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PREFACE

Nature contains a large array of optically active compounds
whose origins can be traced to the chiral enzymes involved in their
production. The difference between a pair of enantiomers in terms of
the spatial orientation of a chiral center is deceptively small, but
often of enormous importance in determining the reactivity the
molecule possesses. In particular, biological systems contain
optically active receptor sites which function by differentiating
between two enantiomers of specific molecules.! In fact, there are
hundreds of examples where biological systems respond differently to
each enantiomeric form of a certain molecule. One benign example in
the human body is the olfactory response to the enantiomeric forms of
the terpene carvone.? R-Carvone la smells like spearmint while S-

carvone lb has the odor of caraway.

H H

CHj; CHy

1a 1b

Unfortunately, many other examples involve the toxicity and
undesirable side effects of the "wrong" enantiomer of a particular
drug. "Stereochemistry is therefore an important link between

biology and chemistry."® The ability to produce compounds in



enantiomerically pure form has become a necessity, and it is of
little surprise that the art of "asymmetric synthesis" is currently a
primary focus of activity for many leading researchers in both
academic and industrial communities.®

Simply put, "an asymmetric synthesis is a process which
converts a prochiral unit into a chiral unit so that unequal amounts
of stereoisomeric products result."> The history of asymmetric
synthesis dates back to 1894 when Emil Fischer used the cyanohydrin
reaction to convert a sugar to its next higher homolog.® 1In the
years that followed, the concept of asymmetric synthesis was
enveloped by vitalistic theory, surrounding the whole issue of
stereochemistry with a rather mysterious aura. By 1949, the mystery
was replaced with a rational stereochemical explanation of asymmetric
reactions based on steric and electronic concepts.’® An asymmetric
Meerwein-Ponndorf-Verley reduction of a ketone with an optically
active alcohol was interpreted using steric interactions to explain
the observed optical activity.”'® Vavon and co-workers reported the
first asymmetric Grignard reaction.®'1® 1In 1952, Cram described the
stereochemistry of addition reactions of aldehydes or ketones having
chiral centers adjacent to the carbonyl group.!! With these and
other examples, the stage was set for the advancement and exploration
of asymmetric synthesis to gain momentum and move to the forefront of
synthetic research.

Obtaining optically active compounds can be accomplished in
several different ways.%5 If the desired compound exists in a

natural source it is sometimes possible to extract and isolate the



compound directly. This is typically a long, tedious process which
results in the retrieval of a tiny amount of material.

Another laborious technique involves the physical separation
of enantiomeric crystals. Although this is infrequently possible,
the method deserves mention in a historical sense. The first
resolution was Pasteur'’s separation of enantiomeric crystals of
racemic sodium ammonium tartrate via physical sorting. A more widely
used and practical resolution involves the formation of stable
diastereomers followed by a physical separation of the pair via
chromatography, crystallization, distillation, etec.

Thermodynamically controlled asymmetric transformations can be
used to equilibrate diastereomers that are chemically labile.
Examples included in this method are the epimerization of an alpha
chiral center in a carbonyl compound via a keto-enol tautomerism and
the reversible isomerism about a double bond resulting in the
interconversion of stereoisomeric forms.

The largest and most diverse method for obtaining optically
active compounds is kinetically controlled asymmetric
transformations. This method can be broken down into two main
categories: kinetic resolutions and asymmetric syntheses. Kinetic
resolutions involve processes in which one enantiomer of a racemic
substrate reacts faster with a chiral reagent than the other
enantiomer. Optically active amino acids have been successfully
produced using this technique.!? Asymmetric syntheses include
reactions of prochiral substrates with chiral reagents, and of

prochiral groups within chiral substrates with achiral reagents to



give chiral products. The reactions that fall into this category
constitute the major means of obtaining optically active compounds.
Finally, an asymmetric synthesis can be achieved by reacting an
achiral substrate with an achiral reagent in a chiral environment.

The requirements that define a good asymmetric synthesis
become increasingly more stringent as chemists become more skilled at
turning out optically active molecules. High optical and chemical
yields of the product are essential, with chemists striving to get as
close to 100% purity as their methods will allow.® The product must
be readily separable from the resulting reaction mixture and any
expensive chiral reagents should be recoverable in undiminished
optical purity.

A milestone reaction in the area of asymmetric synthesis was
the Sharpless epoxidation. Prior to 1980, reported asymmetric
epoxidations typically gave enantiomeric excesses in the 1 to 15%
range. For example, epoxidation of alkenes with (+)-mono-
peroxycamphoric acid gave optically active epoxides in 2.0 to 4.4%

ee.5

15% ee was obtained when hydrogen peroxide was used to
epoxidize chiral alkenes.!® In 1980, Sharpless reported a metal-
catalyzed asymmetric epoxidation of achiral allylic alcohols using
chiral diethyl tartrates.!* A large variety of substitution patterns
in the substrate was tolerated, and the reaction consistently
produced high, predictable asymmetric inductions (= 90% ee) in the
resulting epoxides. The necessary reagents are all commercially

available at low to moderate cost. The following empirical rule can

be applied to predict the observed selectivity:
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ABSTRACT

A series of homochiral ene ketals were prepared and subjected
to the Simmons-Smith cyclopropanation. A mechanistic model was
formulated to explain the observed diastereoselectivity seen for the
common ring systems. Diastereoselectivity is thought to result from
preferential chelation of the Simmons-Smith reagent at the least
sterically hindered lone pair of electrons on the dioxolane oxygen
proximal to the alkene. The role of dioxolane oxygen was inferred
from studies with a hydrocarbon model system. The effect of the
cyclohexene ring conformation on the diastereoselectivity was
examined for conformationally restricted ene ketal systems. Reagent
chelation by the pseudoequatorial dioxolane oxygen atom was shown to
be favored. This preference can either antagonize or reinforce
diastereoselectivity due to steric hindrance of the dioxolane oxygen
atoms from dissymmetric placement of the appendages on the dioxolane
ring.

A general method for the chromatographic resolution of
diastereomeric a-hydroxycycloalkanone ketals derived from 1,4-di-O-
benzyl-L-threitol is reported. Separability is thought to result
from differences in intramolecular hydrogen bonding for the two

diastereomeric forms.
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MECHANISTIC STUDIES OF DIASTEREOSELECTIVE CYCLOPROPANATIONS
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INTRODUCTION

In planning an asymmetric synthesis which makes use of a chiral
auxiliary reagent, the importance of using either a catalytic amount
of reagent or one that can be recovered with no loss in optical
purity is emphasized. Since most modern synthetic strategies already
include the use of necessary protecting groups, a desirable attribute
of a protecting group would be its ability to co-function as an
attached chiral auxiliary in an asymmetric transformation, being able
to be removed and recovered when both of its functions were no longer
needed. Such homochiral protecting groups have been developed; in
particular, homochiral acetals and ketals have been used in
synthesis. These carbonyl protecting groups are attractive
candidates for use as chiral auxiliaries because they are normally
easy to manipulate and recover.!® Common methods of preparation
include protic or Lewis acid-catalyzed dehydrative acetalization and
ketalization. An additionally useful method developed by Noyori
reacts the bis(trimethylsilyl) diol derivative with the aldehyde or
ketone in the presence of trimethylsilyl trifluoromethanesulfonate
catalyst.!® Removal of the auxiliary is effected by acid-catalyzed
hydrolysis, and in most cases the polar diol is readily separable
from the carbonyl product using simple chromatography. A review of
the progress in the area of homochiral acetals and ketals in organic
synthesis has been written by Mash.!’ The following summary briefly

highlights some of the reactions in this review.
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The ability to produce enantiomerically pure cyclopropyl
ketones would be of great benefit to asymmetric synthesis. 1In 1968,
Sawada and coworkers reported partial asymmetric syntheses of
cyclopropanes using the Simmons-Smith reagent and the (-)-menthyl
esters of some unsaturated carboxylic acids.“? Products were
obtained in very low enantiomeric excesses (< 9% ee). The
selectivity observed was attributed to coordination of zinc to the
carbonyl oxygen of the ester, forming a twisted cisoid conformation
of reagent-substrate complex by methylene attack from the least

sterically hindered face of the double bond:

Similarly low optical yields were reported when achiral substrates
were subjected to Simmons-Smith conditions in the presence of free
(-)-menthol.*3

Much higher optical activities have been obtained when
cyclopropanation follows separation of diastereomeric allylic
alcohols. C. R. Johnson reported the resolution of allylic a-
hydroxysulfoximines derived from cyclic enones followed by hydroxyl-

directed Simmons-Smith cyclopropanation.®’ While high optical purity
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excellent, and importantly, the sense of the diastereoselectivity was
predictable. Due to the known activating and directing effects of
oxygen atoms in Simmons-Smith reactions, it was initially thought
that chelation of zinc by the dioxolane appendage oxygen positioned
proximal to the double bond might result in preferential delivery of
the reagent to the closer face of the double bond.

Normant and coworkers reported a somewhat analogous situation
in their diastereoselective conjugate addition of PhCuBF; to chiral
a,B-ethylenic acetals as depicted below.3!® They investigated the
reaction with a series of substituted chiral acetals (Table 2). 1In
all cases where the acetal substituent did not contain a heteroatom
(entries 1,2,7), the attack of the copper reagent occurred from the
face of the double bond which is on the side of the equatorial
substituent. The C-0 bond nearest to the axial substituent was
cleaved. This would relieve the 1,3-diaxial interactions in an

overall Sy2' process.

BF\S/ / HO \I 7
(o R ; 1y Ny O LR
N };T{// - h/]/ R

NG
)
H

PhCu

When the substituent did contain a heteroatom (entries 5,6), the
stereoselectivity was reversed, since the copper reagent approached

from the face of the double bond on the side of the pseudo-axial
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substituent. This supports complexation of the copper reagent by the
heteroatom. Low selectivity was observed in these cases since the

effect of the heteroatom complexation was sterically unfavorable.

SEt
SEt
CO - }T/\\/O
\‘@5{3 | HO
Phcu .................... s
' £EtS”
E t

Similar zinc chelation by the appendage heteroatom, oxygen, was

expected in our system.

PhCH20 50 0CH,Ph PhCH 0 50 0CH,Ph
Zn1
N S —
\\\C\HZ

To explore the role of oxygen in the dioxolane appendages of the ene
ketals, a series of 2-cyclohexen-l-one ketals was prepared and
cyclopropanated by Mash, Nelson, and Heidt.‘> The results are
summarized in Table 3. Surprisingly, not only were appendage oxygens
unnecessary for diastereoselectivity, their presence actually reduced

the observed selectivity, as seen by comparing entry 3 with 7 and 1
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with 6. The observed facial selectivity for 2-cycloalkene-1l-one

ketals can be represented as follows:

7‘)(
b'l'llla-c A
/ 3

CHj

This is exactly opposite to the diastereoselectivity that would be
expected to result from control by chelation to dioxolane appendage
oxygen. Several alternatives are possible to explain the observed
selectivity. First, it is possible that chelation control is not a
factor and that the observed selectivity arises solely from steric
approach control. Secondly, the dioxolane oxygen may be playing a
role in chelation-controlled reagent delivery in an opposing manner
to control by dioxolane appendage oxygen. Finally, a combination of
steric and chelatory effects may exist. When the dioxolane
appendages lacked oxygen (entries 6 and 7) the diastereoselectivity
was solely dependent upon the chirality of the dioxolane. This could
result from preferential reagent chelation by the less sterically
congested dioxolane oxygen, followed by methylene delivery to one

face of the double bond.
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MECHANISTIC STUDIES OF DIASTEREOSELECTIVE CYCLOPROPANATIONS
To learn more about the role of dioxolane oxygen in chelation
controlled diastereoselective cyclopropanations, the synthesis and

subsequent cyclopropanation of (d,1)-3,4-diphenylspiro(4.5)dec-6-ene

Ph Ph

-~
~

Ph Ph

-
~

Simmons-Smith

I Cyclopropanaflon'

(d,1) 90 (d,1) 91a (d,1) 91b

(90) was undertaken. The cyclopropanated product was obtained as a
1:1 mixture of diastereomers 9la and 91b (along with the unreacted
starting material). Several important conclusions can be drawn from
these results. First, dioxolane oxygens do participate in the
cyclopropanation mechanism. In their absence, the rate of the
reaction was dramatically decreased, and no diastereoselectivity
resulted. This suggests that dioxolane oxygens are necessary for
diastereoselectivity, presumably via chelation-controlled delivery of
the Simmons-Smith reagent, and in fact shows that steric approach
control to the alkene due to dioxolane appendage bulk cannot be a
major factor leading to selectivity when the appendages are phenyl or
smaller. Having determined that the dioxolane oxygens play a role in
the mechanism, the results from the study of varying the dioxolane
appendages become clearer (Table 3). The decrease in

diastereoselectivity observed when the appendages contain oxygen is






diastereo-

mer

ene ketals yield,® % mp,b °C cyclopropane ketals yield,® % ratio® mpt °C [a]®p, deg (c)*?
. 80 94-97 Ph“ g e & 66 13:1 106-108  -89.5 (0.42)
o__0 0.0 (o}

é é..?a

93 94a 94b
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O e O

95 96a 96b
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97 98a 98b
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(o)

S

O
O

100b
Table 4. Diastereoselective Cyclopropanation of Homochiral -

Ene Ketals Derived from (-)-Hydrobenzoin.
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and 98) were crystalline and could be recrystallized from anhydrous
ether to give diastereomerically pure cyclopropyl ketals. Facial
selectivity was determined for the cyclopropanation of 2-cyclohexen-
l-one (S,S)-(-)-hydrobenzoin ketal (95). Hydrolysis of the
recrystallized cyclopropyl ketal 96a gave (1R,6S)-bicyclo(4.1.0)-
heptan-2-one (158) in >99% optical purity as determined by comparison
of the optical rotation to the literature value. The sense of the

diastereoselectivity was consistent with that found in the previous

Ph Ph Ph Ph
;0\ \f—\ 0
0.0 0_ O I
K Simmons-Smlth \\f/ 10x HCI J‘y
[ ' Cyclopropanation o | (
A yeloprop 0 MeOH (A
95 96a 158

reactions. This observed selectivity could arise from
cyclopropanation through Simmons-Smith reagent chelation by the one
dioxolane oxygen that can sterically best facilitate reagent
chelation and delivery to one face of the double bond. To test this
hypothesis, and to determine whether or not the reagent has a
preference for chelation to either pseudo-axial or pseudo-equatorial
dioxolane oxygen in a conformationally restricted system, 5-(S)-t-
butyl-2-cyclohexen-1l-one (1l0l) was synthesized and cyclopropanations
of its ethylene (102), (S,S)-2,3-butanediol (103), and (R,R)-2,3-
butanediol (104) ketal derivatives were systematically studied.
Cyclopropanation of (102) should result in the formation of

diastereomeric cyclopropyl ketals 105a and 105b, each arising from
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chelation of the reagent to one of the dioxolane oxygens. By
comparing the ratio of products formed, it should be possible to
determine if reagent chelation to pseudo-axial or pseudo-equatorial
oxygen is preferred (Scheme 1).

In 1968, Rickborn and Chan studied the Simmons-Smith
cyclopropanations of both cis- and trans-5-methyl-2-cyclohexenol 106

and 107.47 The half-chair conformers are shown.

Mozz\ H H

OH e
61s OH
106 Me

TRANS
107

Cyclopropanation of both compounds occurred in a stereospecific

r . e

manner by methylenation cis to the hydroxyl group. Earlier studies
had shown that an axial 4-methyl substituent caused a substantial
rate-retarding effect in the Simmons-Smith methylenation of

“8  Therefore, if pseudo-axial chelation controls the

cyclohexene.
reaction, the trans isomer will react faster than the cis isomer in a
competitive rate study, due to the axial 4-methyl group in the

corresponding cis conformer. On the other hand, if pseudo-equatorial

chelation controls the reaction, the cis isomer will react faster

than the trans isomer since the trans conformer having an equatorial
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hydroxyl group also has the axial 4-methyl group. In a competitive
rate study Rickborn found that the cis isomer reacted 3.3 times
faster than the trans isomer, supporting the latter case. He
concluded that stereospecific cyclopropanation of allylic
cyclohexenols occurs through the pseudo-equatorial hydroxyl
conformation. Since reagent chelation and delivery through this
conformation seemed unlikely to occur with a monomeric ICH,ZnI
species, a dimeric organometallic species was proposed, which should
be sufficiently flexible to allow for cis methylene transfer to the

double bond.

NN OH
CH _
A2 | 71
/Z N g I'
CH, |

Returning to our system, standard Simmons-Smith
cyclopropanation of ene ketal 102 gave two diastereomeric
cyclopropanated products 105a and 105b. Interestingly, these
products were readily and completely separable by simple column
chromatography on silica gel (a¢ = 1.18). Determining the
diastereomer ratio was then a simple matter of weighing the isolated
products. The products were obtained in 90% yield and in a 3:1 ratio
of diastereomers (105a:105b). The next question concerned the
identity of the diastereomers. We still did not know which of the

cyclopropanes had formed in excess and therefore which of the oxygens
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had a larger directing effect. To answer this question we planned to
hydrolyze the ketals and reductively ring open the cyclopropanes to
produce the corresponding cis- and trans-3-t-butyl-5-methylcyeclo-
hexanones. Before carrying out these transformations, we
independently synthesized 3-t-butyl-5-methylcyclohexanones 108a and
108b for comparison purposes.

105a and 105b were independently hydrolyzed with 10% aqueous
HCl in methanol to give the respective cyclopropyl ketones 109a and
109b, which were fully characterized (Scheme 2). Ketone 109a from
the major, more polar product was then reductively ring opened with
Li/NHz¢, to give the 3-t-butyl-5-methylcyclohexanone 108a.
Comparison of its !H-NMR spectrum to those of the known cis and trans
isomers conclusively identified it as the cis isomer. This
information led us to conclude that Simmons-Smith cyclopropanation of
ene ketals occurs through preferential chelation of the reagent to
the pseudo-equatorial dioxolane oxygen. These results are analogous
to those found by Rickborn for the allylic cyclohexenols, which
support the proposed formulation of the active reagent as a dimer.

The next two ketals 103 and 104 were synthesized to study the
competitive effects of the dioxolane appendages on
diastereoselectivity (Scheme 3). First, the (S,8)-2,3-butanediol
ketal 103 was prepared using Noyori’s ketalization conditions.?®
Cyclopropanation resulted in formation of one cyclopropyl ketal
diastereomer, 110a, in 83% yield. The only other products formed
arose from migration of the double bond to the delta 3 position

followed by partial cyclopropanation. None of the other diastereomer
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Scheme 2. Ketal Hydrolysis and Reductive Ring Opening of
(1R,4S,6S)~-4-(1,1-Dimethyl)ethylbicyclol4.1.0lheptan-2-one
Ethylene Ketal.
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110b was detected. To determine which of the diastereomers had
formed, ketal 110a was hydrolyzed and the resulting cyclopropyl
ketone was characterized. The H- and !3C-NMR and optical rotation
data were compared to the data from the known ketones 109a and 109b.
The product had formed from chelation to the pseudo-equatorial

dioxolane oxygen.

%

103
This oxygen is available for chelation that can result in reagent
delivery since the adjacent methyl appendage is directed away from
the double bond. The pseudo-axial dioxolane oxygen is sterically
prevented from chelating to the reagent in a productive manner since
the adjacent methyl appendage is positioned proximal to the double
bond. Therefore, the chirality of the (S,S)-ketal enhanced the
preference for pseudo-equatorial chelation-controlled reagent
delivery and complete selectivity was observed.

Next, the (R,R)-2,3-butanediol ketal 104 was synthesized and
cyclopropanated (Scheme 4). An approximate 1:1 ratio of
diastereomers llla and 111b was obtained. Thus, the chirality of the
(R,R)-ketal sterically hindered the pseudo-equatorial dioxolane
oxygen, which is normally the favored site of reagent chelation, and

left the less favored pseudo-axial site relatively more accessible.
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occurring, or retards the rate of reclosure to a point where it is
slower than the rate of cyclopropanation. The 2-norcaranone side
product resulted from complete loss of the ketal followed by
cyclopropanation. These results indicate that dioxane ketals cannot
be used to induce diastereoselectivity in Simmons-Smith

cyclopropanation reactions.

SYNTHESES
(d,1)-3,4-Diphenylspiro(4.5)dec-6-ene 90.

Scheme 5 shows the following synthesis of 90. Trans-3,4-
diphenylcyclopentanone 118 was synthesized by the reaction of sodium
metal with ethyl cinnamate 117.° The reaction proceeds through a
bimolecular reduction followed by a Dieckmann cyclization to give the
B-keto ester. Acid-catalyzed decarboxylation gave a low yield of the
ketone. Takai'’s method of carbonyl methylenation of easily
enolizable ketones using CH,I,, Zn and TiCl, effectively produced
alkene 119 in 92% yield.’® Primary alcohol 120 obtained from simple
hydroboration of 119 was oxidized cleanly and in high yield to

51 Analogous PDC

aldehyde 121 using the procedure developed by Swern.
oxidation gave a lower yield of impure 121.°2 The aldehyde, a white
solid, decomposed readily on standing. Although it could be stored
for brief periods of time as a frozen solution in benzene, it was
preferably used immediately in the next reaction.

Williams and coworkers reported a direct conversion of

aldehydes to esters using bromine in alcohol solvents with sodium

bicarbonate buffer.%® This proved to be a very convenient method of
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obtaining ester 122 in good yield. In order to alkylate this ester,
the necessary alkyl halide was first synthesized (Scheme 6). Mono-
tBDMS-protected 1,5-pentanediol 131 was prepared and subsequently
tosylated. Displacement with iodide gave the corresponding alkyl
iodide 133. Treatment of ester 122 with LDA at -60°C gave the
enolate anion in situ, which was alkylated when reacted with 133 at
-15°C to give 123. The protecting group was removed using Bu,NF in
THF. A second Swern oxidation followed by directesterification gave
diester 126 in good yield. Dieckmann cyclization of the diester was
accomplished using 1.5 equivalents of LDA in dry THF at -78°C up to
room temperature. Resulting pf-keto ester 127 was decarboxylated by
heating with 5 equivalents of NaOH in 95% ethanol.

Synthesis of alkene 90 was first attempted via sodium
borohydride reduction of the ketone to the alcohol followed by
tosylation and elimination. However, elimination of the tosylate
with several different bases failed to give the alkene cleanly and
resulted in mixtures of alkenes and rearrangement products.
Therefore, the enol phosphate, 129, was made by trapping the lithium
bis(trimethylsilyl)amide-generated enolate ion with
chlorodiethylphosphate at -78°C. This enol phosphate was reduced to
90 using Li/NH,(,.%* Initially, this reaction gave the desired
alkene plus a substantial amount of Birch-reduced side product as an
inseparable mixture. Fortunately, by fine-tuning the reaction
conditions, this undesirable reduction of the phenyl rings could be
minimized. With the alkene 90 in hand, a Simmons-Smith

cyclopropanation was attempted using the standard Simmons-Smith
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conditions. Since this reaction proceeded very slowly, the reaction
was also attempted using Zn-Ag couple®® and diethylzinc reagents,32®
respectively. As these reactions were equally sluggish, the
transformation was eventually effected by submitting the material to
repetitive cyclopropanations using fresh Zn-Cu couple each time.
After three repetitions (about 150 hours of reaction time), 44%
conversion to cyclopropanated product was observed by analysis of !H-

and 13C-NMR spectral data.

(S,S)-(-)-Hydrobenzoin 92b.

Although expensive to buy, the chiral diol 92b can be
inexpensively synthesized. Sharpless and coworkers developed an
asymmetric osmylation of olefins using a chiral ligand.3® Thus,
either enantiomer of hydrobenzoin can be prepared from the catalytic
osmylation of trans-stilbene in the presence of either dihydroquinine
p-chlorobenzoate ((-)-hydrobenzoin) or dihydroquinidine p-
chlorobenzoate ((+)-hydrobenzoin)., A second technique, developed by
the French chemists Sales, Christol, and Brigidou, used a flow system
apparatus to separate (d,l)-hydrobenzoin into its pure (+) and (-)
enantiomers.?’ Finally, a chiral resolution of d,l-hydrobenzoin can
be achieved using (+)- or (-)-menthoxyacetic acid as the chiral
ligand.3® The latter method was utilized by Mash and Torok to obtain
pure (-)-erythrohydrobenzoin (Scheme 7). Direct dehydrative
ketalization of the corresponding enones with (S,S)-(-)-hydrobenzoin
(PPTS, benzene, heat) gave the ene ketals shown in Table 4. ¢

5-(S)-t-Butyl-2-cyclohexen-1l-one and Ketals 101,102,103,104.
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As shown in Scheme 8, 3-t-butylcyclohexanone (138) was
synthesized by copper-catalyzed 1,4-addition of tBuMgCl to
cyclohexenone (137).°° Racemic 138 was resolved according to the
literature by forming the diastereomeric d-amphetamine bisulfite
salts, 139a and 139b, which were readily separable upon successive
recrystallizations from 95% ethanol.®® The salt was then decomposed
with 20% HC1l to liberate the r;solved ketone, (S)-3-t-butylcyclo-
hexanone 138b. After purification by column chromatography, the
optical rotation was: [a]p?* -24.1°(c 3.30, CHCl,);(Lit.%0 [a],?2-
25.2°(c 3.1, CHCl;)). The optical purity of 138b was also verified
by synthesizing the 1,4-di-O-benzyl-L-threitol ketal derivative. If
the ketone had not been completely resolved, the ketal product would
have been visible as a pair of diastereomers in the *3C-NMR spectrum,
as shown by comparing the spectrum to that of the ketal derived from
racemic (d,1)-3-t-butylcyclohexanone (See Table 5).

Treatment of 138b with LDA followed by phenylselenium bromide
gave the alpha phenylselenide 140 (Scheme 9).5' Treatment with
hydrogen peroxide effected elimination of the selenoxide to yield 5-
(S)-t-butyl-2-cyclohexeﬁ-1-one 101. Ketals 102, 103, and 104 of this
enone were prepared using Noyori’s conditions.!® At this point, it
was necessary to stop and determine for certain that the t-butyl
group was effective as an anchor for restricting the ring to a single
half-chair conformation. A resolution-enhanced 500 MHz H NMR
spectrum was obtained for ene ketal 102 (Tables 6-8). From it,
proton assignments and coupling constants were abstracted (Table 9).

Characteristically large geminal couplings were observed for protons
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Table 5. '°C NMR Spectra of (S)- and (d,1)-3-t-Butylcyclohexanone
1,4-Di-O-benzyl-L-threitol Ketals.

€9



(d,1)-3-t-Butylcyclohexanone 1,4-Di-O-benzyl-L-threitol Ketal

B

MMM“MM
Table 5 (cont.). '°C NMR Spectra of (S)- and (d,1)-3-t-Butyl-
cyclohexanone 1,4-Di-O-benzyl-L-threitol Ketals.
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REAGENTS
a: LDA, THF, PhSeBr, -78°C; b: H,0,/H,0, CH,Cl,,

pyridine, 0°C to R.T.; ¢: othylene glycol bis(trimethyl~
allyl ether), TMSOTf, CH,Cl,, -60 - -30°C.

Scheme 9. Preparation of (S)-5-t-Butyl-2-cyclohexen-1-one
Ethylene Ketal.
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Table 7. 500 MHz 'H NMR Spectrum of (S)-5-t-Butyl-2-cyclohexen-
1-one Ethylene Ketal (1.2 - 2.2 ppm).
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¢ and d and for protons f and g. Additionally, large couplings to
proton e were observed for protons ¢ and g. These are indicative of
axial-axial proton couplings. All of the coupling constant data
support a conformationally restricted ring system.

For comparison, a resolution-enhanced 250 MHz !H NMR spectrum
was obtained for ene ketal 159 (Table 10). This ring system should
be free to interconvert between the two half-chair conformers shown
in Table 9. The chemical shift and coupling constant data shown were
obtained with the aid of decoupling experiments. Noticeably absent
are the large coupling constants attributed to both geminal and
axial-axial proton couplings. Couplings between protons d and e
could not be found since these two sets of protons have identical
chemical shift values. To verify this, a 2-D NMR spectrum was
obtained (Table 11), which was also unable to distinguish protons d
from e.

Cis- and Trans-3-t-butyl-5-methylcyclohexanone (108a and 108b).

5-Methyl-2-cyclohexen-1l-one (142) was prepared from 3-
methylcyclohexanone (14l) by phenylselenide formation followed by
elimination (Scheme 10).5! 1,4-Addition of tBuMgCl gave the product
as a mixture of cis (minor) and trans (major) isomers 108a and
108b.5% Chromatography afforded analytical samples of each isomer,
and by comparison of the !H-NMR spectra of 108a and 108b to the
literature values reported for the trans isomer,®® the cis and trans
isomers were positively identified. Additional evidence that the
correct structural assignments had been made came from examining what

was known about the mechanism of 1,4-additions of nucleophiles to 5-
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substituted cyclohexenones. It was known that nucleophilic attack
occurs antiparallel to the axial hydrogen on C-4.5 By examining the
half-chair conformers of (S)-5-methylcyclohexenone 142 it is clear
that the least hindered nucleophilic attack that can occur
antiparallel to the axial C-4 hydrogen will give rise to the trans
product, which is consistent with our observed major product being
trans (Scheme 11).
2-Cyclohexen-1l-one (S8)-Propanediol Ketal (112ab).

Bromination of 2-cyclohexen-l-one 137 gave the alpha-bromo
compound 143 (Scheme 12).5% Acid-catalyzed dehydrative ketalization
with (S)-propanediol gave a mixture of diastereomeric bromo ene
ketals l44a and 144b., This mixture was resolved by a chromatographic
separation on silica gel (a = 1.2). Each of the bromo ene ketals was
then separately treated with nBuli to remove the bromine atoms.53
1,4-Di-0-benzyl-L-threitol 157.

Prior to the discovery that hydrobenzoin formed a superior
ketal for our diastereoselective cyclopropanations, much of our work
utilized 1,4-di-O-benzyl-L-threitol ketals.®® The advantages of the
diol included: (a) it can be produced inexpensively in quantity in
either enantiomeric form; (b) it is a crystalline solid; (c) it
contains a UV chromophore, making derivatives easily monitorable; (d)
it can be introduced directly or via transketalization; and (e) it
provides "functionalized arms" which can be chemically manipulated
after ketalization. Treatment of L-tartaric acid 153 with 2,2-
dimethoxypropane and methanol gave dimethyl 2,3-0-isopropylidine-L-

tartrate 154 as a pale yellow oil (Scheme 13), Lithium aluminum
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hydride reduction of this diester gave diol 155, which, when reacted
with NaH followed by benzyl bromide, yielded 2,3-0-isopropylidine-L-
threitol 156. Diol 157 was obtained by acid-catalyzed hydrolysis of

156.

CONCLUSIONS

Although the exact mechanism of the Simmons-Smith
cyclopropanation remains unproven, the mechanistic studies described
herein provide a clear picture of how selectivity can arise in
diastereoselective Simmons-Smith cyclopropanations of homochiral
cycloalkenone ketals. For good selectivity to result, the ketal must
be derived from a C, symmetric diol. The resulting dioxolane should
not bear heteroatom-containing appendages. Hydrobenzoin is the best
ketal to date for these transformations. The Simmons-Smith reagent
then chelates to the most sterically accessible lone pairs of
electrons on the dioxolane oxygens. When this chelation puts the
reagent in a position to accomplish methylene transfer to the double
bond, the cyclopropanation is effected. A logical extension of the
work described herein involves going to even bulkier dioxolane
appendages. Although the hydrobenzoin ketal is adequate for
successful diastereoselective cyclopropanations, the bulk of the
dioxolane phenyl appendages alone is not a factor in directly biasing
reactivity of one face of the double bond. We concluded this from
the results of the study on alkene 90. The phenyl groups sterically
affect the environmment of the dioxolane oxygens, not the double bond

environment directly. By using a larger ketal such as 2,6-
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dimethylphenyl or naphthyl ketal, the diastereoselectivity of the
Simmons-Smith cyclopropanation would presumably improve.

In addition to increased bulk, dioxolane appendages with
longer "arms" may extend the steric bulk to a strategic position for
directly affecting the reactivity of the faces of the double bond in
an ene ketal system. If the double bond could be biased in this way,
the possibilities for successful diastereoselective reactions would
be limited only by the number of available alkene reactions.

When our ring system was anchored, reagent chelation and hence
methylene delivery occurred preferentially through the pseudo-
equatorial dioxolane oxygen, giving a 3:1 mixture of diastereomers in
the absence of steric effects. When the steric effects of the ketal
enhanced this preference, very high selectivity was observed. When
the steric effects of the ketal opposed this preference, a 1l:1
mixture of diastereomers resulted. These experiments were done using
chiral butanediol ketals. It would be interesting to see if a
dioxolane appendage larger than methyl could be used in an anchored
system to completely override the preference for pseudo-equatorial
chelation and result in complete selectivity due to pseudo-axial
chelation and methylene delivery. This could potentially be a very
powerful synthetic tool. As an example, consider the decalone ketal
systems shown in Scheme 14,

If complete selectivity were possible, diastereoselective
cyclopropanation followed by reductive ring opening would give two
single products, one with cis dimethyls and the other with trans

dimethyls. This would provide a simple enantioselective route to
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otherwise difficult to obtain trans-disubstituted decalin systems.%’

EXPERIMENTAL

Methylene chloride was distilled from calcium hydride and
tetrahydrofuran and diethyl ether were distilled from sodium
benzophenone ketyl under an inert atmosphere. Iodobenzene diacetate,
ethyl cinnamate, 1,5-pentanediol, 4-methylcyclohexanone,
cyclopentanone, and 4-t-butylcyclohexanone were purchased from
Aldrich and used as received. Proton magnetic resonance spectra were
recorded at 250 MHz on a Bruker WM-250 NMR spectrometer. Chemical
shifts are reported as parts per million (ppm) from tetramethyl-
silane. Carbon-13 magnetic resonance spectra were recorded at 62.9
MHz on a Bruker WM-250 NMR spectrometer. Chemical shifts are
reported as <values in parts per million (ppm) from the center of the
chloroform-d triplet (77.0 ppm). Mass spectral determinations were
performed at the Midwest Center for Mass Spectroscopy, an NSF
Regional Instrumentation Facility (Grant CHE-0211164).

Infrared spectra were recorded on a Perkin-Elmer model 983
infrared spectrophotometer. Optical rotations were measured at 589
nm on a Rudolph Research Autopol III polarimeter. Thin layer
chromatographic analyses were performed on Merck silica gel 60 plates
(0.25 mm, 70-230 mesh ASTM). Merck silica gel 60 (70-230 mesh ASTM)

was used for column chromatography.



82

Trans-3,4-diphenylcyclopentanone (118) .48

To flattened sodium spheres (25-30 g, 1120 mmol) in dry
diethyl ether (300 mL) under argon was added ethyl cinnamate (100 g,
567 mmol) dropwise via addition funnel with stirring over 2 hours.
The brick red reaction mixture began to reflux as the last third of
the ethyl cinnamate was added. After addition was complete, the
reaction mixture was stirred at room temperature for 3 hours and
autorefluxing ceased. The disappearance of starting material was
monitored by TLC. The reaction mixture was cooled and the excess
sodium was slowly and carefully quenched with isopropanol. 35%
aqueous sulfuric acid solution (150 mL) was added dropwise at 0°C
forming a white precipitate. The aqueous phase was extracted with
diethyl ether (2 x 100 mL) and the combined ether phases were washed
with saturated sodium bicarbonate (4 x 50 mL), water (100 mL),
saturated sodium chloride (100 mL), and dried (MgSO,). After
filtering, the solvent was removed in vacuo leaving the product, 2-
carbethoxy-3,4-diphenylcyclopentanone, as an orange gel.

The crude product from above was dissolved in 95% ethanol
(1.25 mL/mmol crude product) and 20% HBr was added (1.56 mL/mmol
crude product). The mixture was heated to reflux and monitored by
TLC. When complete, the mixture was cooled and dichloromethane was
added which dissolved the brown insoluble oil that had formed during
the reaction. The layers were separated and the aqueous phase was
extracted with dichloromethane. The combined dichloromethane phases
were washed with saturated sodium bicarbonate and saturated sodium

chloride solutions, dried (Na,SO,), filtered, and concentrated.
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Column chromatography on silica gel 60 (250 g) eluted with
dichloromethane gave a solid product which was washed with diethyl
ether and filtered to give 118 as an off-white powder, mp 170-175°C
(1it.4® 177°Cc); TLC (Re 0.24, 20% EtOAc/hexanes); yield 5.5 g, 23.3
mmol, 8.2%; H-NMR (CDCl,) 6§ 2.48-2.70 (2, m), 2.80-2.94 (2, m),
3.40-3.58 (2, m), 7.05-7.34 (10, m),; 3C-NMR (CDCl;) 6 47.2 (CHyp),
50.1 (CH), 126.8 (CH), 127.1 (CH), 128.5 (CH), 140.8 (C), 215.8 (C).
Trans-3,4-diphenyl-1l-methylenecyclopentane (119).%°

To a well-stirred suspension of Zn dust (9.95 g, 152 mmol) in
dry THF (175 mL) was added at room temperature via syringe
diiodomethane (6.8 mL, 84.6 mmol). The resulting slurry was stirred
under argon at room temperature for 30 min, cooled to 0°C at which
temperature TiCl, (1.0 M in CH,Cl,, 17 mL) was added via syringe, and
stirred at room temperature for an additional 30 min. A solution of
118 (4.0 g, 17 mmol) in dry THF (20 mL) was added dropwise via
syringe and progress of the reaction was monitored by TLC. When
complete (2.5 hours), the reaction mixture was diluted with diethyl
ether, washed with aqueous 1 M HCl and saturated sodium chloride
solutions, dried (MgSO,), filtered, and concentrated to give the
crude product. Column chromatography on silica gel 60 (250 g) eluted
with 10% EtOAc/hexanes gave alkene 119 as a pale yellow oil. TLC (Rg
0.66, 20% EtOAc/hexanes); yield 3.66 g, 15.6 mmol, 92%; IR (CHCl;)
cm™! 3063, 3028, 3015, 3009, 2942, 2909, 2836, 2337, 1942, 1864,
1802, 1654, 1600, 1581, 1495, 1451, 1429, 1303, 1265, 1156, 1075,
1031, 883, 700; H-NMR (CDCl,) 6 2.54-2.70 (2, m), 2.85-2.98 (2, m),

3.15-3.30 (2, m), 4.92-4.98 (2, m), 7.02-7.22 (10, m); 3C-NMR
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(CDC1l;) 6§ 42.0 (CH,), 53.1 (CH), 105.8 (C), 126.2 (CH), 127.3 (CH),
128.2 (CH), 142.9 (C), 149.9 (CH,); mass spectrum (70 eV), m/z (rel.
intensity) 235 (8), 234 (45), 233 (8), 178 (10), 165 (6), 156 (8),
143 (71), 141 (15), 130 (26), 129 (100), 128 (39), 117 (13), 115
(21), 105 (11), 104 (19), 91 (55), 77 (8); exact mass caled for C,gH;g
234,1409, obsd 234.1406.
Trans-3,4-diphenyl-1l-cyclopentanemethanol (120).

To stirred BH; THF (13.2 mmol, 1.0 M solution in THF) in a dry
flask at 0°C was added a solution of alkene 119 (1.24 g, 5.29 mmol)
in dry THF (10 mL) dropwise via syringe. The resulting colorless
solution was allowed to warm gradually to room temperature. The
careful, dropwise addition of water (6.2 mL) decomposed any excess
borane. Then 3 N NaOH solution (6.2 mL) was added dropwise, followed
by the careful addition of 30% H,0, (6.2 mL). The resulting mixture
was stirred at room temperature for 1 hour and solid K,CO0; (1.24 g)
was added followed by dilution with diethyl ether. After separating
the layers and extracting the aqueous layer with diethyl ether, the
combined ether extracts were washed with water, dried (MgSO,),
filtered, and concentrated to give the crude product. Column
chromatography on silica gel 60 (100 g) eluted with 35% EtOAc/hexanes
gave alcohol 120 as a pale yellow oil. TLC (Ry 0.054, 20%
EtOAc/hexanes); yield 1.27 g, 5.03 mmol, 95%; IR (CHCl;) cm™! 3619,
3441, 3083, 3061, 3026, 3009, 2947, 2869, 1943, 1864, 1802, 1729,
1599, 1492, 1450, 1373, 1249, 1155, 1074, 1039, 907, 844, 699, 634;
'H-NMR (CDC1l,) 6§ 1.55-1.70 (1, m), 1.90-1.98 (1, bs), 2.00-2.15 (2,

m), 2.30-2.60 (s, m), 3.08-3.25 (2, m), 3.61-3.72 (2, m), 7.03-7.25
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(10, m); ¥C-NMR (CDCl,) § 37.7 (CH;), 38.9 (CH,), 40.0 (CH), 51.9
(CH), 53.9 (CH), 67.2 (CHp), 125.9 and 126.0 (CH), 127.2 (CH), 127.3
(CH), 128.1 (CH), 143.0 (C), 143.9 (C); mass spectrum (70 eV), m/z
(rel. intemsity) 253 (1), 252 (6), 234 (2), 221 (1), 193 (2), 178(2),
174 (2), 161 (4), 143 (7), 129 (11), 128 (4), 117 (46), 115 (7), 104
(16), 103 (3), 92 (7), 91 (37), 78 (3), 77 (3), 58 (100); exact mass
caled for C,gH,,0 252.1515, obsd 252.1506.
General Procedure for Swern Oxidations.>!

A dry flask under argon was charged with a solution of oxalyl
chloride (1.1 equiv) in dry CH,Cl, (2.5 mL/mmol alcohol) via syringe.
To this well-stirred solution at -60°C was added a solution of dry
DMSO (2.4 equiv) in CH,Cl, (0.5 mL/mmol alcohol) dropwise via syringe
over 5 min. After stirring for 10 min a solution of the alcohol (1.0
equiv) in CH,Cl, (1.0 mL/mmol alcohol) was added in a similar manner.
The resulting reaction mixture was stirred at -60°C under argon for
20 min, triethylamine (5 equiv) added dropwise, the cooling bath
removed, and the flask allowed to warm to room temperature. Water (3
mL/mmol alcohol) was added, and after stirring for an additional 10
min, the organic phase was separated, the aqueous phase extracted
with CH,Cl,, and the combined CH,Cl, phases washed successively with
dilute HCl, water, saturated NaHCO,, and water. Drying over
anhydrous Na,SO,, filtering, and concentrating gave the crude product
as a white solid.

Trans-3,4-diphenylcyclopentanecarboxaldehyde (121).
Column chromatography on silica gel 60 (50 g) eluted with 20%

EtOAc/hexanes gave the pure aldehyde 121 as a white solid, mp 73-
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76°C; TLC (R, 0.31, 20% EtOAc/hexanes); yield 0.094 g, 0.375 mmol,
95%; 1H NMR (CDCl;) § 2.01-2.28 (2, m), 2.35-2.62 (2, m), 2.99-3.28
(3, m), 7.00-7.25 (10, m), 9.74-9.78 (1, d); 3C NMR (CDCl;) 6 34.7
(CH,), 34.8 (CHp), 49.5 (CH), 52.3 (CH), 53.4 (CH), 126.3 (CH), 127.2
(CH), 127.3 (CH), 128.3 (CH), 142.0 (C), 142.2 (C), 202.7(CH).
General Procedure For Preparation of Methyl Esters.33

A 2 M stock solution of Br, in CH3OH:H,0 (9:1 by volume) was
prepared. To a well-stirred orange mixture of stock solution (4
equiv Br,) and sodium bicarbonate buffer (20 equiv) was added the
crude aldehyde (1 equiv) in a single portion. Progress of the
reaction was monitored by TLC. When complete, solid sodium
thiosulfate was added to quench the excess Br,, water added and the
mixture extracted several times with diethyl ether. The combined
ether extracts were dried (MgSO,), filtered and concentrated to give

the crude product.

Methyl Trans-3,4-diphenylcyclopentanecarboxylate (122).

Column chromatography on silica gel 60 (50 g) eluted with 5%
EtOAc/hexanes gave the ester 122 as a cream colored solid, mp 73-
75°C, TLC (R, 0.39, 20% EtOAc/hexanes); yield 0.230 g, 0.820 mmol,
83% over 2 steps; IR (CHCl,) cm’! 3061, 3026, 3009, 2951, 1945, 1865,
1805, 1725, 1600, 1492, 1450, 1435, 1365, 1233, 1198, 1172, 1075,
1030, 907, 835; H NMR (CDCl,) 6§ 2.08-2.28 (2, m), 2.46-2.61 (2, m),
3.08-3.38 (3, m), 3.68-3.76 (3, s), 7.05-7.27 (10, m); 13C NMR
(CDC1,) & 38.2 (CH,), 38.9 (CHp), 41.8 (CH), 51.8 (CHy), 52.4 (CH),

53.9 (CH), 126.2 (CH), 126.3 (CH), 127.3 (CH), 127.4 (CH), 128.2
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(CH), 142.2 (C), 142.9 (C), 176.8 (C); Anal. Caled. for C,gH,,0: G,

81.40; H, 7.19. Found: C, 81.52; H, 7.27.

t-Butyldimethylsilyl 5-Iodopentyl Ether 133.

To a well-stirred solution of imidazole (5.3 g, 78.0 mmol) and
1,5-pentanediol (130, 38 mL, 366.0 mmol) in DMF (135 mL) under argon
was added a slurry of t-BDMS-Cl (5.5 g, 36.6 mmol) in DMF (15 mL)
portionwise over 20 min. The resulting mixture was stirred at room
temperature for 1 hour, poured into water (800 mL), and extracted
with diethyl ether (4 x 200 mL). The combined ether extracts were
washed with water (4 x 200 mL), dried (MgSO,), filtered, and
concentrated to give the crude monoprotected diol 131 as a yellow
oil; yield 6.5 g, 29.8 mmol, 81%; TLC (R, 0.45, 50% EtOAc/hexanes).

To a solution of the crude alcohol 131 from above in pyridine
(10 mL) at 0°C was added in one portion TsCl (7.0 g, 36.6 mmol). The
resulting solution was maintained at 0-4°C overnight. The mixture
was then diluted with 5% HCl (300 mL), extracted with diethyl ether
(2 x 150 mL), the ether extract washed successively with water (100
mL) and saturated sodium bicarbonate (100 mL), dried (MgSO,),
filtered and concentrated to give the crude tosylate 132 as a yellow
oil; yield 9.5 g, 25.5 mmol, 70%; TLC (R 0.47, 20% EtOAc/hexanes).

A solution of the crude tosylate 132 from above in acetone
(100 mL) that contained Nal (22.0 g, 146.0 mmol) was stirred at room
temperature for about 5 hours. The mixture was then diluted with
water (500 mL) and extracted with diethyl ether (2 x 150 mL). The

combined ether extracts were washed with saturated Na,S50,;, dried
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(Mgs0,), filtered and concentrated to give the crude product. Column
chromatography on silica gel 60 (200 g) eluted with 5% EtOAc/hexanes
gave the iodide 133 as a nearly colorless oil, TLC (Re 0.70, 20%
EtOAc/hexanes); yield 6.49 g, 19.8 mmol, 54% over 3 steps; 'H NMR
(cpcl,) 6 0.03-0.08 (6, s), 0.83-0.92 (9, s), 1.40-1.60 (4, m), 1.79-
1.91 (2, m), 3.15-3.23 (2, t, J = 7.0 Hz), 3,57-3.65 (2, t, J = 6.0
Hz); 3¢ NMR (CDCl,) 6§ -5.3 (CH;), 6.9 (CH,), 18.2 (C), 25.9 (CHy),
26.9 (CH,), 31.6 (CHp), 33.3 (CHp), 62.7 (CHp).
Methyl Trans-3,4-diphenyl-1l-((5-t-butyldimethylsilyloxy)pentyl)cylo-
pentanecarboxylate (123).

To dry THF (3.5 mL) under argon at -60°C was added
diisopropylamine (0.157 mL, 1.12 mmol) followed by nBuLi (0.700 mL,
1.6 M in hexanes) dropwise via syringe with stirring. After 10 min,
a solution of ester 122 (0.207 g, 0.738 mmol) in dry THF (1 mL) was
added dropwise and after stirring at -60°C for 30 min a solution of
alkyl iodide 133 (0.363 g, 1.10 mmol) in THF (1 mL) was added
dropwise via syringe, and the solution was warmed to -15°C. Progress
of the reaction was monitored by TLC. When complete, the reaction
was quenched with several mL of saturated NH,Cl solution and
extracted with diethyl ether (2 x 30 mL). The combined ether
extracts were dried (MgSO,), filtered and concentrated to give the
crude product. Column chromatography on silical gel 60 (50 g) eluted
with 5% EtOAc/hexanes gave the product 123 as a yellow oil; TLC (R
0.53, 20% EtOAc/hexanes); yield 0.293 g, 0.609 mmol, 83%; H NMR
(CGDC1;) 6 0.03-0.07 (6, s), 0.85-0.95 (9, s), 1.14-1.43 (4, m), l.46-

1.62 (2, m), 1.71-1.93 (3, m), 2.17-2.27 (1, m), 2.39-2.51 (1, m),
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2.72-2.82 (1, m), 3.14-3.31 (2, m), 3.56-3.64 (2, t, J = 6.3 Hz),
3.71-3.77 (3, s), 7.05-7.23 (10, m); !3C NMR (CDCl,) § -5.3 (CH,),
18.3 (C), 25.5 (CHp), 26.0 (CH), 26.2 (CH,), 32.7 (CHp), 40.9 (CH,),
44,8 (CH,), 45.3 (CHp), 51.8 (C), 52.0 (CH and CH;), 52.8 (CH), 63.0
(CH,), 126.2 (CH), 127.3 (CH), 127.5 (CH), 128.2 (CH), 142.2 (C),
142.6 (C), 178.2 (C).

Methyl Trans-3,4-diphenyl-1-((5-hydroxy)pentyl)cyclopentane-~
carboxylate (124).

To a well-stirred solution of silyl ether 123 (0.290 g, 0.603
mmol) in dry THF (1 mL) was added an excess of tetrabutylammonium
fluoride (2 mL, 1 M in THF). Progress of the reaction was monitored
by TLC. When complete, the reaction was éiluted with diethyl ether,
washed with saturated sodium bicarbonate, dried (MgSO,), filtered and
concentrated to give the crude product 124. Column chromatography on
silica gel 60 (50 g) eluted with 25% EtOAc/hexanes gave the alcohol
124 as a pale yellow oil in nearly quantitative yield; TLC (R, 0.041,
20% EtOAc/hexanes); 'H NMR (CDCly) & 1.17-1.47 (4, m), 1.51-1.63 (2,
m), 1.72-1.96 (4, m), 2.17-2.28 (1, m), 2.39-2.52 (1, m), 2.72-2.83
(1, m), 3.12-3.31 (2, m), 3.56-3.77 (5, m), 7.04-7.23 (10, m); 3C
NMR (CDC1,) § 25.5 (CHp), 26.0 (CH,), 32.4 (CHp), 40.7 (CHp), 44.8
(CH,), 45.3 (CH,), 51.7 (C), 51.9 (CH), 52.0 (CHz), 52.7 (CH), 62.6
(CH;), 126.1 (CH), 127.2 (CH), 127.4 (CH), 128.1 (CH), 142.1 (C),

142.5 (C), 178.2 (C).
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Methyl Trans-3,4-diphenyl-1l-((4-carbomethoxy)butyl) cyclopentane-
carboxylate (126).

Swern oxidation® of 124 followed by direct esterification
gave the crude diester 126 as a pale yellow oil; TLC (R, 0.18, 20%
EtOAc/hexanes); yield 0.200 g, 0.507 mmol, 84% over 2 steps; IR
(CHCl;) cm™ 3084, 3061, 3026, 3009, 2949, 2864, 1942, 1864, 1729,
1599, 1582, 1493, 1450, 1435, 1365, 1322, 1167, 1117, 1073, 1031,
1002, 873, 784; H NMR (CDCl,;) 6§ 1.20-1.37 (2, m), 1.58-1.94 (5, m),
2.17-2.27 (1, m), 2.28-2.37 (2, t, J = 7.5 Hz), 2.40-2.52 (1, m),
2.72-2.82 (1, m), 3.14-3.31 (2, m), 3.63-3.68 (3, s), 3.72-3.78 (3,
s), 7.05-7.25 (10, m); !3C NMR (CDClz) & 25.2 (CHp), 25.3 (CH,), 33.7
(CHz), 40.3 (CHy), 44.7 (CHp), 45.3 (CHp), 51.4 (CHy), 51.7 (C), 51.9
(CH), 52.0 (CH3), 52.7 (CH), 126.1 (CH), 127.2 (CH), 127.4 (CH),
128.2 (CH), 142.0 (C), 142.4 (C), 173.8 (C), 178.0 (C); mass spectrum
(70 eV), m/z (rel. intensity) 394 (4), 363 (14), 362 (53), 336 (4),
335 (25), 334 (68), 303 (13), 290 (22), 258 (28), 257 (24), 256 (7),
247 (13), 227 (15), 226 (96), 219 (86), 198 (13), 194 (22), 189 (1l4),
181 (59), 170 (26), 169 (32), 157 (15), 129 (37), 115 (37), 91 (100);
exact mass caled. for C,H,,0, 394.2145, obsd. 394.2157.
(2R*,3R*)-2,3-Diphenylspiro(4.5)decan-6-one (128).

To dry THF (4.5 mL/mmol diester 126) under argon at -78°C was
added diisopropylamine (1.1 equiv) followed by nBulLi (1.1 equiv, 1.6
M in hexanes) dropwise via syringe with stirring. After 10 min, a
solution of the diester 126 (1 equiv) in THF (4.5 mL/mmol diester)
was added dropwise via syringe and the resulting solution was allowed

to gradually warm to room temperature. Progress of the reaction was
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monitored by TLC. The reaction was quenched with several mL of
saturated ammonium chloride solution, extracted with diethyl ether,
dried (MgSO,), filtered and concentrated to give the crude product
127 which was used without purification in the next reaction.

Purification of an analytical sample of 127 by column
chromatography on silica gel 60 eluted with 10% EtOAc/hexanes gave a
more pure product as a mixture of diastereomers, TLC (R, 0.38, 20%
EtOAc/hexanes); IR (CHCl,;) em™® 3028, 3009, 2937, 2855, 1950, 1870,
1805, 1740, 1702, 1645, 1601, 1492, 1439, 1363, 1332, 1311, 1285,
1256, 1196, 1117, 1031, 993, 908, 821.

The crude ester 127 from above was dissolved in 95% ethanol
(9.0 mL/mmol ester) and solid NaOH (5 equiv) was added in one
portion. The mixture was heated to reflux and progress of the
reaction was monitored by TLC. When complete, the reaction mixture
was cooled in an ice/water bath, carefully acidified with 20% HC1,
and extracted with diethyl ether. The combined ether extracts were
washed with saturated NaHCO,, dried (MgSO,), filtered and
concentrated to give the crude product.

Column chromatography of crude 128 on silica gel 60 (100 g)
eluted with 10% EtOAc/hexanes gave the ketone 128 as an oil which
slowly solidified upon freezing to yield a yellow solid; mp 79-81°C;
TLC (Ry 0.33, 20% EtOAc/hexanes); yield 1.5 g, 4.93 mmol, 75% over 2
steps; IR (CHCl;) em™® 3061, 3019, 3009, 2932, 2863, 2360, 1950,
1865, 1810, 1696, 1599, 1492, 1450, 1337, 1311, 1233, 1131, 1074,
1031, 951, 906, 856; H NMR (CDCl;) 6§ 1.56-1.98 (7, m), 2.06-2.17 (1,

m), 2.27-2.50 (3, m), 2.71-2.82 (1, m), 3.07-3.29 (2, m), 7.01-7.20
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(10, m); 13C NMR (CHCl,) § 22.5 (CHp), 26.9 (CHp), 39.0 (CHp), 41.0
(CH,), 43.5 (CHp), 45.2 (CH,), 51.7 (CH), 52.1 (CH), 54.4 (C), 126.0
(CH), 127.2 (CH), 127.3 (CH), 128.1 (CH), 142.0 (C), 142.3 (C), 213.4
(C); Anal. Calcd. for C,,H,,0: C, 86.79; H, 7.95. Found: C, 86.71;
H, 8.05,
(2R*, 3R")-2,3-Diphenylspiro(4.5)dec-6-ene (90).

To a well-stirred solution of ketone 128 (0.500 g, 1.64 mmol)
in dry THF (10 mL) under argon at -78°C was added lithium
bis(trimethylsilyl)amide (1.97 mL, 1 M in THF) dropwise via syringe.
After stirring for 15 min, diethylchlorophosphate (0.258 mL, 1.97
mmol) was added via syringe and the reaction mixture was gradually
warmed to room temperature and monitored by TLC. When complete, the
reaction was diluted with diethyl ether (100 mL), washed with
saturated NaHCO; solution (2 x 50 mL), the aqueous phase back-
extracted with ether, and the combined ether extracts dried (MgSO,).
Filtering, concentrating, and purifying via column chromatography on
silica gel 60 (50 g) eluted with 25% EtOAc/hexanes gave the enol
phosphate 129 as a yellow oil; TLC (R, 0.29, 20% EtOAc/hexanes);
yield 0.581 g, 1.32 mmol, 80%; H NMR (CDCl,;) § 1.28-1.43 (6, t, J =
7.0 Hz), 1.50-2.16 (8, m), 2.28-2.41 (1, t, J = 12.5 Hz), 2.60-2.71
(1, m), 3.12-3.41 (2, m), 4.17-4.30 (4, m), 5.55-5.62 (1, m), 7.04-
7.24 (10, m); 3C NMR (CDCl,) & 16.1 (CH;), 16.2 (CH;), 19.8 (CHp),
23.9 (CH,), 39.2 (CHp), 43.4 (CHp), 43.5 (CHp), 45.6 (CHp), 47.2
(CHp), 51.7 (CH), 53.5 (CH), 64.0 (C), 64.1 (C), 108.2 (CH), 125.9
(cH), 126.0 (CH), 127.2 (CH), 127.3 (CH), 128.0 (CH), 142.2 (C),

142.8 (C), 152.4 (C), 152.6 (C).
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To a well-stirred solution of scored Li metal (30 mg, 4.50
mmol) in liquid ammonia (10 mL, freshly distilled from Li) under
argon at —78°C was added a cold (-78°C) solution of the enol
phosphate 129 (0.198 g, 0.450 mmol) and t-BuOH (0.127 mL, 1.35 mmol)
in dry diethyl ether (3 mL) via cannula. The cold bath was removed
and the mixture allowed to reflux (-33°C) for 5 min. The cold bath
was returned and the reaction mixture was slowly quenched at -78°C
with solid NH,Cl and diluted with diethyl ether. The mixture was
then warmed to room temperature, the ammonia allowed to evaporate,
saturated NaHCO; solution (25 mL) added, the phases separated, and
the ether phase dried (MgSO,), filtered, and concentrated to give the
crude product 90. Column chromatography on silica gel 60 (50 g)
eluted with 5% EtOAc/hexanes gave the alkene 90 as a pale yellow oil
which solidified upon freezing. mp 46-48°C; TLC (Ry 0.73, 50%
EtOAc/hexanes); yield 0.100 g, 0.347 mmol, 77%; IR (CHCl,) cm™! 3061,
3026, 3009, 2926, 2859, 1945, 1870, 1800, 1599, 1493, 1450, 1071,
1031, 867; H NMR (CDCl;) § 1.56-2.00 (8, m), 2.06-2.28 (2, m), 3.15-
3.35 (2, m), 5.54-5.63 (1, m), 5.70-5.79 (1, bd, J = 10 Hz), 7.02-
7.23 (10, m); 13C NMR (CDCl,) & 20.5 (CH,), 25.0 (CH,), 37.6 (CHyp),
41.0 (C), 49.5 (CH,), 50.0 (CHp), 52.3 (CH), 52.6 (CH), 124.4 (CH),
125.9 (CH), 127.3 (CH), 128.1 (CH), 137.5 (CH), 143.1 (C), 143.4 (C).
Preparation of Zn-Cu CoupleS®

Zinc dust (14 g) was swirled for a few min in 3% HC1l (10
mL) in a 250-mL Erlenmeyer flask. After decanting the solvent, the
residue was washed successively with 3% HCl (3 x 10 mL), water (5 x

25 mL), 2% CuSO, (2 x 20 mL), water (5 x 25 mL), 100% EtOH (4 x 20
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mL), and Et,0 (4 x 25 mL). The residue was filtered on a Blichner
funnel, washed with diethyl ether and dried under vacuum in a
dessicator next to P,05.
Spiro(bicyclo[4.1.0]heptane-2,1’-(3,4-diphenyl)cyclopentanes) (9lab).

A flask equipped with a stir bar and coiled condenser was
flame-dried under vacuum and cooled under argon. To the flask were
added anhydrous K,CO; (3.0 g, 22.0 mmol), Zn-Cu couple (2.88 g, 44.0
mmol), a small iodine crystal, diethyl ether (5 mL, freshly distilled
from P,0,), and CH,I, (1.77 mL, 22.0 mmol). The mixture was heated to
reflux in an oil bath. When the slurry had darkened to charcoal
black, a solution of the olefin 90 (0.127 g, 0.440 mmol) in dry ether
(5 mL) was added via syringe and refluxing was continued for 48
hours. The reaction was quenched by the dropwise addition of
saturated K,CO; solution at 0°C. The mixture was stirred at room
temperature for 1 hour, then filtered and the solids carefully washed
with diethyl ether until the washes were product free by TLC. The
organic phase was washed successively with saturated NH,Cl, NaHCO,,
and NaCl solutions, dried (MgSO,), filtered, concentrated, and
purified via column chromatography. O0.110 g of a mixture of starting
material and cyclopropanated product 9lab was recovered (22%
conversion by 'H NMR integration). The above mixture was resubmitted
to the above reaction conditions for another 48 hours and 0.097 g of
a mixture of starting material and product was recovered (35%
conversion by H NMR integration). A third and final reaction gave
0.092 g of recovered starting material and product as a mixture of

inseparable diastereomers 9la and 91b (45% conversion by H NMR
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integration); TLC (R, 0.57, 10% EtOAc/hexanes); yield 0.041 g, 0.136
mmol, 51% based on recovered starting material; 'H NMR (CDCl;) &
-0.04-0.07 (1, m, cyclopropane CH), 0.55-0.67 (1, m, cyclopropane
CH), 0.97-1.11 (2, m, cyclopropane CH,); *C NMR (CDCl,) & 9.4 and
10.1 (CH,, cyclopropane), 11.0 and 11.2 (CH, cyclopropane), 19.1 and
19.8 (CHp;), 23.1 and 23.2 (CH), 23.8 and 24.3 (CH, cyclopropane),
34.9 and 36.3 (CH,), 38.5 and 39.0 (C), 49.8 and 50.7 (CHp), 51.4 and
51.5 (CH,), 51.8 and 51.9 (CH), 52.7 (CH), 125.8 and 125.9 (CH),
127.3 (CH), 128.1 (CH), 143.7 and 143.9 (C).
3-t-Butylcyclohexanone (138ab).%?

A 50-mL flask equipped with a stir bar and pressure-equalized
addition funnel was flame-dried under vacuum and cooled under argon.
The flask was charged with copper(Il) iodide (0.40 g, 32 mol %)
followed by t-butylmagnesium chloride (2 M in THF, 13.0 mmol) via
syringe. After cooling the reaction mixture to 5°C in an ice-water
bath, a solution of cyclohexenone (137, 0.623 g, 6.48 mmol) in dry
THF (10 mL) was slowly added dropwise via the addition funnel with
rapid stirring. The resulting mixture was warmed to room temperature
and quenched by slowly pouring into a well-stirred 10% aqueous HCl
solution (100 mL) at 5°C. This mixture was extracted with diethyl
ether (4 x 50 mL). The combined ether layers were washed with
saturated sodium bicarbonate solution (2 x 50 mL). The aqueous layer
was back-extracted with diethyl ether (2 x 50 mL), and the combined
ether layers were dried (MgSO,), filtered, and concentrated to give
the crude product. Column chromatography on silica gel 60 (100 g)

eluted with 10% EtOAc/hexanes gave the product 138ab as a colorless
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0oil (on a larger scale the product was distilled, bp 4 53-61°C); TLC
(R 0.43, 20% EtOAc/hexanes); yield 0.626 g, 4.06 mmol, 63%; 'H NMR
(CDC1l,) & 0.88-0.92 (9, s), 1.25-1.66 (3, m), 1.90-2.48 (6, m); *3C
NMR (CDCl;) § 25.3 (CH,;), 25.7 (CH,), 26.8 (CH3), 32.5 (C), 40.9
(CH,), 43.2 (CHy), 48.9 (CH), 212.1 (C).

Resolution of 3-t-Butylcyclohexanone (138ab)®?

To a 500-mL filter flask containing a mixture of 95% ethanol
(30.5 mL), diethyl ether (25.5 mL), and water (1.0 mL) was added d-
amphetamine (13.7 g, 101.3 mmol). Sulfur dioxide was bubbled through
the solution until all of the initially formed precipitate dissolved,
leaving a clear yellow solution. Racemic 3-t-butylcyclohexanone
(138ab, 23.0 g, 149.1 mmol) was slowly added to the solution with
stirring and cooling in an ice-water bath. The ice bath was then
removed and the reaction mixture slowly solidified as S0, evolved
during 45 min. Two hours following the addition of the ketone,
diethyl ether was added and the resulting slurry filtered and the
salt washed with ether. After drying, the amine bisulfite addition
compound 139ab (34.8 g, 93.7 mmol) was obtained as a white powder.
Three successive recrystallizations of this powder from 95% ethanol
at 60-70°C gave the pure amine bisulfite 139b (5.0 g) as shiny, white
flakes. The salt was decomposed by dissolving in 20% HCl (50 mL) and
extracting several times with diethyl ether (40 mL portions). The
combined ether layers were dried (MgSO,), filtered, and concentrated
to yield the crude, resolved ketone (2.0 g, 13.0 mmol), [a]p®*
-22.23° (¢ 3.55, CHCl;). Column chromatography on silica gel 60 (100

g) eluted with 10% EtOAc/hexanes gave the pure, resolved, (S)-ketone
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138b (1.92 g, 12.4 mmol), [a]p?® -23.96° (¢ 3.91, CHCl,), Lit.%0[a]p2?
-25.2° (¢ 3.1, CHCl,;). The d-amphetamine was recovered from the
aqueous phase and 3-t-butylcyclohexanone ((R)-enriched) was recovered
from the mother liquors.
General Procedure for the Preparation of Bis-Trimethylsilyl Ethers.1®
A flask equipped with a stir bar and a pressure-equalized
addition funnel was flame-dried under vacuum and cooled under argon.
The flask was charged with diol (1 equiv) and CH,Cl, (5.0 mL/mmol
diol) and cooled to 5°C in an ice-water bath. Following the addition
of triethylamine (3 equiv), and chlorotrimethylsilane (2.5 equiv)
dropwise via the addition funnel, a cloudy precipitate formed. The
resulting mixture was stirred and gradually warmed to room
temperature. Progress of the reaction was monitored by TLC. The
pink reaction mixture was filtered and the precipitate washed with
anhydrous diethyl ether several times until no more precipitate
formed in the flask. After concentrating, the crude product was
purified by column chromatography on silica gel 60 eluted with 20%
EtOAc/hexanes.
Ethylene Glycol Bis(trimethylsilyl ether) (148).
TLC (R, 0.63, 20% EtOAc/hexanes); yield 5.2 g, 25.19 mmol, 52%.
1,4-Di-0-Benzyl-L-threitol Bis(trimethylsilyl ether) (149).
TLC (Rg 0.56, 20% EtOAc/hexanes); yield 2.73 g, 6.11 mmol, 92%.
(2S,38)-2,3-Butanediol Bis(trimethylsilyl ether) (150).
TLC (Re 0.67, 20% EtOAc/hexanes); yield 2.7 g, 11.51 mmol, 83%.
(2R, 3R)-2,3-Butanediol Bis(trimethylsilyl ether) (151).

TLC (Rg 0.67, 20% EtOAc/hexanes); yield 2.49 g, 10.62 mmol, 96%.
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General Procedure for the Preparation of Enones.S5!

A three-necked flask equipped with a stir bar, pressure-
equalized addition funnel, and two septum caps was flame-dried under
vacuum and cooled under argon. The flask was cooled to -78°C and
charged with dry THF (4.0 mL/mmol ketone), diisopropylamine (1.2
equiv), and nBulLi (1.6 M in hexanes, 1.2 equiv). A solution of the
ketone (1 equiv) in dry THF (0.4 mL/mmol ketone) was added via
syringe. After stirring for fifteen min at -78°C, a solution of
diphenyldiselenide (0.6 equiv) in dry THF (0.7 mL/mmol
diphenyldiselenide) was placed in the addition fummel. Bromine (0.6
equiv) was added to the solution in the addition funnel dropwise via
syringe, with agitation of the funnel to dissolve any phenylselenium
tribromide that may have formed. Decolorization of the deep maroon
phenylselenyl bromide solution occurred as it was rapidly added in
one portion to the stirring enolate solution. The cold reaction
mixture was then poured into a mixture of 0.5 M HC1l (10.0 mL/mmol
ketone) and 50% ether-pentane (8.0 mL/mmol ketone). The bright
yellow organic phase was separated and washed successively with
water, saturated sodium bicarbonate, and saturated sodium chloride,
then dried (Na,SO,), filtered, and concentrated, giving the crude a-
phenylselenide, which was immediately oxidized as follows.

To a well-stirred solution of the selenide in dry CH,Cl, (3.5
mL/mmol ketone) containing pyridine (0.16 mL/mmol ketone) was
cautiously added a solution of 30% H,0, (2.6 equiv) in H,0 (0.10
mL/mmol H,0,) dropwise at 0°C. The reaction mixture was warmed to

room temperature, stirred for an additional fifteen min, and poured
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into a mixture of CH,Cl, (5.0 mL/mmol ketone) and saturated sodium
bicarbonate (6.0 mL/mmol ketone). The aqueous phase was extracted
with CH,Cl, and the combined organic phases were washed successively
with 10% HCl and saturated sodium chloride solution, then dried
(Na,S0,), filtered, and concentrated. Column chromatography gave the
enone product.
5-Methyl-2-cyclohexen-1l-one (142).

Crude product 142 from 3-methylcyclohexanone (141) TLC (R, 0.38, 20%
EtOAc/hexanes); H NMR (CDC1,) 6§ 0.97-1.03 (3, 4, J = 6.2 Hz), 1.9-
2.45 (5, m), 5.89-5.96 (1, m), 6.85-6.93 (1, m); 3C NMR (CDCl;) §
20.9 (CH3), 30.0 (CH), 33.7 (CH,), 46.0 (CHp), 129.3 (CH), 149.7
(CH), 199.7 (C).
(S)-5-t-Butyl-2-cyclohexen-l-one (101).
Column chromatography on silica gel 60 (50 g) eluted with 5%
EtOAc/hexanes gave the enone 101 as an orange oil, TLC (R, 0.32, 20%
EtOAc/hexanes); [a]p?® +14.32 (c 0.81, cCl,), Lit.”% [«]p?® +5.02° (¢
0.0566, CCl,), 20% ee ; yield 0.166 g, 1.09 mmol, 44%; H NMR
(CDC1,) 6 0.89-0.95 (9, s), 1.79-1.92 (1, m), 2.03-2.21 (2, m),
2.36-2.59 (2, m), 5.99-6.07 (1, m), 6.99-7.08 (1, m); *3C NMR (CDCl,)
6§ 26.9 (CHy), 27.4 (CHy), 32.2 (C), 39.9 (CHp), 45.2 (CH), 129.1
(CH), 150.7 (CH), 200.9 (C).
Cis- and Trans;S-t-butyl-5-methylcyclohexanone (108a and 108b).

These compounds were prepared as described for 138ab by
substituting 142 for 2-cyclohexen-l-one (137). Column chromatography
of the crude mixture of cis and trans products 108ab on silica gel 60

(100 g) eluted with 10% EtOAc/hexanes gave analytical samples of the



100
separated products. The less polar product 108a was the cis isomer;
TLC (Ry 0.45, 20% EtOAc/hexanes); H NMR (CDCl,) § 0.87-0.91 (9, s),
1.03-1.06 (3, d, J = 6.0 Hz), 1.0-2.38 (8, m); 3C NMR (CDCl;) § 22.6
(CH3), 27.2 (CH;), 32.6 (C), 33.2 (CH), 35.1 (CH,), 42.8 (CHp), 48.0
(CH), 49.6 (CH;), 212.8 (C). The more polar major product 108b was
the trans isomer; TLC (R, 0.42, 20% EtOAc/hexanes); 'H NMR (CDCl;) §
0.87-0.91 (9, s), 0.94-0.98 (3, d, J = 7.5 Hz), 1.58-1.81 (3, m),
1.99-2.18 (2, m), 2.33-2.51 (3, m), Lit.% H NMR (cCl,) § 0.92 (9,
s), 0.96 (3, d, J = 6 Hz); !3C NMR (CDCl,) &§ 19.2 (CH,), 27.0 (CHjy),
29.4 (CH), 31.7 (CH,), 32.3 (C), 42.8 (CH), 43.1 (CHp;), 47.3 (CHp),
213.2 (C).

General Procedure for Ketalizations®

To a dry flask under argon at -60°C (dry ice/isopropanol bath)
were added dry CH,Cl, (3 mL/mmol ketone), trimethylsilyl triflate (3
mole percent), and a solution of the bis-trimethyl silyl ether (1.5
equiv) in dry CH,Cl, (3 mL/mmol ketone). After several minutes, a
solution of the ketone (1 equiv) in dry CH,Cl, (3 mL/mmol ketone) was
added dropwise via syringe. A TLC was taken every 5°C as the
reaction was allowed to warm gradually from -60°C. The reaction was
maintained at the coldest temperature at which the ketalization
proceeded smoothly. When complete, the reaction was quenched by the
addition of pyridine (0.5 mL/mmol ketone). Concentration of the
reaction mixture and column chromatography afforded the pure ketal.
(8)-3-t-Butylcyclohexanone 1,4-Di-O-benzyl-L-threitol Ketal (152).

Column chromatography of the crude product on silica gel 60

(50 g) eluted with 5% EtOAc/hexanes gave ketal 152, TLC (R; 0.43, 20%
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EtOAc/hexanes); yield 0.063 g, 0.144 mmol, 74%; H NMR (CDCly) §
0.80-0.86 (9, s), 1.21-1.55 (5, m), 1.68-1.87 (4, m), 3.55-3.66 (4,
m), 3,96-4.16 (2, m), 4.52-4.62 (4, m), 7.20-7.35 (10, m); 3C NMR
(CDC1,) & 23.1 (CH,), 26.0 (C), 27.3 (CHy), 32.0 (CHp), 36.4 (CHy),
37.4 (CHp), 45.1 (cH), 70.7 (CHy), 70.8 (CH,), 73.4 (CHy), 77.1 (CH),
77.1 (CH), 111.2 (C), 127.5 (CH), 127.6 (CH), 128.3 (CH), 137.9 (C),
138.0 (C).
(S)-5-t-Butyl-2-cyclohexen-l-one Ethylene Ketal (102).

Column chromatography of the crude product on silica gel 60
(50 g) eluted with 5% EtOAc/hexanes gave ketal 102 as a white solid;
TLC (Ry 0.22, 10% EtOAc/hexanes); [a]p?* +66.32° (c 0.775, CHCly);
yield 0.094 g, 0.479 mmol, 44%; IR (CHCl;) cm™! 3030, 3025, 3017,
3013, 3011, 2961, 2885, 2834, 1654, 1476, 1469, 1439, 1427, 1394,
1365, 1293, 1271, 1240, 1154, 1119, 1089, 1064, 1030, 999, 973, 946,
931, 919, 897, 849, 803, 783, 667; 'H NMR (CDCl,) &§ 0.81-0.87 (9, s),
1.35-1.45 (1, m), 1.52-1,90 (3, m), 2.01-2.14 (1, m), 3.82-4.02 (4,
m), 5.50-5.58 (1, m), 5.87-5.97 (1, m); °C NMR (CDCl,) 6§ 26.6 (CH,),
27.0 (CH3), 31.9 (C), 34.9 (CHp), 42.4 (CH), 64.2 (CHp), 64.5 (CHy),
107.3 (C), 126.8 (CH), 132.6 (CH); mass spectrum (70 eV), m/z (rel.
intensity) 196 (0.6), 181 (4), 155 (1), 140 (1), 139 (13), 137 (2),
121 (2), 114 (1), 113 (14), 112 (4), 100 (7), 99 (3), 96 (3), 95 (9),
94 (1), 93 (3), 91 (3), 86 (2), 81 (1), 80 (2), 79 (3), 78 (3), 77
(7), 73 (3), 69 (100), 68 (25), 67 (16), 57 (l4), 55 (5), 53 (4);

exact mass calcd for C;;H,;,0, 196.1464, obsd 196.1470.
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(S)-5-t-Butyl-2-cyclohexen-1l-one (2S,3S)-2,3-Butanediol Ketal (103).

Column chromatography of the crude product on silica gel 60
(100 g) eluted with 5% EtOAc/hexanes gave the ketal 103 as a pale
yellow oil; TLC (R, 0.47, 20% EtOAc/hexanes); [a]p?l +47.71° (c 2.12,
CHCl;); yield 0.549 g, 2.45 mmol, 66%; IR (CHCl;) cm™! 3028, 3018,
3007, 2963, 2870, 1654, 1468, 1453, 1440, 1387, 1365, 1292, 1270,
1240, 1194, 1179, 1158, 1113, 1085, 1010, 976, 931, 918, 894, 838,
668; H NMR (CDClz) 6§ 0.83-0.90 (9, s), 1.22-1.30 (6, dd, J = 1.4
Hz), 1.40-1.52 (1, m), 1,60-1.93 (3, m), 2.03-2.18 (1, m), 3.52-3.74
(2, m), 5.52-5.62 (1, m), 5.88-5.98 (1, m); 13C NMR (CDCl;) § 16.5
(CH;), 16.6 (CHy), 26.5 (CHp), 27.0 (CHy), 31.9 (C), 36.3 (CHy), 42.4
(cH), 77.5 (CH), 78.0 (CH), 106.3 (C), 128.1 (CH), 131.8 (CH); mass
spectrum (70 eV), m/z (rel. intensity) 224 (0.7), 209 (3), 167 (8),
141 (9), 140 (100), 137 (2), 123 (8), 114 (4), 111 (1), 109 (1), 96
(2), 95 (14), 86 (3), 80 (6), 68 (45), 67 (7), 57 (15), 55 (12);
exact mass caled for C,H,,0, 224.1777, obsd 224.1779.
(S)-5-t-Butyl-2-cyclohexen-1-one (2R,3R)-2,3-Butanediol Ketal 104,

Column chromatography of the crude product on silica gel 60
(100 g) eluted with 5% EtOAc/hexanes gave the ketal 104 as a yellow
oil, TLC (R, 0.50, 20% EtOAc/hexanes); [a]p?* +44.26° (c 3.92, CHCl;);
yield 0.818 g, 3.65 mmol, 72%; IR (CHCl,) cm™! 3032, 3009, 2965,
2869, 1652, 1476, 1466, 1453, 1441, 1387, 1377, 1365, 1295, 1271,
1241, 1194, 1179, 1111, 1086, 1009, 978, 933, 918, 839; H NMR
(CbC1l,;) 6§ 0.83-0.90 (9, s), 1.22-1.31 (6, dd, J = 5.8 Hz), 1.40-2.36
(5, m), 3.61-3.81 (2, m), 5.59-5.69 (1, m), 5.90-5.98 (1, m); 3C NMR

(CDC13) & 17.2 (CHy), 17.4 (CHz), 26.6 (CHp), 26.9 (CH;), 31.9 (C),
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36.9 (CH,), 41.9 (CH), 78.4 (CH), 78.7 (CH), 106.4 (C), 128.6 (CH),
132.3 (CH).
(1R,48,6S)-4-(1,1-Dimethyl)ethyl bicyclo[4.1.0]lheptan-2-one Ethylene
Ketal (105a) and (1S,4S,6R)-4-(1l,1l-Dimethyl)ethyl
bicyclo[4.1.0]heptan-2-one Ethylene Ketal (105b).

102 was cyclopropanated using the Simmons-Smith reagent as
previously described. Column chromatography of the crude products
105ab on silica gel 60 (50 g) eluted with 5% EtOAc/hexanes gave the
separate diastereomers in a 3:;1 ratio (105a:105b). The predominant
polar diastereomer 105a was obtained as yellow oil; TLC (R, 0.40, 20%
EtOAc/hexanes); [a]p?® -29.14° (¢ 3.15, CHCl,); yield 0.063 g, 0.299
mmol, 68%; IR (CHCl,;) cm™® 3022, 3013, 3011, 2959, 2868, 1468, 1393,
1365, 1343, 1286, 1240, 1192, 1140, 1120, 1084, 1073, 1032, 1003,
978, 946, 895, 852, 799, 699; H NMR (CDCl;) 6§ 0.04-0.13 (1, q, J =
5.2 Hz), 0.65-0.79 (10, m), 0.80-1.57 (6, m), 1.86-2.02 (1, m), 3.87-
4.04 (4, m); ¥c NMR (CDCl,) § 11.2 (CH,), 11.9 (CH), 18.2 (CH), 23.9
(CHz), 27.0 (CHz), 31.3 (CHp), 31.8 (C), 43.6 (CH), 64.2 (CHp), 64.4
(CH;), 111.5 (C); mass spectrum (70 eV), m/z (rel. intensity) 210
(2), 195 (2), 155 (3), 154 (7), 153 (69), 141 (1), 127 (2), 126 (16),
125 (7), 123 (5), 113 (2), 112 (9), 109 (S5), 99 (100), 95 (4), 91
(5), 86 (5), 81 (12), 79 (7), 69 (13), 67 (10), 57 (26), 55 (19);
exact mass calcd for C,3H,,0, 210.1620, obsd 210.1621. The less polar
diastereomer 105b was obtained as a yellow oil; TLC (R¢ 0.47, 20%
EtOAc/hexanes); [a]p?® +45.0° (¢ 1.00, CHCly); yield 0.021 g, 0.0998
mmol, 23%; IR (CHCl;) cm™! 3015, 3013, 3009, 2961, 2882, 1469, 1394,

1366, 1278, 1239, 1129, 1095, 1085, 1064, 1041, 1000, 957, 942, 885,
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825; H NMR (CDCl;) § 0.35-0.57 (2, m), 0.75-0.81 (9, s), 0.90-1.22
(4, m), 1.32-1.48 (1, m), 1.60-1.69 (1, m), 1.83-1.94 (1, m), 3.86-
4.03 (4, m); ¥C NMR (CDCl,) 6§ 5.2 (CHp), 12.3 (CH), 19.0 (CH), 23.9
(CHy), 27.1 (CH;), 31.8 (C), 35.9 (CH,), 36.9 (CH), 63.6 (CHp), 63.9
(CH,), 109.1 (C).
(1R,45,68)-4-(1l,1-Dimethyl)ethyl bicyclo[4.1l.0]heptan-2-one (2S,3S)-
2,3-Butanediol Ketal (110a).

Column chromatography of the crude product on silica gel 60
(100 g) eluted with 5% EtOAc/hexanes gave a single diastereomer 110a
as an oil (limit of detection 30:1 by 3¢ NMR); TLC (Rg 0.47, 20%
EtOAc/hexanes); [a]p?? -27.54° (¢ 2.11, CHCl,); yield 0.220 g, 0.923
mmol, 83%; IR (CHCl,) cm™® 3665, 3070, 3005, 2961, 2868, 2456, 1462,
1394, 1380, 1365, 1341, 1325, 1287, 1269, 1241, 1197, 2961, 2868,
2456, 1462, 1394, 1380, 1365, 1341, 1325, 1287, 1269, 1241, 1197,
1175, 1143, 1117, 1090, 1054, 1028, 1015, 1002, 981, 950, 915, 893,
851, 819, 802, 700; H NMR (CDCl;) § 0.10-0.19 (1, m), 0.66-0.89 (10,
m), 0.89-1.60 (12, m), 1,91-2.10 (1, m), 3.55-3.81 (2, m); 13C NMR
(CDC1,) 6 11.1 (CHp), 11.9 (CH), 16.7 (CHz), 16.8 (CHy), 19.6 (CH),
23.7 (CHy), 26.8 (CHz), 31.6 (C), 32.5 (CH,), 43.3 (CH), 77.7 (CH),
77.9 (CH), 110.3 (C); mass spectrum (70 eV), m/z (rel. intensity) 238
(4), 223 (5), 183 (3), 182 (12), 181 (100), 154 (7), 153 (5), 149
(2), 137 (10), 128 (6), 127 (80), 123 (2), 114 (5), 111 (3), 110 (2),
109 (16), 107 (5), 97 (6), 95 (6), 93 (9), 91 (5), 81 (31), 69 (23),
57 (40), 55 (36); exact mass calcd for C,sH,s0, 238.1934, obsd

238.1934.
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(1R,48,68)-4~-(1,1-Dimethyl)ethyl bicyclo[4.1.0]heptan-2-one (2R,3R)-
2,3-Butanediol Ketal (1llla) and (1S,4S,6R)-4-(1,1-Dimethyl)ethyl
bicyclo[4.1l.0]heptan-2-one (2R,3R)-2,3-Butanediol Ketal (111lb).

Column chromatography of the crude products on silica gel 60
(100 g) eluted with 5% EtOAc/hexanes gave separable diastereomers in
a 1:1 ratio (111a:111b). The more polar diastereomer llla was
obtained as an oil; TLC (R; 0.26, 10% EtOAc/hexanes); [a]p?® -35.26°
(¢ 1.27, CHCl;); yield 0.092 g, 0.386 mmol, 35%; IR (CHCl;) cm™! 3005,
2963, 2868, 1730, 1454, 1383, 1365, 1290, 1241, 1141, 1116, 1091,
980, 953, 915, 892, 698; H NMR (CDCl,) 0.11-0.21 (1, m), 0.74-
1.38 (20, m), 1.45-1.,67 (2, m), 1.91-2,08 (1, m), 3.67-3.80 (2, m);
3¢ NMR (CDC1l;) § 11.3 (CH,), 11.7 (CH), 16.9 (CH;), 17.3 (CHy), 19.6
(CH), 23.8 (CHp), 26.9 (CH;), 31.9 (C), 33.0 (CHp), 43.0 (CH), 77.8
(CH), 78.5 (CH), 110.6 (C).

The less polar diastereomer 1lllb was obtained after a second
chromatography on silica gel 60 (50 g) eluted with CH,Cl, as as oil
contaminated with approximately 14% of (S)-5-t-butyl-3-cyclohexen-1-
one (2R,3R)-2,3-butanediol ketal; TLC (R 0.42, 10% EtOAc/hexanes);
yield 0.081 g, 0.340 mmol, 30%; H NMR (CDCl;) § 0.40-0.58 (2, m),
0.78-0.85 (9, s), 0.98-1.55 (11, m), 1.66-1.73 (1, m), 1.83-1.95 (1,
m), 3.58-3.85 (2, m); 3C NMR (CDClz) &§ 5.1 (CH,), 12.6 (CH), 17.0
(CHy), 17.7 (CHs), 20.7 (CH), 23.6 (CHp), 27.0 (CHy), 31.8 (C), 36.7
(CH), 37.5 (CHy), 77.9 (CH), 78.3 (CH), 108.3 (C).

General Procedure for the Ketal Hydrolyses
The ketal was dissolved in methanol (2 mL/mmol ketal) and 10%

aqueous HCl (0.2 mL/mmol ketal)., The resulting solution was stirred



106
at room temperature and progress of the reaction was monitored by
TLC. When complete, saturated sodium bicarbonate solution (40
mL/mmol) was poured into the reaction mixture which was then
extracted several times with diethyl ether. The combined ether
layers were dried over anhydrous magnesium sulfate, filtered,
concentrated, and purified via column chromatography.
(1R,4S,68)-4-(1,1-Dimethyl)ethyl bicyclo[4.1.0]heptan-2-one (1l09a).

Column chromatography of the crude product from 105a on silica
gel 60 (50 g) eluted with 10% EtOAc/hexanes gave the product 109a as
a colorless oil, TLC (Re 0.15, 10% EtOAc/hexanes); [ahﬁ“ -117.49° (¢
1.32, CHCl,); yield 0.082 g, 0.168 mmol, 68%; IR (CHCl,;) cm™! 3663,
3455, 3078, 3013, 2962, 2868, 1679, 1556, 1537, 1476, 1469, 1457,
1395, 1367, 1335, 1276, 1237, 1184, 1163, 1115, 1086, 1067, 1024,
982, 953, 931, 861, 846, 804, 699; H NMR (CDCl,) § 0.70-0.83 (10,

m), 1.14-1.40 (2, m), 1.53-1.83 (4, m), 2.04-2.20 (2, m); 3C NMR
(CDC1;) 6 19.1 (CH,), 19.4 (CH), 24.8 (CHp), 25.0 (CH), 26.8 (CHj),
32.4 (C), 38.2 (CH;), 50.2 (CH), 211.7 (C); mass spectrum (70 eV),
m/z (rel. intensity) 166 (3), 149 (2), 137 (3), 129 (2), 125 (1), 123
(3), 111 (6), 110 (47), 109 (11), 107 (4), 105 (2), 99 (2), 98 (2),
97 (8), 95 (26), 81 (26), 69 (38), 67 (15), 61 (37), 57 (100), 55
(28); exact mass calcd for C;;H,;50 166.1358, obsd 166.1365.
(1S,4S,6R)-4-(1,1-Dimethyl)ethyl bicyclo[4.1.0]heptan-2-one (109b).

Column chromatography of the crude product from 105b on silica
gel 60 (10 g) eluted with 7% EtOAc/hexanes gave the product 109b as a
colorless oil; TLC (R, 0.13, 10% EtOAc/hexanes); [a]p*® -52.18° (¢

0.55, CHCly); yield 0.11 g, 0.0662 mmol, 79%; IR (CHCl,) cm™* 3663,
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3017, 3011, 2963, 2869, 1671, 1557, 1537, 1476, 1469, 144CC5, 1396,
1367, 1351, 1308, 1282, 1236, 1182, 1128, 1094, 1057, 1023, 1000,
972, 921, 847, 827, 666; H NMR (CDCl;) § 0.75-0.85 (9, s), 0.93-
1.08 (1, m), 1.16-1.24 (1, q, J = 5.0 Hz), 1.33-1.87 (5, m), 2.02-
2.11 (1, m), 2.23-2.36 (1, m); 13C NMR (CDCly) & 9.5 (CH,), 16.9 (CH),
22.1 (CH,), 25.3 (CH), 27.0 (CH;), 32.1 (C), 37.3 (CH), 39.0 (CH,),
210.5 (C).
Preparation of Cis-3-t-butyl-5-methylcyclohexanone (108a).

To a well-stirred solution of Li metal (45 mg, 6.49 mmol) in
liquid ammonia (10 mL) at -78°C was added a solution of t-BuOH (0.003
mL) and ketone 109a (0.021 g, 0.126 mmol) in ether (3 mL). The cold
bath was removed and the mixture allowed to reflux (-33°C). Progress
of the reaction was monitored by TLC. After 0.5 hour, the reaction
was quenched with solid NH,Cl (1 g), diluted with ether (20 mL), and
warmed to room temperature, and the ammonia allowed to evaporate.
The mixture was filtered and concentrated, leaving an oil.

To a well-stirred solution of the above o0il in CH,Cl, (5 mL)
at room temperature was added pyridinium dichromate (0.071 g, 0.189
mmol). After one hour, the mixture was diluted with ether and
filtered through a short plug of silica gel. After concentrating,
the crude product 108a was purified via column chromatography on
silica gel 60 (40 g) eluted with 10% EtOAc/hexanes; yield 0.0075 g,
0.0446 mmol, 36%; H NMR (CDCl;) & 0.84-0.92 (9, s), 1.03-1.07 (3,

d, J =6.0 Hz), 1.0-2.48 (8, m).
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Isomerization of Ene Ketal 1ll2a

To a solution of ene ketal 112a (0.030 g, 0.195 mmol) in dry
diethyl ether (5 mL) was added a catalytic amount of ZnI,. The
mixture was refluxed for 30 min, cooled to room temperature, washed
with saturated aqueous NaHCO; and dried (MgSO,). After filtering,
the solvent was carefully removed in vacuo. Analysis of the residue
by H- and 13C-NMR (in CDCl, passed through basic Al,0; prior to use)
revealed that 18% of the ene ketal 112a had isomerized to 112b.

In the absence of Znl,, a sample of ene ketal 11l2a heated at
reflux in dry ether for 30 min showed no evidence of isomerization by
H- and 13C-NMR.

Ene ketal 112a was also subjected to Simmons-Smith
cyclopropanation and the reaction quenched before complete conversion
to cyclopropanated products (36% conversion by !H-NMR). The !H- and
13C-NMR spectra of recovered starting material indicated that 12% of
the unreacted starting ene ketal 112a had isomerized to 112b.
Dimethyl 2,3-0-Isopropylidine-L-tartrate 154,66

In a 1-L, one-necked, round-bottomed flask fitted with a refux
condenser and a large magnetic stirring bar under argon, a mixture of
L-tartaric acid (153, 101 g, 0.673 mol), 2,2-dimethoxypropane (190
mL, 161 g, 1.54 mol), dry methanol (40 mL), and p-toluenesulfonic
acid monohydrate (0.4 g, 2.1 mmol) was warmed on a steam bath with
occasional swirling until a dark red homogeneous solution was
obtained (1-2 hours). Additional 2,2-dimethoxypropane (95 mL, 80.5
g, 0.77 mol) and cyclohexane (450 mL) were added and the flask was

fitted with a 30 cm Vigreux column and a variable reflux distilling
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head. The mixture was heated to reflux with internal stirring and
the acetone-cyclohexane and methanol-cyclohexane azeotropes were
slowly removed (removal over a two day period (10-15 mL/hr) was
satisfactory; after approximately 600 mL of distillate had been
collected, the temperature at the solvent head was approximately
79°C). Additional 2,2-dimethoxypropane (6 mL, 7.1 g, 6.8 mmol) was
then added and the mixture heated under total reflux for 15 min.
After the mixture had cooled to room temperature, anhydrous potassium
carbonate (1 g, 7.2 mmol) was added and the mixture stirred until the
reddish color had abated. Volatiles were removed under reduced
pressure (water aspirator) and the residue was fractionally distilled
under vacuum to afford the product 154 as a pale yellow oil, bpg s
94-101°C; yield 125-135 g, 0.57-0.62 mmol, 85-92%; [a]p?’ -42.6° (c
5.1, GHCly), Lit.®® [a]p?® -49.4° (neat); IR (CHCly) cm™® 2992, 2956,
1759, 1438, 1384, 1213, 1111, 1013, 858, 749; H NMR (CDCly) & 1.49
(6, s), 3.83 (6, s), 4.81 (2, s); 3C NMR (CDCl;) § 25.98, 52.42,
76.68, 113.49, 169.75.
2,3-Di-0-isopropylidene-L-threitol (155).66

In a dry, 2-L, three-necked, round-bottomed flask equipped
with a 500-mL pressure-equalized addition funnel, a reflux condenser,
a thermometer, and a large magnetic stirring bar, lithium aluminum
hydride (36 g, 0.95 mol) was suspended in dry diethyl ether under
argon. This mixture was stirred and heated to reflux for 30 min.
Heating was discontinued while a solution of 154 (123 g, 0.564 mol)
in diethyl ether (300 mL) was added dropwise over 2 hours. Heating

was then resumed and the mixture refluxed for an additional three
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hours. The mixture was then cooled to 0-5°C and cautiously treated
with water (36 mL), 4 N sodium hydroxide solution (36 mL), and water
(112 mL). The mixture was then stirred at room temperature until the
grey color of unquenched lithium aluminum hydride had completely
disappeared. The mixture was filtered on a Blichner funnel and the
inorganic precipitate extracted with ether in a Soxhlet apparatus.
The combined ethereal extracts were dried (MgSO,), filtered, and
volatiles removed under reduced pressure (water aspirator). The
residue was fractionally distilled under vacuum to afford the product
155 as a colorless to pale yellow oil; bpgy , 94-106°C; yield 50.2-
60.3 g, 0.31-0.37 mmol, 54-66%; [a]p?* +2.78° (c 4.67, CHCly), Lit.”°
[alp 2° +4.1° (¢ 5, CHCly); IR (neat) cm™ 3413, 2987, 2934, 1455,
1372, 1218, 1166, 1057, 986, 882, 844, 801, 756; H NMR (CDCl,) 5
1.42 (6, s), 3.73 (6, m), 3.94 (2, m); 3C NMR (CDClz) § 26.75,

62.06, 78.32, 109.08.
1,4-Di-0O-benzyl-L-threitol (157).66

In a 2-L, three-necked, round-bottomed flask equipped with a
large magnetic stirring bar under argon was placed fresh sodium
hydride (33.6 g, of a 55% dispersion in oil; 18.5 g, 0.77 mol). The
oil was removed by washing with hexanes (3 x 100 mL). The flask was
then fitted with a 500-mL pressure-equalized addition funnel, a
reflux condenser, and a stopper. Dry tetrahydrofuran (250 mL) was
added under argon. A solution of 155 (55 g, 0.34 mol) in THF (250
mL) was then added at room temperature dropwise with stirring.
Benzyl bromide (91 mL, 130.8 g, 0.76 mol) was then added dropwise via

the addition funnel. After stirring for 12 hours at room
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temperature, the mixture was heated at reflux for 2 hours, then
cooled in an ice bath and quenched by addition of water until a clear
solution resulted. THF was then removed under reduced pressure
(water aspirator), the residue diluted with water (500 mL), and
extracted with diethyl ether (3 x 500 mL). The extracts were
combined, dried (MgSO,), and filtered. Removal of volatiles under
reduced pressure (water aspirator) gave crude 1,4-di-O-benzyl-2,3-0-
isopropylidine-L-threitol 156 as an oil (115-116 g).

The crude ketal 156 was then dissolved in methanol (300 mL),
0.5 N HC1 (30 mL) was added, and the resulting mixture was heated to
reflux. Acetone and methanol were slowly distilled off (3 to 5
hours). Additional methanol (50 mL) and 0.5 N HCl (20 mL) were added
and the mixture kept at room temperature until ketal hydrolysis was
complete. Progress of this hydrolysis was monitored by TLC. The
mixture was then diluted with saturated sodium bicarbonate solution
(500 mL) and extracted with ether (3 x 500 mL). The ether extracts
were combined, dried (MgSO,), and filtered. Removal of volatiles
under reduced pressure gave crude 1,4-di-O-benzyl-L-threitol (157) as
a pale yellow solid. This solid was recrystallized twice from
chloroform/hexanes, providing 59-65 g (195-215 mmol, 57-63%) of pure
diol, mp 55-66°C. Concentration of the mother liquors from the
recrystallizations gave a yellow solid which was chromatographed on
silica gel 60 (500 mL) eluted with 50% EtOAc/hexanes, providing an
additional 20-26 g (66-86 mmol, 19-25%) of diol, mp 56-57°C; [a]p?
-5.85° (¢ 5.15, CHCl,), Lit.”! [a]?3 -5.0° (¢ 5, CHCl,); IR (CHCly) cm”

1 3562, 3065, 3014, 2867, 1495, 1453, 1361, 1233, 1101, 1027; 'H NMR
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(CDCl3) 6 2.93 (2, br s), 3.54-3.60 (4, m), 3.83-3.87 (2, m), 4.47-
4.57 (4, m), 7.23-7.36 (10, m); *3C NMR (CDCl,) § 70.45, 71.85,

73.45, 127.70, 128.37, 137.66.
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CHAPTER 2

RESOLUTION OF DIASTEREOMERIC ALPHA-HYDROXYCYCLOALKANONE KETALS
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DIASTEREOMERIC RESOLUTION STUDIES

The mixtures of diastereomeric a-hydroxycycloalkanone ketals
shown in Table 1376 were prepared and their chromatographic
separability examined. Diastereomeric a-hydroxycyclopentanone 1,4-
di-O-benzyl-L-threitol ketals 169a and 169b were readily separable by
column chromatography. Separability was thought to result from
differences in the intramolecular hydrogen bonding capability for the

two diastereomeric forms.

PhCH,0

169a 169b

Diastereomer 169a has the capability to hydrogen bond to both
the proximal dioxolane oxygen and the proximal dioxolane appendage
oxygen, while in diastereomer 169b, only the proximal dioxolane
oxygen is available for hydrogen bonding to the hydroxyl hydrogen.
Thus, 169a is rendered less polar than 169b on silica gel, since its
intramolecular hydrogen bonding capabilities detract from its ability
to intermolecularly hydrogen bond to the silica gel. This phenomenon
facilitates chromatographic separation of the two diastereomers.

This postulate was supported by the observed inseparability of the

corresponding diastereomeric methyl ethers 170a and 170b.
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PhCH 0

PhCH,0
OCH,Ph OCH,Ph

0
0=

OCH,

170a 1700

Here, hydrogen bonding is not possible for either diastereomer,
Pairs of diastereomeric a-hydroxycyclopentanone ketals 17la

and 171b, 172a and 172b, and 173a and 173b were also

chromatographically separable. However, diastereomers 172a and 172b

exhibited reversed polarity toward silica gel.

0]

172b

172a

172a was now the more polar diastereomer since the bulky methyl

appendage sterically blocked the hydroxyl from intramolecularly

hydrogen bonding to the dioxolane oxygen. The methyl appendages in

diastereomer 172b could not interfere with the molecule’s

intramolecular hydrogen bonding capability, and thus, 172b was

rendered less polar on silica gel.
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Structural assignments were made for a-hydroxycyclopentanone
ketal diastereoisomers 169a and 169b, 171la and 171b, l7éa and 1720,
and 173a and 173b based upon differences in the H and !3C NMR
spectra of these pairs. Proximity of the ring a-hydroxyl substituent
to one of the dioxolane appendages results in greater magnetic non-
equivalence of the two appendages which leads to more complex H NMR
spectra for the a series relative to the b series (Table 14).
Structural assignments made previously on this basis for ketal 164a
and 164b were confirmed by the enantioselective synthesis of enone
160a from 164a. The structures of the separable diastereomeric a-

hydroxycyclohexanone ketals were assigned in a similar manner.

SYNTHESES
Alpha-Hydroxyketones
The ketones were directly a-hydroxylated using the method of
Moriarty and coworkers.’’” The ketones were treated with iodobenzene
diacetate in methanol/KOH solution (Scheme 16). The mechanism shown

in Scheme 17 has been proposed for this transformation.’’
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Transketalizations

The dimethyl ketals were then transketalized to their
corresponding homochiral a-hydroxyketals by treating them with the
appropriate homochiral diol, a catalytic amount of BF;' Et,0, and dry
CH,Cl,, in the presence of 4 A molecular sieves to facilitate the
removal of methanol as it was formed (Scheme 18).
Trans-2-hydroxy-4-tert-butylcyclohexan-l-one 1,4-Di-O-benzyl-L-
threitol Ketals 176a and 176b.

a-Hydroxylation of 4-t-butylcyclohexanone 180 gave the cis
isomer of 2-hydroxy-4-t-butylcyclohexan-1l-one dimethyl ketal 181
(Scheme 19). When transketalized, the separable cis-a-hydroxy ketals
175a and 175b were formed.

Oxidation of 181 to the ketone 182 using pyridinium
dichromate’® followed by selective reduction to the axial hydroxyl
using L-Selectride’® gave the corresponding trans-a-hydroxy dimethyl
ketal 179 (Scheme 20). Transketalization gave separable

diastereomers 176a and 176b.

CONCLUSIONS
The diastereomeric resolution of a-hydroxycycloalkanone ketals
described herein is sufficiently general to be of potential use for
enantioselective syntheses. Our initial interest was in applying
this methodology to an enantioselective approach to the

sesquiterpenic alcohol, gymnomitrol 183.















135
if the a-hydroxy-ketals of 184 could be synthesized, they would be
separable., However, after many unsuccessful attempts at synthesizing
either the a-hydroxy- ketone or -ketal (including use of the
oxidizing agents oxaziridine,® 0s0,,%' MCPBA, and MoOPh%2), the quest
for enantioselective gymnomitrol was temporarily abandoned.

A problem more general to this methodology was the inability
to hydrolyze the ketals from the a-hydroxyketals. This could
possibly be attributed to the electronegative hydroxyl oxygen's
destabilizing effect on the cationic intermediate that forms during
the ketal hydrolysis.

Tamura and coworkers reported on a method of
diastereoselective addition of Grignard reagents to chiral a-keto
ketals.?® Encouragingly, the resulting tertiary a-hydroxy ketals
could be hydrolyzed to their corresponding ketones. This indicates
that perhaps if the ketal hydrolysis were placed later in a synthetic
scheme it could be readily accomplished.

Although the full scope of the usefulness of this resolution
has not been explored, it is certain to be of value in appropriate

asymmetric syntheses.

EXPERIMENTAL
General Procedure for the Preparation of a-Hydroxyketones.”’
Potassium hydroxide (3 equiv) was dissolved in methanol (0.53
mL/mmol KOH) with cooling in ice. The solution was stirred while a
solution of the ketone (1 equiv) in methanol (0.40 mL/mmol ketone)

was added dropwise. Solid iodobenzene diacetate (1.l equiv) was then
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added portionwise over 30 min. The resulting yellow to orange
solution was stirred at room temperature and progress of the reaction
was monitored by TLC. The product a-hydroxy dimethyl ketal was then
isolated by adding water (5 mL/mmol ketcne) and extracting five times
with methylene chloride. The combined organic layers were dried
(Na,S0,), filtered, and concentrated to give the crude product.
Column chromatography afforded the pure product.

General Procedure for Transketalization.

A flask containing 4 A molecular sieves was flame-dried
under vacuum and cooled under argon. Diol (1.1l equiv) was placed in
the flask followed by CH,Cl, (0.7 mL/mmol ketal). The flask was
swirled to dissolve the diol, and a catalytic amount of BFiEt,0
(typically 20-30 L) was added. Then a solution of a-hydroxy
dimethyl ketal in CH,Cl, (0.7 mL/mmol ketal) was added. The flask
was swirled at room temperature under argon for approximately five
min and then allowed to stand at room temperature. Progress of the
reaction was monitored by TLC. Typical reaction times were 5 - 60
min. The crude transketalized products were isolated by dilution of
the mixture with CH,Cl, (4 mL/mmol ketal), washing with saturated
sodium bicarbonate, drying (Na,SO,), filtering, and concentrating.
The pure diastereomeric products were separated and isolated via
column chromatography.
2-Hydroxycyclopentan-l-one 1,4-Di-0O-benzyl-L-threitol Ketals (169a
and 169b).

Column chromatography of the crude products (0.235 g) on

silica gel 60 (100 g) eluted with 15% EtOAc/hexanes gave the less
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polar diastereomer 169a as a pale yellow oil; TLC (R, 0.11, 20%
EtOAc/hexanes); [a]p?® -5.46° (¢ 5.73, CHCly); yield 0.121 g, 3.15
mmol, 30%; IR (CHCl,) em™* 3665, 3475, 3013, 3009, 2915, 2867, 1948,
1870, 1809, 1730, 1585, 1495, 1453, 1363, 1312, 1240, 1098, 969, 941,
909, 599; !H NMR (CDCl,;) § 1.20-2.05 (6, m), 3.08-3.15 (1, m), 3.42-
3.67 (3, m), 3.70-3.80 (2, m), 3.95-4.,02 (1, m), 4.20-4.30 (1, m),
4.47-4.62 (4, m), 7.20-7.40 (10, m); 13C NMR (CDCl,;) & 18.9 (CH,),
31.5 (CHp), 33.7 (CH,), 68.6 (CHy), 69.8 (CHp), 73.3 (CHp), 75.0 (CH),
75.9 (CH), 77.7 (CH), 117.3 (C), 127.4 (cH), 127.5 (CH), 127.6 (CH),
127.8 (CH), 128.3 (CH), 137.2 (C), 137.9 (C).

The more polar diastereomer 169b was also obtained as a pale
yellow oil; TLC (R, 0.07, 20% EtOAc/hexanes); [a]p?* -12.19° (¢ 5.71,
CHCl;); IR (CHCl;) em™! 3665, 3559, 3452, 3087, 3064, 3028, 3013,
3011, 3009, 2913, 2866, 2346, 1949, 1875, 1807, 1730, 1585, 1558,
1495, 1452, 1364, 1310, 1236, 1095, 1028, 973, 909, 599; 'H NMR
(CDC13) & 1.20-2.04 (6, m), 2.60-2.70 (1, bs), 3.52-3.68 (4, m),
3.81-3.89 (1, m), 4.02-4,11 (1, m), 4.11-4.22 (1, m), 4.52-4.60 (4,
m), 7.21-7.39 (10, m); 3C NMR (CDCl,) 6§ 18.2 (CH,), 30.6 (CH,), 33.7
(CHy), 70.1 (CH,), 70.4 (CHp), 73.4 (CHp), 75.9 (CH), 77.7 (CH), 77.9
(CH), 117.4 (C), 127.5 (CH), 127.6 (CH), 127.7 (CH), 128.3 (CH),
128.4 (CH), 137.5 (C), 137.8 (C); mass spectrum (70 eV), m/z (rel
intensity) 386 (0.4), 385 (3), 384 (10), 341 (0.4), 340 (2), 339 (9),
181 (3), 175 (2), 105 (4), 101 (5), 92 (10), 91 (100), 65 (3), 54

(3); exact mass caled for C,3H,405 384.1937, obsd 384.1935.



138
2-Methoxycyclopentan-l-one 1,4-Di-0O-benzyl-L-threitol Ketals (170a
and 170b.)

To a well stirred suspension of NaH (0.0067 g, 0.280 mmol) in
dry THF (0.5 mL) under argon was added dropwise, a solution of
diastereomeric 2-hydroxycyclopentan-l-one 1,4-di-O-benzyl-L-threitol
ketals (169a and 169b, 0.108 g, 0.281 mmol) in dry THF (1 mL). After
five min a solution of methyl iodide (0.018 mL, 0.281 mmol) in dry
THF (0.5 mL) was added dropwise. The progress of the reaction was
monitored by TLC. When complete, the reaction mixture was diluted
with diethyl ether (35 mL) and washed with saturated sodium
bicarbonate (30 mL). The aqueous layer was extracted with diethyl
ether and the combined organic layers were dried over anhydrous
magnesium sulfate, filtered, and concentrated to give the crude
product. Column chromatography of the crude product (0.094 g) on
silica gel 60 (50 g) eluted with 20% EtOAc/hexanes gave a mixture of
diastereomers 170a and 170b as a pale yellow oil; TLC (R, 0.17, 20%
EtOAc/hexanes); yield 0.0938 g, 0.235 mmol, 84%; IR (CHCL,;) cm™
3665, 3497, 3086, 3064, 3028, 3022, 3011, 3009, 2928, 2865, 1948,
1872, 1806, 1750, 1730, 1603, 1584, 1495, 1463, 1452, 1364, 1327,
1307, 1236, 1099, 1027, 985, 909, 856, 820; H NMR (CDCl,) 6 1.22-
2.02 (6, m), 3.30-3.37 (3, m), 3.38-3.77 (5, m), 4.00-4.15 (2, m),
4.46-4.63 (4, m), 7.20-7.40 (10, m); !3C NMR (CDCl;) 6§ 17.9 (CHp),
27.8 (CH,), 33.4 (CHp), 33.7 (CHp), 57.2 (CHy), 57.5 (CHy), 70.0
(CHz), 70.2 (CHp), 70.4 (CHy), 70.5 (CHp,), 73.2 (CHpy), 73.3 (CHp),
77.3 (CH), 77.7 (CH), 77.8 (CH), 83.6 (CH), 84.1 (CH), 116.8 (C),

116.9 (C), 127.5 (CH), 128.2 (CH), 137.8 (C), 137.9 (C); mass
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spectrum (70 eV), m/z (rel. intensity) 399 (0.3), 398 (1), 384 (L),
383 (4), 340 (0.8), 339 (3), 181 (4), 175 (1), 158 (1), 115 (4), 105
(3), 99 (3), 92 (8), 91 (100), 71 (4), 58 (3); exact mass calcd for
Cy,H3005 398.2094, obsd 398.2089.
Exo-2-hydroxybicyclo[3.3.0]octan-3-one 1,4-Di-0-benzyl-L-threitol
Ketals (173a and 173b).

Column chromatography of the crude products (0.159 g) on
silica gel 60 (100 g) eluted with 10% EtOAc/hexanes gave the less
polar diastereomer 173a as a pale yellow oil; TLC (R¢ 0.20, 20%
EtOAc/hexanes); [a]p?* +3.76° (¢ 3.92, CHCl,); yield 0.0897 g, 0.211
mmol, 28%; IR (CHCl,;) cm™® 3665, 3478, 3086, 3064, 3030, 3013, 3009,
2948, 2864, 2351, 1950, 1875, 1810, 1730, 1585, 1495, 1452, 1364,
1310, 1287, 1239, 1199, 1103, 1027, 997, 909, 852, 599, 530, 494; H
NMR (CDCl;) 6 1.20-2.00 (8, m), 2.30-2.63 (2, m), 2.79-2.87 (1, m),
3.43-3.84 (5, m), 3.95-4.03 (1, m), 4.20-4.29 (1, m), 4.48-4.62 (4,
m), 7.20-7.40 (10, m); !3C NMR (CDClz) § 25.5 (CH,), 27.1 (CH;), 33.8
(CHp,), 38.1 (CH), 38.9 (CHp), 44.5 (CH), 69.0 (CHp), 70.0 (CHp), 73.3
(CH,), 75.3 (CH), 76.0 (CH), 77.8 (CH), 118.7 (C), 127.5 (CH), 127.6
(CH), 127.7 (CH), 128.2 (CH), 128.3 (CH), 137.3 (C), 137.7 (C).

The more polar diastereomer 173b was also obtained as a pale
yellow oil; TLC (R, 0.16, 20% EtOAc/hexanes); [a]p?* -6.66° (c 3.07,
CHCl;); yield 0.0695 g, 0.164 mmol, 21%; IR (CHCl,) ecm™® 3665, 3559,
3086, 3063, 3028, 3009, 2946, 2863, 2364, 1949, 1875, 1810, 1730,
1585, 1495, 1452, 1365, 1332, 1285, 1236, 1199, 1100, 1027, 996, 909,
850, 599; *H NMR (CDCl,) & 1.20-1.99 (8, m), 2.32-2.63 (3, m), 3.50-

3.70 (4, m), 3.80-3.88 (1, m), 4.00-4,20 (2, m), 4.52-4.60 (4, bs),
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7.20-7.40 (10, m); !3C NMR (CDCl;) 6§ 25.4 (CH,), 27.4 (CHp), 34.0
(CH,), 38.3 (CH), 39.2 (CHp), 44.3 (CH), 70.1 (CH,), 70.5 (CHp), 73.4
(CHy), 75.9 kCH), 77.6 (CH), 77.9 (CH), 119.0 (C), 127.5 (CH), 127.6
(CH), 127.7 (CH), 128.4 (CH), 137.6 (C), 137.8 (C); mass spectrum (70
eV), m/z (rel. intensity) 426 (0.2), 425 (3), 424 (10), 181 (1), 175
(1), 141 (3), 139 (2), 107 (2), 105 (4), 92 (10), 91 (100), 67 (4),
54 (3); exact mass caled for C,gH,,05 424.2251, obsd 424.2240.
2-Hydroxycyclopentan-1l-one 1,4-Di-O-methoxy-L-threitol Ketals (l71a
and 171b).

Column chromatography of the crude products (0.187 g) on
silica gel 60 (100 g) eluted with 20% EtOAc/hexanes gave the less
polar diastereomer 1l7la as a pale yellow oil; TLC (R, 0.07, 30%
EtOAc/hexanes); [a]p?* +6.00° (c 4.84, CHCl,;); yield 0.108 g, 0.465
mmol, 34%; IR (CHCl,;) cm™* 3441, 3020, 3015, 3013, 3009, 2930, 2360,
1600, 1451, 1239, 1196, 1099, 959; 'H NMR (CDCl,;) § 1.13-1.95 (6, m),
3.10-3.20 (1, bs), 3.29 (3, s), 3.31 (3,s), 3.40-3.50 (3, m), 3.57-
3.69 (2, m), 3.79-3.88 (1, m), 4.04-4.13 (1, m); 3C NMR (CDCl,) §
18.9 (CHy), 31.5 (CHp), 33.7 (CHp), 59.0 (CHz), 59.2 (CHy), 71.3
(CHy), 72.4 (CHp), 74.9 (CH), 75.6 (CH), 77.2 (CH), 117.3 (C).

The more polar diastereomer 171b was also obtained as a pale
yellow oil; TLC (R, 0.044, 30% EtOAc/hexanes); [a]Dz" -16.60° (¢ 3.65,
CHCl;); yield 0.0786 g, 0.338 mmol, 24%; IR (CHCl,) em™® 3561, 3410,
3022, 3017, 3015, 3011, 2934, 2894, 2360, 1452, 1311, 1234, 1196,
1133, 1096, 959, 725; 'H NMR (CDCl;) 6§ 1.16-1.94 (6, m), 2.70-2.78
(1, bs), 3.27-3.35 (6, s), 3.40-3.50 (4, m), 3.72-3.81 (1, m), 3.85-

3.95 (1, m), 3.99-4.08 (1, m); '3Cc NMR (CDCl,) § 18.0 (CH,), 30.6
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(CHy), 33.6 (CH,), 59.2 (CHj), 72.7 (CH,), 73.0 (CHp), 75.7 (CH), 77.4
(CH), 77.5 (CH), 117.3 (C); mass spectrum (70 eV), m/z (rel.
intensity) 234 (0.3), 233 (4), 232 (36), 201 (1), 189 (2), 188 (15),
187 (97), 174 (2), 155 (2), 116 (5), 115 (100), 113 (2), 102 (1), 101
(5), 100 (6), 99 (3), 87 (12), 85 (20), 84 (20), 83 (l4), 71 (34), 69
(13), 57 (24), 55 (28); exact mass caled for CyyH,,05 232.1311, obsd
232.1320.
2-Hydroxycyclopentan-l-one Butanediol Ketals (172a and 172b).

Column chromatography of the crude products (0.070 g) on
silica gel 60 (50 g) eluted with 15% EtOAc/hexanes gave the more
polar diastereomer 172a as a pale yellow oil; TLC (Re 0.13, 20%
EtOAc/hexanes); [a]p?* -0.588° (c 0.85, CHCly); yield 0.035 g, 0.203
mmol, 20%; IR (CHCl;) cm™ 3692, 3665, 3559, 3064, 3015, 3013, 3011,
3009, 2973, 2934, 2880, 2460, 1760, 1750, 1722, 1495, 1464, 1453,
1441, 1378, 1343, 1323, 1305, 1234, 1189, 1104, 1079, 1038, 975, 938,
910, 834, 699; H NMR (CDCl,) 6§ 1.20-1.32 (6, dd, 3J = 5.1 Hz), 1.50-
2.05 (6, m), 2.22-2.28 (1, d, 3J = 4.2 Hz), 3.59-3.71 (2, m), 3.77-
3.84 (1, m); 3C NMR (CDCl,) 6§ 16.6 (CH;), 16.8 (CH,), 18.7 (CH,),
31.1 (CH,), 34.0 (CHy), 75.6 (CH), 78.7 (CH), 79.1 (CH), 115.6 (C).

The less polar diastereomer 172b was also obtained as a pale
yellow oil; TLC (R 0.17, 20% EtOAc/hexanes); [a]Dz“-+2l.0° (¢ 1.23,
CHCl,); yield 0.035 g, 0.203 mmol, 20%; IR (CHCl;) cm™® 3663, 3557,
3026, 3022, 3015, 3011, 3009, 2973, 2932, 2885, 2770, 2459, 1698,
1514, 1465, 1453, 1442, 1402, 1378, 1343, 1309, 1290, 1234, 1189,
1104, 1081, 1038, 978, 941, 910, 839; H NMR (CDCl,) 6§ 1.20-1.40 (6,

dd, 3J = 5.7 Hz), 1.52-2.05 (6, m), 2.37-2.44 (1, d, 3] = 4.4 Hz),
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3.60-3.78 (3, m); 3¢ NMR (CDCl;) & 16.5 (CH;), 16.8 (CH;), 18.9
(CHp), 31.5 (CHp), 33.9 (CHp), 75.5 (CH), 78.8 (CH), 115.4 (C).
2-Hydroxycyclohexan-l-one 1,4-Di-0O-benzyl-L-threitol Ketals (174a and
174b).

Column chromatography of the crude product (0.369 g) on silica
gel 60 (100 g) eluted with 20% EtOAc/hexanes gave a mixture of
diastereomers 1l74a and 174b as a pale yellow oil; TLC (R, 0.08, 20%
EtOAc/hexanes); yield 0.369 g, 0.926 mmol, 74%; H NMR (CDCl,) §
1.17-1.95 (8, m), 2.95-3.05 (1, bs), 3.50-3.65 (4, m), 3.73-3.84 (1,
m), 4.01-4.15 (1, m), 4.37-4.47 (1, m), 4.48-4.63 (4, m), 7.20-7.38
(10, m); !3C NMR (CDCl,) & 22.8 (CH,), 23.1 (CH,), 23.2 (CH,), 29.5
(CH;), 30.5 (CHp), 32.5 (CH,), 35.0 (CHp), 35.1 (CHp), 60.2 (CHp),
68.7 (CH,), 68.9 (CH,), 70.4 (CHp), 73.3 (CHp), 73.4 (CH), 73.7 (CH),
77.1 (CH), 77.2 (CH), 77.6 (CH), 77.7 (CH), 110.4 (C), 110.7 (C),
127.3 (CH), 127.4 (CH), 127.5 (CH), 127.7 (CH), 128.2 (CH), 128.3
(CH), 136.9 (C), 137.2 (C), 138.0 (C).
Cis-2-Hydroxy-4-t-butylcyclohexan-1l-one 1,4-Di-O-benzyl-L-threitol
Ketals (175a and 175b).

Column chromatography of the crude products (0.245 g) on
silica gel 60 (100 g) eluted with 15% EtOAc/hexanes gave the less
polar diastereomer 175a as a pale yellow oil; TLC (R 0.21, 20%
EtOAc/hexanes); [a]p?* +1.46° (c 2.53, CHCl;); yield 0.128 g, 0.282
mmol, 20%; IR (CHCl,) cm™® 3663, 3453, 3086, 3064, 3030, 3009, 2957,
2867, 2440, 1946, 1880, 1810, 1730, 1585, 1495, 1468, 1452, 1394,
1365, 1314, 1272, 1240, 1192, 1179, 1120, 1091, 1052, 1027, 985, 969,

913, 862, 603; H NMR (CDCl;) 6 0.83-0.92 (9, s), 1.08-2.02 (7, m),
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3.52-3.70 (5, m), 3.80-3.88 (1, m), 4.07-4.18 (1, m), 4.44-4.67 (5,
m), 7.22-7.38 (10, m); 13C NMR (CDCl,;) § 24.1 (CHp), 27.6 (CH), 32.1
(CH;), 32.2 (CH;), 35.4 (C), 45.8 (CH), 68.8 (CHy), 70.5 (CHp), 73.3
(CHy), 73.5 (CH,), 74.3 (CH), 77.3 (CH), 77.8 (CH), 111.0 (C), 127.4
(CH), 127.6 (cH), 127.7 (CH), 127.8 (CH), 128.3 (CH), 128.4 (CH),
137.1 (C), 138.0 (C).

The more polar diastereomer 175b was also obtained as a pale
yellow oil; TLC (R, 0.17, 20% EtOAc/hexanes); [a]p?*® -11.50° (¢ 2.53,
CHCl;); yield 0.117 g, 0.257 mmol, 18%; IR (CHCl,;) cm™® 3663, 3462,
3086, 3064, 3030, 3009, 2957, 2866, 2360, 1949, 1870, 1808, 1714,
1585, 1495, 1468, 1452, 1394, 1365, 1331, 1309, 1273, 1236, 1185,
1092, 1027, 988, 967, 906, 865, 821, 603, 575; H NMR (CDCl,) &§ 0.82-
0.91 (9, s), 1.08-2.01 (7, m), 3.13-3.20 (1, d), 3.48-3.63 (4, m),
3,.80-3.89 (1, m), 4.01-4.08 (1, m), 4.44-4.65 (5, m), 7.22-7.40 (10,
m); 13C NMR (CDCl,) § 24.2 (CH,), 27.6 (CHz), 32.1 (CHp), 34.5 (CHp),
35.4 (C), 45.8 (CH), 68.4 (CHy), 70.4 (CHp), 73.3 (CHpy), 74.7 (CH),
76.8 (CH), 77.7 (CH), 110.4 (C), 127.4 (CH), 127.5 (CH), 127.6 (CH),
127.7 (CH), 128.2 (CH), 128.3 (CH), 137.3 (C), 137.8 (C); mass
spectrum (70 eV), m/z (rel. intensity) 456 (0.4), 455 (2), 454 (7),
398 (0.2), 397 (1), 368 (0.7), 367 (3), 340 (6), 339 (27), 249 (3),
181 (3), 105 (4), 92 (8), 91 (100), 57 (8); exact mass calcd for
CpgH3505 454.2720, obsd 454,2715.
Trans-2-hydroxy-4-tert-butylcyclohexan-l-one Dimethyl Ketal
(179)52.78,

To a stirred solution of cis-2-hydroxy-4-t-butyl-cyclohexan-

l-one dimethyl ketal (1.0 g, 4.62 mmol) in dry CH,Cl, (20 mL) was
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added pyridinium dichromate (1.5 equiv) in one portion. The
resulting brown mixture was stirred overnight. The progress of the
reaction was monitored by TLC. When complete, the reaction mixture
was diluted with dry diethyl ether (100 mL), filtered through a short
Plug of silica gel to remove the chromium salts, and concentrated to
yield the crude product. Column chromatography afforded the pure
product 1,2-dione-monoketal.

To a stirred solution of L-Selectride (1.3 mmol, 1 M in THF)
at -78°C under argon was added the dione monoketal (0.215 g, 1.0
mmol) in dry THF (3.5 mL) dropwise via syringe. The resulting
solution was stirred under argon at -78°C for 2 h and allowed to
gradually warm to room temperature. The progress of the reaction was
followed by TLC. The reaction was quenched by successive addition of
H,0/EtOH (0.16/0.625 mL), 6 M NaOH (0.417 mL) and 30% Hy0, (0.625
mL). The aqueous layer was saturated with anhydrous K,CO; and the
layers were separated. The aqueous layer was extracted with Et,0/THF
(2 x 10 mL each). The combined organic layers were dried (MgSO,),
filtered, and concentrated to yield the crude product. Column

chromatography afforded the pure product 179.

Trans-2-hydroxy-4-tert-butylcyclohexan-1l-one 1,4-Di-0-benzyl-L-
threitol Ketals (176a and 176b).

Column chromatography of the crude products (0.107 g) on
silica gel 60 (100 g) eluted with 15% EtOAc/hexanes gave the less

polar diastereomer 176a as a pale yellow oil; TLC (R 0.21, 20%
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EtOAc/hexanes); [a]p?* +11.91° (¢ 1.57, CHCl,;); yield 0.042 g, 0.0924
mmol, 17%; IR (CHCl;) cm™ 3663, 3579, 3086, 3063, 3030, 3009, 2956,
2868, 1950, 1875, 1815, 1714, 1495, 1469, 1453, 1434, 1392, 1365,
1307, 1278, 1232, 1188, 1130, 1098, 1054, 1028, 1009, 966, 937, 908,
864, 821, 699, 600; H NMR (CDCl,) § 0.70-0.88 (9, s), 1.10-1.98 (7,
m), 2.23-2.30 (1, bs), 3.40-3.65 (5, m), 3.95-4.08 (2, m), 4.45-4.55
(4, m), 7.15-7.34 (10, m); 3C NMR (CDClz) & 23.9 (CH;), 27.5 (CHj),
30.4 (CHp), 31.5 (CHp), 31.8 (C), 39.4 (CH), 70.2 (CHp), 70.4 (CHy),
71.0 (CH), 73.4 (CH,), 77.8 (CH), 110.0 (C), 127.5 (CH), 127.6 (CH),
127.7 (CH), 128.3 (CH), 128.4 (CH), 137.7 (C), 137.9 (C).

The more polar diastereomer 176b was also obtained as a pale
yellow oil; TLC (R, 0.18, 20% EtOAc/hexanes); [a]p?* -18.94° (¢ 2.75,
CHCl;); yield 0.065 g, 0.143 mmol, 26%; IR (CHCl,;) em™* 3663, 3579,
3064, 3030, 3009, 2956, 2868, 1970, 1950, 1875, 1805, 1695, 1495,
1469, 1453, 1435, 1392, 1365, 1266, 1232, 1186, 1093, 1054, 1028,
1008, 938, 864, 699, 650, 599; H NMR (CDCl,) § 0.68-0.83 (9, s),
1.10-1.99 (7, m), 2.20-2.30 (1, bs), 3.41-3.65 (5, m), 3.90-4.09 (2,
m), 4.39-4.52 (4, m), 7.10-7.30 (10, m); 13C NMR (CDCl;) 6 24.0 (CHp),
27.5 (CH3), 29.9 (CH,), 31.8 (C), 39.1 (CH), 70.1 (CH,), 70.4 (CH,),
70.8 (CH), 73.3 (CH,), 73.5 (CH,;), 76.9 (CH), 77.8 (CH), 110.0 (C),
127.5 (CH), 127.6 (CH), 128.3 (CH), 137.8 (C), 137.9 (C); mass
spectrum (70 eV), m/z (rel. intensity) 456 (0.1), 455 (3), 454 (7),
398 (0.6), 397 (2), 367 (4), 340 (8), 339 (33), 181 (3), 105 (2), 92
(9), 91 (100), 69 (3), 57 (8); exact mass calcd for C,gHs505 454.2720,

obsd 454.2747,



146
Cis-2-hydroxy-4-methylcyclohexan-1l-one 1,4-Di-0O-benzyl-L-threitol
Ketals (177a and 177bh).

Column chromatography of the crude products (0.258 g) on
silica gel 60 (100 g) eluted with 15% EtOAc/hexanes gave the less
polar diastereomer 177a as a pale yellow oil; TLC (R, 0.11, 20%
EtOAC/hexanes); [a]p?* -4.70° (¢ 7.69, CHCl,); yield 0.147 g, 0.356
mmol, 17%; IR (CHCl;) cm™ 3665, 3452, 3087, 3064, 3030, 3009, 2951,
2928, 2867, 2464, 2364, 2337, 1948, 1872, 1807, 1714, 1585, 1494,
1453, 1365, 1331, 1311, 1293, 1271, 1259, 1240, 1188, 1096, 1027,
1015, 985, 936, 910, 849, 819, 699; H NMR (CDCl,) § 0.88-0.97 (3, d,
3J = 6.1 Hz), 1.20-2.02 (7, m), 3.51-3.69 (5, m), 3.75-3.83 (1, m),
4.08-4.15 (1, m), 4.43-4.64 (5, m), 7.20-7.40 (10, m); !3C NMR
(CDClz) & 21.5 (CHy), 30.5 (CH), 31.5 (CH;), 35.2 (CHp), 39.2 (CHp),
68.7 (CH;), 70.4 (CHp), 73.2 (CHp,), 73.3 (CHp), 73.4 (CH), 77.3 (CH),
77.6 (CH), 110.8 (C), 127.3 (CH), 127.4 (CH), 127.6 (CH), 127.7 (CH),
128.2 (CH), 128.3 (CH), 137.1 (C), 137.9 (C).

The more polar diastereomer 177b was also obtained as a pale
yellow oil; TLC (R, 0.076, 20% EtOAc/hexanes); [a]p?* -10.44° (¢ 5.90,
CHCl;); yield 0.111 g, 0.269 mmol, 13%; IR (CHCl,) cm™* 3665, 3462,
3087, 3064, 3030, 3009, 2926, 2865, 1948, 1875, 1805, 1745, 1600,
1584, 1495, 1453, 1402, 1363, 1307, 1269, 1236, 1189, 1095, 1027,
981, 937, 908, 849, 699; H NMR (CDCl,) § 0.88-0.97 (3, d, 3J = 6.3
Hz), 1.13-2.30 (7, m), 3.02-3.13 (1, m), 3.48-3.66 (4, m), 3.80-3.89
(1, m), 4.02-4.10 (1, m), 4.43-4.64 (5, m), 7.22-7.39 (10, m); %C
NMR (CDCl;) 6 21.5 (CH,), 30.6 (CH), 31.7 (CH,), 35.2 (CHp), 41.7

(CHy), 68.4 (CHp), 70.4 (CH,), 73.4 (CHp), 73.9 (CH), 76.9 (CH), 77.7
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(CH), 110.4 (C), 127.4 (CH), 127.5 (CH), 127.6 (CH), 127.7 (CH),
128.3 (CH), 128.4 (CH), 137.3 (C), 137.9 (C); mass spectrum (70 eV),
m/z (rel. intensity) 413 (0.9), 412 (3), 340 (6), 339 (30), 181 (6),
105 (3), 92 (9), 91 (100), 69 (1); exact mass caled for C,sH;,05
412.2251, obsd 412,2231.
Cis-2-hydroxy-4-methylcyclohexan-l-one 1,4-Di-0-methyl-L-threitol
Ketals (178a and 178b).

Column chromatography of the crude products (0.564 g) on
silica gel 60 (125 g) eluted with 30% EtOAc/hexanes gave a mixture of
diastereomers 178a and 178b as a pale yellow oil; TLC (R, 0.079, 30%
EtOAc/hexanes); yield 0.564 g, 2.17 mmol, 24% (over 2 steps); IR
(CHC1;) cm™ 3665, 3441, 3013, 3009, 3007, 2931, 2894, 2872, 2833,
2816, 2738, 2046, 1729, 1619, 1469, 1455, 1442, 1407, 1376, 1367,
1330, 1310, 1295, 1269, 1240, 1192, 1134, 1099, 1016, 982, 958, 936,
922, 849, 685; H NMR (CDCl,) § 0.89-0.98 (3, dd, 3J =~ 6.2 Hz), 1.12-
1.90 (7, m), 3.23-3.30 (1, m), 3.37-3.80 (11, m), 3.93-4.07 (1, m),
4.30-4.40 (1, m); '3C NMR (CDCl,) 6 21.2 (CHz), 21.3 (CH3), 30.3 (CH),
30.4 (CH), 31.3 (CHp), 31.4 (CH,), 35.1 (CHp), 39.1 (CH,), 41.4 (CHp),
58.9 (CHy), 59.0 (CH;), 59.1 (CH,;), 59.2 (CHy), 71.2 (CH;), 71.5
(CHp), 73.0 (CHy), 73.1 (CHp), 73.2 (CH), 73.4 (CH), 76.6 (CH), 77.1
(CH), 77.3 (CH), 77.3 (CH), 110.3 (C), 110.8 (C); mass spectrum (70
eV), m/z (rel. intensity) 261 (0.3), 260 (8), 203 (1), 188 (1ll1l), 187
(100), 116 (3), 115 (47), 112 (1), 111 (3), 87 (4), 85 (9), 71 (6),

55 (7); exact mass caled for C;;H,,05 260.1624, obsd 260.1617.
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APPENDIX A

1H NMR SPECTRA
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13c NMR SPECTRA
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