions of
“naked enolates”.

Scheme 13. The Corriu open and closed transition-state structures for fluoride-promoted aldol additions.

Scheme 14. Model system 1 for the investigation of the Mukaiyama aldol
reaction.
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actants in an intermolecular reaction, 2) steric bias is mini-
mized by the nearly symmetrical nature of the starting silyl
enol ether–aldehyde, and 3) the formation of an adamantane
framework in aldol products ensures kinetic control.

In the Lewis acid induced cyclization of 1, there are two
limiting reactive geometries that are accessible from the ro-
tation about the C7–formyl bond that correspond to the syn-
clinal and antiperiplanar transition-state structures T22 and
T23, respectively (Scheme 15). The Lewis acid coordinates to
the aldehyde oxygen atom in a position syn to the aldehyde
hydrogen atom.[11] In the synclinal transition-state structure
T22, which affords the syn aldol product, there should be a
steric interaction between the silyloxy group and the Lewis
acid complex along with an unfavorable dipole repulsion be-
tween the two carbon–oxygen bonds. The antiperiplanar
transition-state structure T23 is free from those interactions
and produces the anti aldol product. Therefore, the ratio of
the diastereomeric aldol products provides a measure of the
synclinal/antiperiplanar preference for the corresponding
transition-state structure. An antiperiplanar arrangement of
the groups is currently the most popular formulation of the
transition state and has been supported by an extensive

survey of additions by Heathcock et al.[12] and Gennari
et al.[22]

Furthermore, model system 1 can be employed to exam-
ine the reaction pathway in fluoride ion induced aldol reac-
tions. The two distinct pathways proposed by Corriu and co-
workers[21] for a fluoride ion induced, nucleophilically acti-
vated reaction involving the hexacoordinate siliconate and
the “naked” enolate can be probed by using 1, because the
two distinct pathways lead to different products
(Scheme 16).

In transition-state structure T24, the aldehyde oxygen
atom is coordinated to silicon due to the enhanced Lewis
acidity of silicon after being attacked by one fluoride ion.[23]

This synclinal “hexacoordinate siliconate” transition-state
structure should give the syn aldol product. For reactive
fluoride sources, another fluoride ion attacks the silicon
atom to give the difluorohexacoordinate siliconate. In this
case, the aldehyde oxygen atom cannot coordinate to the
silyl group; it loses difluorosiliconate to give the “naked
enolate”. Naked enolates produce anti aldols through the
antiperiplanar transition-state structure T25 to reduce
dipole–dipole repulsion between the two oxygen atoms.

Results

Synthesis of Model System 1

The three strategies that were
considered for the synthesis of
model system 1 are 1) oxida-
tion of an enoxysilane alcohol,
2) reduction of enoxysilane car-
boxy derivatives, and 3) depro-
tection of an enoxysilane-pro-
tected aldehyde (Scheme 17).

Oxidation of the alcohol to
the corresponding aldehyde
requires a strong oxidizing
agent because of the neopen-
tyl nature of the primary al-
cohol. Furthermore, the oxi-
dation reactions must be per-
formed under neutral or
mildly basic conditions be-
cause the silyl enol ether is
labile in an acidic environ-
ment. Although reducing
agents generally do not react
with silyl enol ethers, strong
agents would be required for
the reduction of tertiary and
hindered carboxy derivatives.
Finally, the route that in-
volves protection of the
aldehyde requires mildly
basic deprotection conditions,

Scheme 15. Geometries of the transition-state structures for the cyclization of model 1 with Lewis acids.

Scheme 16. Geometries of the transition-state structures for cyclization of model 1 with fluoride.
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again because of the acid sensitivity of the silyl enol
ether.

Strategies that involve oxidation of alcohol–alcohol or re-
duction of carboxy–carboxy derivatives to the corresponding
enoxysilane aldehyde failed despite considerable experimen-
tation and variation of conditions. Ultimately, the successful
strategy entailed protection of the aldehyde and deprotec-
tion after construction of the enoxysilane portion of the
molecule (Scheme 18). However, this approach required the
invention of a new protecting group (P*) for the aldehyde.
This protecting group must be resistant to debenzoylation,
oxidation, and enolization conditions. Furthermore, the pro-
tecting group must be removable under basic conditions so
that the enoxysilane moiety can survive.

The protecting group designed for this purpose was a di-
oxolanone derived from a,a-dimethylisobutyric acid. A di-
oxolanone protecting group
was selected for the following
reasons: 1) the aldehyde can
be protected under mild condi-
tions, 2) the dioxolanone group
should be resistant to oxidation
conditions, 3) this group is not
enolizable because of the two
methyl substituents at the a

carbon atom, and 4) this pro-
tecting group is removable
under mildly basic conditions
to give the corresponding alde-
hyde by hydrolysis of the lac-
tone.

To facilitate installation of
the protecting group, 2-hy-
ACHTUNGTRENNUNGdroxyisobutyric acid was com-
bined with 2 equivalents of
TMSCl in the presence of Et3N
to give the bis-silylated hy-
droxy ester 4 (Scheme 19).[24]

The synthesis of aldehyde 3
has already been detailed in
the context of an earlier model
system.[25] The protection of

the formyl group in 3 with 4 in the presence of TMSOTf
and 2,6-DTBP gave 1,3-dioxolan-4-one 5 in 91 % yield.[26]

This intermediate is very stable and could be stored in the
freezer for months. The next challenge was the removal of
the benzoate protecting group in the presence of the dioxo-
lanone group. Unfortunately, the latter is reactive toward
deprotection reagents, and typical saponification methods
returned benzoate aldehyde 3. Potassium tert-butoxide also
removed the dioxolanone group first, and methanol at
reflux gave no reaction.

The successful removal of the benzoate group without
loss of the dioxolanone moiety was ultimately accomplished
by the use of 2.0 equivalents of DIBALH at low tempera-
ture. The mechanism of removal of the benzoyl group with
DIBALH is depicted in Scheme 19. The first equivalent of
DIBALH attacked the dioxolanone, and the resulting dioxo-

Scheme 17. Synthetic approaches for model 1.
Scheme 18. Requirements for the protecting group P* in the synthesis of
model 1. Bz=benzoyl.

Scheme 19. Synthetic scheme for model 1. DIBAL=diisobutylaluminum hydride, DMSO =dimethyl sulfoxide,
2,6-DTBP=2,6-di-tert-butylpyridine, HMDS =1,1,1,3,3,3-hexamethyldisilazane, Tf= trifluoromethanesulfonyl.
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lanoxylaluminum intermediate i did not decompose to alde-
hyde 3 at �78 8C.[27] The second equivalent of DIBALH at-
tacked the benzoyl group to give hydroxy dioxolanol 6. Di-
oxolanol 6 was remarkably stable and could be recovered by
silica-gel column chromatography in high yield (94 %).

Oxidation of diol 6 with 2 equivalents of the Swern re-
agent[28] produced keto dioxolanone 7 in 88 % yield
(Scheme 19). The solid 7 is a very stable intermediate and
could be stored in the freezer for months without decompo-
sition. Deprotonation of the ketone with KHMDS in the
presence of TBSOTf at �95 8C cleanly afforded silyl enol
ether dioxolanone 8 in 92 % yield. This reaction required
very low temperature to prevent the resulting enolate from
cyclizing. Instead, the potassium enolate was trapped by the
TBSOTf that was present prior to the deprotonation. Care-
ful workup was required because 8 is extremely sensitive to
reaction. Under acidic conditions, the silyl enol ether group
would be lost, whereas under basic conditions the dioxola-
none group could be removed. A pH 9 buffer solution was
used for workup. Hexane was used for extraction, because
the product 8 decomposed upon evaporation when more-hy-
drophilic solvents were used. After the extracts were dried,
enoxysilane dioxolanone 8 was purified by column chroma-
tography on Activity III neutral alumina by using a jacketed
column with circulating cold (�78 8C) acetone as a coolant.
Silyl enol ether 8 cyclized upon purification at higher tem-
perature or with alumina of higher activity.

The selective removal of the dioxolanone protective group
without destroying the enoxysilane was the most important
challenge in the synthesis of model system 1. After many de-
protection strategies were surveyed, it was successfully ac-
complished by treatment with 5% NaOH in MeOH at 0 8C
to produce the desired silyl enol ether aldehyde 1 in 83%
yield (Scheme 19). Methanol must be distilled from CaSO4,
not P2O5, to remove any possible acidic source, and the reac-
tion must be quenched with pH 9 buffer at 08C. Very careful
extraction and drying were required because 1 is extremely
sensitive to hydrolysis with traces of water. Hexane (distilled
from K2CO3) was used as the extracting solvent, and sodium
sulfate was used to dry the extracts. The final product was pu-
rified by column chromatography at �788C on Activity V
basic alumina. Model system 1 solidified in a freezer and was
stable for 3–4 days without cyclization.

Cyclization Results from Model System 1

Cyclizations of 1 were carried out with a Lewis acid
(1.1 equiv) in dry CH2Cl2 at �78 8C for 1 h followed by desi-
lylation with 10 equiv of tetra-n-butylammonium fluoride
(TBAF) at room temperature for 2–3 h. Analysis of the
product ratio was carried out by capillary GC.[29] Control ex-
periments with pure, silylated aldol products from anti-2 or
syn-2 with the catalysts showed no cross-over; these reac-
tions were thus demonstrated to be under kinetic control.
Results of the cyclization of 1 with several representative
Lewis acids and a fluoride ion source are summarized in
Table 1.

In general, the Lewis acid promoted reactions showed
modest anti selectivity. Tetravalent Lewis acids TiCl4 and
SnCl4 gave 21:79 and 18:82 syn/anti selectivity, respectively
(Table 1, entries 1 and 2). Aluminum- and boron-type Lewis
acids EtAlCl2 and BF3·OEt2 also showed 24:76 and 29:71
syn/anti selectivity (Table 1, entries 3 and 4). Silicon-contain-
ing Lewis acids TMSBr and TMSOTf showed 30:70 and
25:75 syn/anti selectivity (Table 1, entries 5 and 6). In the
case of trityl perchlorate, only a catalytic amount of Lewis
acid was used, and the cyclization occurred with 27:73 syn/
anti selectivity (Table 1, entry 7). The Brønsted acid
CF3SO3H also displayed anti selectivity (Table 1, entry 8).
Fluoride-induced cyclization with TBAF was slow; it took
24 h to complete in THF. This reaction also displayed anti
selectivity, with a syn/anti ratio of 20:80 (Table 1, entry 9).

Given the wide range of Lewis acid types examined, the
narrow range of selectivities was remarkable. Furthermore,
the selectivities of all the Lewis acid induced cyclizations
are very similar to that of TfOH. To exclude the possibility
that these similar selectivities arose from catalysis by a
common protic acid, the cyclizations of 1 were performed in
the presence of 2,6-DTBP as an acid scavenger (Table 2).
The TiCl4-induced cyclization of 1 in the presence of 2,6-
DTBP showed very little change in selectivity (Table 2,
entry 1). Other Lewis acids such as EtAlCl2, TMSOTf, and
TrClO4 also showed only minor changes in selectivity
(Table 2, entries 3, 6, and 7). Thus, it was concluded that the
similar anti selectivities of these Lewis acids did not arise
from protic-acid catalysis. However, SnCl4 showed an unex-
pected reversal in selectivity from 18:82 anti selective to
61:39 syn selective (Table 2, entry 2). The remarkable rever-
sal in selectivity with SnCl4 suggests that a protic-acid
source existed in SnCl4 and induced cyclization. Cyclization
with TBAF in the presence of 2,6-DTBP showed no change
in selectivity (Table 2, entry 9). From these results, it can be

Table 1. Representative Lewis acid and fluoride-induced aldol reactions
of 1.[a]

Entry Lewis acid ([equiv]) Solvent t [h] syn-2/anti-2[b] DDG�

[kcal mol�1]

1 TiCl4 (1.1) CH2Cl2 1 21:79 �0.51
2 SnCl4 (1.1) CH2Cl2 1 18:82 �0.59
3 EtAlCl2 (1.1) CH2Cl2 1 24:76 �0.45
4 BF3·OEt2 (1.1) CH2Cl2 1 29:71 �0.35
5 TMSBr (1.1) CH2Cl2 1 30:70 �0.33
6 TMSOTf (1.1) CH2Cl2 1 25:75 �0.43
7 TrClO4 (0.1) CH2Cl2 1 27:73 �0.39
8 CF3SO3H (1.1) CH2Cl2 1 18:82 �0.59
9 TBAF (1.1) THF 24 18:82 �0.59

[a] All cyclizations were performed at �78 8C. [b] Determined by capilla-
ry GC analysis, average of at least three runs within �3 %.
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concluded that the anti selectivity was not the result of
Brønsted acid catalysis, except in the case of SnCl4.

Investigations with other Lewis acids are summarized in
Table 3. In Table 3, entry 1, SiCl4 showed less anti selectivity
than TiCl4. Diethylaluminum chloride showed almost the
same selectivity as a monoalkylaluminum dichloride
(Table 3, entry 2). No change in selectivity was observed be-
tween TBDMSOTf and TMSOTf (Table 3, entry 3). Two dif-
ferent trityl cation sources, TrBF4 and TrOTf, showed similar
selectivity (Table 3, entries 4 and 5). Trifluoroacetic acid
showed less anti selectivity than TfOH (Table 3, entry 6). A
mixed catalyst system of 0.08 equivalents of SnCl2 and
TMSCl showed almost the same selectivity as 0.05 equiva-
lents of tin(II) chloride and TrCl (Table 3, entries 7 and 8).
With 1.1 equivalents of both SnCl2 and TrCl, an increase in
syn selectivity was observed (Table 3, entry 9). Tributyltin
fluoride showed slight syn selectivity; therefore, it did not
seem to behave as a fluoride ion source but as a Lewis acid
(Table 3, entry 10). The reaction did not go to completion in
the presence of Ti ACHTUNGTRENNUNG(OiPr)4 (Table 3, entry 11). Reactions with

LiClO4 and SbCl3 showed slight anti selectivity (Table 3, en-
tries 12 and 13).

Further studies on the influence of solvent and stoichiom-
etry on the selectivity effected by TiCl4 and BF3·OEt2 were
carried out, and the results are summarized in Table 4. A
stoichiometry study with TiCl4 (Table 4, entries 1–3) re-
vealed no selectivity dependence on the amount of reagent.
Table 4, entry 4 showed that TiCl4-induced cyclization in

THF was not complete, most likely because TiCl4 is strongly
coordinated to THF. Finally, BF3·OEt2 showed similar anti
selectivity that was not dependent on the stoichiometry of
the reagents (Table 4, entries 5–7).

The results from a stoichiometry study with SnCl4 and SnII

Lewis acids are summarized in Table 5. The stoichiometry
study with SnCl4 showed syn selectivity independent of the
amount of Lewis acid (Table 5, entries 1–3). At all three
ACHTUNGTRENNUNGstoichiometries, a selectivity switch was observed in the
presence of 2,6-DTBP. A much greater divergence of behav-
ior was observed with tin(II) Lewis acids. Stannous fluoride
induced cyclization afforded the syn aldol product with a
ratio of 66:34 in the presence of 2,6-DTBP (Table 5,
entry 4). Further investigation with SnCl2 also showed syn
selectivity with the ratio 79:21 (Table 5, entry 5). In both of
cyclizations, there were no considerable differences in selec-
tivity with or without 2,6-DTBP. Stannous bromide showed
anti selectivity; however, it also showed syn selectivity in the

Table 2. Lewis acid induced cyclizations of 1 without and with 2,6-di-tert-
butylpyridine.[a]

Entry Lewis acid
([equiv])

Solvent t
[h]

syn-2/
anti-2[b]

syn-2/
anti-2[b,c]

DDG�[c]

[kcal mol�1]

1 TiCl4 (1.1) CH2Cl2 1 21:79 25:75 �0.43
2 SnCl4 (1.1) CH2Cl2 1 18:82 61:39 0.17
3 EtAlCl2 (1.1) CH2Cl2 1 24:76 25:75 �0.43
4 BF3·OEt2 (1.1) CH2Cl2 1 29:71 – �0.35
5 TMSBr (1.1) CH2Cl2 1 30:70 – �0.33
6 TMSOTf (1.1) CH2Cl2 1 25:75 27:73 �0.39
7 TrClO4 (0.1) CH2Cl2 1 27:73 28:72 �0.37
8 CF3SO3H

(1.1)
CH2Cl2 1 18:82 – �0.59

9 TBAF (1.1) THF 24 20:80 19:81 �0.56

[a] All cyclizations were performed at �78 8C. [b] Determined by capilla-
ry GC analysis, average of at least three runs within �3%. [c] Reaction
in the presence of 2,6-di-tert-butylpyridine.

Table 3. Lewis acid induced cyclizations of 1 without and with 2,6-di-tert-
butylpyridine.[a]

Entry Lewis acid ([equiv]) syn-2/
anti-2[b]

syn-2/
anti-2[b,c]

DDG�[c]

[kcal mol�1]

1 SiCl4 (1.1) 27:73 – �0.39
2 Et2AlCl (1.1) 28:72 – �0.37
3 TBDMSOTf (1.1) 27:73 30:70 �0.39
4 TrBF4 (0.1) 17:83 – �0.61
5 TrOTf (0.1) 18:82 – �0.59
6 CF3CO2H (1.1) 35:65 – �0.24
7 SnCl2 +TMSCl (0.08) 45:55 – �0.08
8 SnCl2 +TrCl (0.05) 43:57 – �0.11
9 SnCl2 +TrCl (1.1) 62:38 – 0.19

10 Bu3SnF (1.1) 46:54 53:47 0.05
11 TiACHTUNGTRENNUNG(OiPr)4 (1.1) incomplete – –
12 LiClO4 (1.1) 41:59 34:66 �0.26
13 SbCl3 (1.1) 38:62 – �0.19

[a] All cyclizations were performed in methylene chloride at �78 8C for
1 h. [b] Determined by capillary GC analysis, average of at least three
runs within �3 %. [c] Reaction in the presence of 2,6-di-tert-butylpyri-
dine.

Table 4. Cyclizations of 1 with TiCl4 and BF3·OEt2 under various condi-
tions.[a]

Entry Lewis acid
([equiv])

Solvent syn-2/
anti-2[b]

syn-2/anti-
2[b,c]

DDG�[c]

[kcal mol�1]

1 TiCl4 (0.5) CH2Cl2 20:80 – �0.54
2 TiCl4 (1.1) CH2Cl2 21:79 25:75 �0.43
3 TiCl4 (3) CH2Cl2 21:79 – �0.51
4 TiCl4 (1.1) THF incomplete – –
5 BF3·OEt2 (0.5) CH2Cl2 24:76 – �0.45
6 BF3·OEt2 (1.1) CH2Cl2 29:71 – �0.35
7 BF3·OEt2 (3) CH2Cl2 22:78 – �0.49

[a] All cyclizations were performed at �78 8C for 1 h. [b] Determined by
capillary GC analysis, average of at least three runs within �3 %. [c] Re-
action in the presence of 2,6-di-tert-butylpyridine.

Table 5. Cyclization of 1 with SnIV and SnII salts.[a]

Entry Lewis acid ([equiv]) syn-2/anti-2[b] syn-2/anti-2[b,c] DDG�[c]

[kcal mol�1]

1 SnCl4 (0.5) 16:84 63:37 0.21
2 SnCl4 (1.1) 18:82 61:39 0.17
3 SnCl4 (2) – 64:36 0.22
4 SnF2 (1.1) 63:37 66:34 0.26
5 SnCl2 (1.1) 78:22 79:21 0.51
6 SnBr2 (1.1) 39:61 63:37 0.21
7 SnI2 (1.1) 49:51 44:56 �0.09
8 Sn ACHTUNGTRENNUNG(OTf)2 (1.1) 31:69 36:64 �0.22

[a] All cyclizations were performed in methylene chloride at �78 8C for
1 h. [b] Determined by capillary GC analysis, average of at least three
runs within �3 %. [c] Reaction in the presence of 2,6-di-tert-butylpyri-
dine.
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presence of 2,6-DTBP (Table 5, entry 6). Stannous iodide
showed slight anti selectivity under both conditions (Table 5,
entry 7). In Table 5, entry 8, the highest anti selectivity was
afforded by stannous triflate (syn/anti= 31:69).

A stoichiometry study with SnF2 and SnCl2 in cyclizations
of model system 1 was performed, and the results are sum-
marized in Table 6. In the first two experiments, 1.1 and

5 equivalents of SnF2 were used, and they produced almost
the same selectivity (Table 6, entries 1 and 2). When this re-
action was performed in THF, the syn selectivity decreased
to 51:49 (Table 6, entry 3) which suggests that SnF2 acted
primarily as a Lewis acid type catalyst. When 0.05 or
0.1 equivalents of SnCl2 was used, the reaction did not go to
completion (Table 6, entries 5 and 6). The use of 0.5, 1.1,
and 2 equivalents of SnCl2 resulted in syn-selective reactions
(Table 6, entries 7–9). The highest syn selectivity was ob-
served with 2 equivalents of SnCl2, with a ratio of 84:16
(Table 6, entry 8). However, with 5 equivalents of SnCl2, the
syn selectivity decreased to 64:36. In the presence of 2,6-
DTBP, a slight increase in syn selectivity was observed with
a ratio of 72:28 (Table 6, entry 9).

To investigate the selectivity with other Lewis acids simi-
lar to tin(II), cyclizations of 1 with zinc(II) and magnesi-
ACHTUNGTRENNUNGum(II) halides were carried out, and the results are summar-
ized in Table 7. One equivalent of zinc(II) fluoride could
not promote the reaction to completion, but 5 equivalents
showed anti selectivity with a ratio of 35:65 (Table 7,
entry 2). Apparently, zinc(II) fluoride acted as a fluoride
source rather than a Lewis acid. The anti selectivity was re-
versed to syn in the cyclizations with ZnCl2, ZnBr2, and
ZnI2 (Table 7, entries 3–6), and no stereoselectivity was ob-
served for Zn ACHTUNGTRENNUNG(OTf)2 (Table 7, entry 7). Finally, magnesium
bromide showed weak anti selectivity (Table 7, entry 8).

The results from fluoride ion induced cyclizations of 1 are
summarized in Table 8. All reactions were performed in
THF at �78 8C. The first four entries contain the results
with different amounts of TBAF. When the loading of
TBAF was changed from 0.05 to 10 equivalents, the reac-
tions afforded almost the same anti selectivities (18:82–
21:79; Table 8, entries 1–4). Cyclization at room temperature

with 0.1 equivalents of TBAF also showed only slight
changes (Table 8, entries 2 and 5). Because the commercially
available solution of TBAF in THF contains about 5 %
water, the effect of this contaminant was tested. To investi-
gate the effect of water in the TBAF-induced cyclization of
1, an “anhydrous” solution of TBAF and a solution of
TBAF containing 20 % water were prepared. Following the
methods of Cox et al. and Sharma and Fry,[30] TBAF·3H2O
was dried under vacuum to afford “anhydrous” solid TBAF.
However, there was no change in selectivity between the
two different TBAF sources (Table 8, entries 6 and 7). All
TBAF-induced cyclizations under different conditions gave
almost the same selectivities.

Another reactive fluoride source, TASF, gave lower anti
selectivity (Table 8, entries 9 and 10). The erosion of anti se-
lectivity could be due to TMSF, which is produced from
TASF.[20] Less-reactive fluoride sources (KF and CsF) were
employed to examine the intervention of the “hexacoordi-
nate silicon” T24 as proposed by Corriu and co-workers.[21]

In the presence of KF, the reaction did not go to completion
because KF is only sparingly soluble in THF (Table 8, en-
tries 11 and 12). Cesium fluoride induced cyclization showed

Table 6. Cyclization of 1 with tin(II) salts under various conditions.[a]

Entry Lewis acid
([equiv])

Solvent syn-2/
anti-2[b]

syn-2/anti-
2[b,c]

DDG�[c]

[kcal mol�1]

1 SnF2 (1.1) CH2Cl2 63:37 66:34 0.26
2 SnF2 (5) CH2Cl2 66:34 67:33 0.27
3 SnF2 (1.1) THF – 51:49 0.02
4 SnCl2 (0.05) CH2Cl2 incomplete – –
5 SnCl2 (0.1) CH2Cl2 incomplete – –
6 SnCl2 (0.5) CH2Cl2 74:26 – 0.41
7 SnCl2 (1.1) CH2Cl2 78:22 79:21 0.51
8 SnCl2 (2) CH2Cl2 84:16 – 0.64
9 SnCl2 (5) CH2Cl2 64:36 72:28 0.37

[a] All cyclizations were performed at �78 8C for 1 h. [b] Determined by
capillary GC analysis, average of at least three runs within �3 %. [c] Re-
action in the presence of 2,6-di-tert-butylpyridine.

Table 7. Cyclization of 1 with ZnII and MgII salts.[a]

Entry Lewis acid ([equiv]) syn-2/anti-2[b] syn-2/anti-2[b,c] DDG�[c]

[kcal mol�1]

1 ZnF2 (1.1) incomplete – –
2 ZnF2 (5) 37:63 35:65 �0.24
3 ZnCl2 (1.1) – 72:28 0.37
4 ZnCl2 (5) 38:62 – �0.19
5 ZnBr2 (1.1) 40:60 71:29 0.35
6 ZnI2 (1.1) – 69:31 0.31
7 Zn ACHTUNGTRENNUNG(OTf)2 (1.1) – 53:47 0.05
8 MgBr2 (1.1) 41:59 35:65 �0.24

[a] All cyclizations were performed in methylene chloride at �78 8C for
1 h. [b] Determined by capillary GC analysis, average of at least three
runs within �3 %. [c] Reaction in the presence of 2,6-di-tert-butylpyri-
dine.

Table 8. Fluoride ion induced aldol reaction of 1.[a]

Entry Fluoride ion ([equiv]) T
[8C]

t
[h]

syn-2/
anti-2[b]

DDG�

[kcal mol�1]

1 TBAF (0.05) �78 24 19:81 �0.56
2 TBAF (0.1) �78 24 19:81 �0.56
3 TBAF (1.1) �78 24 18:82 �0.59
4 TBAF (10) �78 24 21:79 �0.51
5 TBAF (0.1) RT 2 22:78 �0.75
6 TBAF[c] (1.1) �78 24 17:83 �0.61
7 TBAF/H2O

[d] (1.1) �78 24 20:80 �0.54
8 TASF (0.05) �78 1 incomplete –
9 TASF (1.1) �78 1 39:61 �0.17

10 TASF (5) �78 1 40:60 �0.16
11 KF (1.1) RT 12 incomplete –
12 KF (10) RT 12 incomplete –
13 CsF (1.1) RT 8 13:87 �1.13
14 KF/Kryptofix

Q

[2.2.2]
(1.1)

�78 24 9:91 �0.90

[a] All cyclizations were performed in THF. [b] Determined by capillary
GC analysis. [c] TBAF solution was prepared from anhydrous solid
TBAF. [d] A solution of TBAF containing 20 % water was used.
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high anti selectivity, which implies that the cyclization pro-
ceeded via the naked enolate (Table 8, entry 13). Solubiliza-
tion of KF with Kryptofix 222 led to the highest anti selec-
tivity with the ratio 9:91 (Table 8, entry 14). This result is in
agreement with that of the cyclization of the same model
system with KHMDS in the presence of Kryptofix 222.[25]

Discussion

Lewis Acids

For the rationalization of the overall anti selectivity ob-
served in Lewis acid induced cyclizations of 1 (except with
tin Lewis acids), two transition-state structures T22 and T23

are proposed (Scheme 20). In both of structures, the Lewis
acid occupies a coordination site on the aldehyde oxygen
atom cis to the aldehyde hydrogen atom. The synclinal T22

should have two destabilizing factors. First, there is an un-
favorable dipole–dipole interaction between the two
carbon–oxygen bonds in the synclinal disposition. This effect
mirrors the rationalization of anti selectivity of Heathcock
et al. through open transition-state structures.[12b] Another

destabilizing factor in T22 might be the nonbonding steric in-
teractions between the silyloxy group and the Lewis acid–al-
dehyde complex. Empirically, the similar selectivities for
Lewis acids of different sizes (Tables 1–4) implies that this
factor is not important. Therefore, the antiperiplanar transi-
tion-state structure T23 should be favored because of the un-
favorable dipole–dipole interaction between the two
carbon–oxygen bonds in the synclinal disposition of T22. The
insensitivity of the cyclization to the size and nature of the
Lewis acid emphasizes the absence of an intrinsic steric bias.
Moreover, the modest selectivity reveals a weak intrinsic
preference for a double-bond orientation consistent with the
well-documented variation in selectivity with enol geometry,
substitution, and aldehyde structure.

The stereoselectivity observed for tin(II) Lewis acids in
Tables 5–7 can be rationalized by transition-state structures
T26 and T27 (Scheme 20). There must be a significant differ-
ence between tin Lewis acids and most of the Lewis acids
that gave an overall anti preference. Apparently, the tin
Lewis acids are able to coordinate both the enol and alde-
hyde oxygen atoms. In the case of tin(IV) Lewis acids,
therefore, the “bridging halometallate” transition-state
structure T26, which affords the syn aldol adduct, must be
weakly favored over the antiperiplanar T23. The selectivity
of tin(II) Lewis acid induced cyclizations depends on the
counterion of the tin(II) salt. In the synclinal transition-state
structure T27, the halide bound to the metal is close to the
silicon moiety, so it can function in the cyclization as a coor-
dinating and desilylating agent.

Similar cyclic transition-state structures in the Lewis acid
induced Mukaiyama aldol reaction between a silyl enol
ether or a ketene silyl acetal and an aldehyde were pro-
posed by Chan et al.,[31] Barner et al.,[17] Helmchen et al. ,[32]

and Yamamoto and co-workers.[18] In these proposals, the
metal is coordinated to both the aldehyde and enolate
oxygen atoms, and a halide ion then attacks the silicon atom
to create a bicyclic transition-state structure. In view of the
affinity of titanium, silver, and other metals for oxygen, the
chairlike transition-state structure might explain the high
stereoselectivity.

In the cyclic transition-state structure T27, SnII is proposed
to be strongly coordinated to the two oxygen atoms. Al-
though many tin(II) compounds behave as monodentate ac-
ceptors towards donor molecules, some complexes that con-
tain additional ligands are known.[33] The distorted, trigonal-
bipyramidal coordination geometry depicted in T27 is sup-
ported by the X-ray structures of SnX2(1,4-dioxane).[34] In
the X-ray study of SnCl2(1,4-dioxane), the tin(II) atom is de-
scribed as a distorted trigonal bipyramid with the fifth
ligand position occupied by a stereochemically active lone
electron pair. The repulsion between the Sn�O bonding
electrons and lone-pair electrons may be relieved either by
a reduction in the O�Sn�O angle or by a lengthening of the
Sn�O bonds. Actually, the Sn�O bond length in SnCl2(1,4-
dioxane) is 0.2–0.39 S longer than that in tin(II) chloride di-
hydrate[35a] and bis(1-phenylbutane-1,3-dionato)tin(II).[35b] InScheme 20. Proposals of transition-state structures for the Lewis acid

ACHTUNGTRENNUNGinduced cyclizations of 1.
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SnBr2(1,4-dioxane), there is a larger decrease in the O�Sn�
O angle compared to the isostructural chloride.

The selectivity induced by tin(II) salts was strongly influ-
enced by the nature of the counterion, except in the case of
stannous fluoride. Because stannous fluoride can behave
both as a Lewis acid and a fluoride source, the result cannot
be interpreted solely in terms of a single mode of activation.
The magnitude of the syn preference decreased in the order
Cl>Br> I>OTf. In T27, the tin atom exists as a distorted
trigonal bipyramid with a stereochemically active lone elec-
tron pair (Scheme 21). The tin atom is strongly coordinated
to the two oxygen atoms and the X groups, which explains
why the selectivity is counterion-dependent.

Fluoride Ion

In the case of fluoride-induced cyclizations of model system
1, two possible transition-state structures T24 and T25 are
proposed (Scheme 22). Transition-state structure T24 invokes
a “hypervalent silicon” intermediate. Upon coordination of
a fluoride anion, the resulting “pentacoordinate siliconate”
has enhanced Lewis acidity[23] and could coordinate to the
aldehyde oxygen atom to produce the “hexacoordinate sili-
ACHTUNGTRENNUNGconate” T24. In this transition-state structure, the “hexacoor-
dinate” silicon should produce aldol product syn-2. Corriu
and co-workers proposed this intermediate for reactions in-
duced by less-reactive fluorides such as CsF and KF.[21]

Another transition-state structure for the fluoride ion in-
duced cyclization of 1 is the “naked enolate” T25. This struc-
ture has been invoked for very reactive fluoride sources
such as TASF and nBu4N

+F�. In this case, the same inter-

mediate “pentacoordinate siliconate” is attacked by another
fluoride ion rather than an aldehyde oxygen atom. By losing
TMSF2, the “naked enolate” is produced. This pathway was
suggested by Noyori, Kuwajima, and co-workers.[20] It is
known that the “naked enolate” T25 produces aldol product
anti-2 from the antiperiplanar disposition of the two
carbon–oxygen bonds to minimize dipole–dipole interac-
tions.[25]

The TBAF-induced cyclization of model system 1 showed
anti selectivity, which implies that the cyclization of 1 pro-
ceeds through the naked enolate transition-state structure
T25. The antiperiplanar disposition of the enolate and alde-
hyde oxygen atoms minimizes the Coulombic dipole repul-
sions, thus affording the anti product. The hexacoordinate
structure T24 is not energetically favorable under these con-
ditions.

Conclusions

Model compound 1 was designed and successfully synthe-
sized to examine the relative orientation of silyl enol ethers
and carbonyl moieties in the transition-state structures of
the Mukaiyama directed aldol reaction. This study revealed
a modest, intrinsic preference for antiperiplanar geometry
(open transition-state structure). The anti preference was for
the most part independent of the nature and stoichiometry
of the Lewis acid. For both SnCl4 and SnCl2, syn selectivity
was observed, but the selectivity was stronger for SnCl2 and
was counterion-dependent. All fluoride-induced cyclizations
proceeded with antiperiplanar geometry, most likely via a
naked enolate that experiences strong dipole repulsions. No
evidence for a hypercoordinate siliconate was obtained.

Experimental Section

General

Solvents for chromatography and extraction were of technical grade and
were distilled from the drying agents indicated: hexane (CaH2 or
K2CO3), dichloromethane (CaH2), diethyl ether and tert-butyl methyl
ether (CaSO4/FeSO4), ethyl acetate (K2CO3). Column chromatography
was performed with 32–63-mm silica gel (Merck) and basic or neutral
alumina. All reactions were performed in oven- or flame-dried glassware
under an inert atmosphere of dry N2. All solvents used in the reactions
were distilled from appropriate drying agents before use. Melting points
were determined on a Thomas–Hoover capillary melting-point apparatus
and are uncorrected. Analytical TLC was performed on Merck silica-gel
plates with QF-254 indicator. Infrared (IR) spectra were obtained on an
IBM FTIR-32 spectrophotometer. Peaks are reported in cm�1 with the
following relative intensities: br (broad), s (strong, 67–100 %), m
(medium, 34–66 %), w (weak, 0–33 %). 1H and 13C NMR spectra were re-
corded on a General Electric QE-300 (300 MHz for 1H, 75.5 MHz for
13C) or Varian U-400 (400 MHz for 1H, 100.6 MHz for 13C) spectrometer.
Chemical shifts (d) are reported in ppm, and coupling constants (J) are
reported in Hz. Multiplicities are indicated by s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet), and br (broad). Assignments of indi-
vidual resonances were supported by APT (attached proton test), DEPT
(distortionless enhancement by polarization transfer), HETCOR (hetero-
correlation), and/or COSY. Mass spectra were recorded on a Varian
MAT CH-5 spectrometer with ionization voltages of 70 eV, or on a VSE-

Scheme 21. Synclinal transition-state structure T27 of a bridging halo-
ACHTUNGTRENNUNGmetallate.

Scheme 22. Transition-state structures for the fluoride-promoted cycliza-
tion of 1.
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70 spectrometer with isobutane gas as the CI (chemical ionization) re-
agent gas. Analytical gas chromatography was performed on a
Varian 3700 or Hewlett–Packard 5890 chromatograph equipped with split
and on-column injectors and a flame ionization detector. The carrier gas
was H2 (1 mL min�1) for capillary columns. The columns used were an
HP-1 (50 m) or a Carbowax 20M (50 m). The injector temperature was
225 8C, the detector temperature was 300 8C, flow rates were approxi-
mately 30 mL min�1 for H2 and N2 and 100 mL min�1 for air, and pro-
grams were as indicated. Programs are reported in the form: initial tem-
perature (time), temperature ramp rate, final temperature (time). Reten-
tion times (tR) and integrated ratios were obtained from a Hewlett Pack-
ard 3390A or 3393A integrator. n-Butyllithium was titrated according to
the method of Gilman and Schulze.[36] Borane/THF and DIBALH were
standardized by the analytical gas titration method of Brown and Ravin-
dran.[37]

Syntheses

5 : A flame-dried, 250-mL flask equipped with a magnetic stirrer bar and
a nitrogen inlet was charged with a solution of 3 (3.19 g, 11.13 mmol) in
methylene chloride (100 mL) at room temperature. Trimethylsilyl 2-
methyl-2-trimethylsiloxypropanoate (4 ; 3.32 g, 13.35 mmol) and a catalyt-
ic amount of 2,6-DTBP (50 mL, 0.22 mmol) were added. The resulting so-
lution was stirred for 5 min at room temperature, and a catalytic amount
of trimethylsilyltrifluoromethanesulfonate (86 mL, 0.45 mmol) was added
dropwise. The resulting clear solution was stirred for 36 h at room tem-
perature, after which it dark yellow. The reaction mixture was poured
into water (50 mL) and extracted with tert-butyl methyl ether (3 U
200 mL). The organic extracts were combined, dried over Na2SO4, and
concentrated. Purification of the residue by column chromatography
(ethyl acetate/hexane=1:20, 1:20, 1:10, 1:10, 1:5, 1:5) afforded (R,S)-
(1l,2u,5u,7u,2’’x)-2-benzoyloxy-7-[2-(5,5-dimethyl-1,3-dioxolan-4-onyl)]-7-
methylbicycloACHTUNGTRENNUNG[3.3.1]nonane (5 ; 3.86 g, 93%) as a white solid. An analyti-
cal sample was obtained by recrystallization from hexane. Rf =0.52
(hexane/EtOAc =4:1); m.p.: 113–114 8C (hexane); IR (CCl4): ñ =2938
(m), 1806 (s), 1717 (s), 1453 (w), 1383 (w), 1269 (s), 1180 (m), 1107 (m),
1071 (m), 988 cm�1 (w); 1H NMR (300 MHz, CDCl3): d =8.08–8.05 (m,
2H, HC3’, HC7’), 7.59–7.53 (m, 1 H, HC5’), 7.47–7.42 (m, 2 H, HC4’,
HC6’), 5.18 (s, 1 H, HC2“O2), 4.94 (br s, 1H, HC2O), 2.30 (d, J=11.2 Hz,
1H, HC1), 2.20–2.16 (m, 1 H, HC5), 2.13–2.04 (m, 1 H, HC3), 1.92–1.77
(m, 3H, H2C6, HC3), 1.75–1.66 (m, 3H, HC8, HC9, HC4), 1.51 (s, 3 H,
H3C6’’), 1.44 (s, 3H, H3C6’’), 1.48–1.36 (m, 3 H, HC8, HC9, HC4),
1.21 ppm (s, 3 H, H3C10); 13C NMR (75.5 MHz, CDCl3): d=175.8 (C=

O4’’), 165.7 (C=O1’), 132.7 (C5’), 131.0 (C2’), 129.5 (C3’, C7’), 128.3 (C4’,
C6’), 108.0 (HC2’’O2), 77.3 (H3C6), 77.3 (H3C6), 75.1 (OC2H), 34.2 (C7),
31.7 (H2C8), 31.4 (H2C8), 30.2 (H2C6), 30.1 (H2C9), 30.0 (H2C6), 28.3
(HC1), 28.2 (HC1), 27.7 (H3C10), 27.5 (H3C10), 24.1 (H3C6’’), 23.3
(HC5), 23.2 (HC5), 22.5 (H2C3), 21.6 (H3C6’’), 20.6 (H2C4), 20.6 ppm
(H2C4); MS (CI, iso-butane): m/z (%)=372 [M]+ (0.2), 251 (17), 166
(17), 165 (100), 147 (13), 105 (11); elemental analysis: calcd (%) for
C22H28O5 (372.47): C 70.94, H 7.58; found: C 71.11, H 7.63.

6 : A flame-dried, 250-mL flask equipped with a magnetic stirrer bar and
a nitrogen inlet was charged with a solution of 5 (3.20 g, 8.59 mmol) in
methylene chloride (100 mL). After the mixture was cooled to �78 8C, a
solution of DIBALH in hexane (1 m, 19 mL, 18.90 mmol) was added
dropwise over 5 min. The resulting solution was stirred for 1 h at �78 8C,
and water (30 mL) was added dropwise. The cold bath was removed, the
reaction mixture was allowed to warm to room temperature, and the re-
action mixture was poured into water (200 mL) and extracted with tert-
butyl methyl ether (3 U 200 mL). The organic extracts were combined,
dried over Na2SO4, and concentrated. Purification of the residue by
column chromatography (hexane/ethyl acetate = 10:1, 5:1, 2:1, 1:1) af-
forded (R,S)-(1l,2u,5u,7u,2’x,4’x)-7-[2-(5,5-dimethyl-4-hydroxy-1,3-dioxo-
lanyl)]-2-hydroxy-7-methylbicycloACHTUNGTRENNUNG[3.3.1]nonane (6 ; 2.18 g, 94 %) as a
white solid. An analytical sample was obtained by recrystallization from
hexane. Rf =0.05 (hexane/EtOAc=4:1); m.p.: 118–119 8C (hexane); IR
(CCl4): ñ =3393 (m), 3289 (m), 2977 (m), 2934 (s), 1551 (w), 1453 (w),
1364 (m), 1254 (w), 1175 (w), 1090 (s), 1001 (s), 963 cm�1 (s); 1H NMR
(300 MHz, CDCl3): d =5.10 (d, J= 4.2 Hz, 0.8H, HOHC4’O), 5.00 (d, J=

8.0 Hz, 0.2 H, HOHC4’O), 4.87 (s, 0.8H, HC2’O2), 4.68 (s, 0.2H,

HC2’O2), 3.66 (br s, 1H, HC2OH), 2.83 (d, J= 4.4 Hz, 0.8H, HOHC4’O),
2.35 (d, J=8.1 Hz, 0.2H, HOHC4’O), 2.06–1.96 (m, 3H, HC1, HC5,
HC3), 1.82–1.71 (m, 3H, H2C6, HC3), 1.65–1.55 (m, 3 H, HC8, HC9,
HC4), 1.44–1.40 (m, 2 H, HC8, HC9), 1.29 (s, 4.8H, H3C6’), 1.24 (s, 1.2H,
H3C6’), 1.21 (br m, 1H, HC4), 1.15 (s, 0.6 H, H3C10), 1.12 ppm (s, 2.4 H,
H3C10); 13C NMR (75.5 MHz, CDCl3): d =109.5 (HC2’O2), 109.5
(HC2’O2), 108.6 (HC2’O2), 108.6 (HC2’O2), 100.5 (HOHC4’O), 99.0
(HOHC4’O), 81.6 ((CH3)2CO5’), 72.6 (HC2OH), 72.6 (HC2OH), 72.5
(HC2OH), 33.7 (C7), 33.7 (C7), 32.8 (H2C8), 32.6 (H2C8), 32.4 (H2C8),
31.8 (H2C9), 31.5 (H2C9), 31.4 (H2C9), 31.3 (HC1), 29.3 (HC6), 27.4
(H3C10), 27.2 (H3C10), 26.3 (HC5), 23.7 (H3C6’), 23.6 (H3C6’), 23.0
(H2C3), 23.0 (H2C3), 22.2 (H3C6’), 22.2 (H3C6’), 21.5 (H2C4), 20.2 ppm
(H3C6’); MS (CI, iso-butane): m/z (%)=269 [M�1]+ (2), 253 (47), 166
(15), 165 (100), 147 (39); elemental analysis: calcd (%) for C15H26O4

(270.37): C 66.64, H 9.69; found: C 66.62, H 9.71.

7: A flame-dried, 500-mL flask equipped with a magnetic stirrer bar and
a nitrogen inlet was charged with a solution of the oxalyl chloride
(1.4 mL, 15.95 mmol) in methylene chloride (100 mL). After the mixture
was cooled to �78 8C, a solution of DMSO (2.26 mL, 31.90 mmol) in
methylene chloride (30 mL) was added dropwise. After 10 min, a solution
of 6 (1.96 g, 7.25 mmol) in methylene chloride (100 mL) was added drop-
wise at �78 8C. The resulting clear solution turned into a white turbid
suspension after 5 min at �78 8C. After 40 min, triethylamine (8.08 mL,
57.99 mmol) was added dropwise, the cold bath was removed, and the re-
action mixture was allowed to warm to room temperature. The reaction
mixture was poured into water (200 mL) and extracted with tert-butyl
methyl ether (3 U 200 mL). The organic extracts were combined, dried
over Na2SO4, and concentrated. Purification of the residue by column
chromatography (hexane/ethyl acetate =20:1, 10:1, 5:1, 2:1) afforded
(R,S)-(1l,5u,7u,2’x)-7-[2-(5,5-dimethyl-1,3-dioxolan-4-onyl)]-7-methylbi-
ACHTUNGTRENNUNGcycloACHTUNGTRENNUNG[3.3.1]nonan-2-one (7; 1.70 g, 88%) as a white solid. An analytical
sample was obtained by recrystallization from hexane. Rf =0.25 (hexane/
EtOAc= 4:1); m.p.: 71–72 8C (hexane); IR (CCl4): ñ=2936 (m), 1804 (s),
1713 (s), 1468 (w), 1383 (m), 1344 (w), 1279 (m), 1208 (s), 1183 (m),
1157(m), 1078 (m), 978 (m); 1H NMR (300 MHz, CDCl3): d=5.20 (s,
0.25 H, HC2’O2), 5.19 (s, 0.75 H, HC2’O2), 2.55–2.40 (m, 3 H, HC1, H2C3),
2.33–2.01 (m, 3H, H2C6, HC5), 1.90–1.76 (m, 3H, HC8, HC9, HC4),
1.73–1.47 (m, 3H, HC8, HC9, HC4), 1.46 (s, 0.75 H, H3C6’), 1.24 (s,
2.25 H, H3C6’), 1.38 (s, 3 H, H3C6’), 1.03 (s, 0.75 H, H3C10), 1.01 ppm (s,
2.25 H, H3C10); 13C NMR (75.5 MHz, CDCl3): d=216.5 (O=C2), 216.4
(O=C2), 175.6 (O=C4’O), 175.1 (O=C4’O), 104.7 (HC2’O2), 104.4
(HC2’O2), 77.3 ((CH3)2C5’O), 77.2 ((CH3)2C5’O), 41.9 (HC1), 41.9
(HC1), 37.3 (H2C3), 36.4 (H2C3), 35.8 (C7), 35.6 (C7), 35.4 (H2C8), 35.3
(H2C8), 34.3 (H2C6), 34.1 (H2C6), 28.3 (H2C9), 28.2 (H2C9), 27.9 (H2C4),
27.9 (H2C4), 24.9 (H3C10), 24.5 (H3C10), 23.9 (HC5), 23.7 (H3C6’), 23.8
(H3C6’), 21.2 (H3C6’), 20.0 ppm (H3C6’); MS (CI, iso-butane): m/z (%)=

267 [M+1]+ (100), 181 (36), 165 (10), 163 (76), 69 (13); elemental analy-
sis: calcd (%) for C15H22O4 (266.34): C 67.65, H 8.33; found: C 67.68, H
8.35.

8 : A flame-dried, 50-mL flask equipped with a magnetic stirrer bar and a
nitrogen inlet was charged with a solution of 7 (131.0 mg, 0.49 mmol) in
THF (15 mL). After the mixture was cooled to �95 8C with an acetone/
liquid-nitrogen bath, TBSOTf (0.16 mL, 0.69 mmol) was added neat at
�95 8C. After 3 min, a solution of KHMDS in THF (0.61 m, 0.97 mL,
0.59 mmol) was added dropwise. After 5 min, pH 9 buffer (10 mL) was
added dropwise, the cold bath was removed, and the reaction mixture
was allowed to warm to room temperature. The reaction mixture was ex-
tracted with hexane (3 U 200 mL), and the organic extracts were com-
bined, dried over Na2SO4, and concentrated. Purification of the residue
by cold column chromatography on Activity III neutral alumina (hexane
for 20 fractions, then hexane/ethyl acetate =20:1, 10:1) with a jacketed
column with circulating cold (�78 8C) acetone afforded (R,S)-
(1l,5u,7u,2’x)-2-tert-butyldimethylsiloxy-7-[2-(5,5-dimethyl-1,3-dioxolan-4-
onyl)]-7-methylbicyclo ACHTUNGTRENNUNG[3.3.1]non-2-ene (8 ; 169 mg, 90 %) as a clear, color-
less oil. Rf =0.85 (hexane/EtOAc =4:1); IR (CCl4): ñ=2930 (s), 2859
(m), 1800 (s), 1665 (w), 1549 (w), 1462 (w), 1381 (w), 1254 (m), 1204 (s),
1184 (m), 1152 (m), 986 (w), 963 (w), 841 cm�1 (s); 1H NMR (300 MHz,
CDCl3): d=6.07 (s, 0.55 H, HC2’O2), 6.03 (s, 0.45 H, HC2’O2), 4.63 (dd,
J=7.4, 4.0 Hz, 1H, HC3), 2.43 (dd, J=6.7, 2.1 Hz, 0.45 H, HC4), 2.37
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(dd, J=6.9, 2.3 Hz, 0.55 H, HC4), 2.23 (s, 0.45 H, HC8), 2.18–2.15 (m,
0.55 H, HC8), 2.11 (s, 1 H, HC1), 2.11–1.99 (m, 1H, HC5), 1.99 (s, 0.45 H,
HC6), 1.94–1.93 (m, 0.55 H, HC6), 1.90 (t, J=4.5 Hz, 0.55 H, HC4), 1.85
(dd, J=9.2, 4.2 Hz, 0.45 H, HC4), 1.68–1.66 (m, 0.45 H, HC9), 1.64 (d, J=

0.9 Hz, 0.55 H, HC9), 1.56 (d, J= 4.9 Hz, 1 H, HC9), 1.53–1.48 (m, 1H,
HC6), 1.43 (s, 3 H, H3C6’), 1.34 (d, J=1.1 Hz, 3H, H3C6’), 1.31–1.22 (m,
1H, HC8), 0.92 (d, J=2.1 Hz, 9 H, (H3C)3CSi), 0.88 (s, 3 H, H3C10), 0.13
(d, J=7.3 Hz, 3H, (H3C)Si), 0.13 ppm (s, 3H, (H3C)Si); 13C NMR
(75.5 MHz, CDCl3): d= 176.3 (O=C4’O), 176.0 (O=C4’O), 155.3 (CH=

C2), 155.2 (CH=C2), 104.5 (HC2’O2), 104.2 (HC2’O2), 101.8 (C=C3H),
100.9 (C=C3H), 77.3 ((CH3)2C5’O), 77.2 ((CH3)2C5’O), 40.0 (C7), 39.2
(C7), 36.2 (H2C8), 36.1 (H2C8), 34.5 (H2C6), 34.1 (C1), 33.9 (H2C6), 31.5
(H2C9), 31.4 (H2C9), 30.9 (H2C4), 30.6 (H2C4), 25.7 (H3C10), 25.7
(H3C10), 25.6 (SiC ACHTUNGTRENNUNG(CH3)3), 25.6 (SiC ACHTUNGTRENNUNG(CH3)3), 24.5 (H3C6’), 24.3 (H3C6’),
24.2 (H3C6’), 24.0 (H3C6’), 21.7 (HC5), 21.4 (HC5), 17.9 (SiC ACHTUNGTRENNUNG(CH3)3),
17.9 (SiC ACHTUNGTRENNUNG(CH3)3), �4.26 (SiCH3), �4.37 (SiCH3), �4.55 (SiCH3),
�4.94 ppm (SiCH3); MS (CI, iso-butane): m/z (%)=381 [M]+ (100), 237
(24), 163 (31), 133 (22), 75 (10); elemental analysis: calcd (%) for
C21H36O4Si (380.60): C 66.27, H 9.53; found: C 66.10, H 9.56.

1: A flame-dried, 50-mL flask equipped with a magnetic stirrer bar and a
nitrogen inlet was charged with a solution of 8 (116 mg, 0.31 mmol) in
THF (15 mL). After the mixture was cooled to 0 8C, a 5% solution of
NaOH in methanol (0.16 mL, 0.69 mmol) was added dropwise. After
5 min, pH 9 buffer (10 mL) was added dropwise, the cold bath was re-
moved, and the reaction mixture was allowed to warm to room tempera-
ture. The reaction mixture was extracted with hexane (3 U 200 mL), and
the organic extracts were combined, dried over Na2SO4, and concentrat-
ed. Purification of the residue by cold column chromatography on Activi-
ty V basic alumina (hexane only) with a jacketed column with circulating
cold (�78 8C) acetone afforded (R,S)-(1l,5u,7u)-2-tert-butyldimethylsil-
ACHTUNGTRENNUNGoxy-7-formyl-7-methylbicyclo ACHTUNGTRENNUNG[3.3.1]non-2-ene (1; 78 mg, 87 %) as a clear,
colorless oil, which solidified in the freezer. IR (neat): ñ=3453 (w), 2928
(s), 2857 (s), 2705 (w), 1719 (m), 1663 (m), 1462 (m), 1379 (w), 1296 (w),
1254 (m), 1198 (m), 1098 (m), 1044 (m), 1005 (w), 936 (w), 916 cm�1 (w);
1H NMR (400 MHz, C6D6): d =9.42 (d, J=1.6 Hz, 1H, OHC10), 4.61
(dd, J= 4.7, 2.6 Hz, 1H, HC3), 2.34 (dd, J=13.7, 2.1 Hz, 1 H, HC8), 2.25
(dd, J=13.5, 2.2 Hz, 1H, HC6), 2.14 (dd, J= 17.0, 6.7 Hz, 1 H, HC4),
2.07–2.06 (m, 1H, HC1), 1.97 (dd, J=17.4, 4.6 Hz, 1 H, HC4), 1.72–1.70
(m, 1 H, HC5), 1.54–1.51 (m, 1 H, HC9), 1.23–1.21 (m, 1 H, HC9), 1.10
(dd, J= 13.7, 3.7 Hz, 1 H, HC6), 1.01–1.00 (m, 1 H, HC8), 0.97 (s, 9H,
(H3C)3CSi), 0.60 (s, 3H, H3C11), 0.15 (s, 3H, (H3C)Si), 0.08 ppm (s, 3 H,
(H3C)Si); 13C NMR (100.6 MHz, C6D6): d= 202.7 (CHO10), 152.0 (CH=

C2), 104.0 (C=C3H), 44.2 (C7), 38.0 (H2C8), 36.9 (H2C6), 34.8 (HC1),
31.9 (H2C9), 29.6 (H2C4), 26.5 (H3C11), 26.4 (HC5), 25.8 (SiC ACHTUNGTRENNUNG(CH3)3),
18.1 (SiC ACHTUNGTRENNUNG(CH3)3), �4.37 (SiCH3), �4.60 ppm (SiCH3); MS (CI, iso-
butane): m/z (%)= 296 [M+1]+ (27), 295 [M]+ (100), 237 (33), 181 (48),
164 (17), 163 (99), 133 (11): elemental analysis: calcd (%) for C17H30O2Si
(294.51): C 69.33, H 10.27; found: C 69.16, H 10.32.

General Procedure for Cyclization of Model System 1 with Representative
Lewis Acids or Fluorides

A magnetically stirred solution of 1 (�0.01 m) in dry CH2Cl2 (or THF for
fluoride-induced reactions) was cooled to �78 8C. The appropriate Lewis
acid or fluoride ion (1.1 equiv) was added neat or as a stock solution in
CH2Cl2, and the reaction mixture was stirred at �78 8C for 1 h. The reac-
tion was quenched at �78 8C by addition of pH 9 buffer (0.1 mL), the
cold bath was removed, and the reaction mixture was allowed to warm to
room temperature. Water (2 mL) was added, and the mixture was ex-
tracted with tert-butyl methyl ether (2 U 2 mL). The organic layers were
combined, dried over Na2SO4, and concentrated. The residue was dis-
solved in THF (0.1 m), and TBAF (10 equiv) was added at room tempera-
ture. The mixture was stirred for 3 h, and pH 9 buffer (0.1 mL) was
added. The mixture was extracted with tert-butyl methyl ether (2 U 2 mL).
The organic layers were combined and dried over Na2SO4. Analysis of
the product ratios was accomplished by injection into a Hewlett–Packard
50-m Carbowax 20M capillary column. Final ratios were calculated on
the basis of independently obtained response factors relative to the cyclo-
dodecane internal standard: GC Program: 100 (5 min), 20 8C min�1, 165
(50 min). syn-2 : tR =50.69 min; anti-2 : tR =48.03 min.[29]
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