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Abstract
The first chapter of this dissertation describes the
number

of

substituted

SN2'

ring opening reactions of a

11-oxatricyclo[6.2.l.O"6]undec-9-en-5-ones

prepared

via

the

intramolecular Diels-Alder reaction employing afuran diene (IMDAF). Primary, secondary,
and tertiary organolithium reagents were capable of effecting the ring opening reaction,
while methyllithium required activation before any ring opening was observed.
reagents, organocuprates, and Grignard reagents were generally ineffective.

Hydride
The ring

opening reaction was highly regio- and stereoselective for attack at C9 syn to the bridging
oxygen atom provided that C8 was not substituted.

A highly stereoselective nucleophilic

addition to the carbonyl group anti to the bridging oxygen atom was also observed. The
high selectivity appears to be due to acombination of steric and electronic effects.
The second chapter focuses on the enantioselective preparation of three IMDAF
cycloadducts with enantiomeric excesses exceeding 99% via adiastereoselective IMDAF
reaction. Chirality was transferred from achiral centre on the connecting tether, introduced
by abaker's yeast reduction, under thermodynamic control. The diastereoselectiviiy of the
reaction was unaffected by changes in reaction temperature and quantity of Lewis acid. The
combination of this diastereoselective IMDAF reaction with an SN2' ring opening allowed
for the production of compounds with up to 6 stereocentres, up to 5 of which were
contiguous, with known absolute stereochemistry.
The third chapter deals with the attempted application of an IMDAF-SN2' ring opening
reaction sequence towards the synthesis of the C1to Cio fragment of the medically important
antibiotic erythromycin A (233). Since unexpected problems were encountered with both
the introduction of the correct C4 stereochemistry and amodel study employing acompound
bearing the incorrect C4 stereochemistry, this synthesis was discontinued.
The fourth chapter describes the use of an IMDAF-SN2' ring opening reaction strategy
for the synthesis of the C15 C23 fragment of the antifungal agents venturicidin A (
331), B
(332), and X (333).

The stereoselective synthesis of (
3RS,5RS,6SR,7RS,9RS)-1O-(tert-

butyldiphenylsiloxy)-3,5,7,9-tetramethyl- 1,6-decanediol (386), an advanced intermediate

111

containing all five of the required stereocentres and all the required functionality of the C15 C23 fragment, was accomplished in seventeen steps from 2-furaldehyde with an overall yield
of 6%.
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General Introduction
As the number of stereocentres increases in organic compounds, the number of possible
stereoisomers increases exponentially. As aresult, one of the current areas of interest in
synthetic organic chemistry is the development of new reactions which occur with high
stereoselectivity.
dissertation.

Our studies in this area are described in the first two chapters of this

The development of highly regio- and stereoselective SN2' ring opening

reactions of cycloadducts prepared via the intramolecular Diels-Alder reaction employing a
furan diene (IMDAF) forms the focus of Chapter 1, while Chapter 2 deals with the
preparation

of enantioenriched [MDAF

cycloadducts.

The

application

of these

methodologies towards the attempted synthesis of the C1 to C10portion of the aglycone of
the medically important antibiotic erythromycin and the synthesis of the C15 to C23 fragment
of the aglycone of the antifungal antibiotics venturicidins A and B are described in Chapters
3and 4, respectively. The final chapter, Chapter 5, summarizes the techniques used in these
experiments.
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Chapter 1
1.

SN2' Ring Openings of Cycloadducts Prepared Via the Intramolecular DielsAlder Reaction of the Furan Diene

1.1

Introduction
One of the reasons our group originally initiated research on the IMDAF reaction in

1985 was that an

SN2'

ring opening appeared to be an attractive method for stereoselectively

elaborating the cycloadducts.

While the methodology for preparing

cycloadducts was being developed,' several advances in the

SN2'

the IMDAF

ring opening reactions of

oxabicyclic compounds appeared in the literature. In this chapter, after abrief introduction
to the SN2' reaction, these studies are summarized in a review and are followed by an
account of our application of the SN2' ring openings to the IMDAF cycloadducts.
1.1.1

The

SN2'

Reaction

The substitution of anucleophile for aleaving group is afundamental transformation in
organic chemistry. When the leaving group is allylic, two possible modes of bimolecular
nucleophiic substitution may operate (Scheme 1.1). Nucleophilic attack may occur at the
carbon atom bearing the leaving group, in an SN2 reaction, without achange in the position
of the double bond.

Alternatively, the nucleophile may react at the alkene carbon atom

distal to the leaving group, causing aconcomitant shifting of the double bond to displace the

Scheme 1.1

RSjG

SN2

+

LG

R(
Nu
A
r R0
Nu

CLG

SN2'

NUX
R

+

LG
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leaving group in an SN2' reaction. 2 Ever since the SN2' mechanism was first proposed
independently by three groups in the late 1930's, 3'
4'
5 there has been debate over whether the
reaction is truly concerted6'
7 or occurs in astepwise fashion. 8'
9
Regardless of the concertedness of the reaction, the SN2' reaction often shows high
selectivity for attack syn to the leaving group, although anti attack has also been observed.' 0
Stereoelectronic effects have been used to rationalize the preference for syn attack,' ° As
shown in Scheme 1.2, attack of the nucleophile on the double bond displaces the it-electrons
to the opposite side, allowing for afavoured back-sided attack on the leaving group if the
initial attack occurred syn to the leaving group.
Scheme 1.2
Nus
R

"I' '

.

LG

syn
P.

anti
0

1.1.2

Nuf

+

+

LG

LG

SN2' Ring Opening Reactions

When the leaving group forms part of acyclic structure, an SN2' displacement of the
leaving group results in the cleavage of the ring.

In addition, the leaving group remains

tethered to the molecule, providing another functional group and therefore another site at
which further transformations can take place.

This type of SN2' ring opening can be

considered to be the reverse of an exo-trig ring closure, or the reverse of an endo-trig ring
closure (Scheme 1.3).

4

Scheme 1.3
"exo-trig"
n=lto5

Nu
"endo-trig"
n=O to 3

P)n

Since exo-trig ring closures are predicted to be favourable for three to seven membered
rings based on Baldwin's rules," the reverse reaction, the ring opening, should also be
favourable.

The most well known example of this type of ring opening, illustrated in

Scheme 1.4, is the SN2' ring-opening of vinylic epoxides by organocuprate reagents to
produce allylic alcohols.

Hundreds of examples of this reaction, employing a variety of

vinylic epoxides and organocuprate reagents, have been reported in the literature. 12 Other
examples of exo-trig ring openings include the SN2' ring openings of vinylic oxetanes 13
(Scheme 1.5), and chiral allylic cyclic acetals' 4 (Scheme 1.6).
Scheme 1.4
A5
R6
R1

0

1.R7M
2. H3O workup

R6

R
R(

OH
R1

R

R7M=organocuprate, mixed organocuprate, or organolithium

+ catalytic

Cu(I)

Conversely, Baldwin's rules predict that endo-trig ring closures are disfavoured for
three to five membered rings, so that SN2' ring openings which are the reverse of endo-trig
closures should also be disfavoured for these sizes of rings. As aresult, these types of ring
openings have mainly been applied to strained bicyclic systems, where strain forces the
molecules to adopt conformations which allow for some overlap between the p-orbitals of
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Scheme 1.5
1. R3M

No.

OH

2. H3O workup
Ri

R1,R2=H or Me
R3M=organocuprate, organolithium, or Grignard reagent + catalytic Cu(I)

R1=Me or Pr, R2 = Me or Ph
R3

=

phenyl or alkenyl copper, BF3,and Me 2S or PBu 3;or organolithium

the double bond and the C-X antibonding orbital, so that Baldwin's rules may be
"violated:" 5

An interaction between the alkene p-orbitals and the -orbitals of the

monatomic bridges in norbornene systems has also been proposed, 16 and. implies some
overlap of the p-orbitals with the antibonding

orbital as well due to the geometric

relationship between the two. The next section will review endo-trig SN2' ring openings of
oxabicyclic systems, classified according to the type of system in which the ring opening
occurs.

A miscellaneous subsection will include ring opening reactions on systems not

covered by the first four subsections as well as reactions which are not formally SN2'
reactions, but give rise to similar products.
1.1.3

"Endo-trig" SN2' Ring Opening Reactions

1.1.3.1

Symmetrical 7-Oxabicyclo[2.2.1] Systems

The first example of an endo-trig SN2' ring opening reaction was reported in 1971 by
the group of Caple.' 7 n-Butyllithium and tert-butyllithium were observed to add to 1,4dihydronaphthalene l,4-endo-oxide (1) from the exo face to give the cis alcohols 2 and 3,
respectively (Scheme 1.7). Several years later, Berchtold and his collaborators reported that

6

alcohol 4was produced when 1was treated with methyffithium as part of alarger study of
the reactivity of nucleophiles with arene oxides. 18 For almost two decades following these
two reports, the reactivity of oxabicydic compounds towards nucleophilic ring opening
remained largely unexplored. In the past six years, however, anumber of reports of SN2'
ring openings on other oxabicyclic ring systems have appeared in the literature.

The group of Lautens has reported that compound 5 underwent an SN2' ring opening
reaction with organometallic reagents to produce compounds 6-8 (Scheme 1.8).'

The

compound failed to react with primary (R=Me or n-Bu) mixed organocyanocuprateS, even
in the presence of boron trifluoride etherate, while secondary and tertiary organocuprate
reagents were capable of effecting the ring opening. On the other hand, when 5was treated
with n-butyllithium, compound 6was produced in good yield, while tert-butyfflthium gave a
complex mixture of products.

Attack of the nucleophile occurred syn to the bridging

Scheme 1.8
OH
CH 2OTBDMS

n-BuLl/ether or
R2 CuLi.LiCN/THF

CH 2OTBDMS
S

(R=s-Bu or t-Bu)

CH 2OTBDMS
0

CH 2OTBDMS
6 R=n-Bu (73%)
7 R=s-Bu(78%)
8 R=t-Bu (
85%)
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oxygen atom in each case, and was proposed to be due to either complexation of the
organometallic reagent with the bridging oxygen atom or simply attack of the reagent on the
less hindered exo face of the bicyclic framework.

The replacement of the TBDMS ether

with either abenzyl or para-methoxybenzyl ether protecting group led to lower yields along
with recovered starting material. This problem was attributed to competitive coordination
of the organometallic reagent with the ether oxygens when the less sterically hindered
protecting groups were used.
Some non-carbon nucleophiles were also found to be capable of causing the ring
opening reactions to occur.

Although lithium aluminum hydride was ineffective for

delivering ahydride nucleophile to effect the SN2' ring opening for compound 5, areductive
ring opening was observed by Lautens and Chiu when 5was treated with excess magnesium
bromide etherate and an organolithium reagent containing -hydrogens to give compound
920

(
Scheme 1.9). The reduction showed asolvent effect as the rate of reaction was faster in

diethyl ether than in toluene, while no reduction was observed when THF was used. The
reaction was faster when tert-butyllithium was used, possibly due to an increase in the
number of [3-hydrogens, but the reaction was still generally slow, requiring 48-96 hours to
reach completion.

A better source of "hydride," DIBAL-H, will be discussed in the

miscellaneous reactions section.
Scheme 1.9
OH
CH 2OTBDMS

5eq. RU
10 eq. MgBr2/ether

CH 2OTBDM S
p.

CH 2OTBDMS
S

CH 2OTBDMS
RU=n-BuLi (
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RLi=t-BuLi (68%)
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A silicon based nucleophile has also been used to create SN2' ring opened products by
the Lautens group (Scheme 1.10). Compounds 5, 10, 11, and 12 produced cyclohexadienes
13-16 in good to excellent yields upon treatment with asilylcopper reagent. 2' The reaction
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Scheme 1.10
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5 R1=H,R2=TBDMS

13 (73%)

10 R1=H,R2=Bn

14 (87%)

11 R1=H,R2=Me

15 (88%)

12 R1=Me, R2=TBDMS

16 (83%)

was proposed to proceed through asilacupration of the strained double bond from the exo
face followed by aring opening reaction to produce an alkoxysilane which then underwent a
Peterson elimination .22 The isolation of the two proposed intermediates provided support
for this mechanism and illustrated that at least some of the ring opening reactions of
oxabicyclic compounds were not concerted.
1.1.3.2

Symmetrical 8-Oxabicyclo[3.2.1] Systems

Many of the ring opening reactions have also been applied to 8-oxabicyclo[3.2.1]
systems.

In many cases, the same reaction conditions used with the oxabicyclo[2.2.1]

systems have also been successful with the oxabicyclo[3. 2.
1] systems.

However, the

presence of an additional carbon atom in the bicyclic framework decreases the strain in the
oxabicyclo[3.2.l] compounds so that the ring openings are not as facile. In some cases, a
slight modification of either the reagents or the bicyclic system was sufficient to overcome

9

this slightly lower reactivity, while in other cases, the compound followed a different
reaction pathway.
Lautens and his coworkers have reported that compound 17 underwent an SN2' ring
opening reaction when treated with a mixed organocyanocuprate (Scheme 1.1 l).23
chemoselectivity (nucleophilic

addition

at

the

carbonyl

group

versus

The

nucleophilic

substitution) and regioselectivity (SN2 versus SN2') of the reaction was highly dependent on
the reaction temperature, solvent, and nature of the R group on the organometallic reagent.
Low temperatures (-78 °C) favoured attack at the carbonyl group to give 18 exclusively,
while warming the reaction mixture to 0°C led to increased amounts of the SN2' product 19.
More strongly coordinating solvents appeared to enhance SN2' attack, since the use of
diethyl ether or ThF as the reaction solvent favoured the SN2' product 19, but the SN2
product 20 predominated when the solvent was changed to dimethyl sulfide.

With more

sterically hindered alkyl groups on the organocuprate reagent, SN2' compound 19 was the
major product; however, as the steric demand of the alkyl group was decreased, increasing
amounts of the carbonyl addition product 18 and/or the

SN2

product 20 were observed. For

example, while 19 was produced exclusively in 37% yield with R=tert-butyl, a 1:2:2.5 ratio
of 18:19:20 was obtained in acombined total yield of 76% when R=vinyl.

Yields of the

desired SN2' products ranged from 28 to 76%.

In each case in which the SN2' ring opening occurred, the alkyl group added in an anti
fashion.

A similar stereoselectivity has been observed in the SN2' reactions

of
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organocuprates with vinyloxiranes, and this selectivity has been attributed to an overlap of a
copper d-orbital with the

ir

orbital of the carbon-carbon double bond and the cr orbital of

the carbon-oxygen bond simultaneously 12 (Figure 1.1).

A comparable effect may be

operating in the ring openings of the oxabicyclic compounds.
Figure 1.1 Orbital Overlap for SN2' Ring Openings of Vinyloxiranes

The ketone carbonyl was found to be required for the ring opening reaction of
compound 17. When the ketone carbonyl was converted to acarbon-carbon double bond
via aWittig reaction or to abenzylated alcohol via reduction followed by protection, the
SN2' ring opening reaction failed with an assortment of organocuprates under avariety of
conditions. No explanation was offered for this phenomenon.
The Lautens group also found that a variety of 8-oxabicyclo[3.2.l]octenes could be
ring opened in an

SN2'

fashion with organolithium reagents (Table 1.1).

A number of

alcohols 21-25 were observed to undergo the reaction to give the diols 26-30. Primary and
tertiary organolithium reagents were equally effective, although methyffithium required the
addition of TMEDA as a co-solvent before any ring opened products were obtained.
Ketones (22 with R1+Rz=O) could also be used; however, nucleophilic addition to the
carbonyl group from the

exo

face preceded the ring opening reaction. This difference in

reactivity between nucleophilic addition to the carbonyl and SN2' ring opening allowed for
the introduction of two different groups by successive treatment with two different
organolithium reagents. Contrary to the result obtained with the organocuprates, the ring
openings occurred with addition of the alkyl group syn to the bridging oxygen atom. The

11

ring opened products could be converted to acyclic chains with several stereocentres via
ozonolysis of the double bond followed by a sodium borohydride workup.

This strategy

was used in the synthesis of the C21 to C27 segment of the natural product rifamycin Sfrom
27a25 (Scheme 1.12).
Table 1.1 SN2' Ring Openings of Compounds 21-25 with Organolithium Reagents
R3
3eq. R4Li

R1

p.

R3

HO

Starting Material

[

Conditions

R3
Product

Yield(%)

R1=n-Bu, 1:1 Et2O:pentane

26a

82

IR4=t-Bu, 1:1 Et2O:pentane

26b

88

R4=Me, 1:1 Et2O:TMEDA

27a

72

R4=n-Bu, 1:1 Et2O:pentane

27b

92

23 R1=H, R2=OTBDMS, R3=Me

R=n-Bu, 1:1 Et2O:pentane

28

79

24 R1=R3=Me, R2--OH

R=n-Bu, 1:1 Et2O:pentane

29

74

25 R1=t-Bu, R2--OH, R3=Me

R4=t-Bu, 1:1 Et2O:pentane

30

85

21 R1=R 3=H, R2_—_0H

22 R1=H, R2=OH, R3=Me

The

oxabicyclo[3.2.1]

systems were more reactive towards SN2' ring opening with

organolithium reagents if an alkoxide group was properly situated to interact with the alkene
from the endo face .
2' Two possible explanations for the enhanced reactivity resulting from
this interaction were proposed. Electron withdrawal from the carbon-carbon double bond
through coordination of the lithium cation of the lithium alkoxide was argued to make the
alkene more susceptible to nucleophilic attack. Alternatively, aweakening of the carbonbridging oxygen bond due to the donation of electron density from the oxygen anion into the
carbon-bridging oxygen antibonding orbital through the alkene it-system could make the
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ring opening more facile. This phenomenon, dubbed an "endo alkoxy effect," was observed
in the ring opening reactions of 22, 23, 31, and 32 (Scheme 1.13).

While all four compounds underwent SN2' ring opening when treated with nbutyllithiurn, albeit with different rates, methyffithium was not capable of causing the ring
opening in every case.

Compound 22 was the most reactive, since the alkoxide formed

upon deprotonation with the first equivalent of methyffithium was capable of interacting
with the double bond from the endo face, so that ring opening was observed upon treatment
with methyllithium in neat TMEDA at 45°C. Because the silyl ether 23 would not form an
alkoxide under the reaction conditions, the ring opening was not as easily accomplished and
no ring opened products were observed even after the reaction temperature was raised to
100°C.

In compounds 31 and 32, the resulting alkoxide was unable to interact with the

endo face of the double bond due to geometric constraints.

The higher reactivity of 32

relative to 31 was ascribed to assistance by the lithium cation of the lithium alkoxide

13

through coordination to the bridging oxygen atom.

While this coordination was possible

with 32, it was only possible with 31 through the higher energy conformer 31', containing
strong 1,3-diaxial interactions, that was apparently not accessible under the reaction
conditions.

The Lautens group has also observed that achange in the reaction solvent altered the
products obtained with the ring opening reactions.

When compounds 21, 22, 34 and 35

were treated with organolithium reagents in DME, the cycloheptadienes 36-39 were
obtained26 (Table 1.2). The reaction exhibited an "endo alkoxy effect" since no reaction was
observed with the silyl ether 23 or the exo alcohol 31. The products did not result from the
dehydration of the normal ring opened diols, such as 27a in Scheme 1. 13, since none of the
cycloheptadienes were observed when the diols were subjected to the reaction conditions.
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The change in the reaction pathway was not due to the presence of methoxide or methyl
vinyl ether from reaction of the organolithium with DME either, since the addition of these
compounds to areaction carried out in diethyl ether produced less than 10% of the diene
product. Primary, secondary, or tertiary organolithium reagents could be employed, and the
reaction was unaffected by methyl substituents on the oxabicyclo system. The mechanism of
this reaction has not been elucidated.
Table 1.2 SN2' Ring Openings with Organolithium Reagents in DME

R5

Starting Material
21 R1=R3=R4=H, R2-OH

22R 1=R4=H, R2---OH, R3=Me
34 R1=R3=H, R2 OH, R1=Me

-

35 R1=H, R2--OH, R3=R4=Me

Product

Yield

Me

36a

69

n-Bu

36b

71

Me

37

84

Me

38a

74

n-Bu

38b

73

n-Bu

39a

71

i-Pr

39b

75

t-Bu

39c

67

23 R1=R4=H, R2=OTBDMS, R3=Me

n-Bu

No Reaction

31 R1---OH, R2=R4=H, R3=Me

n-Bu

No Reaction

(%)

An enantioselective ring opening with carbon nucleophiles has also been examined.
Since the ailcene carbon atoms of the symmetrical oxabicyclo[3.2. 1] systems are related by a
plane of symmetry, they are enantiotopic; therefore, attack at one carbon atom from the exo
face produces the enantiomer of the product obtained from attack at the other carbon atom

15

from the exo face. The ability to enhance attack at one carbon atom over the other would
then lead to the formation of ring opened products enriched in one enantiomer. This type of
asymmetric induction has been achieved by the group of Lautens with compound 23 through
the use of the chiral diamines27 (Scheme 1.14). (—)-Sparteine (
40) was found to give higher
enantiomeric excesses (e.e.'s) than either 41 or 42. The asymmetric induction was poor if
diethyl ether was used as the solvent, but improved with the use of a pentane/hexane
mixture.

Higher e.e.'s were obtained as the temperature was decreased, possibly due to

competing ring opening by the slightly less reactive, non-complexed n-butyffithium at
reaction temperatures above —40°C. Since no ring opening was observed in the absence of
40 at this temperature, 40 could be employed catalytically to give approximately the same
yield and enantioselectivity observed with stoichiometric quantities of 40. The use of less
than 15 mole percent of 40, however, led to diminished e.e.'s. Hence, by reacting 5
equivalents

of n-butyffithium and

0.15 equivalents

of 40 with 23

at —40°C in

pentane/hexane, (—)-28 was produced in 52% e.e. and 60% yield.
The non-carbon nucleophiles investigated for the oxabicyclo[3.2.1] systems were the
same as those examined for the oxabicyclo[2. 2.
1] systems.

The reagent used for the

delivery of ahydride for the oxabicyclo[2.
2.
1]systems was also effective for the reductive
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ring opening of the

oxabicyclo[3.2.1]

systems.

The tert-butyllithium/magnesium bromide

combination delivered hydride to compound 23 to give 43 in good yield .
20 However, no
reaction was observed with the unprotected alcohol 22 (Scheme 1.15).

In contrast to the hydride nucleophiles, the silicon based nucleophiles reacted differently
with the oxabicyclo[3. 2.
1]compounds?

For example, although 44 underwent silacupration

with either (PhMe2Si)Cu•LiCN or (
PhMe2Si)2CuCNLiz, ring opening did not occur.
Instead, the resulting anion was trapped with avariety of electrophiles to give 45 or cycized
onto aproperly situated carbonyl group to form 46 (Scheme 1.16). Also, contrary to the
stereochemistry observed with the addition of organocuprates to the oxabicyclo[3. 2.
1]
systems, the silylcuprates added to the double bond from the exo face. The reasons for the
differences relative to the reaction with organocuprates are currently not known.
Scheme 1.16
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1.1.3.3

Unsymmetrical 7-Oxabicyclo[2.2.
1]
Systems

Of course, the two alkene carbon atoms at which SN2' attack may occur are no longer
related by aplane of symmetry in unsymmetrical oxabicyclo compounds. As aresult, attack
at one alkene carbon atom produces products that are different from those derived from
attack at the other alkene carbon atom; therefore, the regioselectivity of the SN2' reaction
becomes an important factor as well in order to minimize the number of products obtained.
In some cases, little or no regioselectivity was observed. For example, Lautens and his
collaborators reported that the reaction of compound 47 with a mixed organocuprate
provided a60:40 mixture of compounds 49 and 50 in acombined yield of 95%.

Similar

results were observed with the stereoisomer 48, providing the same ratio of compounds 51
and 52 (Scheme 1.17).'

OH
47 R1=CH 2OTBDMS, R2=H

50 (
60-40, 95%)

48 R1=H, R2=CH2OTBDMS

52 (60:40,88%)

Certain structural features in the oxabicycic system, however, were found to affect the
regioselectivity dramatically. The groups led by Arjona and Fernandez de la Pradilla found
that compounds 54 and 55, formed from 53 by the addition of an organometallic reagent to
the ketone carbonyl, underwent highly regioselective ring openings when treated with
organolithium reagents to produce 56 and 57, respectively29 (Scheme 1.18).

Primary,

secondary, tertiary, and alkenyl organolithium reagents were capable of causing the ring
opening reaction, although the reactions with methyffithium, phenyffithium, and vinyllithium
required larger excesses (
5 to 10 equivalents) of the organolithium reagent and longer
reaction times. Oxygen and nitrogen based nucleophiles have also been examined, but no
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Scheme 1.18
1

0

R1Li or R1MgBr

I

(R 1)
2CuLi

5
53

R1

'I,

OH
R1

OH
55

54
3eq. R2Li, Et2O, 0
°C

5eq. RLi, Et2O, 250C1
OH

R1

MeO,.. .Ri

I

"I

Lo

OH

OH

OH

56

58

57

R1=H, Me, n-Bu, Ph, naphthyl, vinyl, or isopropenyl
R2=Me, n-Bu, s-Bu, t-Bu, Ph, vinyl or isopropenyl

SN2' ring opened products were obtained .
3)

The endo alcohols 54 were slightly more

reactive than the exo alcohols 55, possibly due to an "endo alkoxy effect," but in each case
the attack of the organolithium reagent occurred exclusively from the exo face and at Cs to
give products in yields ranging from 65 to 85%.

Compound 56 has been applied to the

preparation of deoxycyclitols (58).'
The unprotected hydroxyl group at Cz was found to be essential for the high
regioselectivity.

Protection of the alcohol as the benzyl ether (
59 and 60) or the

introduction of an additional carbon atom between the ring and the hydroxyl group (61 and
62) led to an enormous decrease in the regioselectivity. In each of these cases, substantial
amounts of both regioisomers (63 to 70) were observed29 (Scheme 1.19). While the reasons
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for the observed regioselectivity are not known, electrostatic repulsion and changes in the
LUMO coefficients caused by interaction with the alkoxide have been suggested as
possibilities.
Scheme 1.19
OH
n-BuLl

bb

n-Bu

Ri
n-Bu

Et2O, 0°C

OH
59 R1=Me, R2=OBn

63

64 (2:1, 90%)

60 R1=OBn, R2=Me

65

66 (2.5:1,90%)

61 R1=H,R2=CH2OH

67

68 (
3.5:1, 80%)

62 R1=CH 2OH, R2=H

69

70 ( 1:1, 80%)

Substituents at the bridgehead carbon atoms were also capable of enhancing the
regioselectivity in the nucleophilic ring openings of unsymmetrical oxabicyclo systems.
Lautens and Chiu reported that 71 reacted with primary, secondary, and tertiary
organolithium reagents to give 72 in excellent yields, 32 although no reaction was observed
with methy1lithium33 (Scheme 1.20). Compound 73 also underwent ahighly regioselective
ring opening which was coupled with an elimination reaction to give diene 74•34 In each
case, attack of the nucleophile occurred exclusively from the exo face and at the carbon
atom furthest removed from the substituent. The regioselectivity was attributed to reaction
at the less sterically hindered site. 34
Another strategy which has been used to control the regioselectivity of the ring opening
reactions of the unsymmetrical substrates is the placement of an electron withdrawing group
on the double bond. Nucleophilic attack would then proceed in aMichael fashion to give a
stabilized carbanion which could subsequently undergo a f3-elimination to effect the ring
opening. This type of areaction had been proposed as early as 1985 by Mirsadeghi and
Rickborn to explain the formation of diphenyl sulfone (76) upon treatment of 75 with
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potassium tert-butoxide and sodium borohydride in DMF35 (Scheme 1.21).

Scheme 1.21
SOh
P
2

t-BuOK

SO 2Ph

SO 2Ph
[W]

-H20
.

"SO 2Ph

—OH

75

PhSOPh
76

The groups of Arjona and Fernandez de la Pradilla have recently expanded upon this
idea, and have used the phenylsulfonyl group to direct the addition of carbon nucleophiles in
the SN2' ring opening reactions. 36 Compounds 77 to 79 and regioisomers 80 to 83 were
prepared from 53 in 4 to 6 steps. While Grignard and cuprate reagents did not give the
desired products, organolithium reagents reacted in ahighly regioselective manner with 77
to 79 to produce only 84.

The regioisomers 80 to 83 reacted with the opposite

regioselectivity to produce only 85 (Scheme 1.22).

This reaction was successful with a
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number of different organolithium reagents, and even relatively unreactive organolithium
reagents such as l-hexynyllithiuin produced the ring opened products at higher reaction
temperatures (0°C). However, different organolithium reagents required different solvents
for optimum yields. For example, while methyllithium produced the ring opened products in
87% yield when the reaction was carried out in THF, side reactions were observed with the
same solvent when n-butyllithium was employed. When the solvent was changed to toluene
in the reaction with n-butyffithium, the desired product was obtained in 78% yield. Toluene
was also an effective reaction solvent for vinyllithium and phenyffithium, while the other
organolithium reagents used required a 1:1 mixture of toluene and diethyl ether.

No

explanation for the solvent effect was offered. The reaction was also highly stereoselective,
and only products resulting from attack of the reagent from the exo face were observed.
Yields of 84 and 85 ranged from 64 to 95%.
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In contrast to the other oxabicydic compounds discussed, lithium aluminum hydride
was effective for the regioselective reductive ring openings of compounds 78 and

80.36

The

use of 4equivalents of lithium aluminum hydride in THF at —78°C with 78 and 80 produced
84 and 85, with R3=H, in yields of 62 and 65%, respectively.

Raising the reaction

temperature to 0°C resulted in the reduction of the double bond in the product as well, while
the use of less lithium aluminum hydride ( 1.5 equivalents) at —78°C led to reduction of the
double bond in the starting material without any ring opening. Bialecki and Vogel have also
reported asimilar reductive ring opening with substrates bearing additional substituents. 37
The tert-butyllithium/magnesium bromide reagent has also been used to effect the
reductive ring opening of unsymmetrical 7-oxabicyclo[2.2.1] substrates.

Compounds 73,

86, and 87 were ring opened with a hydride nucleophile using this reagent, but the
regioselectivity was generally poor (Scheme 1.23). 20 Compounds 88 and 89 were obtained

in ratios of 1:2.4, 1.2:1, and 3.6:1 for 73, 86, and 87, respectively.

Changing the

organometallic reagent to n-butyffithium or isobutylmagnesium chloride altered the ratios of
the products obtained, producing more of 89 for 86 and 87, but more of 88 for 73.

For

compounds 86 and 87, increasing substitution at the 13—carbon atom of the organometallic
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reagent appeared to favour delivery of the hydride to the more sterically hindered alkene
carbon atom. No reason for this observation was offered, although 90 has been proposed as
the transition state. The difference in the direction of selectivity of 73 versus 86 or 87 was
attributed to complexation of the magnesium to both the bridging oxygen and the
bridgehead methoxymethyl group in 73 as the steric hindrance at the a-carbon atom of the
organometallic reagent decreased. Combined yields of 88 and 89 ranged from 21 to 88%,
while the ratio of products varied from 3.6:1 to 1:1 to 1:4.5.
The silylcopper reagents have also been used with unsymmetrical bicyclo[2.
2.
1]
compounds; however, in this case, the regioselectivity is not afactor since attack at either
alkene carbon atom produces the same product.

A number of different unsymmetrical

compounds 91 produced cyclohexadienes 92 when treated with either PhMezSiLi or
PhMe2SiCu•LiCN in yields ranging from 58 to 90% 21 (
Scheme 1.24).

The presence of a

free alcohol, benzyl ether or TIPS ether had little effect on the reaction.

R1=CH 2OTIPS, CH2OBn, or CH2OH
R2=H, CH2OTIPS, or CH2OBn

1.1.3.4

Unsymmetrical 8-Oxabicyclo[3.2.1] Systems

Many of the factors affecting regioselectivity in the unsymmetrical oxabicyclo[2.2. 1]
systems have the same effect on the oxabicyclo[3. 2.
1]systems. Again, slight modifications
were required in some cases before ring opening was observed in the less strained
oxabicyclo[3.2.l] compounds, while adifferent reactivity was observed in other cases.
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The group of Arjona found that 94, formed from reaction of 93 with amethyl Grignard
reagent, underwent a highly stereo- and regioselective ring opening to produce 96a
exclusively upon treatment with tert-butyffithium38 (Scheme 1.25).

The scope was

somewhat more limited than with the oxabicyclo[2.2.1] systems, however, since no reaction
was observed with methyllithium or phenyffithium, and a complex mixture was obtained
with n-butyllithium.

The addition of TMEDA as a co-solvent did not lead to any

improvements in the reaction. The free alcohol at C2 was again found to be essential for the
regioselectivity, since the benzyl ether 95 produced a58:42 mixture of 96b and 97b under
the same conditions.

The addition of aphenylsulfonyl group to the double bond was found not only to affect
the regioselectivity of the ring opening, but also extended the scope of organolithium
reagents which could be employed for the reaction .
311b,
38 The regioisomeric vinyl sulfones
98 and 99 were prepared from 93 in 5 steps (Scheme 1.26).

As in the case of the

oxabicyclo[2.2. 1] systems, the phenylsulfonyl group was capable of directing the addition of
the nucleophile so that the ring opening reaction was highly regioselective.

However,

slightly harsher conditions were required before ring opening was observed.

When

compound 98 was treated with methyllithium at —78°C, which were the conditions used for
the oxabicyclo[2.2. 1]vinyl sulfones, amethyl group added in aMichael fashion but no ring
opening occurred. If the reaction temperature was raised to 0°C, however, 100 was formed
in 83% yield. Phenyllithium and 1-hexynyllithium reacted in asimilar manner to furnish 100
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in. 60 and 83% yield, respectively. In all three cases, the alkyl group attacked from the exo
face exclusively to produce the products resulting from syn addition.
The regioisomer 99 did not produce any ring opened products when treated with
methyllithium, even after the reaction temperature was raised to 0°C. In the presence of a
Lewis acid, however, the ring opening occurred regioselectively at —78°C to provide the
ring opened product 101 in 80% yield. 2-Propenyllithium reacted similarly to give 101 in
71% yield. A methyilithium-boron irifluoride complex was also effective under the same
conditions. Again, the organolithium reagent attacked from the exo face exclusively.
Scheme 1.26
PhSO2
4

93

98
RU, THF, 0
°C

99
RU, BF3•Et2O

Toluene, -78 °C

OH

Pt.
IsO2

OBn

R
OH
100

101

R=Me, 1-Hexynyl, Ph

R=Me, 2-Propenyl

As in the oxabicyclo[2.2. 1]systems, the presence of substituents at the bridgehead
carbon

atoms

affected the regioselectivity of the ring

oxabicyclo[3.2.1] systems. 32

opening reactions

of the

A number of compounds 102 produced only products 103

(Scheme 1.27), resulting from regioselective attack at the carbon atom furthest removed
from the substituent and stereoselective approach from the exo face, upon treatment with
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organolithium reagents.

Both primary and tertiary organolithium reagents could be

employed, and afree or protected alcohol could be used as the substrate.

Yields varied

from 59 to 100%.
Lautens and Kumanovic have also accomplished an intramolecular SN2' ring opening to
produce fused ring products 39 (Scheme 1.28). A number of different precursors 104 gave
the 5,7 trans-fused ring systems 105, formed from an intramolecular attack on the exo face

R1=H, Me, or OMe
R2=H, Me, Bn or TBDMS
R3=H or Me
R4=H or Me
R5=H or -CH2CH2CH2X=O, S, NMe, or CH2
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of the alkene, in yields varying from 71 to 90% upon treatment with an organolithium
reagent.

Geometric constraints imposed by the tether dictated the regioselectivity of the

reaction.

Both tributyistannanes and iodides were effective as anion precursors, although

hydroxy groups in 104 required protection when iodides were used. Transmetallation with
methyllithium was used to generate the anions from the stannanes, while tert-butyllithium
was employed for alithium-halogen exchange with the iodides. A sidearm consisting solely
of carbon atoms or containing anumber of different heteroatoms could be employed with
the exception of acarbamate nitrogen (X=NCO2Me). Either additional stabilization of the
anion or a bond angle change was believed to be responsible for the production of a
complex mixture of products with no cyclized products in this case. The intramolecular ring
opening reaction was more facile than the corresponding intermolecular reaction since aheteroatom stabilized organolithium reagents were not capable of inducing ring opening in
the intermolecular case.

Substituents at various positions on the oxabicycic system were

tolerated, but the reaction was limited to athree atom tether since attempts to extend the
methodology to the preparation of 6,7 fused ring systems using 106 produced only 107.
The silicon nucleophiles have also been applied to 108
symmetrical

oxabicyclo[3.2. 1]

(
Scheme 1.29). As with the

systems, no ring opened products were observed, but

mixtures of regioisomers of compounds 109 or 110 could be isolated.

Interestingly, the

regioselectivity of the reaction giving the cyclized product 110 was higher than that
producing 109, suggesting that the silacupration of the double bond may be reversible.
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1.1.3.5

Miscellaneous Reactions

Ring opening reactions have been accomplished with anumber of other ring systems,
although in many cases the reactions have not been examined extensively. In addition, some
of the "SN2' ring openings" were not achieved with nucleophiles, or proceeded by an
elimination-addition mechanism. These topics are covered in this subsection.
A Heck-type4° palladium catalyzed coupling reaction has been used by Duan and Cheng
to prepare the ring opened products.4'Compounds 1, 111, 112, and 113 formed 114 to 117
in yields of 71 to 98% when treated with apalladium catalyst and avariety of aryl and vinyl
iodides (Scheme 1.30). No reaction was observed in the absence of palladium, while the
omission of the zinc, zinc chloride, or triethylamine led to diminished yields.

Reaction

occurred from the exo face, and was highly regioselective for the unsymmetrical substrate
112. The reaction was believed to proceed via insertion of palladium into the carbon-iodide
bond, addition of the palladium species across the alkene double bond, a palladiumheteroatom 3-elimination, and finally protonation to provide the product. Reduction of the
palladium(II) by zinc metal was proposed as the final step of the catalytic cycle.
Moinet and Fiaud have recently accomplished this type of palladium catalyzed ring
opening enantioselectively. 42 Compound 1was reacted with phenyl iodide or phenyl triflate
Scheme 1.30

R31, cat. Pd(PPh3)
2C1 2,
Et3N
Zn, ZnC12,THF, 60°C

1 R1=R 2=H,X=O

114

111 R1=OMe, R2=H, X=O

115

112 R1=OMe, R2=Me, X=O

116

113 R1=R 2=H, X=NCO 2Me

117

R3=aryl or alkenyl
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in the presence of apalladium catalyst and a chiral phosphine ligand (Scheme 1.31).

In

general, amixture of the ring opened product 118 and the non-opened product 119 was
obtained. The ratio of products showed adependence on both the phenyl species (iodide or
inflate) and the ligand used, with higher steric crowding around the palladium favouring the
formation of 118.

Higher e.e.'s were generally observed with phenyl triflate than with

phenyl iodide under the same conditions. Of the chiral ligands used, (R)-BINAP was the
most effective at inducing asymmetry, giving a15:85 ratio of 118:119 in acombined yield of
83% with e.e.'s of 96% (favouring the (+)-enantiomer) and 64%, respectively, when used
with phenyl triflate. The presence of aLewis acid facilitated the ring opening but led to
diminished e.e.'s, since the addition of zinc chloride to the reaction with phenyl triflate
employing (S)-BINAP as the chiral ligand formed 118 exclusively in 41% yield and 54% e.e.
(favouring the (—)-enantiomer).
The tetracyclic compound 120 has been treated with n-butyllithium by Harmata and
Elahmad to form 121 via an SN2' ring opening43 (Scheme 1.32). The reaction was highly
stereo- and regioselective.

The latter is due to the five membered ring acting as a
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substituent on one of the bridgehead carbon atoms of the oxabicydic system. Compound
121 was converted to afused 5,7,3 ring system via avinylogous Grob fragmentation.
Metz and co-workers reported that treatment of compound 122 with n-butyl1ithium or
methyllithium gave a mixture of 123a, 123b, and 124 (Scheme 1.33) which could be
equilibrated to 123a exclusively with catalytic quantities of potassium tert-butoxide.'1" This
reaction was proposed to proceed through an elimination reaction, cleaving the bridging
oxygen ring, followed by an alkoxide directed 1,6 addition of a second equivalent of
organolithium reagent. The intermediate carbanion could also be trapped with methyl iodide
to introduce asecond alkyl group. The production of amixture of 123a, 123b, and 124
upon treatment of 122 with 1equivalent of LDA followed by 1equivalent of methyffithium
provided support for the elimination-addition mechanism.

In addition, RedAl® was an

effective reagent for the reductive ring opening of 122, producing 123a exclusively in 55%
yield .
45 This reaction was also believed to proceed via the elimination-addition mechanism,
with one equivalent of the hydride from Red-Al® causing the initial elimination.
Reductive ring openings have been accomplished with other reagents and other ring
systems as well.

As part of a study on the biomimetic conversion of humulene to

pentalenolactone by the group of Matsumoto, 125 was converted to 126 with lithium metal
in ethy1amine46 (Scheme 1.34). Harmata and co-workers have reported asimilar conversion
of 127a or 127b to 128 under similar conditions,47 while Williams' group reported a
reductive ring opening of 129 to give 130 upon treatment with sodium metal in liquid
ammonia.

48
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Scheme 1.33
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R=n-Bu 78:10:12 (
54%)
R=Me 85:1:13 (51%)
R=H 1:0:0 (
55%)
Lewis acidic hydride sources have also been used successfully for reductive ring
openings.

Brown and Prassad first reported this type of ring opening occurred with

compound 1 upon treatment with either a borane-dimethyl sulfide complex or 9-BBN49
(Scheme 1.35).

The reaction was believed to proceed through a hydroboration of the

double bond followed by asyn elimination to give 131 in yields of 98% after workup.
Bulkier hydroborating agents, such as dicyclohexylborane or disiamylborane, did not
produce any ring opened products. The greater steric demand of the builder alkyl groups
was believed to interfere with the coordination of the boron atom with the bridging oxygen
atom, thereby hindering the elimination step.
More recently, the group of Lautens has reported that DIBAL-H reacted similarly with
both oxabicyclo[2.2.1] and

oxabicyclo[3.2.1]

systems. 5°

Compound 10 produced the

diprotected trio! 132 in 80% yield upon treatment with excess DIBAL-H in refluxing diethyl
ether for 16 hours (Scheme 1.36).

However, larger amounts of DIBAL-H or prolonged

32

reaction times resulted in the reduction of the double bond in 132 as well to form the
corresponding saturated diprotected trio!. These reactions were believed to proceed, in an
analogous manner to the borane reactions, through hydroalumination of the double bond
followed by asyn elimination.

33

Scheme 1.36
OH
CH 2OBn
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6eq. DIBAL-H
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CH 2OBn
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132
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The addition of a nickel compound to the reaction has been found to catalyze the
hydroalumination reaction.

In the presence of a chiral phosphine ligand, an asymmetric

reductive ring opening has been accomplished. 5' Compounds 11 and 133 produced
compounds 134 and 135 with e.e.'s of 97% and 80%, respectively, upon treatment with
DJBAL-H and catalytic quantities of Ni(COD) 2 and (R)-BINAP (Scheme 1.37).

The e.e.

was dependent on the rate of addition of DJBAL-H and on the (R)-BINAP:Ni(COD)z ratio.
Scheme 1.37
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11 R=H

134 (97%,97% ex.)

133 R=Me

135 (
54%, 80% ex.)

A number of different symmetrical 8-oxabicyclo[3.2.1]oct-6- en-3- ols (
136) were also
reductively ring opened upon treatment with 6 equivalents of DIBAL-H in refluxing
hexanes, providing the ring opened products 137 in yields ranging from 50 to 89% (Scheme
1.38).

Protected (TBDMS and benzyl ethers) and unprotected exo and endo alcohols

underwent the reaction, and methyl substituents in a variety of different positions were
tolerated.

Again, long reaction times or larger amounts of DIBAL-H favoured further

reduction of the double bond in 137 to give the corresponding saturated diol.

This

reductive ring opening was applied to the preparation of the C,i to C23 fragment of
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ionomycin from compound 136a via 137a. 5°

Inversion of the stereochemistry at C21

(ionomycin numbering) was required, and ozonolysis with a sodium borohydride workup
was once again used to cleave the cycloheptene ring.

The hydroalumination of the

oxabicyclo[3.2.l]

systems was also catalyzed by 5-15 mole

percent of Ni(COD) 2,so that the hydroalumination reaction occurred at —78°C.

The

intermediate hydroaluminated species could be "isolated," or directly converted to the ring
opened product by heating the reaction mixture to 70°C or by treatment with 5equivalents
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of DIBAL-Cl."

Better yields were generally obtained with the nickel catalyzed reaction

when DIBAL-CI was used to assist the ring cleavage.
An interesting change in the regioselectivity was observed when various unsymmetrical
oxabicyclo[3. 2.l] systems were treated with DIBAL-H in the absence50 or presence5'of a
nickel catalyst.

Generally, abetter selectivity was observed in the presence of Ni(COD) 2

and triphenyiphosphine, and the regioselectivity was reversed (Table 1.3). So, while 102a,
102b, and 138 reacted with D1BAL-H to produce predominantly 139 with good or poor
selectivity, the addition of Ni(COD)2 and triphenyiphosphine to the reaction led to the
formation of 140 with higher selectivities. The intermediates 139' and 140' were invoked to
explain the change in regioselectivity upon the addition of nickel (Figure 1.2).

The

intermediate 140', which gives rise to 140, was proposed to be the more stable of the two
Table 1.3 Reaction of Unsymmetrical Oxabicyclo[3.2.1] Systems with DIBAL-H

S.

R
too

'S
.

P.

ORI

R2

Substrate
102a

102b

138

"OR

-

A2

+

102a R1=TBDMS, R2=Me

139a

140a

102b R1=H, R2 =Me

139b

140b

138

139c

140c

R1=R2=H
Conditions

"OR 1

I

OH

R2

R2

Ratio of 139:140

(%)

Yield

5eq. DIBAL-H

6.4:1.0

72

0.1 eq. Ni(COD) 2/0.3 eq. PPh3fDIBAL-H

1.0:9.4

71

6eq. DIBAL-H

1.3:1.0

75

0.1 eq. Ni(COD) 2/0.3 eq. PPh3/DIBAL-H

1.0:28.5

72

1. 1.2 eq. MeLi; 2. 5eq. DIBAL-H

1.0:9.5

85

6eq. DIBAL-H

1.1:1.0

74

0.1 eq. Ni(COD) 2/0.3 eq. PPh3/DIBAL-H

1.0: 15.5

87
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for steric reasons, since the nickel, with its bulky triphenyiphosphine ligands, was further
away from the bridgehead group.

Deprotonation of the alcohol 102b with methyllithium

prior to treatment with DIBAL-H was another method which could be used to change the
regioselectivity, 5° producing mainly 140 (
Table 1.3). The endo alkoxide was proposed to
affect the hydroalumination reaction through interaction with the alkene double bond,
although no rationale was given for the direction of selectivity observed in this case.
Figure 1.2 Proposed Intermediates in the Nickel Catalyzed Hydroalumination
Reaction

LNi

(I-Bu) 2A1

(i-Bu) 2A1

LnNi

OR 1
H

R2
140'

139'

Finally, although the use of nucleophiles other than organometallic reagents or hydride
reagents is much rarer, Rigby and coworkers have used thiophenol in an SN2' ring opening
reaction as part of astudy of the synthesis of C8 oxygenated guaianolides and ophiobolane
sesterterpenes (Scheme

1.39).52

Excess boron trifluoride etherate was required before any

reaction was observed with 141, but the reaction was not selective since both the SN2'

R=Ac 62% ( 1:2)
R=t-BuCO 54% (
1:9)
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product 142 and the

SN2

product 143 were formed. A change in the protecting group of the

alcohol oxygen altered the ratio of 142:143, although this effect was not extensively studied
and no explanation was offered.

Oxygen nucleophiles were reported to be unsuccessful

under the same conditions.
1.2

Project Objectives
The IMDAF reaction is capable of forming oxatricyclo adducts (Figure 1.3) with a

great deal of stereocontrol, producing only exo products with the sidearm oriented syn
relative to the bridging oxygen atom.' Preliminary experiments with DIBAL-H in 1986 had
suggested that these cycloadducts may be amenable to ring openings; 53 however, at that
time, the methodology for preparing the cycloadducts had not been fully developed.

By

1990, the oxatricyclo adducts were readily accessible using methodology developed in our
laboratory,' and the SN2' ring opening studies could be initiated.

The literature review

above illustrates that ring openings had not been attempted on these types of systems. In
addition, when these studies were first started in 1990, little was known about the factors
affecting the regioselectivity of the

SN2'

ring openings of unsymmetrical oxabicyclo systems,

as only the groups of Arjona and Fernandez de la Pradilla had observed alarge degree of
regioselectivity at that time.

A number of questions about the reactivity of the IMDAF

cycloadducts with regards to the SN2' ring opening reactions therefore remained
unanswered. These questions included:
1.

What conditions were required to effect an SN2' ring opening of the IMDAF

cycloadducts?
2. What was the chemoselectivity with respect to nucleophilic addition to the ketone
carbonyl group versus the

SN2'

ring opening?

Figure 1.3 Oxatricyclo Adducts Formed from the IMDAF Reaction

?
9
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3. What degree of regioselectivity would be observed in the ring opening reactions of
the unsymmetrical IMDAF cycloadducts?
4.

What degree of stereoselectivity would be observed with both the nucleophilic

addition to the carbonyl group and the ring opening, and from which face would
nucleophilic attack predominantly occur?
5. What effect would the presence of other substituents on the IMDAF cycloadducts
have on these variables, if any?
With these questions answered, an assessment of the applicability of an IMDAF-ring
opening reaction sequence for the synthesis of natural products would be possible.
result, astudy of the scope and limitations of the

SN2'

As a

ring opening reactions of the IMDAF

cycloadducts was undertaken.
1.3

Results and Discussion
A number of IMDAF cycloadducts with methyl substituents at various positions were

prepared as previously described' (Scheme 1.40). Furan (144) or 2-methylfuran (145) was
treated with n-butyllithium to lithiate the a-position, 54 and the resulting anion was trapped
with 1-bromo-3-chloropropane to produce chloride 146 or 147, respectively.

The

Finkelstein reaction 55 was then used to convert the chlorides to the iodides 148 and 149,
which were then treated with tert-butyllithium to effect alithium-halogen exchange. 56 The
primary carbanion derived from 148 was treated with acrolein, crotonaldehyde, or
methacrolein, while that derived from 149 was treated with acrolein only, to form allylic
alcohols 150, 151, 152, and 153, respectively. Oxidation of the allylic alcohols under Swern
conditions 57 provided enones 154 to 157, which generated IMDAF cycloadducts 158 to 161
upon treatment with catalytic quantities of methylaluminum dichloride. The spectra of all
compounds were identical to those previously reported.'
The numbering of atoms in the compounds in the following discussion will reflect the
numbering required to name the compounds by IIJPAC rules. As aresult, the number of a
particular atom may be different in the reactants versus the products.
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'R 2
150 R1=R 2=R 3=H (67%)
151 R1=R 3=H, R2=Me (77%)
152 R1=Me, R2=R3=H (
65%)
153 R1=R 2=H, R3=Me (67%)

R2
154 R1=R 2=R3=H (97%)
155 R1=R 3=H, R2=Me (81%)
156 R1=Me, R2=R 3=H (90%)
157 R1=R 2=H, R3=Me (69%)
1.3.1

158 R1=R2=R3=H (
95%)
159 R1=R3=H, R2=Me (44%)
160 R1=Me, R2=R3=H (83%)
161 R1=R2=H, R3=Me (87%)

SN2' Ring Openings of Compound 158 and Related Systems

The simplest of these systems, 158, was chosen for initial study to determine the
conditions required for the

SN2'

ring openings. This compound had characteristic peaks in

the ' H-NMR spectrum at 6.13 ppm and 6.42 ppm, due to the alkene protons, and at
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4.89 ppm from the bridgehead proton, and the disappearance of these signals, particularly
the signal at 4.89 ppm, was useful for determining whether the ring-opening reaction had
occurred.
results

Compound 158 was treated with avariety of organometaffic reagents, and the

are

summarized

in

Table

1.4.

Primary (n-butyllithium),

secondary

(isopropyllithium58 ), and tertiary (
tert-butyffithium) organolithium reagents were capable of
effecting ahighly regio- and stereoselective ring opening of 158 and ahighly stereoselective
nucleophilic addition to the ketone carbonyl group, so that only one diastereomer 162 was

Table 1.4 Reaction of 158 with Various Organometallic Reagents
10
9
+

0
158
R

Entry

Product(s)

Yield (%)

3eq. n-BuLi/Et2O/-78°C-4r.t./16h

162a

66

Reagent/Conditions

1

'n-Bu

2

i-Pr

3eq. i-PrLi/Et2O/--78°C-4r.t.I16h

162b

68

3

t-Bu

3eq. t-BuLi/Et2O/-78°C-->0°C./2h

162c

90

4

vinyl

3eq. vinylMgBr/EtzO/-78°C--*r.t./20h

163d

73

5

Me

2eq. Me2CuLi.LiCNiTHF/0°C-*r.t./25h

163e

95

6

Me

2eq. Me2CuLi.LilfTHF/0°C-r.t./19h

163e

100

7

Ph

3eq. PhLi/Et2O/-78°C--*r.t./18h

163f

87

8

Me

2eq. MeLi/Et2O/-78°C--*r.t./22h

163e

64

9

Me

8eq. MeLi/Et2O/reflux/22h

162e:163e

27:59

10

Me

3eq. MeLi/1:1 TMEDA:Et2O/0°C-*r.t./48h

162e:163e

30:33*

11

Me

40 eq. MeLi/DME/-20°C-r.t./22h

162e

73

12

H

1.5 eq. LiAl(t-Bu)(i-Bu) 2HfrHF/0°C/lh

163g

83

*Other unidentified side-products produced as well
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produced in good to excellent yields (Table 1.4, entries 1-3).
The direction of regioselectivity was evident from the integration of the 'H-NMR
spectrum, since the broadened signal at 5.3 to 5.5 ppm, assigned to the alkene proton of
162, integrated to one proton instead of the two alkene protons required for the
regioisomer. The stereochemistry of the resulting products was not easily determined by
'H-NMR, so a suitable crystal of 162a, produced by recrystallization from hexane, was
subjected to X-ray crystallographic analysis. The ORTEP plot (Figure 1.4) clearly shows
that n-butyllithium attacked the ketone carbonyl from the a-face, and had effected aring
opening reaction by attacking C9from the [3-face.
Figure 1.4 X-Ray Crystal Structure of Compound 162a

The crystal structure of 162a also aided in the explanation of the appearance of the
alkene proton as abroadened signal in the 'H-NMR spectrum rather than adoublet with
additional coupling. The solution structure should also show the intramolecular hydrogen
bonding in an aprotic solvent such as deuteriochioroform, and should therefore resemble the
crystal structure.

Examination of molecular models shows that, in this conformation, the
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dihedral angle between H7 and H8 is close to

900

so that the vicinal coupling between these

protons should be small. When this small coupling is combined with the several small allylic
couplings between H8 and the protons on C1 and C5,the net result is expected to be a
broadened signal. Since the 'H-NMR signals for the alkene protons of 162b and 162c were
similar to that of 162a in appearance, the same analysis holds and the stereochemistry of all
three products should be the same.
Other less reactive organometallic reagents did not cause any ring opening, but did
react stereoselectively with the ketone carbonyl group to generate 163, indicating that
nucleophilic addition to the ketone carbonyl was more facile than the ring opening.
Reagents

in

this

category

included

Grignard

reagents,

organocuprate

reagents

(MezCuLi.LiCN59 and Me2CuLi.LiI60), and the less reactive organolithium reagents
phenyllithium and methyllithium (Table 1.4, entries 4-8). Although some ring opening was
observed with methyllithium when the reaction was carried out in refluxing diethyl ether
(Table 1.4, entry 9), the reaction was slow. Increasing the reaction temperature further was
not an option, since the reaction of 158 with methylmagnesium chloride in refluxing THF
had produced some of the fragmentation product 164 (Scheme 1,41) based on the
appearance of signals in the crude 'H-NMR spectrum at 7.12-7.38 ppm (multiplet, 5H),
2.63 ppm (triplet, 2H), and 1.20 ppm (singlet, 6H).

The remaining resonances expected

were obscured by signals due to other compounds.

This product likely resulted from a

Grob-type fragmentation61 of the intermediate alkoxide. Addition of asecond equivalent of
methylmagnesium chloride to the resulting alkoxyketone, followed by aromatization by
dehydration on workup would generate 164.

The inability to easily cause an SN2' ring

opening with methyllithium was disappointing, since, as shown in Chapters 3 and 4, the
addition of amethyl nucleophile could produce useful intermediates towards the synthesis of
natural products.

Methods for assisting the ring opening or enhancing the reactivity of

methyllithium were therefore investigated.
The use of lithium salts for increasing the rate of nucleophilic addition of methyllithium
to ketones has been reported .
62 This effect has been attributed to the complexation of the
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lithium salt with the ketone carbonyl group, allowing the lithium salt to act as aLewis acid
catalyst. A similar assistance in the SN2' ring openings could result from the complexation
of a lithium salt to the bridging oxygen atom.

The addition of excess lithium iodide or

lithium perchiorate to amixture of 158 and methyllithium, however, produced less than 10%
of the ring opened product based on integration of the 'H-NMR spectrum of the crude
reaction mixture.

Boron trifluoride etherate has also been employed in the reaction of

organolithium reagents with epoxides and oxetanes. 63 Only 163e was produced when 158
was treated with methyffithium and boron trifluoride etherate at —78°C. Slowly increasing
the reaction temperature to 25°C produced 165 (Scheme 1.42) based on the presence of
signals at 7.10-7.38 ppm (multiplet, 4H), 2.62 ppm (triplet, 2H), 2.45 ppm (triplet, 2H),
2.11 ppm (singlet, 3H), 1.90 ppm (quintet, 2H), and 1.3 ppm (broadened singlet, 1H) in the
1H-NMR

spectrum of the crude reaction mixture.

This product presumably arose from

cleavage of the oxygen bridge via a Lewis acid assisted n-elimination followed by
aromatization on workup. The addition of the methyl moiety to the carbonyl group could
either precede, as drawn, or succeed the elimination step.
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Since the attempts to facilitate the ring opening were unsuccessful, altering the
reactivity of the methyllithium was tried next. Electron donating solvents or additives such
as HMPA and TMEDA have been reported to increase the nucleophilicity of organolithium
reagents." This higher reactivity has traditionally been attributed to the formation of more
reactive lower aggregates of the organolithium in the presence of electron donors, but this
explanation has been questioned recently by Collum. 65 He has argued that the lability of the
organolithium-ligand complex may be more important, or that the stabilization of transition
states by the additive may be the source of increased reactivity. Regardless of the reason for
the effect, the increase in reactivity could allow for the SN2' ring opening of 158 to be
accomplished at room temperature.

Although the addition of HMPA to the reaction

mixture still resulted in the production of only 163e, when TMEDA was employed as acosolvent with diethyl ether, asubstantial amount of 162e was observed in addition to 163e
(Table 1.4, entry 10).

The ' H-NMR spectrum of the crude reaction mixture, however,

showed the presence of asignificant amount of unidentified side-products as well.
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DME has been reported to be

slightly weaker activator than TMEDA.66 The use of

DME as the electron donating reaction solvent provided the best results since 162e was
formed in good yield and fewer side products were observed (Table 1.4, entry 11).
Unfortunately, since organolithium reagents react with DME 67 at the higher reaction
temperatures required for the ring opening reaction, a large excess of methyllithium was
required to ensure enough reagent was present to drive the reaction to completion. The use
of less methyllithium resulted in the production of amixture of 162e and 163e. DME that
was freshly distilled from benzophenone ketyl was essential for the success of the reaction,
since the use of Aldrich Sure-Seal® DME gave only 163e. The only observed side product
was tentatively identified as 166. This structural assignment was based on the ' 3C-NMR
spectrum, which was very similar to the ' 3C-NMR spectrum for 162e but contained an
additional signal at 24.3 ppm resulting from a methylene carbon
based on DEPT experiments. A similar product resulting from the
reaction of methyllithium with another oxatricyclo adduct in DME
HO

HOH
166

•

has also been characterized by X-ray crystallography.

This X-ray

crystal structure and apossible mechanism for the formation of these
side products will be discussed later in this chapter.

OH
H
H
163g

H

0

H5
i.H
H
HO

-

167

The treatment of 158 with DJBAL-H, 68 in an
attempt

to

effect

a reductive

ring

opening,

produced a complex mixture of products.

The

isolation of both 163g and the epimeric alcohol 167
from the reaction mixture

indicated

that the

complexity of the mixture was due, in part, to the fact that the reduction of the ketone
carbonyl group was not stereoselective. These two epimeric alcohols could be differentiated
based on the coupling observed for H5 in the 'H-NMR spectrum. H5 of 163g should show
two axial-equatorial couplings of 2-3 Hz and one equatorial-equatorial coupling of 2-3 Hz
to adjacent protons .69 H5 of 167, on the other hand, should have two axial-axial couplings
of 8-10 Hz and one axial-equatorial coupling of 2-3 Hz. Thus, the spectrum with addd
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centered at 3.39 ppm showing coupling constants of 3.8, 9.2, and 11.2 Hz was assigned to
167, while the spectrum showing abroadened multiplet centered at 3.90 ppm was assigned
to 163g.
This problem of anon-stereoselective ketone reduction was circumvented by reducing
the ketone in a separate step with abulkier hydride reagent, lithium tert-butyldiisobutylaluminohydride, 7° to form the axial alcohol 163g exclusively (Table 1.4, entry 12). When
163g was treated with DJBAL-H, amixture of three products was formed (Scheme 1.43).
The ring opened product 162g was accompanied by aconsiderable amount of 4-phenyl-1butanol (168). This product was possibly formed via aGrob-type fragmentation61 of the
initially formed alkoxide, reduction of the resulting alkoxyaldehyde to produce adialkoxide
followed by aromatization upon workup with saturated ammonium chloride as illustrated in
Scheme 1.43. The third product, which could not be completely separated from 162g, was
tentatively identified as 169 with unknown stereochemistry at C6. The 'H-NMR spectrum
of this third product, contaminated by 162g, is reproduced in Figure 1.5, with the signals
due in whole or in part to 162g marked by x's.

HO
169
CHC13

H7 H8

H2
H9

--

1•
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Figure 1.5 1H-NMR Spectrum of Proposed Compound 169
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The integration of the signals at 5.6 ppm, assigned to the alkene protons, and 4.4 ppm,
assigned to the proton on C9,showed the proper ratio of 2:1 for compound 169. The proton
on C2 was likely coincident with one of the protons from 162g at 3.85 ppm, since this signal
also integrated to one proton upon subtraction of the contribution to the area from 162g.
The two alkene protons may have had similar chemical shifts, resulting in the collapsed AB
quartet observed, while the coupling to adjacent protons may have been small if the dihedral
angles were close to

9Ø0•

The ' 3C-NMR spectrum, combined with DEPT experiments,

showed that this third compound contained 6 methine carbons and 4 methylene carbons
after the signals due to 162g were removed.

Two of the methine carbons were alkene

carbons ( 134.7 and 130.0 ppm) and two were carbinol carbons (70.3 and 69.1 ppm) while
the remainder appeared in the alkane region. These data are consistent with structure 169.
Unfortunately, compounds 162g and the third compound decomposed on aGC column, so
that GC/MS could not be used to further characterize the third compound to confirm its
identity. This product may have been formed from adirect reduction of the oxygen bridge.
If the reduction had occurred via an SN2-like process, attack should have occurred at the
less hindered carbon atom, C8,of 163g.
however, the reduction may be more

Due to the Lewis acidic nature of DIBAL-H,

SN1-like

so that 169 was produced.

In an attempt to suppress the fragmentation reaction, compound 163g was converted to
its tert-butyldimethylsilyl ether 170 under standard conditions7' (Scheme 1.44). When the
protected compound was treated with DIBAL-H, however, no reaction was observed.

A

number of other reducing agents, including 9-BBN,49 sodium amaigam, 68 lithium di-tertbutylbiphenyl (LiDBB) radical anion,72 and Super-Hydride®,
73 also returned only unreacted
starting material.

Both lithium aluminum hydride74 and DIBAL-H in hexanes produced a

complex mixture of products in which the unprotected alcohol 163g was the major
component. Although the reducing agents were unable to effect an SN2' ring opening of
compound 170, n-butyllithium reacted in a highly regio- and stereoselective manner to
produce 171 in high yield. This reaction illustrated that afree alkoxide was not required for
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the regiochemical control and that two different groups could be introduced due to the
difference in the rates of the ring opening reaction and nucleophilic attack at the ketone
carbonyl. Unfortunately, attempts to extend this reaction to the functionalized nucleophiles
derived from lithium-halogen exchange of the iodides 172 and 173 were unsuccessful, and

r
-i
TBDMSO

"

'

only unreacted starting material was isolated.
i A

possible

explanation

is

that

the

organolithium reagents derived from 172 and
172

173

173 may be less reactive than n-butyllithium

due to the possibility of intramolecular coordination of the lithium with the oxygen atoms.
This internal coordination could result in aless labile, and therefore less reactive, complex
due to entropy effects.

In addition, organolithium reagents have some Lewis acidic

character'7'and this intramolecular coordination could also hinder the organolithium's role
in assisting the ring opening as aLewis acid by interfering with the ability of the lithium to
complex the bridging oxygen atom of 170.
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1.3.2

SN2' Ring Openings of Compound 159 and Related Systems

The initial studies with 158 provided some idea of the conditions required to induce the
SN2' ring openings of the IMDAF cycloadducts.

The effect of methyl substituents was

examined next. Compound 159, with amethyl group at C7,was subjected to some of the
reaction conditions which were successful with 158. The results of these experiments are
presented in Table 1.5.
Table 1.5 Reaction of 159 with Various Organometallic Reagents
10

R

9

+

0

HO

174
R

Reagent/Conditions

Product

Yield (%)

n-Bu

3eq. n-BuLi/Et2O/-78 °C-*r.t,/16h

174a

72

Me

3eq. MeLi/l:l TMEDA:Et2O/0°C-+r.t./312h

175b

95

H

1.5 eq. LIA1(t-Bu)(i-Bu) 2HTFHF/0 °C/lh

175c

100

n-Butyllithium smoothly reacted with 159 to generate 174a exclusively, showing that a
C7 methyl group had no effect on the regioselectivity of the ring opening reaction.
Surprisingly, however, the methyllithiumlTMEDA system did not successfully cleave the
bridging ether linkage. While the methyllithiuni/DME reagent was not tried with 159, it was
successful with the related compounds 176a, 177, and 178, giving 179a, 180a, and 181a,
respectively (Scheme 1.45).

The preparation of compounds 176a, 177, and 178 will be

discussed in Chapters 2, 3, and 4.

The success of the reaction with 177 and 178 is

particularly noteworthy since a free alkoxide was not present in the substrate, and the
Lautens group had reported that the methyllithiumll'MEDA system was unsuccessful in the
absence of a free alkoxide. 25

In each of these reactions, varying amounts of the ethyl

derivatives 179b, 180b, and 181b were formed as side-products. All three compounds were
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detected by GC/MS, and the p-nitrobenzoate ester 182, prepared from the hydrogenation
product of 181b, was characterized by X-ray crystallography. While the X-ray diffraction
data was not good enough to allow for complete refinement of the crystal structure
(Figure 1.6, R=O.108), the identity and relative stereochemistry of the compound was still
clearly established. Compound 177 also reacted cleanly with n-butyffithium, providing 180c
in good yield.

The reactions of 177 and 178 provided additional proof that the

regioselectivity was not dependent on the presence of afree alkoxide.
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c

Figure 1.6 X-Ray Crystal Structure of Compound 182

CIO
C3

CI0

Since the formation of the ethyl derivatives was both unexpected and intriguing,
possible mechanisms for their formation were investigated further.

The fact that the

reaction was observed with 177 and 178 in addition to 176a suggested that afree alkoxide
at C5 was not involved in the reaction mechanism.
illustrated in Schemes 1.46 and 1.47.

Several possible mechanisms are

The first possibility, mechanism A (Scheme 1.46),

requires the presence of ethyllithium as an impurity in the methyllithium or the formation, in
some way, of ethyllithium under the reaction conditions. The homologation of secondary
and tertiary organolithium reagents, usually by two carbon atoms, due to reaction with
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diethyl ether at room temperature is known .
76

An

SN2'

ring opening reaction by the

ethyffithium would then produce the observed products. The second plausible mechanism,
mechanism B (Scheme 1.46), involves an alkoxide directed lithiation, which is known for
aromatic systems '77 of the adjacent methyl group in 179a, 180a, or 181a by the large excess
of methyllithium.

Attack of the resulting anion on DME to displace an alkoxide leaving

group would then introduce amethyl group on the anion to produce an ethyl group. The
third feasible mechanism is mechanism C (Scheme 1.47). Although the usual mechanism for
the decomposition of DMB by organolithium reagents involves deprotonation of one of the
methylene groups followed by a -elimination, 67 deprotonation at the slightly more acidic
methyl groups should also be possible.

An

SN2'

ring opening by this anion could be

followed by displacement of an alkoxide leaving group by methyllithium to generate the
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ethyl group (path a). Alternatively, an intramolecular displacement of the alkoxide leaving
group (path b) could be succeeded by amethyllithium effected oxetane ring cleavage. The
final potential mechanism, mechanism D (Scheme 1.47), involves an a-elimination from the
DME derived primary anion to produce acarbene or carbenoid. The decomposition of ahaloorganolithium78 and a-phenoxyorganolithium79 reagents to carbenes or carbenoids has
been reported, and, while an alkoxide is apoorer leaving group than either a halide or a
phenoxide, the proposed a-elimination is still reasonable. The carbene or carbenoid could
then react with the strained double bond of the IMDAF cycloadducts to introduce a
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cyclopropane ring. Attack of methyllithium to cleave the cyclopropane ring and effect the
ring opening would then furnish the observed product.

The chemical reactivity of

cyclopropanes is similar to that of allcenes, 8° and this type of reaction leading to the cleavage
of the cyclopropane ring in

l-cyclopropyl-l-bromoalkanes

by organocuprates 8' or

piperidine82 is known. Several experiments were performed on both the cycloadducts and
on model compounds in an attempt to find support for one or more of these mechanisms.
One of the first experiments involved treatment of acetophenone with methyllithium,
but no product of ethyl addition to acetophenone was detected. In addition, only 2-phenyl2-propanol was formed when acetophenone was treated with an aliquot of a mixture of
methyllithium and DME which had been stirred at room temperature for 1.5, 8.5, or 25
hours. There was apossibility that any other formed organolithium reagents were simply
behaving as bases with acetophenone and causing enolate formation rather than reacting
with the carbonyl group.

This possibility was addressed by carrying out the same

experiment with benzaldehyde since benzaldehyde cannot enolize.

Once again, however,

only 1-phenylethanol, resulting from the addition of methyllithium to benzaldehyde, was
observed.

These experiments appeared to refute mechanisms A and C since products

resulting from the addition of the anions required for these mechanisms should have
occurred.
Support for mechanism B was provided by the formation of a small amount of 2ethylcyclohexanol when amixture of cis- and trans-2-methylcyclohexanol was treated with
excess methyllithium in DME. The 2-ethylcyclohexanol was detected by GC/MS, where the
mass spectrum showed peaks at 128 (M b), 113 (M—Me), 110 (M—H20), 99 (M—Et), 95
(M—H2O—CH3)and 81 (M—H2O—Et).
The treatment of 178 with trideuteriomethyllithium in DME, however, provided
evidence against mechanism B. This mechanism requires that the methylene group of the
ethyl moiety originates from the methyllithium so that two deuterium atoms should be
incorporated into the product with the labelled organometallic reagent. The mass spectrum
of the reaction mixture, however, showed that three deuterium atoms had been incorporated
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into 181b (
M=223). This result suggests that the methylene group of the ethyl moiety was
originating from the DME. The use of di(irideuteriomethoxy)ethane as the reaction solvent
would establish whether the methyl or methylene group of DME was being transferred;
however, since this solvent is not commercially available and the deuterated starting
materials which could be used to prepare it are expensive, this experiment was not
attempted. Also, no reasonable mechanisms for transferring the methylene group of DME
could be proposed. Mechanisms consistent with the methylene group of the ethyl moiety
originating from the methyl group of DME are C, D, and possibly A depending on the
mechanism for the formation of ethyllithium from methyllithium and DME. Mechanism D
appears to be the most likely candidate of the mechanisms proposed since mechanisms A
and C were not supported by the acetopbenone/methyllithium/DME study. Mechanism D
could account for the absence of products other than 2-phenyl-2-propanol in the
acetophenone/methyllithiumfDME study since the short-lived carbene or carbenoid species
would have been generated in the absence of the acetophenone.

However, no

cyclopropanated product was detected by GC/MS when dodecene was treated with a
mixture of methyllithium and DME. Coordination of the primary anion formed from DME
to an oxygen atom could be an important factor for the reaction, as the short-lived carbene
or carbenoid formed upon decomposition of the anion would be in close proximity to the
double bond. This possibility was addressed by treating nero! (M'=154) with methyllithium
in DME. A complex mixture resulted, with one peak in the GC/MS exhibiting the proper
molecular ion (M'=168). However, cyclopropanation was not conclusively proven.
An attempt to provide additional support for mechanism D involved performing a
Simmons-Smith cyclopropanation83 on compound 177 to introduce acyclopropane ring on
the strained double bond.

Treatment of this compound with methyllithium in DME,

however, returned only the cyclopropanated product, suggesting that mechanism D was not
operating, either.
None of the proposed mechanisms seem to be consistent with all of the additional data,
but, for the time being, no other reasonable mechanisms could be devised.

A potential
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explanation using a combination of mechanisms A and D that is consistent with the
additional experiments involves the formation of ethyllithium from methyllithium and a
carbene or carbenoid species generated from DME.
react with the oxatricyclo compound (mechanism A).

The formed ethyllithium could then
In the absence of the oxatricyclo

compound to immediately trap the formed ethyllithium, however, the ethyllithium could
decompose the DME by the more conventional route of deprotonation of one of the
methylene groups followed by n-elimination.

As aresult, none of the products resulting

from the addition of ethyllithium to acetophenone or benzaldehyde were observed in the
quenching experiments. This last explanation is purely speculative, and the possibility of a
different mechanism has not been refuted.
Compound 159 reacted with lithium tert-butyldiisobutylaluminohydride to produce the
axial alcohol 175c exclusively in excellent yield (Table 1.5).

The proton on Cs again

appeared as a broadened multiplet at 3.99 ppm, establishing the stereochemistry of the
hydroxyl group based on similar arguments to those used for 163g.

This result also

confirmed that the ketone carbonyl group of 159 was still biased towards attack from the aface. When 175c was treated with D[BAL-H, however, acomplex mixture of compounds
was produced. As the production of the complex mixture meant that the reaction would not
be synthetically useful, no attempt was made to characterize any of the compounds in the
mixture.
1.3.3

SN2' Ring Openings of Compound 160 and Related Systems

The effect of a methyl group adjacent to the carbonyl group in the IMDAF
cycloadducts was probed with 160.

The results of experiments with 160 are shown in

Table 1.6. n-Butyllithium once again caused aregioselective SN2' ring opening; however,
the major product isolated was 183a, in which nucleophilic addition to the carbonyl group
had not occurred. The presence of the carbonyl group was apparent from both the ' 3CNMR (
214.5 ppm) and the IR ( 1707 cm') spectra. A small amount of the "normal" product
184a was also isolated. The methyl group adjacent to the carbonyl group was apparently
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Table 1.6 Reaction of 160 with Various Organometallic Reagents
10

R

9
+

HO
0

0
183

160

Reagent/Conditions

R

185

184
Product(s)

Yield (%)

183a:184a

62:8

n-Bu

3eq. n-BuLi/EtzO/-78°C-+r.t./16h

Me

3eq. MeLi/1:1 TMEDA:Et2O/0°C-*r.t./312h

185b
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H

1.5 eq. LIAI(t-Bu)(i-Bu) 2H/THF/0°C/lh

185c

100

hindering nucleophilic attack at the carbonyl group from the a-face so that the ring opening
reaction became comparatively more facile. Slightly less bulky alkyl groups, however, such
as methyllithium could still attack the carbonyl group. In fact, the methyllithiumlFMEDA
mixture attacked the carbonyl group only and did not produce any ring opened products.
The production of the axial alcohol 185c exclusively upon treatment of 160 with lithium
tert-butyldiisobutylaluminohydride illustrated that reaction at the carbonyl group was still
biased to attack from the a-face. The stereochemistry of the hydroxyl group in 185c could
again be deduced from coupling constants, since the axial alcohol 185c should show one
axial-equatorial and one equatorial-equatorial coupling of 2-3 Hz each to the proton on C5,
while the epimeric equatorial alcohol should show one axial-axial coupling of 8-10 Hz and
one axial-equatorial coupling of 2-3 Hz to the same proton. The Cs proton of the isolated
product appeared as abroadened singlet at 3.58 ppm with some additional coupling evident
but not detected by the peak printout.
Treatment of 185c with DIBAL-H produced predominantly
OH

the fragmentation product 186 based on signals at approximately
7.1 ppm (broadened singlet, 3H), 3.65 ppm (broadened triplet,

186

2H), 2.6 ppm (multiplet, 2H), 2.3 ppm (singlet, 3H), and
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1.6 ppm (multiplet, 7H) in the 1H-NMR spectrum of the crude reaction mixture.

The

integral of the aromatic signal was low, possibly due to longer relaxation times for the
aromatic protons, while the multiplet at 1.6 ppm was high, likely due to the presence of
overlapping signals from other compounds. The formation of 186 could occur via the same
mechanism for the formation of 168 from 163g (
Scheme 1.43) under the same conditions.
1.3.4

SN2' Ring Openings of Compound 161 and Related Systems

Finally, compound 161 was used to investigate the effect of a methyl group on the
bridgehead position of the IMDAF cycloadducts.
summarized in Table 1.7.

The results of these experiments are

Although the ring opening reaction could be effected with

organolithium reagents, the presence of the bridgehead methyl group caused a dramatic
decrease in the regioselectivity so that both 187 and 188 were formed in ratios varying from
1.5:1 to 2,2:1. In the case of the reaction with tert-butyllithium, asmall amount ( 12%) of
Table 1.7 Reaction of 161 with Various Organometallic Reagents
10

0
161

187
Combined Yield

Reagent/Conditions

Ratio of 187:188

n-Bu

3eq. n-BuLiit2O/-78°C--*r.t./16h

1.7:1

80

i-Pr

3eq. i-PrLi/Et2O/-78°C—r.t./16h

1.5:1

95

t-Bu

3eq. t-BuLi/Et2O/-78°C---0 °C/3h

2.2:1
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R

(%)

189 was isolated as well. Because the two regioisomers were not easily

t-Bu OH

separated by column chromatography and only the regioisomer which
eluted first could be cleanly isolated, the ratios of products were
H
189

o

determined by integration of the alkene protons, which were generally
well separated, in the 'H-NMR spectrum of the crude reaction mixture.
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Since integration did not differentiate between the two regioisomers as both contained only
one alkene proton, the signal for the methyl group originally on C8 of 161 was used to
assign the spectra, and therefore the alkene protons, to 187 or 188. The protons on this
methyl group showed some allylic coupling to the proton on C9 in 188, so that the 'H-NMR
signal was broader than that in 187. This methyl signal also appeared further downfield in
188 due to the anisotropy of the double bond.

This assignment of structure 187 to the

spectrum with the sharper, further upfield methyl signal was confirmed by the X-ray crystal
structure of 187c (Figure 1.7) which also established that the facial selectivity of the ring
opening reaction and the nucleophilic addition to the carbonyl group had not changed.
Unfortunately, a suitable crystal of 188 could not be secured for analysis by X-ray
crystallography to verify its stereochemistry.

Possible reasons for the decrease in the

regioselectivity will be discussed in the next section.
None of the normal SN2' ring opened products were observed when 161 was treated
with the methyllithiumiTMEDA reagent. Instead, amixture of the non-ring opened product
190 and the diene 191 was isolated (Scheme 1.48). Compound 191 was presumably formed
via a 13-elimination reaction as shown in Scheme 1.48.

This compound was somewhat

unstable, and decomposed upon storage in deuteriochioroform overnight.
1.3.5

Rationalization of Regio- and Stereoselectivity

Three items regarding the selectivity of the reaction of the organolithium reagents with
the IMDAF cycloadducts need to be addressed. These items are the regioselectivity of the
ring opening reactions, the stereoselectivity of the ring opening reactions, and the
stereoselectivity of the nucleophilic addition to the ketone carbonyl group.
Since the nucleophile would be donating electrons into the lowest unoccupied
molecular orbital (LUMO) of the IMDAF cycloadducts, adifference in the lobe sizes at C9
and C10 of the LUMO could be used to explain the regioselectivity. The LUMO's of several
IMDAF cycloadducts, calculated using the SPARTAN molecular modelling program,' did
not show anoticeable variation in the C9 and C10 lobe sizes, however. Other explanations
were therefore investigated.
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Figure 1.7 X-Ray Crystal Structure of Compound 187c

The regioselectivity could be rationalized by electronic effects.

Because the

organolithium reagents also behave as Lewis acids, coordination of the lithium to the
bridging oxygen atom likely occurs first. The developing positive charge on the oxygen
atom could be stabilized by resonance structures 193 or 194 for the intermediate 192 or
structures 196 or 197 for the intermediate 195 (
Scheme 1.49). For 192, the resonance
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structure 193 should make agreater contribution to the resonance hybrid since the positive
charge resides on atertiary allylic carbon atom as opposed to asecondary allylic carbon
atom in 194. As aconsequence, the C1O bond should be longer and weaker than the C8O
bond, so that attack of anucleophile at C9 of 192 in an SN2' fashion should be more facile
than attack at C10. On the other hand, the positive charge resides on atertiary allylic carbon
atom in both resonance structures 196 and 197, so that these two structures should
contribute equally to the resonance hybrid.

As aresult, the carbon-oxygen bond lengths
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should be more similar, and attack at C9 or C10 of 195 should have more similar energy
barriers.

This argument was supported by the calculated structures of the intermediates

192 and 195 at the

321G*)

level using the SPARTAN molecular modelling program 84

(Table 1.8). The CI0 bond length is longer than the C8O bond length in 192 and 195;
however, the difference is smaller in 195.

The slightly longer CI0 bond length in 195

could also account for the slight preference for attack at C9 in 161. A similar argument has
been used to rationalize the regioselectivity of acid catalyzed ring openings of epoxides. 85
Steric arguments could also be used to rationalize the observed regioselectivity. The
space filling model of the 3-21G(*) optimized structure of 158 (Figure 1.8), generated with
the SPARTAN program, shows that one of the hydrogen atoms on C2 hinders attack at C10 ,
Table 1.8 Carbon-Oxygen Bond Lengths of 321G(*) Optimized Structures of
Intermediates 192 and 195

Bond Lengths for 192

(
A)

Bond Lengths for 195

o
(
A)

C1oxygen

1.5430

Cl-oxygen

1.5366

C8oxygen

1.5 144

C8 -oxygen

1.5230

Difference

0.0286

Difference

0.0136
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Figure 1.8 Space Filling Model of 158

9
2

10

Figure 1.9 Space Filling Model of 161

13

2

10

65

while attack at C9 is less encumbered. The space filling model of 161 (
Figure 1.9) shows
the same hindrance at C10 ,but attack at C9 is also obstructed by the hydrogen atoms (H13 )
of the methyl group on C8.As aresult, the steric environments are more similar, leading to
acorresponding decrease in the regioselectivity.

A combination of steric and electronic

effects is likely responsible for the observed regioselectivity.
The stereoselectivity of the

SN2'

ring opening may be the result of the approach of the

nucleophile from the less sterically hindered exo face of the oxatricyclic system. 86
Coordination of the organolithium to the bridging oxygen atom or stereoelectronic effects
favouring asyn

SN2'

attack' ° are other possible contributing factors.

Steric effects are likely responsible for the stereoselective nucleophilic addition to the
ketone carbonyl group. A steric argument is the classical explanation for the preference for
equatorial attack at the carbonyl group of cyclohexanone when larger nucleophiles are
employed. 87 A different view of the space filling model of 158 (Figure 1.10) optimized at
the

32lG(*)

level illustrates that the face of the carbonyl group opposite the bridging
Figure 1.10 Space Filling Model of 158
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atom (Oii) is more accessible to an attacking nucleophile (Nu-).
1.4

Conclusions
9

.

8

R

openings by organolithium reagents. The minimum reactivity of

6

R3

the organolithium reagent required to effect the ring opening

•

R2

The IMDAF cycloadducts are amenable to SN2' ring

0

R1,R2,R3,R4=H or Me

reaction appeared to he somewhere between that of nbutyllithium and methyllithium, since the former reagent and

more reactive secondary and tertiary organolithium reagents were able to cause the ring
opening, while methyllithium required activation by DME before any ring opening was
observed.

Less reactive organometallic reagents provided no ring opened products.

The

reaction showed high facial selectivity for attack .
cyn to the bridging oxygen atom, and was
highly regioselective for attack at C9 providing that the bridgehead position (C8)of the
IMDAF cycloadduct was not substituted.

A combination of steric and electronic effects

may be responsible for the high degree of selectivity. Substituents at other positions (C3,

C6,

and C7) of the IMDAF cycloadducts were tolerated, and had no effect on the
regioselectivity or stereoselectivity of the reaction.
Nucleophilic addition to the ketone carbonyl group of the IMDAF cycloadducts was
generally more facile than the SNZ' ring opening reaction unless the carbon atom adjacent to
the carbonyl group bore a substituent.

This addition was also highly stereoselective ,

providing products resulting from nucleophilic attack at the carbonyl group from the face
opposite to the bridging oxygen atom. The IMDAF-SN2'ring opening reaction sequence
provided products with up to five contiguous asymmetric centres of known relative
stereochemistry in good to excellent yields.
All of the questions posed at the beginning of this chapter were answered by this study.
With the viability of the SN2' ring openings established, the next goal was the development
of an enantioselective route to the IMDAF cycloadducts as this would allow for the
application of this methodology to the enantioselective synthesis of natural products.
Studies aimed at this goal are presented in Chapter 2.

67

Chapter 2
2.

The Preparation of Enantioenriched IMDAF Cycloadducts

2.1

Introduction
The field of asymmetric synthesis, especially the area of preparing nonracemic mixtures,

is currently one of the most active areas in synthetic organic chemistry. Enantiomers often
show different biological activities since the molecules they interact with in biological
systems are chiral as well, so that the resulting complexes are diastereomeric and therefore
different. 88 As aresult, the ability to prepare nonracemic mixtures or, preferentially, only
one of the two possible enantiomers of chiral compounds has become one of the desirable
characteristics in new synthetic methodology. The methodology then has the potential to be
applied to enantioselective syntheses of complex compounds.
2.1.1

Asymmetric Organic Synthesis

Nonracemic mixtures of achiral compound can be formed through the separation of the
two enantiomers from aracemic mixture, either chemically through akinetic resolution or
physically. 89 Both methods rely on the formation of either diastereomers or diastereomeric
transition states with a nonracemic mixture of another chiral compound in order to
differentiate the enantiomers. The major drawback of using aresolution step is that, unless
the enantiomers can be interconverted, one half of the compound will be discarded.
A second way of preparing nonracemic mixtures is to rely on the "chiral pool." The
chiral pool refers to a number of readily available, and therefore generally inexpensive,
enantiopure compounds which are found in natural sources. 9° The chiral centres in these
compounds may be "excised" and incorporated into new compounds by transforming the
natural product with standard chemical reactions. These chiral centres may also be used to
set up other chiral centres through dliastereoselective reactions.
A third method is the preparation of nonracemic mixtures through asymmetric
reactions. The term asymmetric reaction refers to "...areaction in which an achiral unit in
an ensemble of substrate molecules is converted by areactant into achiral unit in such a
manner that the stereomeric products are produced in unequal amounts."9' Reactions which
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preferentially

form

one

enantiomer

selectively

are

termed

enantioselective,

while

diastereoselective reactions refer to those biased towards the formation of one diastereomer.
In general, both types of asymmetric reactions again rely on the formation of a
diastereomeric species at some point in the reaction profile. Species which are enantiomers,
whether they are transition states or ground states, have the same physical and chemical
properties with the exceptions of their interaction with plane polarized light and their
interaction with other chiral species.

Since physical properties include energy, both

enantiomers are formed in equal amounts, under normal circumstances, whether the reaction
is under kinetic or thermodynamic control (Figure 2.1A). The addition of achiral influence
alters this situation since diastereomeric transition states or diastereomers result.

The

Figure 2.1 Reaction Profiles of Non-selective and Selective Reactions
A. Non-selective
Energy

R

St

SM

Reaction Coordinate
B. Kinetic Control
Energy AG..c*

C. Kinetic or Thermodynamic Control
Energy AGR..0 *
AG
SMC *

A(' 0

SC*

RC*
Reaction Coordinate

Reaction Coordinate

C

*
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formation of diastereomeric transition states of unequal energy produces adifference in the
activation energy, AG*, and hence a difference in the rates of production of the two
enantiomers, so that an asymmetric reaction may be realized under kinetic control
(Figure 2.1 B).

Alternatively, if the chiral control element causes the ground states to be

diastereomeric, the lower -energy diastereomer will predominate at equilibrium, and the
reaction can be selective under thermodynamic control (Figure 2.1C). In this second case,
the transition states are usually diastereomeric as well, and often kinetic control may also be
used successfully.
A number of different ways of introducing the chiral influence have been employed in
asymmetric syntheses, with the time of association of the chiral control element with the
substrate varying from momentary to permanent. Included in the temporary class are chiral
catalysts and chiral reagents, as the chiral portions of these agents become involved in the
reaction through non-covalent bonds, affect the enantiomeric distribution of the products,
and are then removed upon workup or after purification of the products. Alternatively, an
enantiomerically pure chiral fragment, C, may be covalently attached to the substrate. This
chiral auxiliary causes the otherwise enantiomeric transition states and ground states to be
diastereomeric

so that diastereoselectivity may be effected with either kinetic or

thermodynamic control.

The resulting diastereomers, each of which will be

as

enantiomerically pure as the chiral auxiliary, may be separated by conventional means before
the chiral auxiliary is removed, providing the individual enantiomers.

The overall

enantioselectivity, then, depends on the selectivity of the diastereoselective step. As another
option, the "chiral auxiliary" may be retained in the product and eventually incorporated into
the target molecule, although the definition of achiral auxiliary usually implies that the chiral
fragment will be cleaved and recovered at some point.
As the group of Albizati noted in arecent paper, 92 one of the main advantages of using
thermodynamic control over kinetic control in asymmetric synthesis is that, in general, a
larger number of stereocentres can be established in one step.

Their argument was that

kinetic processes rely on the control of the transition state structure, and only afew atoms
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could be influenced in the transition state. Reactions depending on adifference in ground
state energies for stereocontrol, on the other hand, are not limited in this way.
advantage

to

thermodynamically

controlled

asymmetric

induction

is

Another

that

minor

stereoisomers can be separated and equilibrated to generate more of the desired product,
while interconversion of the stereoisomers is not always possible with kinetically controlled
reactions.
2.1.2

A Review of Diastereoselective IMDAF Reactions

As mentioned in Chapter 1, the IMDAF reaction with an unsubstituted four carbon
tether is highly diastereoselective, producing only the exo adducts.

The presence of a

substituent on the linking chain, as in the example in Figure 2.2, however, introduces
another stereogenic centre so that two diastereomeric exo products can be formed.

The

reaction is usually selective for the exo cycloadduct in which the substituent is positioned in
an equatorial position in the newly formed six membered ring of the product.

The

selectivity of the reaction depends to some extent on the exact position of the substituent on
the tether, as well as the reaction conditions and the structure of the substrate.
Figure 2.2 Possible IMDAF Products with aSubstituted Tether
H

+

Minor

Major

The IMDAF reaction of a substrate with the substituent on the tether on the atom
directly adjacent to the furan ring can be highly diastereoselective, although Wang and
Roskamp reported no selectivity for the reaction of 198, since 199 and 200 were formed in a
1:1 ratio (Scheme

Based on the results of others (
vide infra), the short reaction time

may be responsible for this poor selectivity since the reaction may not yet have reached
equilibrium. Higher selectivities were observed by other groups with other examples once
equilibrium was attained.

Rogers and Keay, for example, found that compounds 201
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produced 202, with the sidearm methyl group in an equatorial position, in preference to 203
in ratios varying from 29:1 to 2.4:1 depending on the substitution pattern on the dienophile
and on whether

Florisil®94

or methylaluminum dichloride' was used as the catalyst. Better

selectivities and yields were generally observed with the latter catalyst. The reaction was
found to be under thermodynamic control and the selectivity was used advantageously for
the preparation of (±)- 1,4-epoxycadinane.

Other highly selective reactions with a

substituent at this position on the sidearm were reported by the group of Feringa, who found
that 204 produced 205 exclusively95 (Scheme 2.2), and by Metz and co-workers. This last
group observed that the vinylsulfonate 206 produced a1.4:1 mixture of 207 and 208. This
mixture could be equilibrated in refluxing toluene, in the presence of aradical scavenger to
minimize side reactions, to give a9.5:1 ratio of 207 to
applied to the synthesis of ivangulin.

208.96

This selective reaction was
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IMDAF precursors with asubstituent on the 3-carbon atom of the tether relative to the
furan ring have also been found to undergo highly diastereoselective IMDAF reactions.
Rogers and Keay have reported that compounds 209 produced 210 predominantly (44:1) or
exclusively' *94 (Scheme 2.3). Again, the reaction was under thermodynamic control and the
diastereomer 211 with the sidearm methyl group axially situated was thermodynamically less
stable. Better yields (87-89%) were obtained when catalytic quantities of methylaluminum
dichloride were used to accelerate the reaction.

The group of Metz also found that a

methyl, ethyl, or isopropyl group at this position on the sidearm resulted in a highly
diastereoselective IMDAF reaction with vinyl sulfonates 212, producing only 213. 97
Molecular modelling predicted that 213 would be formed almost exclusively under
thermodynamic control, and the structure of 213 was confirmed by X-ray crystallography.
Enantiopure 212 with R=isopropyl was also used to prepare enantiopure 213.
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Scheme 2.3
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Finally, the presence of an isopropyl substituent on the y-carbon atom of the tether
relative to the furan ring has also given rise to a diastereoselective IMDAF reaction.
Cauwberghs and De Clercq have found that while the [MDAF reaction of 214 was only
slightly diastereoselective under kinetic control, producing a5:4:1 ratio of 215:216:an endo
adduct, equilibration of the reaction mixture provided a 2:1 mixture of 215:216'
(Scheme 2.4). Molecular modelling of the transition states of the IMDAF reaction, which
were expected to resemble aten membered ring, had predicted that the reaction would not
be selective under kinetic control, since the boat-chair-boat transition states with the
isopropyl group in either an equatorial or an axial position were almost equal in energy.
Compound 215 with an equatorial isopropyl group, however, was predicted to be
thermodynamically more stable than 216. The diastereoselectivity of the IMDAF reaction of
217 was much higher, producing only 218 under kinetic control. 98

Similar results were

obtained with the epimeric alcohol. The transition state was argued to resemble a6,6 fused
system rather than aten membered ring with the unactivated dienophile, and the transition
state with an equatorial isopropyl group was predicted to be lower in energy.

A greater

steric interaction between an axial isopropyl group with an axial methoxy group of the ketal
moiety could also be responsible for the greater selectivity observed.
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2.1.3

The Lewis Acid Catalyzed IMDAF Reaction

Results in our laboratory have shown that the [MDAF reaction with a four carbon
linking tether is facilitated by the addition of aLewis acid.'

Catalytic quantities of Lewis

acid sometimes provide a different starting material to product ratio than stoichiometric
quantities of Lewis acid.

Our current working model99 for explaining this phenomenon

involves the equilibrium shown in Scheme 2.5. With catalytic quantities of Lewis acid, the
product to starting material ratio reflects the free energy difference between the
uncomplexed starting material and uncomplexed product while, with the presence of
stoichiometric quantities of Lewis acid, the free energy difference between complexed
starting material and complexed product is important.

In the case where the tether is
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substituted, differing quantities of Lewis acid could also affect the diastereoselectivity of the
IMDAF reaction since the free energy difference between the two uncomplexed products
could be different from that of the two complexed products.
2.2

Project Objectives
The synthetic utility of the IMDAF-SN2' ring opening reaction sequence would be

enhanced if the products could be prepared enantioselectively.

While examples of

enantioselective SN2' ring openings have appeared in the literature, 27 '
5'these have been
performed on symmetrical oxabicyclo systems (Chapter 1.1.3.1). With the unsymmetrical
IMDAF cycloadducts, attempts to prepare nonracemic ring opened products from aracemic
mixture of the IMDAF cycloadducts could only be accomplished through a kinetic
resolution with the inherent disadvantages noted earlier in this chapter.

A better method

would be to develop aroute to nonracemic mixtures of the IMDAF cycloadducts which
could then be subjected to an

SN2'

ring opening reaction.

One possible method for preparing nonracemic IMDAF cycloadducts is through the use
of optically active Lewis acids.' 00

Attempts to accomplish an enantioselective . IMDAF

reaction with (menthyloxy)aluminum dichloride,' °'an oxazaborolidine derived from N-tosyl(S)-tryptophan,' °2 or titanium reagents derived from dimethyl (
2R,3R)-tartrate' °3 or cis,cisspiro[4.4]nonane-1, 6- diol,' °4 however, have been unsuccessful. 105 Attention was therefore
directed towards using astereogenic centre on the linking tether as achiral control element.
As discussed in section 2.1.2, IMDAF reactions with asubstituted tether can be highly
diastereoselective. The introduction of the substituent enantioselectively would allow for
the preparation of nonracemic diastereomers via the IMDAF reaction. Previous studies in
our laboratory had dealt with 201 (Scheme 2.1) and 209 (Scheme 2.3), but the IMDAF
cycloadducts derived from these precursors were unsuitable for the ring opening reactions
since the bridgehead positions were substituted. The IMDAF reactions of precursors with a
methyl-substituted four carbon tether not bearing asubstituent at the 5-position of the furan
ring had not been examined previously, and none of these reactions had been attempted with
achiral centre incorporated into the tether. The decision was therefore made to investigate
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the feasibility of using this type of IMDAF reaction for preparing enantioenriched IMDAF
cycloadducts which could be further elaborated by the SN2' ring openings.

Precursors

bearing amethyl substituent on the 3-carbon atom of the tether relative to the furan ring
were selected since the IMDAF reactions of other systems with asubstituent at this position
appeared to have the highest selectivities, and a methyl group at this position would be
required for the application of an IMDAF-ring opening reaction sequence to the synthesis of
fragments of erythromycin (Chapter 3) and venturicidin (Chapter 4). Various substitution
patterns on the dienophile were also chosen to address the possibility of preparing other
cycloadducts by this methodology. Since these systems had not been studied previously, a
synthetic route to these precursors would have to be developed and optimum reaction
conditions for the IMDAF reaction found by probing the effect, if any, of reaction
temperature and quantity of Lewis acid on the diastereoselectivity of the IMDAF reaction.
2.3

Results and Discussion

2.3.1

Synthesis of Racemic Precursors

The investigation of the effect of the reaction conditions on the diastereoselectivity of
the IMDAF reaction was carried out on racemic materials since their preparation was
simpler. The application of methods similar to those used to prepare the IMDAF precursors
mentioned in Chapter 1 implied that the iodide 219, which could be prepared from the
alcohol 220, would be required (Scheme 2.6).

This alcohol could not be accessed by

modifying the route used to prepare 221, which was an intermediate in the synthesis of 209.
The Friedel-Crafts alkylation which was successful with 2-methylfuran could not be used
with furan since asubstantial amount of the 2,5-dialkylated product was obtained when the
other a-position of the furan was not originally substituted.' °6
outlined in Scheme 2.7.

The successful route is
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227 R1=R 2=H ( 10%)

+

(
230a

228 R1=Me, R2=H (83%)
229 R1=H, R2=Me (92%)

+

+ 230b)

(
231a

(76%)

+ 231b)

(9%)
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The z43-unsaturated aldehyde 222 was prepared via a crossed aldol condensation
between 2-furaldehyde and propanal according to the method of Schmidt' °7 (Scheme 2.7).
Attempts to effect areduction of both the double bond and the aldehyde group to furnish
220 using sodium borohydride,' °8 lithium aluminum hydride,' 09 DIBAL-HIHMPA," ° or
DIBAL-H/HMPA/methylcopper" ° were unsuccessful, giving only the corresponding allylic
alcohol. A dissolving metal reduction"' employing excess sodium metal in absolute ethanol,
however, achieved the double reduction to produce 220 in 52% yield. This reduction could
also be accomplished with sodium amalgam" 2 in ethanol with slightly higher yields (
65%),
but necessitated the handling of mercury and mercury wastes.

Attempts to convert this

alcohol directly to the iodide 219 by anumber of different methods including irimethylsilyl
chloride/sodium

iodide,'

3

triphenylphosphine/l,2-diiodoethane," 4

and

triphenyl-

phosphine/DEAD/methyl iodide" 5 resulted in decomposition of the furan ring or returned
starting material.
conditions,'

After conversion of the alcohol to the tosylate 223 under standard

6 however,

Finkelstein conditions'

7 produced

the iodide 219 in excellent yield.

The iodide was converted to the IMDAF precursors using methods similar to those
employed in Chapter 1. A lithium-halogen exchange was effected with tert-butyllithium, 56
and the resulting anion was quenched with acrolein, methacrolein, or crotonaldehyde to
generate the allylic alcohols 224, 225, and 226, respectively, as mixtures of diastereomers.
The diastereomeric mixtures were oxidized with Fetizon's reagent'

8 to

generate the enones

227 to 229. The oxidation step was carried out with Fetizon's reagent rather than under
Swern conditions since the oxidation of the related allylic alcohols leading to 209 (Scheme
2.6) were reported to be unsuccessful under Swern conditions. 106 Enone 227 underwent the
IMDAF reaction under the oxidation conditions, so that the oxidation of 224 produced a
76% yield of a 4:1 mixture of 230a:230b (
only one enantiomer of each diastereomer is
shown) along with asmall amount ( 10%) of enone 227. A small amount of the enone 228
(9%) also underwent the IMDAF reaction under the oxidation conditions, giving a 3:1
mixture of 231a:231b. Spectral data confirmed that each of the above transformations had
occurred as desired. With the precursors in hand, the effect of reaction temperature and,
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Lewis acid quantity on the diastereoselectivity of the IMDAF reaction to form the
cycloadducts 230a/230b, 231a/231b, and 176a/176b was studied next.
2.3.2

The Effect of Reaction Temperature and Quantity of Lewis Acid on the
DiastereoseLectivity of the IMDAF Reaction

The effect of reaction conditions on the diastereoselective IMDAF reaction was probed
by carrying out the reactions under various conditions in an NMR tube and monitoring the
reactions by variable temperature NMR spectroscopy.

Ratios of starting materials to

products were determined by integration of the signals due to the cx-furan proton of the
enones (-7.35 ppm) and one of the alkene protons of the IMDAF cycloadducts (-6.35 and
—6.45 ppm) in the ' H-NMR spectra since these signals were fairly well separated.

The

results of these experiments are shown in Table 2.1.
Because the majority of the enone 227 underwent the IMDAF reaction under the
oxidation conditions used in its preparation, a 9:1 mixture of the IMDAF cycloadducts
230a:230b was used to investigate the IMDAF reaction of the unsubstituted dienophile. As
the IMDAF reactions were reversible under the Lewis acid catalyzed reaction conditions
(vide infra), the results provided by this experiment were valid. The reaction temperature
and the quantity of Lewis acid appeared to have little effect on the 230a:230b ratio, as all
conditions produced approximately a 95:5 ratio of products, although equilibrium was
attained faster with stoichiometric Lewis acid.

Some decomposition was observed,

however, when stoichiometric amounts of Lewis acid were used at —40°C.

The major

product was determined to be 230a, with the methyl group on C3 situated equatorially in the
newly formed six membered ring, based on the 'H-NMR signal of the axial proton on C2
which appeared as a doublet of doublets at 2.01 ppm with coupling
H

constants of 11.9 Hz and 14.3 Hz.

This assignment was based on a

comparison with the 'H-NMR spectrum of 210 (Scheme 2.3) with
R1=R2=H, for which the same proton was assigned to asignal at 1.92 ppm
230a

based on acombination of HETCOR and DEPT experiments.' 06 The two
large couplings are typical for avicinal axial-axial coupling and ageminal
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Table 2.1 Diastereoselectivity of the IMDAF Reaction Under Various Conditions
2

2
+

R2

10

4
2

227 R1=R2=H

230a

230b

228 R1=Me, R2=H

231a

231b

229 R1=H, R2=Me

176a

176b

Starting

Products

Reaction

Ratio of SM:P(a):P(b)

Material (SM)

(P)

Temperature (°C)

0.1 eq. MeAlCl 2 1.1 eq. MeAlCl 2

230a:230b (9:1)

230a:230b

—60

0:93:7

—40

0:95:5

—60

0:96:4

—40

2:94:4

0:100 :0*

—60

4:92:4

81:19:0

—40

11:81:8

228

229

231a:231b

176a:176b

-

0:97:3
0:90 :10*
0:9 2
:
8*

74
:
26 :0*

*
Some decomposition appare
nt
coupling, respectively. The proton on C3 must therefore be axial, placing the methyl group
equatorial.

The same proton in the minor isomer appeared as a doublet of doublets at

2.06 ppm with coupling constants of 4.8 Hz and 13.9 Hz, which are consistent with avicinal
axial-equatorial coupling and ageminal coupling, respectively. The C3 proton in the minor
isomer must therefore be equatorial, so that the methyl group must be axial.
Since Lewis acid catalyzed IMDAF reactions of other systems with afour carbon tether
produced only the cycloadducts with the tether oriented exo relative to the bridging oxygen
atom,' the exo cycloadducts 230a/230b were expected.

Support for an exo oriented

sidearm relative to the oxygen bridge in the major product was provided by the coupling
constants for the endo hydrogen on C7. Again, by comparison with the 'H-NMR spectrum
of 210, this proton was assigned to adoublet of doublets at 1.50 ppm (1.59 ppm in 210)
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with coupling constants of 8.3 and 11.8 Hz. Examination of molecular models showed that
the dihedral angle between this proton and the proton on C8 is

900,

so that no coupling is

expected between these two protons. The endo C7 proton is expected to show ageminal
coupling to the exo C7 proton, which is consistent with the coupling constant of 11.8 Hz,
and a vicinal coupling to the C6 proton.

Molecular models show that the dihedral angle

between the C6 proton and the endo C7 proton is close to

00

in the exo cycloadduct 230a,

while this dihedral angle is close to 60° in the corresponding endo cycloadduct.

The

observed coupling constant of 8.3 Hz is consistent with adihedral angle of 0°, confirming
that 230a had been formed. Similar considerations for the minor isomer also illustrated that
it was an exo cycloadduct ( 1.44 ppm, dd, J=8.1, 11.7 Hz).
The reaction temperature and quantity of Lewis acid also appeared to have little effect
on the diastereoselectivity of the IMDAF reaction with compound 228. Decomposition was
noted when stoichiometric quantities of Lewis acid were employed at both reaction
temperatures. The major product was 231a with an equatorial C3 methyl group based on
similar arguments to those used for 230a ('H-NMR Hw 1.95 ppm, dd, J=11.3, 13.5 Hz).
Finally, although the reaction temperature had only aminor effect on the selectivity of
the IMDAF reaction of 229, the quantity of Lewis acid greatly affected the ratio of starting
material to product. The formation of more product when catalytic quantities of Lewis acid
are employed as opposed to stoichiometric quantities appears to be quite common for the
IMDAF precursors with amethyl group on the n-carbon of the en0ne99 and likely reflects a
variation in the free energy difference between complexed and uncomplexed starting
material and product. Once again, decomposition was noted when stoichiometric quantities
of Lewis acid were used at —40°C. The major product was 176a based on similar arguments
to those employed previously (' H-NMR H2. 1.90 ppm, dd, J=11.8, 14.6 Hz).
The optimum conditions for the IMDAF reactions of these systems, then, appeared to
involve the use of catalytic quantities of Lewis acid at low temperatures.

While these

factors influenced the diastereoselectivity of the reactions only slightly, decomposition was
noted in all three cases when stoichiometric quantities of Lewis acid were used at the higher
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temperatures.

Better yields were observed with 229 with catalytic Lewis acid, and the

reactions were generally easier to work up with catalytic methylaluminum dichloride since
the quantity of insoluble aluminum salts present after quenching the reaction was lower.
Evidence that these IMDAF reactions were under thermodynamic equilibration between
the two diastereomeric cycloadducts via a reiro-IMDAF-IMDAF reaction sequence was
provided by treating apure sample of the minor cycloadduct 230b with methylaluminum
dichloride (Table 2.2). When this pure sample was treated with 0.1 equivalents of Lewis
acid at —78°C, a46:54 ratio of 230a:230b was obtained. While this ratio was not the same
as that observed in the NMR studies, this result clearly indicated that the reaction was
reversible. The difference in the ratio may have been due to the small amount of pure 230b
available for use in the reaction, since the addition of 0.1 equivalents of Lewis acid involved
asmall volume of the methylaluminum dichloride solution (4.7 pL) which may not have all
reached the reaction mixture.

Since equilibrium was not attained as quickly with lower

quantities of Lewis acid, this ratio may not reflect the equilibrium ratio. When this mixture
of cycloadducts was treated with 1.1 equivalents of methylaluminum dichloride, which
involved the addition of alarger volume of Lewis acid, the ratio of 230a:230b (
95:5) was
close to that observed in the NMR studies.

These results showed that the reaction was

under thermodynamic control, and demonstrated that the minor cycloadducts could be
recycled to generate more of the major cycloadducts.
Table 2.2 Equilibration of Compound 230b

230b

230a
Initial Ratio of 230a:230b

Time (h)

Eq. of Lewis Acid

Final Ratio of 230a:230b

0:100

5.75

0.1

46:54

46:54

4.0

1.1

95:5
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Since the IMDAF reaction was under thermodynamic control, the ratios of products
obtained reflected the difference in the ground state energies of the diastereomeric
cycloadducts.

Examination of molecular models indicated that the cycloadducts with the

axial methyl group at C3 should be of higher energy because of a 1,3 diaxia1 interaction
between the C3 methyl group and the bridging oxygen atom.

This steric interaction was

absent in the cycloadducts with the equatorial C3methyl group.
With the reaction conditions established and equilibration proven, the next step involved
preparing enantiomerically enriched IMDAF precursors. Chirality could then be transferred
from the sidechain under thermodynamic control, producing up to four new chiral centres of
known absolute stereochemistry.
2.3.3

Synthesis of Enantiomerically Enriched IMDAF Cycloadducts

Finding amethod for introducing the methyl group onto the sidearm enantioselectively
represented

the

final

hurdle

to

preparing

the

enantiomerically

enriched

IMDAF

cycloadducts. Fortunately, this was relatively easily accomplished through abaker's yeast
reduction of the a,3-unsaturated aldehyde 222 (Scheme 2.8) according to the method of
Fuganti and co-workers" 9 to produce (—)-220 in low yield (27%).

This yield was much

lower than that reported in the literature (72%), but was of the same optical purity (>99%)
based on the optical rotation of the tosylate (+)-223 ([a}=+6.99° (c 10.3, CHC13), Lit." 9
a]20 =+6.97°
[
tosylate.'

6

(c 1, CHC13)) which was prepared in the same manner as the racemic

The remaining steps in the preparation of the enantloenriched enones were the

same as those employed in the synthesis of the racemic precursors, involving conversion of
23

the tosylate to the iodide (+)-219 ([a] =+30.3° (c 10.9, CHC13)), under Finkelstein
conditions,'

7 treatment

of the iodide with tert-butyllithium, 56 quenching the resulting anion

with acrolein, methacrolein, or crotonaldehyde, and oxidation of the diastereomeric mixtures
of allylic alcohols with Fetizon's reagent." 8

The enone 227 with the unsubstituted

dienophile once again underwent the IMDAF reaction under the oxidation conditions,
producing a 4:1

13

mixture of (+)-230a ([a]=+25.9° (
c4.18, CHC13)):230b in 76%
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227 R1=R 2=H ( 10%)

+(
230a + 230b)

(+)-228 R1=Me, R2=H (83%)

(76%) (+)-230a (61%)

+(
231a + 231b)

(—)-229 R1=H, R2=Me (92%)

(9%) (—)-231a (96%)

(—)-176a (82%)

combined yield along with 10% of the enone 227.

A small

230b (
15%)
231b (0%)
176b ( 10%)

amount (9%) of the enone

(+)-228 also underwent the IMDAF reaction under the oxidation conditions. The bulk of
enones (+)-228( [a] =+8.9° (c10.4, CHC13)) and (—)-229

([]

=-14. 10 (
c10.6, CHC13))

could be made to undergo the IMDAF reaction using the optimized conditions of catalytic
methylaluminum dichloride at low temperature.

Enone (+)-228 produced (—)-231a

([a] =- 15.3° (
c 6.93, CHC13)) exclusively in 96% yield, while (—)-229 formed an 8.6:1
mixture of (—)-176a( [a] =-33.8° (c3.87, CHC13)):176b under the same conditions.
Because enone 227 would form some 230a immediately upon purification and only small
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quantities of the minor cycloadducts 230b and 176b were isolated, accurate optical rotation
measurements were not possible for these compounds.
2.3.4

Further Reactions of the Enantiomerically Enriched IMDAF Cycloadducts

As discussed in Chapter 1, the IMDAF cycloadducts underwent highly stereoselective
reactions with organolithium reagents.

Treatment of compound (—)-231a with methyl21

lithium in diethyl ether produced (—)-232( [a] =-3.2° (c 3.15, CHC13)) in 64% yield
(Figure 2.3) along with 27% recovered starting material. The two enantiomers of 232 could
be separated by chiral phase gas chromatography (Cydex B column, 25m) and analysis of
the nonracemic mixture of (—)-232 by integration of the GC peaks confirmed that the
cycloadduct 231a had been formed with an e.e. of >99% (Figure 2.3). Since the e.e. was
dependent on the optical purity of (—)-220, there was no reason to suspect that the e,e.'s of
the other cycloadducts would be different.
Finally, treatment of the cycloadduct (—)-176a with excess methyllithium in DME
effected an

SN2'

ring opening reaction to provide the ring opened diol (+)-179a

([cz] =+40.7 ° (c3.08, CHC13)) in 74% yield (Scheme 2.9). This final result demonstrated
23

that the diastereoselective IMDAF-SN2' ring opening reaction sequence could be used to
prepare the ring opened products containing up to six chiral centres with high e.e.'s, and
that this reaction sequence could be incorporated into a synthetic scheme for the
enantioselective synthesis of more complex products.

30 eq. MeLi/DME
Do

-20°Cto r.t., 16 h
(74%)

HO
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Figure 2.3 Chiral Phase Gas Chromatogram of (—)-232
2eq. MeLi/Et2O 0.
-78°Cto 0°C, 1.5 It
(64%)

0

7..,'

OH
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2.4

Conclusions
The reaction temperature and relative quantity of Lewis acid appear to have minimal

effects on the diastereoselectivity of the IMDAF reactions of precursors with a methylsubstituted four carbon tether not bearing asubstituent at the 5-position of the furan ring,
affecting only the rate at which equilibrium is reached.

The IMDAF reactions of these

precursors were highly diastereoselective, forming only the adducts with the sidearm
oriented syn to the bridging oxygen atom and the methyl group on the tether situated
equatorially.

The reactions were under thermodynamic control so that the minor

cycloadducts could be recycled to generate more of the major cycloadducts.
By using precursors with a chiral centre incorporated into the tether, the LMDAF
reaction was used to transfer chirality from the tether to generate three or four new
stereogenic centres of known absolute stereochemistry under thermodynamic control.
Treatment of the resulting nonracemic IMDAF cycloadducts with organolithium reagents
effected an

SN2'

ring opening to produce substituted 6,6 fused ring systems with up to six

chiral centres, up to five of which were contiguous, in high enantiomeric excess. Thus, the
project goals were met, and the use of an IMDAF-SN2' ring opening reaction sequence in an
enantioselective synthesis of more complex products should be feasible.
The attempted application of this methodology to the synthesis of the Ci to C10 portion
of the aglycone of the erythromycin antibiotics is the subject of the next chapter. Because
facilities for large scale fermentation reactions were not available in this laboratory, it was
decided to use racemic materials for the initial synthetic studies. Once the synthetic route
had been established, however, modification of the synthesis to give nonracemic products
should be straightforward based on the results presented in this chapter.
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Chapter 3
3.

The Attempted Synthesis of the C1to C10 Portion of the Erythronolides

3.1

Introduction
Erythromycin A (233, Figure 3.1) is a14-membered macrolide antibiotic containing ten

chiral centres which was first isolated from Streptomyces erythraeus by McGuire et al. in
1952. 120 The compound is active against avariety of gram-positive bacteria through the
inhibition of bacterial protein synthesis, 12 'and has found widespread use in both human and
veterinary medicine in the four decades since its discovery.

The next most abundant

compound among the other erythromycins which have been isolated since this first example
is erythromycin B (234). Erythromycin B differs from erythromycin A only in the absence
of ahydroxy group at C12, but is less active than erythromycin A. Both compounds bear
two unusual sugars, L-cladinose and D-desosamine, on the hydroxyl groups at C3 and C5,
respectively. The aglycones of these erythromycins are known as erythronolide A (235) and
erythronolide B (236).
Figure 3.1 Structures of the Erythromycins and Erythronolides
0

0
S.

OH
KIRA

OH

--

'I.

OH

OH
OH
233 R--OH

235 R--OH

234 R=H

236 R=H

Because of the high antibiotic activity of the erythromycins and their stereochemical
complexity, the erythromycins and the erythronolides have provided challenging targets for
synthetic organic chemists for many years. As will be shown in the review of erythromycin
and erythronolide syntheses in the next section of this chapter, the interest in the synthesis of
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these molecules is still strong today. Part of the driving force for this activity is the search
for more potent derivatives which are active against awider spectrum of microorganisms.
Some structure-activity studies have been performed with erythromycin derivatives;
however, the structural features leading to enhanced activity have not been fully
elucidated. 122
The intramolecular cyclization of the C6 and C, 2 hydroxyl groups onto the C9 carbonyl
group represents the major decomposition pathway of erythromycin A under acidic
conditions, and the cycized products have reduced antimicrobial activity. 122

Slight

structural modifications of the structure of erythromycin A can inhibit this intramolecular
cyclization and can also lead to more effective agents. For example, clarithromycin, which
was in clinical trials in

1990122

and differs from erythromycin A only in the presence of a

methoxy group in the place of the hydroxy group at C6,has been reported to be effective at
lower concentrations than erythromycin A against some microorganisms 12' and is active
against a wider variety of microorganisms. 122

Most of the current analogues have been

produced through chemical or microbiological modification of erythromycin A, and some
progress has also been made in the use of genetically engineered microorganisms for the
production of analogues. 122 The development of an efficient synthesis of the erythronolides,
however, would allow for the preparation of derivatives which may not be easily accessible
by these other methods. In this way, awider variety of analogues could be made available
for both screening purposes and additional structure-activity studies.
3.2

Previous Syntheses of the Erythronolides and Erythromycin
A number of syntheses of the erythronolides have appeared in the literature over the

past two decades. This section will briefly review these syntheses chronologically. For the
sake of brevity, only full and formal syntheses of either erythronolide A, erythronolide B,
erythromycin, or the seco-acids of these compounds will be presented with particular
emphasis on the synthesis of the C, to C, 0 fragment. The reader is directed to the original
papers for full details of the syntheses and to leading references 124 through 136 for
syntheses of other intermediates which have not been converted to the erythronolides.
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The first synthesis of erythronolide B was reported by Corey's group in 1978.' 37 The
same group reported the synthesis of erythronolide A the following year 1311 (Scheme 3.1).
The synthetic routes to the C1 to C9 portions 237 (numbered atoms in Scheme 3.1 and in all
other schemes in this chapter refer to erythronolide numbering) of these molecules started
from 2,4,6-trimethyiphenol, and were virtually identical, with only slight changes in the
reagents used.

Compound 237 was then coupled with appropriate C10C15 fragments.

Reagents:

a) NaOMe, CH 2=CHCH2Br; b) BH 3;C) CrO3/H2SO4;d) KBr/Br2;e) KOH;

Bu 3SnH, AJBN;

g) Pd(OH) 2/C. H2;h) (Bz)20, DMAP, Py; i) Zn(BH4)
2;
j) BzC1, Py; k) LDA, then Mel, HLMPA;
1) LiOH; m) CH 3CO 3H; n) (Py-S) 2,Ph3P
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Scheme 3.1 (continued)
OH

12 steps (including
aresolution step)

+237
16 steps

I

p

p

236

No yields reported for
last two steps. 11%
overall for other 14 steps.

No yields reported for first
two steps. 38% overall
for remaining 10 steps.

10l

10 steps (including
aresolution step)

+237
24 steps
Pr

MTMO
13% overall

'OTBDMS

235

0.5% overall
for 24 steps.

15
While the preparation of the erythronolides was a landmark in the synthesis of complex
natural products, the overall syntheses were too lengthy for the practical preparation of the
final products, as is the case for most first syntheses of very complex natural products. The
syntheses also suffered from the requirement for the resolution of enantiomers in the
preparation of each fragment.

In spite of these shortcomings, these syntheses still

represented asignificant advance in the field of complex natural products synthesis.
Two years later, in 1981, the group of Woodward passed another milestone in
erythromycin syntheses and reported the total synthesis of the actual antibiotic with both
sugar moieties attached (Scheme 3.2). 139

This synthesis is, to date, still the only full

synthesis of erythromycin A. Subsequent syntheses have been formal syntheses to either the
carbamate intermediate 241, the aglycone 235, or to other intermediates which have been
converted to one of these two compounds.

The Woodward synthesis involved an aldol

condensation between the C3C8 fragment 239 and the C9C15fragment 240, both derived
from acommon intermediate. Another aldol condensation was used to attach Ci and C2,
followed by adjustment of the C2 stereochemistry by enolate formation and kinetic
protonation.

Once again, however, this synthesis was far too lengthy for the practical

preparation of erythromycin. Other disadvantages include the requirement for enantiomeric
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resolution and the cost of the starting material, tetrahydrothiopyran-4-one ($93.00
US/5g).' 4° Both of the glycosidation steps were relatively low yielding as well (36% for the
desosamine fragment and 55% at 37% conversion for the cladinose portion) and represent
an area which still requires improvement today in order to access the antibiotic in reasonable
quantities.

Several important observations regarding the structural requirements for an

effective macrolactonization were discovered during the course of this synthesis, however.
An S configuration at C9 and cyclic protecting groups at C3/Cs and C9/C11 were argued to
predispose the molecule to aconformation which facilitated ring closure. This information
has

helped

other

groups

in

subsequent

syntheses

when

new

macrolactonization

intermediates were being prepared.
A formal synthesis of erythromycin was achieved by Deslongchamps and coworkers in
1985 (Scheme 3.
3) .
141 This group prepared the Woodward carbamate intermediate 241 in a
stereocontrolled manner by taking advantage- of the conformational control imparted to a
spiroketal system by stereoelectronic effects. The C10 C15fragment 242 was coupled to a
C5-C9 segment, which was further elaborated into the C3C15 portion 243 via an ester
enolate Claisen rearrangement. An aldol reaction employing azirconium enolate was used
to attach the final C1C2 fragment stereoselectively. Once again, however, the synthesis was
rather long and, like the previous two syntheses discussed, produced a stereoisomeric
mixture of compounds in some of the steps. Nonetheless, this synthesis represented another
successful chapter in the synthesis of the erythronolides.
The first of anumber of syntheses employing compounds from the carbohydrate chiral
pool as starting materials was reported by Kinoshita's group in 1986 (Scheme

3•4)142

D-

Ribose was used to prepare the C10C15segment 244, while the C1C6 fragment 245 was
derived from D-glucose. The C7C9 portion 246 was then coupled to 245 via aGrignard
reaction to form 247, which was treated with the organolithium reagent derived from 244.
A new synthetic intermediate, (9S)-9-dihydroerythronolide A (248), was also identified as a
useful precursor to erythronolide A.

A number of the operations produced mixtures of

stereoisomers, however, and the synthesis was once again very long due to the number of
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Scheme 3.2
a,b,c,d,e
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CH 2OBn
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MOMO

,

O

CH 2OBn

CH 2OBn

239

9

MOMO

H

Continued on next page...

9
240

Reagents:
a) MeOH. H2SO4-,b) LDA, HCO2Me; c) (MeO) 3CH, Me0H, H2SO4;d) LAH; e) MsC1, Py;
I) (CH 2OH) 2.
TsOH; g) NCS; h) (NH 2)
2C=S; i) NaOH(aq); 1) HCl(aq); k) (MeO) 3CH, TsOH;
1) NaIl, 238; m) AcOH, H20; n) D-proline; o) Alumina, EtOAc; p) NaBH4;q) KH, MOM!;
r) 0s04 ,NaHSO 3;s) Me2C(OMe) 2,
TsOH; t) CF 3CO 2H; u) (CF3CO) 20, DMSO, then i-Pr2NEt;
v) Raney Ni (W-2), EtOH; w) o-NO 2C6H4SeCN, (n-Bu) 3P, then 30% H202;x) 03.then Me2S
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Reagents:
a) Mesityllithium; b) (CF3CO) 20, DMSO, then i
Pr2NEt; c) EtC(0)SCMe3,
LDA;
d) i
BuLi. TMEDA, then AcOH

reactions, including protection and deprotection steps, required to selectively remove
unwanted functionality from the chiral starting materials.

Another disadvantage of this

synthesis was the necessity of an excess of 246 in the Grignard reaction, since this
compound itself required amoderate number of steps to prepare.
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Scheme 3.3
4steps, including resolution
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(No yields reported)
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Continued
on next page...

(4:1 mixture at C4)
Reagents:
a) CH 2(CO 2Me)2,NaOMe, Me0H; b) Nail,

(

20)3,

benzene; c) 242, n-BuLi, TMSC1;

d) H2,Lindlar cat.; e) TMSOTf, CH 2C12;1) PPTS; g) SeO 2,Py; Ii) PCC, 3A Mol. sieves;
i) MeLi, CuBr, then (PhCO2)
2;
j) MeMgBr; k) K2CO 3,MeOH; 1) LiCl, DMSO/H20;
m) Lithium isopropylcyclohexylamide, PhSeBr; n) H202,Py; o) Pd/C, 112; p) LAB;
q) (EtCO) 20, DMAP, Et3N; r) MOMC1, i-Pr2NEt; s) LDA, TBDMSC1
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Reagents:
a) KHCO 3,K!, I; b) Raney Ni, H2;

C)

d) 1N HCI, MeOH; e) K2CO 3,MeOH;

EtCO2Me, zirconocene dichloride, LDA, THF;
PhOC(0)CI, Py; g) Imidazole, xylene; h) TsOH, AcOH, Ac 2O;

i) 30% HCI, acetone; j) Ac 2O, Et3N, DMAP
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Scheme 3.4
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Continued
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t.u,v
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(56%)

on next page...

OBn

OBn

0

247 (9.9:1 mixture at C6)
Reagents:
a) acetone, Fed

3;
b)

90% AcOHfH2O; c) TsC1, Py; d) NaOMe; e) LAN; 1) d0 3,H2SO4;

g) Ph 3P=CH 2,DMSO; h) BH 3•Me2S, then H202,NaOH; i) EtSH, BF3 Et2O; j) NaN, BnBr;
k) Red HgO, HgCl 2,aq. acetone; 1) MeMgI; m) PCC, 3A Mol. sieves;
o) Amberlyst 15. MeOH;

P)

ii)

Ph3CC1, Et3N, DMAP;

(COd) 2,DMSO, then Et3N; q) (CH2OH) 2,TsOH; r) H2,Pd, MeOH;

s) EtBr, Ph3P, DEAD, THF;

t)

4.3 eq. 246, Mg(5) ;u) TBDMSOTf, 2,6-lutidine; v) SnC12,acetone
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Scheme 3.4 (continued)
OTBDMS
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(5:1 mixture at C9)
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13 steps
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3steps

(5.9:1 mixture at C10)

248

235
Reagents:
a) 3eq. n-BuLi, then 247; b) ClRh(PPh3)
3,
50 atm. H2

Another "chiral pool" synthesis of the erythronolides was reported by Kochetkov's
group in 1987.

This group developed two different routes to the erythronolides starting

from levoglucosan. The first of these is illustrated in Scheme

3•5•143

Levoglucosan was

used to prepare the C1C6 portion 249 and the C9-Cis segments 250 and 251 of
erythronolide B and erythronolide A, respectively. The C9Cis fragments were converted to
the corresponding sulfoxides 252 and 253. Only the anions generated from these sulfoxides
with the R stereochemistry at the sulfoxide center reacted with 249 to produce intermediates
which were converted to the erythronolides. As was the case with Kinoshita's synthesis,
this synthetic route is lengthy due, in part, to the number of steps required to selectively
modify the chiral starting material. A second disadvantage of this synthesis is the cost of the
levoglucosan starting material ($39.55 US/g).'4°
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Scheme 3.5
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OH
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15
25 steps ,.
(12%)

TBDMSO

CHO
OMPM
251

Continued on next page...
Reagents:
a) (CH2SH) 2,BF3•Et2O; b) Ac2O, Py; c) (CH3)2C(OMe)2, TsOH; d) HgC1 2-CaCO 3,CH3CN/H 20;
e) Ph3P=CH 2;f) NaOMe; g) (COd) 2,DMSO, then Et3N; h) MeMgC1; 1) K2CO3, MeOH;
j) TsC1, Py; k) CH 2=CHCH 2OH, TsOH; 1) Me2Mg

The second synthesis reported by Kochetkov's group starting from levoglucosan
44

assembled the erythronolide skeleton in a slightly different sequence (Scheme 3.6)."

Levoglucosan was used to prepare aC5—C9 fragment which was further elaborated via two
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Reagents:
a) EtC(0)C(Ph) 3,n-BuLi; b) DDQ, 3A Mol. sieves; c) LiBHEt 3;d) (PhS) 2,(
n-Bu) 3P; e) MCPBA;
f) (CF3CO) 20, 2,4,6-collidine; g) LDA, then 249; h) Na!, (CF 3CO) 20; i) Na, NH 3;
j) (n-Bu)4NF
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5steps
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21 steps
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steps
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p
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(3.4%)

OH

)
ÔBn
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Continued on next page...
Reagents:
a) NaH, p-(MeO)C6H4CH 2C1; b) g-BuOK, then Hg(OAc)2, acetone; c) (COd) 2,DMSO, then Et3N;
d) MeMgBr; e) NaH, BnBr; 1) DDQ, CH2Cl2/H20; g) NaH, CS 2,Mel; h) Bu 3SnH, AIBN;
i) HCI, MeOH; j) CBr4,PPh3;k) Zn, i..PrOH/H20; 1) LAH; m) TBDMSC1, imidazole;
n) 03.then Me 2S; o) Bu 3SnCH2CH=CHCH3,MgBr2;p) Bu3SnCH2CHCHCH3,BF 3.Et2O;
q) DDQ, 3A Mot. sieves; r) (CH 3)
2C(OMe) 2,
TsOH, acetone; s) EtMgBr
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crotyistannane additions to the common C1C10 fragment 254. Levoglucosan was also used
to prepare the C11-C 15 fragments 255 and 256 of erythronolide B and erythronolide A,
respectively.

An aldol condensation between the enolate generated from 254 and 255

produced only one aldol product with the correct stereochemistry at C10 and C11 ,and this
product was successfully converted to erythronolide B (236). A similar aldol condensation
between the 254 enolate and 256 for the preparation of erythronolide A, however, produced
amixture of diastereomers in which the desired diastereomer 257 was the minor component.
The quantity of product with the desired stereochemistry could be increased by altering the
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structure of the aldehyde component since the use of 258 in the aldol reaction generated a
mixture of products in 27% combined yield containing 50% of the diastereomer with the
correct stereochemistry at C10 and C11 . This aldol condensation obviously still requires
optimization, but the minor product 257 was converted to 259, an intermediate which had
been converted to erythronolide A. The disadvantages of this route are the same as those of
Kochetkov's other levoglucosan synthesis.

Another drawback of this synthesis is the

requirement for stannane chemistry, since the tin byproducts are toxic and are often difficult
to remove completely from the desired product. As aresult, complications could arise if
this route was used to prepare erythromycin derivatives for screening purposes or structureactivity studies.
Stork and Rychnovsky also achieved asynthesis of (9S)-dihydroerythronolide A (248)
using arecursive strategy employing a "butenolide template," as shown in Scheme

3•7145

A

butenolide fragment was attached and stereoselectively converted to asubstituted furanone
system.

Additional carbon atoms were attached to the furanone system and the resulting

product was subsequently transformed into another butenolide fragment.

This process

could theoretically be continued indefinitely. This recursive strategy was used to prepare
the C7C1 5 sulfide 260. The C1C6 fragment 262, prepared from 5-methylcyclopentadiene
via intermediate 261, was then reacted with the Grignard reagent derived from 260 to
produce an intermediate which was converted to 248. One of the biggest advantages of this
particular strategy is that the methodology for converting the "butenolide template" to a2hydroxy-3-methylfuranone with either R or S stereochemistry at C2 and C3 has been
established, 145, so that the route can be easily modified to produce erythronolide analogues
with different configurations at C8,C9,and C10 .The biggest disadvantage is that the route is
fairly long, partly because each cycle of elaboration of the "butenolide template," which
encompassed several steps, established only two new stereocentres.
Two slightly different syntheses of (9S)-dihydroerythronolide A (248) were contributed
by the group of Yonemitsu. The first (Scheme 3.8) proceeded though the CI-C6 segment
264 which was prepared from 2-methyl-2-propenol via the monoprotected triol 263.146 The
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Scheme 3.7
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Continued on next page...
1
261
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Reagents:
a) 03.
then NaBH4;
b) 2NHCI; c) D1BAL-H d) 2propenyllithium; e) Bu4NF; f) t-BuC(0)C1, Py;
g) (Mc0)2CMc 2.PPTS; h) 03;1) K2CO 3,
Me0H; j) LiDBB, MgBr2,then 262

C7C15 portion 266 was synthesized from D-glucose via the aldehyde 265. Compound 266
was further elaborated to asulfoxide which was treated with LDA to form an anion which
was then reacted with 264 to couple the two halves together. This product was converted
to aketone which was treated with methyllithium to introduce the C6 stereocentre. Several
additional steps then converted this intermediate to 248.

Once again, several of the

reactions produced mixtures of diastereomers, however, and the synthesis was lengthy.
The second synthesis (Scheme 3.9) was a slightly improved version of the above
synthesis employing many of the same intermediates.' 47 The monoprotected triol 263 was
used in the formation of the C,-05 segment 267, while aC6—C15 aldehyde was prepared from
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Scheme 3.8
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Continued on next page...

Reagents:
a) BnBr, KH; b) 13 2146,then H202,NaOH; c) (COd) 2,DMSO, then Et3N; d) Ph 3P=C(Me)CO 2Et;
e) LAN; f) L-(+)-diethyl tartrate, Ti(OiPr)4,t-BuOOH; g) 13 2116;h) Nab

4;
i)

(CH3)
2C(OMe) 2,
CSA;

j) 10% Pd-C, H2;k) PCC; 1) 1,3-dithiane, n-BuLi; m) TsOH, MeOH; n) TBDPSC1, iinidazole;
o) G1 2=C(0Me)CH 3,PPTS; p) Me!, NaHCO3,90% CH 3CN; q) p-(MeO)C6H4CH2C1, NaN;
r) 10% HCI: s) MCPBA; t) Raney Ni, H2;u) BzCl, Py; v) p-(MeO)C6H4C(OMe) 2Me; w) 1N KOH
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Scheme 3.8 (continued)
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248

OTBDPS (20%)
(7.2:1 mixture at C6)

Reagents:
a) Ph 3P=C(Me)CO2Et; b) LAH; c) MCPBA; d) NaBH 3CN, BF3•Et2O; e) BzCl, Py; 1)4 N HCI;

g) LDA, THE then 264; h) Raney Ni; i) (
COd)2,DMSO, then Et3N; j) MeLi, THF
266. This aldehyde was coupled to the anion generated from 267 to form the C5C6 bond.
The stereochemistry at C5 was eventually adjusted through equilibration of 6-membered
cyclic acetal. The C6 stereocentre was introduced in the same way as the previous synthesis
through treatment of a C6 ketone with methyllithium, but was introduced with higher
stereoselectivity.

While the stereoselectivity of some of the steps was improved in this

synthesis compared to the first Yonemitsu synthesis, the route is still quite long.
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Scheme 3.9
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Reagents:
a) TrCI, DMAP. Et3N; b) 3,4-dimethoxybenzyl chloride, NaH; c) HCI; d) TBDPSCL, DMAP, Et 3N;
e) Raney Ni; f) MsC1; g) PhSNa; h) MCPBA; i) CH2=C(OMe)CH 3,
PPTS; j)TBDMSOTf;
k) mesitaldehyde dimethyl acetal; 1) 3N NaOH; m) (COd) 2,DMSO, then Et3N; n) Ph3P=CHOBn;
o) Raney Ni, H2;p) 267, n-BuLi; q) Ac 2O; r) Na-Hg; s) 0s04;0 DDQ; u) K2CO 3;v) MeLi, THF
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The group of Nakata achieved a formal synthesis of erythromycin (Scheme 3.10)
through the preparation of the Woodward carbamate intermediate 241."

This group

reacted the Evans' chiral imide enolates'49 with acyl chlorides, followed by reduction with
zinc borohydride to generate the 3-hydroxyesters 268 and 269 stereoselectively. Compound
268 was further elaborated into the C1C7 segment 270, which was eventually coupled to the
C8C15 fragment, prepared from 269, via an aldol reaction.

The resulting product was

converted to an enone, hydrogenated to introduce the C8 stereocentre with high
stereoselectivity, and then converted to 241. This approach to 241 is shorter than either the
Woodward or the Deslongchamps syntheses of the same compound.
Chamberlin and coworkers reported a synthesis of the seco acid of (9S)-dihydroerythronolide A in 1989 (Scheme 3.11).'

°

Ethyl acetate was used to prepare the vinyl

stannane 271, which was then reacted with aC9C15 aldehyde, also synthesized from ethyl
acetate, to produce 272 after oxidation.

Subsequent to introduction of the C8 and C9

stereocentres, ozonolysis of the double bond generated an aldehyde. An aldol condensation
was then used to attach C1 and C2,followed by adjustment of the Cz stereochemistry.
Removal of the protecting groups generated the seco acid.

The disadvantages of this

synthesis are that stereoisomers were formed in several steps, and stannane chemistry, with
the drawbacks mentioned earlier, was required.
The group of Martin reported one of the shortest routes to seco acid derivatives of
erythronolides A and B (Scheme 3.12).''

2-Ethylfuran was used to prepare the C1C10

fragment 274 in only 11 steps. An aldol condensation between 274 and the erythronolide B
C-C15 segment 275 produced an erythronolide B seco acid derivative with good
stereoselectivity, albeit with lower stereoselectivity than that observed by Kochetkov's
group. The aldol condensation between 274 and the erythronolide A C11 C15 portion 276,
however, generated only as aminor component the seco acid derivative with the desired
stereochemistry at C10 and C11 . This problem was the same as that observed by
Kochetkov's group, and requires additional study to resolve. The strength of this approach
is that the erythronolide backbones can be accessed in relatively few steps. The need for
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Scheme 3.10
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a) LDA. then H2C=C(Me)COCI; b) LDA, then EtCH=C(Me)COC1; c) Zn(BH4)
2;
d) H2C=CHOEt, PPTS; e) PhCH2OLi; t) PPTS; g) t-BuOOH, VO(acac) 2;h) H2,Pd-C;
i) TrCI. DMAP. Py; j) LiBH4;k) PPTS, CuSO4,acetone; 1) (COd) 2,DMSO, then Et 3N;
m) EtC(0)SC(Me) 3,LDA; n) i-BuLl, then AcOH; o) NaOMe, MeOH; p) TBDMSOTf, 2,6-lutidine;
q) Pd(OH) 2-C; r) TFAA, DMSO, then Et3N; s) EtMgBr; t) PDC; u) LIHMDS, then 270;
v) MsCI, DMAP, Py; w) K2CO 3.MeOH; x) H2,Pt-C
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Scheme 3.11
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Continued on next page...
Reagents:
a) LDA, then H2C=C(Me)CHO; b) (+)-diisopropyl tartrate, Ti(i-PrO)4 ,t-BuOOH; c) 1N NaOH;
d)

12.

HCI; e) LDA, Me!;

TBDMSOTf, 2,6-di-r-butylpyridine; g) DIBAL-H; h) C5H11CH=PPh3;

i) HCECLi, TMEDA; j) acetone, TsOH; k) Me6Sn2,MeLi, Me2S•CuBr; 1)271 and MeLi;
m) (COd) 2,DMSO, then Et3N
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Scheme 3.11 (continued)
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Continued on next page...

Reagents:
a) DMF, POd-3;b) 273; c) LiBH4;ci) Br2,CH3CN/H20; e) Me2CuLi; 1) MeLi, CeC1 3;
g) Me 3SiSCH 2CH 2SSiMe3,TiC14;h) CSA, acetone; i) (CF3CO 2)
2IPh;
P (COCI) 2,DMSO, then E13N; k) CH 3CH=CHCH2SnBu3,
BF3.Et2O
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crotyistannane chemistry, for the same reasons mentioned earlier, represents the biggest
disadvantage of this approach. The other disadvantages are that several steps once again
produced mixtures of stereoisomers and the ethylfuran starting material is moderately
expensive ($41.45 US/lOg).' 40
Muizer's group accomplished asynthesis of a (9S)-dihydroerythronolide B derivative in
1991 (Scheme 3.13). 152 (R)-Glyceraldehyde protected with an isopropylidene group was
used to prepare the diastereomers 277 and 278 through achromium mediated coupling
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Reagents:
a) CrCI 3,LAH, CH 3CH=CHCH2Br; b) TsC1, DMAP, Py; c) CF3CO2H, MeOH/H20; d) Na, MeOH;
e) MeLi, CuCN: f) NaH, BnBr; g) TBDMSC1, imidazole; h) 03,then Ph3P; i) H2C=C(Me)MgBr;

D(
n-Bu)4NF; k) (CH 3)
2C(OMe) 2,
Ts0H; 1) K2CO 3,MeOH; m) Ph3P=C(CH3)CO2Me;
n) DIBAL-H; o) (n-Bu)3P, (PbS) 2,Py; p) n-BuLi, TMEDA, then amixture of 279 + BF3.Et20
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reaction with E-1-bromo-2-butene. Compound 278 was further elaborated into the CI-C6
ketone 279, which was coupled with an allylic sulfide generated from 277 to produce 280.
This intermediate was converted to the macrolide 281 in several steps, which was subjected
to hydroboration/oxidation to introduce the C8 and C9 stereocentres and produce a
protected (9S)-dihydroerythronolide B derivative.

Once again, however, several steps

produced

is

stereoisomers,

and (R)-glyceraldehyde

an

expensive

starting

material

($36.75 US/g).' 4°
The final synthesis of (9S)-dihydroerythronolide A (248) was reported by Sturmer and
Hoffmann in 1994 (Scheme 3.14). 1 This group relied on the highly selective reaction of
the chiral Z-pentenylboronate 282, prepared from (
RR)- or (S,S)-1,2-diphenyl-1,2ethanediol, with aldehydes to introduce many of the stereocentres on the erythronolide
backbone.

Using this methodology, a Cu-C15 aldehyde, produced from E-2-methyl-2-

pentenol, was converted to the C3C15 fragment 283. The same methodology was used to
attach C1 and C2 to this fragment, although the stereoselectivity was lower for the final
crotylboration step since compound 282 and the aldehyde formed amismatched pair. This
synthetic route is relatively short, but the chiral auxiliary is expensive ($83.65 US/500mg for
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Reagents:
a) 282. benzene; b) Nail, p-(MeO)C 6H4CH2C1; c) 03.then Ph3P; d) EnanUomer of 282, benzene;
e) DDQ. Mol. sieves;

Ph 3P=CH(CH 3)CO2Et; g) LAH; h) 2eq. (+)-diinethyl tartrate, Ti(i-Pr0)4 ,

e-Bu00H; 1) TPAP; j) 282, 10 kbar; k) i-PrMgC1, then 5eq. LAN
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Scheme 3.14 (continued)
MP

283

7steps

a,b,c,d

248

(50%) to
(63%)
(4:1 mixture at C2/C3)

Reagents:
a) NaH, p-(MeO)C6H4CH2CI: b) cat. 0s04,
NMO; c) NaIO4;d) 282, 10 kbar
the R,R enantiomer, and $91.10 US/500mg for the S,S enantiomer)' 4° and amethod for the
recovery of the auxiliary was not reported.
3.3

Synthetic Strategy
Although some of the more recent syntheses of the erythronolides are approaching a

practical length, most still have one or two disadvantages to them.

We believed that an

IMDAF-S2' ring opening reaction sequence could be applied to the preparation of the C,CIO portion of the erythronolides. We hoped that this strategy would allow for arelatively
short route to this fragment which would avoid some of the pitfalls in some of the shorter
syntheses of the erythronolides by others. In particular, the avoidance of stannane chemistry
was important. In addition, based on the results of the first two chapters, we felt that we
could achieve ahighly stereoselective synthesis as well.
A retrosynthetic analysis of our envisaged approach to the CI-Cio portion of the
erythronolides is shown in Scheme 3.15. Disconnection of the lactone and the C10/C11 bond
generated the fragment 284 in aretrosynthetic sense. Although both Kochetkov and Martin
reported that the aldol reaction between a C,-Cio fragment and a C11 C15aldehyde was
problematic for erythronolide A, additional

studies could overcome

this problem.

Compound 284 could be formed from 285 through carbonyl transposition and extension by
one carbon atom.

The relationship between 286 and 285 becomes clearer when 285 is

redrawn as 285'. The application of aBaeyer-Villiger oxidation' 54 transform to compound
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286 produces the protected keto-aldehyde 287. Reconnection of the two carbonyl groups
and inversion of the stereochemistry at C3,via aMitsunobu inversion' 55 transform, leads to
288, which produces the IIvIDAF cycloadduct 289 through an SN2' ring opening transform.
The IMDAF cycloadduct 289 is closely related to the cycloadduct 176a prepared in Chapter
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2,, differing only in the stereochemistry at C4 (erythronolide numbering).

Nevertheless, a

method for preparing 289 would have to be developed. The decision was made to use 176a
(page 138) as amodel compound for the development of the synthetic route to the C1C10
portion of the erythronolides concurrently with the pursuit of a synthesis of 289.

The

approaches to the synthesis of 289 will be discussed in the next section, followed by results
of the model study.
3.4

Approaches to the Synthesis of 289
The most obvious route to 289 was through an IMDAF
reaction of the compound 290 with aZ-dienophile.

There was

concern, however, that the Z-double bond would isomerize to the
290

more stable E-geometry in the presence of the Lewis acid required

for the IMDAF reaction. In addition, the IMDAF reactions with the Z-dienophiles had not
been performed previously so that the stereochemistry of the cycloaddition (
exo versus
endo) had not been established. Other methods for the preparation of 289 were therefore
investigated initially.
3.4.1

The First Approach

The retrosynthetic analysis of the first approach towards 289 is shown in Scheme 3.16.
The addition of an organocuprate reagent to the IMDAF cycloadduct 291 should effect a
conjugate addition to the a,I3-unsaturated ketone from the less hindered exo face to produce
the desired product. A precedent for this type of addition had been previously obtained in
our laboratory with the compound 294 (Scheme 3.17), although the face of the double bond
which was attacked could not be determined since attack from either face produced

295.106
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The resulting enolate required trapping with trimethylsilyl chloride, however, to prevent
additional side reactions.

Since the enol silyl ether had not been hydrolyzed previously,

another unknown was the stereochemistry that would result at Cs following cleavage of the
silyl group.

The cycloadduct 291 could be prepared via an IMDAF reaction of the

precursor 292 (Scheme 3.16) containing an acetylenic dienophile.

Both 293 and 296

(Scheme 3.17) have been previously observed to undergo an IMDAF reaction to produce
294 and 297, respectively. 106

This particular approach thus appeared to be well

precedented.

The preparation of the required precursor is illustrated in Scheme 3.18. The iodide 219
was prepared as previously described in Chapter 2, while the aldehyde 298 was prepared
according to literature methods.' 56

Treatment of 219 with tert-butyffithium to effect a

lithium-halogen exchange, 56 followed by trapping with 298 produced a diastereomeric
mixture of the propargylic alcohols 299 in modest yield.

Previous experiments in our

laboratory with compounds related to 299 had illustrated that the desilylated propargylic
alcohols were difficult to oxidize to the acetylenic ketone,' 57 so the desilylation step was
delayed until after the oxidation step.

Compound 299 was oxidized under Swern

conditions 57 to generate 300 in excellent yield.

The desilylation of 300 to produce 292

proved to be quite difficult due to the propensity of the acetylenic ketone to polymerize.
Treatment of 296 with tetra-n-butylammonium fluoride, 157 or of 300 with BF-pyridine' 58 or
50% sodium hydroxide in aqueous acetonitrile with triethylbenzylammonium chloride as a
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phase transfer catalyst' 59 resulted in only polymeric material.
tetrafluoroborate

°

An attempt to use lithium

to cleave the lrimethylsilyl group 16 'and to promote, by acting as a

Lewis acid, the IMDAF reaction' 62 returned only unreacted starting material.

Starting

material was also reisolated when 300 was treated with 10% aqueous sodium carbonate,' 63
but the desired product 292 was formed ('H-NMR 3.21 ppm, 1H, terminal alkyne proton)
when 300 was treated with a biphasic mixture of 10% aqueous sodium carbonate and
acetonitrile in the presence of triethylbenzylammonium chloride as aphase transfer catalyst.
The desired compound appeared to decompose to some extent when subjected to column
chromatography on silica gel, so purification was effected by distillation under reduced
pressure.

When purified 292 was treated with dimethylaluminum chloride in methylene

chloride at low temperature, however, none of the desired IMDAF cycloadduct 291 could
be isolated. Based on the 'H-NMR spectrum of the crude reaction mixture (Figure 3.2), the
aromatized product 301 was formed instead. The coupling patterns of the aromatic signals
at 7.65 ppm (doublet, 1H), 7.15 ppm (doublet, 1H), and 7.05 ppm (doublet of doublets, 1H)
are consistent with H4,H, and H2,respectively. 114 would be expected to show asmall meta
coupling to H2,while H1 would be expected to show alarger ortho coupling to Hz. The
greater downfield shift of H4 could be accounted for by additional deshielding due to the
anisotropy of the carbonyl group. The singlet at 5.3 ppm (phenolic proton, 1H), doublet at
1.1 ppm (C8 methyl, 3H), and multiplets (remaining protons, 5H) are also reasonable for
301.

Analysis of the reaction mixture by thin layer chromatography showed that the

formation of 301 was complete within five minutes at a reaction temperature of —78°C.
This product likely resulted from the aromatization of the initi1ly formed IMDAF
cycloadduct 291 via a Lewis acid assisted ring opening followed by loss of aproton to form
the aromatic system. The relief of strain in cycloadduct 291 upon aromatization likely
provided adriving force for this reaction.
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Flori
sil,® an activated magnesium silicate, has also been used to accelerate IMDAF
reactions 94 and is less Lewis acidic than the organoaluminum chlorides. The lower Lewis
acidity could be sufficient to promote the IMDAF reaction of 292 without causing
aromatization of the resulting cycloadduct 291.

When 292 was stirred with Florisil ® in

methylene chloride at room temperature, however, none of the desired product was formed,
and only polymeric material was isolated. The

Florisil®

was apparently too weak aLewis

acid to catalyze the IMDAF reaction of 292, and the acetylenic ketone was likely
polymerizing over time.
Since the IMDAF reaction of 296 (Scheme 3.17), where the acetylene was still
protected with atrimethylsilyl group, had been successful, the possibility of using 300 in the
IMDAF reaction and delaying the desilylation step to alater stage was also investigated.
No

reaction was

observed

when 300 was

treated

with

catalytic

quantities

of

oh
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HO
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dimethylaluminum chloride, but 302, with unspecified stereochemistry at C8,was formed
when stoichiometric quantities of the Lewis acid were used (Scheme 3.19).

The protiodesilylation of vinylsilanes is usually carried out under acidic conditions.'

64

The apparent high acid sensitivity of 291, however, precluded this type of desilylation with
302. In addition, the mechanism for these desilylations involves the electrophilic addition of
aproton across the double bond followed by elimination of the silyl group to reform the
double bond. Due to the highly strained nature of 291, the reformation of the double bond
would also be unlikely.

An attempt to desilylate 302 with the conditions which were

successful with 300 returned only unreacted starting material.
The addition of an organocuprate reagent to 302 directly followed by trapping of the
enolate to produce 303 (Scheme 3.19) was attempted next. The protiodesilylation of cis-I
3hydroxysilanes has been reported to occur with retention of stereochemistry at the carbon
atom bearing the silyl group. 165

Since acis--hydroxysilane could be formed from 303

through an SN2' ring opening followed by inversion of the stereochemistry at C3,ameans
for the removal of the irimethylsilyl group at alater stage was available.

Both the ring

opening and inversion steps would be needed at some point anyway in this approach to the
erythronolides.

When 302 was treated with lithium dimethylcuprate in the presence of
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HMPA and trimethylsilyl chloride'

at —78°C for 10 minutes, however, acomplex mixture

of products was produced. The major product was tentatively identified as 304 in which the
enolate had not been trapped and the anion had caused cleavage of the oxygen bridge. The
proposal of this structure was based on the appearance of signals in the 1H-NMR spectrum
at approximately 6.3 ppm (doublet of doublets, J=5, 10 Hz, 1H, H2), 6.1 ppm (doublet,
J=10 Hz, IH, H1), and 4.05 ppm (broad triplet, 1H, H3). The steric bulk of the trimethylsilyl
group on C4 may have shielded the oxygen atom of the enolate to some extent, thereby
hindering the approach of the trimethylsilyl chloride to form the silyl enol ether.
3.4.2

The Second Approach

Since the reactions with the acetylenic dienophiles were not successful for the
preparation of 289, adifferent approach was examined (Scheme 3.20). The introduction of
the exo methyl group on C4 could be achieved through an
iodide group in 306.

SN2

displacement of the endo

Compound 306 could be produced via an IMDAF reaction of 305.

The IMDAF reactions of compounds bearing ahalogen atom on the dlienophile had not
previously been attempted, so there was some concern about the viability of the IMDAF
reaction of 305.

In particular, there was worry that the size of the iodine atom would

introduce

crowding

steric

in

the product and

thereby inhibit the

cycloaddition.

Nevertheless, astudy of this route was initiated.

The initial experiments were carried out with compounds lacking amethyl group at C8
since the IMDAF reactions would be new. In the event that the iodine atom affected the
stereoselectivity of the IMDAF reactions, the use of compounds without the methyl group
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would simplify the analysis of the product mixture since fewer stereoisomeric products
could be formed.
The route to the required precursors is illustrated in Scheme 3.21. The iodide 148 was
prepared as previously described in Chapter 1, while the iodoester 307 was synthesized from
ethyl propiolate according to literature methods.' 67

Treatment of 307 with DIBAL-H

effected the reduction of the ester to the aldehyde and isomerized the Z-double bond to form
the corresponding E-isomer 308 as reported by Normant's group.'

This reduction was

highly solvent dependent and success required the use of asolution of DIBAL-H in hexanes.
When DIBAL-H in THF was used, only unreacted 307 was recovered. Compound 308 was
not isolated, but treated directly"" with an organometailic reagent derived from 148. This
coupling reaction was originally attempted with the organolithium reagent derived from 148
via alithium-halogen exchange with tert-butyffithium, but only 148 and apolymeric material
Scheme 3.21

H

COP

NaI,AcOH

10

I

COP

1. DIBAL-H
-78°C
_

2

_

65°C

2. 78 0C-40 00H
0
308

307
1. 2.2 eq. t-BuLi
Et1O, -78°C
2. MgBr2.Et2O
148

3. 308

CHO

=1

VP

0
309 ( 18%)
Ag2CO 3ICelite (
No reaction)
or
NiO 2 (No reaction)
or
DDQ (
Decomposition)
0

310

127

were observed in the crude reaction mixture. A second lithium-halogen exchange between
the organolithium compound formed from 148 and 308 was apparently occurring, and the
resulting vinyl anion was probably reacting with the aldehyde to give the polymeric material.
Normant and coworkers had reported that 308 reacted with Grignard reagents to
produce E-y-iodo allylic alcohols in good to excellent yields. 168 A Grignard reagent could
not be prepared from 148 using the usual conditions of treatment with magnesium metal' 69
since a substantial amount of dimer resulting from a Wurtz coupling' 70 was formed. 106
Hence, the Grignard reagent was produced by treating 148 with tert-butyllithium followed
by magnesium bromide etherate.' 7' The addition of this Grignard reagent to 308 produced
the allylic alcohol 309 in low yield. Regardless, an attempt was made to oxidize the small
amount of 309 to the enone 310. Surprisingly, this oxidation proved to be quite difficult.
The use of Fetizon's reagent,'

8 which

was successful for the oxidation of the allylic alcohols

in the other compounds studied, or nickel dioxide, 172 which is reported to be a better
oxidant than manganese dioxide, returned only unreacted starting material. DDQ has also
been used for the oxidation of allylic alcohols, 17'but the treatment of 309 with DDQ
resulted in extensive decomposition. An attempt to combine the Grignard reaction with a
magnesium-Oppenauer oxidation' 74 by adding benzaldehyde to the reaction mixture after the
addition of the Grignard reagent to 308 was also unsuccessful. Because of the low yielding
Grignard reaction and the difficulty experienced with the oxidation of the resulting allylic
alcohol, this approach to 289 was abandoned.
3.4.3

The Third Approach

The possibility of using aZ-dienophile to introduce the desired stereochemistry at C4
was investigated next.

As mentioned earlier, there was some concern regarding the

possibility of isomerization of the double bond under the Lewis acidic conditions of the
IMDAF reaction.

A linkage of some sort could be used, however, to maintain the Z

geometry of the double bond during the IMDAF reaction. It would be necessary to cleave
the tether at alater stage, however, and this was one of the considerations in choosing an
appropriate linking group.
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A lactone appeared to be an ideal candidate for the connecting group (Scheme 3.22).
An IMDAF reaction of 311 would lead to 312. Once the lactone had served its purpose, the
cleavage could be effected by reduction to produce diol 313. Differentiation between the
resulting primary and secondary hydroxyl groups should be possible, allowing for the
deoxygenation of the primary hydroxyl group at some point to generate the required methyl
group at C4.The secondary hydroxyl group at C6 would have to be oxidized to aketone to
allow for the introduction of the C6 methyl group. One of the potential problems with this
approach was that the relative stereochemistry at C6 and C8 had to be that shown in 311.
Based on the examination of molecular models, the cycloadduct 316, with an equatorial C8
methyl group, resulting from the IMDAF reaction of diastereomer 315, with the opposite
configuration at C6, would be highly strained. A less strained product 317, with an axial C8

129

methyl group, could be formed, but the relative stereochemistry between C8 and the other
chiral centres would be incorrect.

The undesired diastereomer 315 could be recycled,

however, via the extended enolate of the lactone.
The preparation of the required precursor was envisaged to proceed through alkylation
of the enolate of 2(5H)-furanone (
314) with the iodide 219 (Scheme 3.22). The alkylation
at the y-carbon atom of 314 regioselectively is difficult, but 2-trimethylsiloxyfuran (318) has
been used as asynthetic equivalent by Takei's group 175 (Scheme 3.23). Jefford's group had
reported that 318 reacted with primary alkyl iodides upon treatment with silver
trifluoroacetate to produce 4-allcylated-2(5H)-furanones in yields ranging from 5581%.176
In our hands, treatment of 219 with 318 under the same conditions, however, produced a
mixture of diastereomers 311 and 315 (only one enantiomer of each diastereomer is shown
in Scheme 3.23) in only 18% yield. The possibility that the C8 methyl group was hindering
attack at the iodide bearing carbon atom was investigated by using 148 in the same reaction,
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but the alkylated product 319 was obtained in only 15% yield. Since the methyl group was
not causing the low yield, the furan moiety must be responsible.

The reason for the

lowering of the yield by the furyl group, however, is not clear.
The diastereomeric mixture of 311 and 315 could not be separated by column
chromatography.

The presence of both diastereomers was evident from the 'H-NMR

spectrum since the signals for the methyl groups appeared as two overlapping doublets and
the remaining signals were more complex than expected. Based on the appearance of the
methyl doublets, the mixture consisted of approximately a 1.5:1 ratio of the two
compounds, although it was not known which compound was the major component. Since
the diastereomers could not be separated, the mixture of compounds was treated with 1.1
equivalents of methylaluminum dichloride at low temperature.

No IMDAF cycloadducts

were detected, however, and only amixture of starting material and apolymeric compound,
based on the broadness of the peaks in the 'H-NMR spectrum, was isolated.
The possibility of using high pressure to accelerate the IMDAF reaction 177 was also
investigated using 319 as amodel compound. Compound 319 was dissolved in methylene
chloride, both with and without added zinc iodide, and then subjected to 14.5 kbar pressure
for 24 hours.

The ' H-NMR spectrum of the crude reaction mixture (Figure 3.3) of the

reaction without zinc iodide showed the presence of starting material (marked with SM), as
well as signals which were consistent with IMDAF cycloadducts.

Similar results were

obtained with the reaction with zinc iodide, except that the proportions of the various
compounds were different. The cycloadducts were tentatively identified as the exo adduct
320 and the endo adduct 321 based only on the crude 'H-NMR spectrum. The doublet of
doublets at 6.45 ppm and the doublet at 6.3 ppm were consistent with the alkene protons of
the cycloadducts. The integration of each of these signals was approximately the same as
that of the sum of the signals at 5.2 ppm and 4.9 ppm, which were likely bridgehead protons
of the cycloadducts based on the chemical shift and multiplicity, indicating the presence of at
least two IMDAF cycloadducts.

The narrow doublet at 5.2 ppm was assigned to the

bridgehead proton, H3,of 320, which represented the less strained of the two possible exo
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cycloadducts.
approximately

The dihedral angle between this proton and the endo proton H4 is
900,

so that no coupling between these two protons was expected, while a

small coupling with H2was observed. The multiplet at 4.75 ppm was assigned to H6 of 320.
The other cycloadduct appeared to have an exo hydrogen at C4 based on the appearance of
H3 as a doublet of doublets at 4.9 ppm, so that this product must have been an endo
cycloadduct. This compound was assigned the structure 321 since this was the less strained
of the two possible endo products. The multiplet at 4.3 ppm was assigned to H6 of 321.
Because this model compound provided amixture of stereoisomers, the reaction was not
repeated with 311. Since the IMDAF reaction produced amixture of diastereomers and the
alkylation step was low yielding, this approach was discontinued.
3.4.4

The Fourth Approach

The use of atemporary linking group to maintain the geometry of the Z-dienophile
introduced problems with the formation of diastereomers in both the alkylation step and the
IMDAF reaction. As alast resort, the use of anon-tethered Z-dienophile was considered.
Although isomerization of the dienophile could occur, it was hoped that the IMDAF
reaction would proceed faster than the isomerization.
The required precursor was synthesized from the N-methoxy-N-methylamide of 2butynoic acid (322) (Scheme 3.24). 2-Butynoic acid was prepared from the reaction of 1propynyllithium with carbon dioxide 178 and was converted to 322 according to the method
of Einhorn and coworkers. 179 Reaction of 322 with the organolithium reagent derived from
219 via lithium-halogen exchange*
56 generated the acetylenic ketone 323 directly' 8°
(IR 2216, 1669 cm') in very good yield. Hydrogenation of 323 over Lindlar's catalyst"'
formed the desired precursor 290 along with a trace of the corresponding E-dienophile
compound 229. The presence of 229, which had been prepared in Chapter 2, was evident
from the appearance of adoublet of quartets at 6.80 ppm for 144. Separation of the two
compounds could be effected by column chromatography over silica gel without any
apparent isomerization. The two vinylic protons H4 and H5 in 290 exhibited non-first order
coupling and appeared as acomplex multiplet centered at approximately 6.15 ppm so that
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the coupling constants could not be easily determined to confirm the Z-geometry of the
double bond. Both the fact that the addition of hydrogen across multiple bonds in palladium
catalyzed hydrogenations occurs in asyn fashion"' and the fact that the 'H-NMR spectrum
of 290 was consistent with that of an enone containing afuran moiety that was clearly not
229, however, supported the idea that the double bond possessed the desired Z-geometry.
With compound 290 in hand, the IMDAF reaction was examined next.

Compound 290 was treated with 0.1 equivalents of methylaluminum dichloride at a
temperature of —78°C for 3 hours followed by quenching with saturated aqueous sodium
bicarbonate (Scheme 3.25). The '
H-NMR spectrum of the crude reaction mixture showed
that some isomerization of the double bond of the dienophile had occurred, since adoublet
of quartets appeared at 6.80 ppm, and that some of the isomerized compound had
undergone an IMDAF reaction to give 176a based on the presence of adoublet of doublets
at 4.71 ppm (H3). The majority of compound 290 had not isomerized, however, and the
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appearance of a narrow doublet at 4.5 ppm (
J-1.5 Hz, H3) suggested that the desired
IMDAF cycloadduct 289 had been formed. Once again, as was the case in 320, H3 of 289
would not be expected to couple to the endo hydrogen H4 since the dihedral angle between
H3 and H4 was 90°, but would show coupling to H2. Purification of the crude reaction
mixture by column chromatography permitted the separation of the cycloadducts from the
enones, but the stereoisomeric cycloadducts co-eluted.

A closer examination of the 'H-

NMR spectrum of the cycloadduct mixture (Figure 3.4) showed evidence for at least three
IMDAF cycloadducts.

In addition to 176a and 289, another compound with an exo C4

methyl group was present.

This deduction was based on the existence of two sets of

doublets in the 6.1-6.2 ppm region of the spectrum (Hi) for which the sum of the integrals
equalled that of the narrow doublet at 4.5 ppm. The ' 3C-NMR spectrum of the mixture
provided additional confirmation, showing doubled signals after accounting for those due to
176a.

Since the IMDAF reaction of 229 had not been observed to give rise to any

cycloadducts with an exo C4 methyl group previously in Chapter 2, the additional
cycloadduct must have resulted from an IMDAF reaction of 290, and was proposed to be
324 with an axial C8 methyl group.

Based on the integration of the H, doublet in the

'H-NMR spectrum, the ratio of 289 and 324 was 1.8:1, although it was not clear which
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compound was the major component.

The poor selectivity was somewhat surprising and

disappointing in light of the high selectivity observed with the IMDAF reaction of 229.
Molecular modelling studies aided in providing apossible explanation for the difference.
A conformer search of 289 and 324 performed with the SPARTAN molecular
modelling program84 using the MM2 force field identified the lowest energy conformers of
each of these compounds.

These lowest energy conformers were then optimized at the

AM1 level. The lowest energy conformer of 289 (Figure 3.5), in which the right hand ring
was in a chair conformation, was calculated to have a heat of formation of —45.368
kcal/mol, while that of 324, in which the right hand ring was in atwist-boat conformation,
had a heat of formation of —45.482 kcal/mol.

The energy difference of —0.114 kcal/mol

corresponded to an equilibrium constant of 1.34 at 195K for the reaction of 289324 or
an equilibrium ratio of 1:1.3 of 289:324. This value was in fairly good agreement with the
observed ratio of 1:1.8 considering the limitation of agas phase calculation, and predicted
that the major component was actually the undesired stereoisomer 324. Similar calculations
with 176a and 176b (Figure 3.5) showed that the lowest energy conformer of 176a was
similar to that of 289 but with a heat of formation of —47.634 kcal/mol and the lowest
energy conformer of 176b resembled that of 324 but with aheat of formation of —47.079
kcal/mol.

The larger energy difference of 0.555 kcal/mol represented an equilibrium

constant of 0.239 at 195K for the reaction 176a176b or an equilibrium ratio of 4.3:1 of
176a:176b. This value is in poorer agreement with the observed value of 8.6:1, but does
predict which product should predominate.
An examination of these lowest energy conformers suggests areason for the differences
in the IMDAF reactions of 229 and 290. In the case of both 176b and 324, the right hand
ring apparently adopts ahigher energy twist-boat conformation to place the C8methyl group
in a pseudoequatorial position in order to alleviate the steric interaction between the C8
methyl group and the bridging oxygen atom. The steric interaction present in 289 between
the exo C4 methyl group and the carbonyl group is also reduced in the lowest energy
conformation of 324. No such additional relief of steric interaction is realized for 176b
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compared to 176a. Hence, 176b is of higher energy than 176a, while 324 is actually of
lower energy than 289. The exo C4 methyl group, then, appeared to be the culprit in the
lowering of the stereoselectivity and the apparent reversal of the selectivity.

Due to the
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low stereoselectivity of the IMDAF reaction of 290 and because the diastereomer.ic
products could not be separated, this last approach towards 289 was also suspended.
3.5

Model Study of the Synthesis of the C1C10 Fragment of the Erythronolides
While asynthetic route to 289 was being developed, additional studies with 176a were

carried out in an attempt to establish the conditions required for the remaining steps in the
conversion of 289 to 284 (Scheme 3.15).

In addition, we reflected on the possibility of

using 176a in the synthesis of the C1-Cio portion of the erythronolides by adjusting the C4
stereochemistry as shown in Scheme 3.26. Compound 180a could be prepared from 176a
through astereoselective nucleophilic addition to the ketone carbonyl group, protection, and
an

SN2'

ring opening. The separation of the nucleophilic addition to the carbonyl group and

SN2' ring opening reaction into two individual steps would allow for the protection of the
tertiary alcohol generated in the first step. Conversion of 180a to 325 could be achieved via
apyrolytic syn-elimination of the N,N-dimethy1th1ocarbamate 182 of 180a.

The elimination

should proceed as shown since C4 bears the only hydrogen atom syn to the thiocarbamate
group. A stereo- and regio-selective hydroboration-oxidation' 83 of the C3C4 double bond
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would then simultaneously adjust the stereochemistry at C3 and Q.

While there was no

precedent for such aselective hydroboration, examination of molecular models suggested
that the C3C4 double bond was slightly more exposed than the C1C10 double bond, so that
the former should be more readily hydroborated. Steric hindrance by the C2 methyl group
could direct the reagent to the a-face so that, with the normal syn and overall antiMarkovnikov mode of attack, 326 would be produced.

Compound 326 is similar to 288

(Scheme 3.15) but with the C3 stereochemistry already adjusted, and could then be
eventually converted to aprotected form of 284, which is actually the C1C10 fragment of
clarithromycin, through ozonolysis, Baeyer-Viliger oxidation, carbonyl transposition and
chain extension according to the retrosynthetic analysis.
Before attempting the stereochemical adjustment, however, astudy of the viability of
the ozonolysis and Baeyer-Vihiger reactions was initiated by using 180a as a model
compound (Scheme 3.27).

Compound 176a was prepared as previously described in

Chapter 2. Treatment of 176a with methyffithium in diethyl ether as the reaction solvent to
effect a nucleophilic addition to the carbonyl group from the a-face produced 327 as a
single stereoisomer in 84% yield (
95% based on recovered starting material). There was no
reason to suspect that the face of the carbonyl group which was attacked would be different
from that observed with the related compound 159 in Chapter 1, which lacked the C8 methyl
group, since the C8 methyl group was too far removed to have asubstantial influence on the
reaction with the ketone carbonyl group.

Protection of the resulting tertiary alcohol proved to be quite difficult. The protecting
group used would obviously have to be stable to organolithium reagents in order to survive
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the ring opening reaction, and relatively unhindered so that it could be introduced onto a
tertiary hydroxyl group.

A methyithiomethyl (MTM) ether has been introduced onto

tertiary hydroxyl groups using acetic anhydride and

DMSO.IM

Some success was achieved

when this procedure was attempted with 163e (
Scheme 3.28) to give 328 based on the
appearance of an AB quartet at approximately 4.55 ppm due to the diastereotopic protons
Ha and Hb of the monothioacetal group, but the MTM group was cleaved upon treatment
with methyllithium in DME.
An attempt to introduce aMOM group onto 327 with sodium hydride and chioromethyl
methyl ether' 85 returned only unreacted starting material, while the use of phosphorus
pentoxide and dimethoxymethane' 86 produced an aromatic compound.

The 'H-NMR

spectrum was consistent with 329, showing aromatic signals in the range of 6.95-7.25 ppm,
integrating to 4 hydrogens, two singlets at 2.35 and 2.1 ppm, integrating to 3 hydrogens
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each (C4 and ketone methyl groups), adoublet at 0.9 ppm, integrating to 3hydrogens (C8
methyl group), and a multiplet from 2.2-2.6 ppm.

The ' 3C-NMR spectrum provided

additional support for the structure, showing the presence of a ketone carbonyl group
(208.7 ppm), six aromatic carbons ( 140.3, 137.8, 130.0, 128.1, 126.7, and 126.2 ppm) and
six sp 3 type carbon atoms. This aromatic product likely resulted from the acid catalyzed
ring opening and fragmentation of 327 as shown in Scheme 3.28 followed by dehydration
and aromatization.

This outcome indicated that acidic conditions could not be used to

introduce the protecting group.
The introduction of amethyl ether group was attempted next, since this would not only
serve as aprotecting group, but would also allow for the production of the CI-Cio fragment
of clarithromycin.

Treatment of 327 with sodium hydride in THF followed by

iodomehane 187 produced a2:1 mixture of 327:177, while beating the reaction mixture at
reflux resulted in a 1:2 mixture of 327:177. Unfortunately, the methylated product could
not be separated from the starting alcohol. An attempt to use dimethyl sulfate as the methyl
source resulted in the production of 329, likely due to the presence of acidic impurities in
the dimethyl sulfate. The use of potassium hydride in place of sodium hydride, followed by
iodomethane, however, produced the desired compound 177 in quantitative yield.

The

higher reactivity of the potassium alkoxide, as a result of greater ionic character of the
potassium-oxygen bond giving a freer anion, compared to the sodium alkoxide is not
surprising, and was likely responsible for the improved reaction when potassium hydride
was used as the base.
Treatment of 177 with methyllithium in DME provided the SN2' ring opened product
180a in 61 % yield (Scheme 3.29) along with 10% of the C2 ethyl compound as described in
Chapter 1. This alcohol could be readily protected as the benzyl ether 330 via treatment
with potassium hydride and benzyl bromide.' 88

Ozone has been reported to oxidize

secondary alcohols to ketones 189 although this reaction is usually slower than the addition
across a carbon-carbon it-bond.

The protection of the C3 alcohol was performed as a

"safety step" to remove apotential side reaction, but could possibly be eliminated.
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Scheme 3.29
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330 (
82%)
03.CH2Cl2, -78°C

or
03.
Me0H, -78°C
then Me2S
Complex Mixture
Unfortunately, ozonolysis of 330 at low temperature with adlimethyl sulfide workup' 9°
produced acomplex mixture of products.

Initially, this misfortune was attributed to the

elimination of the methoxy and benzyloxy groups, which are

Ito the newly formed carbonyl

groups, to give the x,-unsaturated carbonyl compounds.

Based on the results observed

with the venturicidin synthesis (Chapter 4) in which this elimination is not possible,
however, it appears that the problem lies with the ozonolysis of the substituted
bicyclo[4.4.O]dec -l
-ene ring system. Since the ozonolysis was unsuccessful with the model
compound, no further efforts to adjust the C4 stereochemistry were made.
3.6

Conclusions
Several different routes to the stereoselective formation of 289 were
uniformly unsuccessful, revealing some of the limitations of the IMDAF
reaction.
289

In addition, the ozonolysis step of the synthetic sequence,

based on the results with the model compound 330, would be
troublesome. Because of these difficulties and since the studies towards

the preparation of the C15 C23 segment of the venturicidins were proceeding with fewer
problems, this study of the application of an IMDAF-SN2' ring opening reaction sequence to
the synthesis of the C1C10 portion of the erythronolides was terminated. Efforts could then
be concentrated on the venturicidin synthesis, the subject of the next chapter.
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Chapter 4
4.

The Synthesis of the C15 to C23 Portion of Venturicidins A, B, and X

4.1

Introduction
Venturicidin A (331, Figure 4.1) was first identified as an antifungal agent in 1961

during a screening program of compounds produced by soil actinomycetes by Rhodes et
al.' 9' Seven years later, in 1968, venturicidin B (332) was isolated, along with venturicidin
A, from a Streptomyces aureofaciens strain by Brufani's group, 192 while the aglycone,
dubbed venturicidin X (333), was found in an unidentified Streptomyces species in 1994 by
Laatsch and coworkers.' 93 Both venturicidins A and B bear a2-deoxy-D-rhamnose sugar
residue at the C, 3 hydroxyl group, but a carbamate group is present at the C3 hydroxyl
group of the rhamnose moiety in venturicidin A. While the identities of the sugar fragments
present in the venturicidins were determined by Brufani's group in
of the

venturicidins was not established until

1971

1968,192

the full structure

by a combination of X-ray

crystallographic, degradation, and spectroscopic studies by the same group. 194

All three

compounds are active against a variety of phytopathogenic fungi, including apple scab
(Venturia inaequalis), barley mildew (
Erysiphe graminis), cucumber mildew (
Er.ysiphe
Figure 4.1 Structures of the Venturicidins
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cichoracearum), apple mildew (
Podosplzaera leucotricha), and grey mould (
Botiytis
cinerea),191'

192, 193

and inhibit the AT!' synthetase system of mitochondria.' 95 Interestingly,

the aglycone 333 was three times more active as an inhibitor of the ATP synthetase system
than either 331 or 332.196
4.2

Previous Syntheses of Venturicidin X
The high biological activity and stereochemical complexity of the venturicidins make

them attractive and challenging synthetic targets; however, the first total synthesis of the
aglycone 333 was not completed until almost two decades after its structural elucidation in
1971.

This first synthesis, reported in 1990, was achieved by Akita and Oishi and

coworkers. 197 This group separated the molecule into C,-C14 (338, Scheme 4.1) and C15C27 (349, Scheme 4.2) fragments.

The preparation of the CIC14 portion (Scheme 4.1)

commenced from the lactol form of 5-hydroxypentanal 334 (numbered atoms in Scheme 4.1
and in all remaining schemes in this chapter will refer to venturicidin numbering). A Wittig
reaction, 198 protection of the C, 3 hydroxyl group, reduction of the ester, and reoxidation of
the resulting alcohol to the aldehyde produced 335. Reaction with an Evans' chiral imide
enolate' 49 introduced the C6 and C7 stereocentres and, after protection of the hydroxyl
group, reductive cleavage of the chiral auxiliary, and oxidation of the product to the
aldehyde, generated 336.

Treatment of 336 with the dianion of methyl acetoacetate

followed by trimethyl orthoformate and pyridinium p-toluenesulfonate produced 337 as a
1:1.5 mixture of stereoisomers at Cs. The minor compound with the P-Cs hydroxyl group
dehydrated regioselectively under Mitsunobu conditions' 55 to give only the Cs-C6 double
bond. Finally, desilation of the C, 3 hydroxyl group, oxidation to the aldehyde, reaction with
the anion of dimethyl methyiphosphonate, oxidation of the resulting alcohol, and hydrolysis
of the methyl ester produced the required C,-C14 fragment.
The synthesis of the C, 5C27 segment (Scheme 4.2), which contains seven of the ten
chiral centres present in the aglycone, started from aracemic mixture of the f-keto ester
339.

Conversion of 339 into the optically active f3-hydroxy ester 340 was effected via a

lipase mediated kinetic resolution of aracemic mixture of the acetate of 340.

Compound
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340 was then transformed to the epoxide 342 in seven steps, including akey step involving a
stereoselective reduction of 341 with

Red_Al®

to secure the stereochemistry at C20 .The

Scheme 4.1
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Scheme 4.2
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Scheme 4.2 (continued)
347

a,b,c,a,d,e
(38%)

OTBDMS

OEEO

OAc

(67%)

348

27

15
OTBDMS

OH
349

Reagents:
a) 03.then Me 2S; b)

o
,0

CO,14'r

;c) EtOCH=CH2,PPTS; d) EtMgBr;

..

COI Pr

e) PDC, Zeolite 3A; f) PPTS, MeOH; g) Me4NBH(OAc) 3;ii) Me2C(OMe)2,
CSA; 1) DIBAL-H

reaction of this epoxide with an organocuprate prepared from the chiral iodide 344,
generated from (R)-methyl 3-hydroxy-2-methylpropionate 343, produced 345 in 72% yield
along with 10% of the regioisomeric product resulting from attack of the organocuprate
reagent at C19 of the epoxide. After protection of the C19 hydroxyl group, the preparation of
aC17iodide permitted the introduction of C15and C16via the alkylation of the enolate of
tert-butyl acetate. Conversion of this intermediate to alactone by means of deprotection of
the C19 hydroxyl group under acidic conditions allowed for the introduction of the C16
methyl group through alkylation of the enolate of the lactone with 80:1 stereoselectivity to
give 346.

Reduction of the lactone, followed by sequential protection of the resulting

hydroxyl groups, formed 347. The introduction of the C22 ,C23 ,and C24 stereocentres was
accomplished by reacting the aldehyde produced from the ozonolysis of 347 with a chiral
crotylboronate. Four additional steps incorporated C26 and C27 to form 348 exclusively. A
stereoselective reduction of the carbonyl group after deprotection of the C23 hydroxyl group
followed by formation of the C23 C25acetonide and cleavage of the C19acetate produced the
C15 C27 fragment 349.
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The remaining steps in the synthesis (Scheme 4.3) involved the coupling of the C1C14
and C7C15 fragments by esterification of 338 with 349.

Closure of the macrocycle was

effected in 48% yield by an intramolecular Wittig-Horner reaction once an aldehyde was
unmasked at C15through deprotection and oxidation of the hydroxyl group. The desired
macrocycle 350 was accompanied by asmall amount (7%) of the product resulting from an
intermolecular Wittig-Horner reaction. The reduction of the C13 carbonyl group produced a
1:1.3 mixture of alcohols in 98% combined yield, with the minor isomer possessing the
required stereochemistry at C13 . This minor isomer was converted to the aglycone of the
venturicidins 333 through protection of the C13 hydroxyl group, removal of the acetonide,
selective oxidation of the C25 hydroxyl group, deprotection of the C13 hydroxyl group and
hydrolysis of the C3 methyl ketal group.
Scheme 4.3
0
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Reagents:
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e) K2CO 3,18-crown-6; I) NaBH4,CeC1 3;
g) Ac 2O, Py, DMAP; h) PPTS, MeOH;
i) RuCl 2(PPh 3)
3,
K2CO 3;
j) K2CO 3,MeOH; k) Ac0H, H20 (4:1)
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Although this synthesis is the only published complete synthesis of the venturicidin
aglycone and represents an impressive piece of work, it suffers from several disadvantages.
The synthesis is long, and several steps produced stereoisomers with the minor isomer
possessing the required stereochemistry. The preparation of the C15C27 fragment also relied
on a kinetic resolution of enantiomers, so that one half of the compound would be
discarded.

The chiral starting material 343 employed in the preparation of the

organocuprate reagent was moderately expensive ($ 147.20/25g)' 4° and required six steps to
transform into the iodide 344, but one half of the material was wasted since only one alkyl
group of the organocuprate was transferred. Finally, several of the steps, particularly those
near the end of the synthesis, were low yielding (<50%). This synthetic route therefore left
some room for improvement.
Two other groups have reported alternative syntheses of the venturicidin halves 338
and 349.

Nakata's group reported a synthesis of the C1C14 fragment 338 via a.different

strategy in 1993 (Scheme 4.4). 199 5-Hexynol 351 was used to prepare the C8C13fragment
352, while propargyl alcohol served as the starting material for the C4C7 portion 353. The
chiral epoxy-alcohol 354 was, after suitable protection, treated with the anion of 1,3dithiane. After protection of the hydroxyl group formedfrom the opening of the epoxide,
the dithiane ring was once again deprotonated, but the anion was trapped with 353.
Oxidation of the C7 hydroxyl group after deprotection, generated the C1C7 segment 355.
The organolithium reagent derived from the lithium-halogen exchange of 352 reacted with
the C, aldehyde of 355 with modest stereoselectivity, producing adiastereomeric mixture of
products. The major diastereomer was found to have the requisite stereochemistry at C7,
and was converted to 356 via hydrolysis of the thioketal, cycization, and reprotection of the
C13 hydroxy group. The extra carbon atom attached to C1was then removed by cleavage of
the vicinal diol produced from 356 after removal of the silyl protecting groups, and the
resulting aldehyde was converted to amethyl ester to give, after deprotection of the C13
hydroxyl group, 357.

Compound 357 was one of the intermediates formed in Akita and

Oishi's synthesis, and was converted to 338 in the same way. While this synthesis of the Cl-
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Scheme 4.4 (continued)
13
356

14

OH

0
P(OMe) 2

CO2Me

a,b,c,d,e

1
CO 2H

I

f,g,f,h

(43%)

-

(60%)
S.

WI

We

LOMe
338

357

Reagents:
a) (nBu)4 NF. THF; b) Pb(OAc)4,
K2CO 3;
c) NaC1O 2,
NaH2PO4 ,(
CH 3)
2C=CHCH 3,
aq. t-BuOH;
d) CH 2N2,
ether; e) PPTS, CH 2C1 2fMeOH; t) PDC, 3A Mol. sieves, CH2Cl2;
g) (MeO) 2P(0)Me, z-BuLi, THF; Ii) 0.5M aq. KOH, MeOH
C14fragment is more convergent than that of Akita and Oishi, it is also slightly longer. A
second disadvantage is the modest stereoselectivity of the nucleophilic addition to the C7
aldehyde.
Hoffmann and

Rolle have also reported

an alternative

synthesis

towards

the

venturicidins. 20° The highly stereoselective reaction between the chiral Z-pentenylboroflate
282 and aldehydes, which was also used by other members of this group in the synthesis of
(9S)-dihydroerythronolide A, was applied to the preparation of the Cis-C27fragment 349
(Scheme 4.5).

This stereoselective reaction was used in the formation of 358 from

propionaldehyde. A second cycle, employing 358 and the enantiomer of 282, generated 359
after protection of the C23 hydroxyl group.

Chain extension by one carbon atom through

hydroboration/carbonylation produced a 1:1 C20 epimeric mixture of aldehydes, but the C20
center could be equilibrated to give the required stereochemistry exclusively via the lactol
360.

The anomeric mixture of lactols 360 was subjected to another reaction with the

enantiomer of 282; however, high pressure was required before any reaction was observed,
and the stereoselectivity of the reaction was slightly lower than in the first two cycles.
Manipulation of the C19 ,C23 ,C25 protecting groups led to 361.

Chain extension and
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equilibration of C16 in an analogous manner to that described for 359 then produced 362,
which was converted to the C15-C27 fragment 349 by reduction of the lactol and selective
Scheme 4.5
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protection of the C15 hydroxyl group. The stereochemically complex Cis C27 fragment was
produced in relatively few steps using this methodology.

The biggest disadvantage,

however, as discussed in Chapter 3, is the cost of the chiral starting material used to prepare
282.

The need for high pressure in one of the steps is another drawback since specialized

equipment is required and the reaction volume is usually limited in high pressure reactors.
4.3

Synthetic Strategy
The application of an IMDAF-SN2' ring opening reaction sequence to the preparation of

the C15 C27 segment appeared to be an attractive, unexplored alternative to those already
reported. The fragment could be accessed in relatively few steps and, based on the results
of the first two chapters, with high stereoselectivity. The retrosynthetic analysis (Scheme
4.6) has some similarities to that proposed for the erythronolides. The first disconnection of
the C15 C2,fragment at the C23/C24 bond produces 363, which is one of the intermediates
employed in the Akita and Oishi synthesis. Rotation of 363 by 1800 through avertical axis
results in 363', which could be prepared from 364 by removing the carbon atom attached to
C15, deprotection of the carbonyl group and appropriate protection of the hydroxyl groups.
By redrawing 364 as 364', the possibility of forming 364 by the reduction of 365 becomes
evident.

The application of a Baeyer-Villiger oxidation' 54 transform to compound 365

generates 366 after removal of the acetal protecting group.

Reconnection of the two

carbonyl groups in 366 produces 367 and, following afuntional group addition, leads to
alcohol 368. The addition of the C2,hydroxyl group in aretrosynthetic sense generates the
SN2' ring opening retron and reveals the potential for applying an SN2' ring opening
transform to give the IMDAF cycloadduct 176a.
The biggest concern with this particular approach was the introduction of the C18
methyl group with the proper stereochemistry. The results of Chapter 1showed that the
addition of nucleophiles to the ketone carbonyl group of the IMDAF cycloadducts occurred
selectively from the a-face.

Deoxygenation of the resulting tertiary alcohol with clean

inversion of stereochemistry would be required to produce the desired configuration at C,8.
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Since such adeoxygenation step was expected to be difficult, adifferent approach, which
will be discussed in the next section, was used to insert the C18 methyl group
stereoselectively.
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4.4

The Stereoselective Synthesis of aVenturicidin C15 C23 Fragment
One of the possible ways to introduce the C18 methyl group with the required

stereochemistry

was

through

a selective

hydroboration/oxidation/deoxygenatiOn

or

hydrogenation of the exocyclic C18 double bond of 178 (Scheme 4.7), which could be
prepared from 176a via a Wittig reaction. 198

The same steric factors which directed

nucleophilic attack at the carbonyl group to the a-face should also influence the approach of
the hydroborating reagent or hydrogen molecule to the exocyclic double bond at C, 8. The
selectivity of the reagents towards reaction with the exocyclic double bond or the C22/C23
double bond, however, represented apotential problem with this approach. The only way to
probe the viability of this method was through experimentation.

Compound 176a was prepared as previously described in Chapter 2.

The Wittig

reaction between 176a and amethylene phosphonium ylid produced 178 in excellent yield
(Scheme 4.8). The C22 and C23 protons appeared as signals in the 'H-NMR spectrum at
6.34 (doublet of doublets) and 6.17 ppm (doublet), respectively, while the exocyclic double
bond protons appeared as broadened multiplets at 4.91 and 4.79 ppm.
Attempts to selectively hydroborate the exocyclic C, 8 double bond with 9-BBN20 '
returned mainly unreacted starting material, while disiamylborane202 appeared to react
selectively with the C22/C23 double bond.

The product mixture from the reaction of

disiamylborane with 178 contained both starting material and a product in which the
exocyclic double bond was still present ('H-NMR 4.8 and 4.7 ppm) but the C22/C23 double
was gone (no signals from 6.0-6.5 ppm in the 'H-NMR spectrum). The effect of different
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steric

requirements

on

the

selectivity was probed

by employing

diborane203

and

thexy1borane204 in the reaction, but these reagents were also ineffective for the selective
hydroboration of the exocyclic double bond.
YO

The possibility of directly reducing the exocyclic double bond of 178
was investigated with diimide generated from the thermal decomposition
of 2,4,6-triisopropylbenzenesulfonyl hydrazide. 205

370

Unfortunately, the

reaction occurred selectively at the C22/C23 double bond to give 370.

The C22/C23 double bond is fairly strained, and this strain was likely responsible for its higher
reactivity.
Because the C18 exocyclic double bond could not be selectively modified in 178, the
decision was made to delay the conversion of the exocyclic double bond to amethyl group
until after the introduction of the C22 methyl group via an SN2' ring opening. A selective
reaction of a disubstituted exocyclic double bond in the presence of a more sterically
hindered trisubstituted endocyclic double bond, for which there is precedent, 206awould then
be required.

Although there was no guarantee that the reagent would approach the C18
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exocyclic double bond from the required a-face once the rigid tricyclic system had been
cleaved, the fact that the required face of attack was on the less hindered convex side of the
molecule20 'was encouraging.
The SN2' ring opening of 178 with amethyl nucleophile was accomplished, as described
in Chapter 1, with excess methyllithium in DME, producing 181a and 181b in yields of 68%
and 11%, respectively (Scheme 4.8).

The diene 181a, which was relatively unstable and

decomposed if stored in the refrigerator for more than afew days, showed 'H-NMR signals
at 5.28 ppm ( 1H, H23 )and 4.77 ppm (2H, H's of the exocyclic double bond). An attempt to
selectively hydroborate the exocyclic double bond of 181a with 9-BBN returned only
unreacted starting material (Scheme 4.8), while treatment with diimide produced a•1.4:1
mixture of two products which could be separated. by column chromatography and had
readily distinguishable ' H-NMR spectra. One product showed abroadened singlet at 5.09
ppm ( 1H) and asecond broadened singlet at 3.51 ppm ( 1H) in the 'H-NMR spectrum, while
the other product's spectrum showed adoublet of triplets at 5.44 ppm (J=1.7, 6.1 Hz, 1H)
and adoublet of doublets at 3.48 ppm (J=5.4, 10.7 Hz, 111).

The 1:1 integration of the

alkene proton signal and the carbinol proton signal in each product suggested that the
desired selective reduction of the exocyclic double bond had been achieved. The products
Table 4.1 Hydrogenation of 181a
23

371

368

181a

Ratio of 368:371

Combined Yield (%)

HN=NH

1.4:1

quantitative

H2/PtOilEtOH

27:1

88

HilPtOilHexanes

12:1

not determined

Reagent
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were therefore assigned the C18 epimeric structures 368 and 371 (Table 4.1).

The

assignment of the spectra to the two C18 epimeric products will be described below.
The poor stereoselectivity of the diimide reduction was disappointing and suggested
that the bias for reaction from the convex face was not as great as expected. The selective
reduction of the exocyclic double bond was reassuring, however, so alternative methods
were investigated.

The stereoselectivity of diimide reductions has been reported to be

similar to that obtained in catalytic hydrogenations; 207 nevertheless, the hydrogenation of
181a was considered. The greater steric requirements of coordination to acatalyst surface
compared to the relatively small diimide molecule could enhance any steric bias to attack
from one face of the double bond. There was some concern regarding the isomerization of
the exocyclic double bond into the ring208 under the hydrogenation conditions.

This

isomerization would introduce problems since adifficult selective hydrogenation of one of
two trisubstituted endocyclic double bonds would then be required. Platinum was therefore
chosen as the heterogeneous catalyst since it is less likely to induce double bond
isomerization .
208 Benzene has also been employed as an isomerization inhibitor, 208 and its
addition to the reaction mixture would likely be beneficial.

Hydroxyl groups have been

reported to direct the addition of hydrogen to the same face they occupy due to adsorption
of the hydroxyl groups to the catalyst surface .
209
This directing effect can be minimized
through the use of ethanol as the reaction solvent, 209 presumably due to competition of the
ethanol with the substrate for coordination sites. Since the hydrogenation of 181a from the
13-face occupied by the C21 hydroxyl group would generate the incorrect stereochemistry at
C18 ,the use of ethanol as the reaction solvent would be advantageous.

Thus, the

hydrogenation reaction was carried out in ethanol over a platinum oxide catalyst in the
presence of benzene. The reaction proceeded cleanly with high stereoselectivity to produce
a 27:1 mixture of the same products obtained in the diimide reduction based on the
integration of the ' H-NMR signals at 5.44 and 5.09 ppm. The predominant product was
that with the ' H-NMR spectrum showing adoublet of triplets at 5.44 ppm and adoublet of
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doublets (J=5.4, 10.7 Hz) at 3.48 ppm. The stereochemistry of the C18methyl group in this
product, however, was not immediately apparent.
The hydrogenation of 181a in adifferent reaction solvent, such as hexanes, in which
coordination of the C21 hydroxyl group to the catalyst surface was promoted could be used
to probe the C18 stereochemistry. A change in the predominant product compared to the
reaction in ethanol would indicate that the hydrogenation in ethanol had occurred from the
desired a-face, since the hydroxyl group would be expected to direct the hydrogenation to
the 13-face in the nonpolar solvent.

When the hydrogenation reaction was performed in

hexanes, however, the same product obtained from the hydrogenation in ethanol was formed
with slightly lower selectivity (Table 4.1).

While the production of the same product

seemed to be consistent with a13-face hydrogenation in both cases, the lowered selectivity
was not since the additional directing effect of the hydroxyl group would be expected to
further enhance the selectivity. It was possible that the steric bias towards hydrogenation
from the a-face was so great in 181a that even the directing effect of the hydroxyl group
was not sufficient to completely reverse the selectivity, but simply decreased the preference
for hydrogenation from the a-face. Alternatively, 181a could have been forming aggregates
in the nonpolar hexane solvent or adopting aconformation in which the hydroxyl group was
not accessible. Both factors would affect the ability of the hydroxyl group to bind to the
catalyst surface adversely.

While these arguments could be used to support an a-face

hydrogenation, the facial selectivity was not proven unequivocally by this result.
Several other pieces of evidence, however, suggested that the major product obtained
from the catalytic hydrogenation reaction was in fact the desired compound 368.

As

mentioned earlier, the appearance of the signal due to the carbinol proton (H21 )in the
'H-NMR spectrum was quite different for the epimers. By probing the coupling constants
of this proton to the neighboring protons, the spectra could be assigned to the
stereoisomers. The expected coupling constants were determined using acombination of
the modified Karplus equation210 and molecular modelling with the SPARTANM program.
A conformer search of each stereoisomer at the AM1 level using SPARTAN identified the
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two lowest energy conformers for each isomer.

The populations of these conformers

accounted for a total of at least 99% of the total molecules based on the Boltzmann
distribution.

These lowest energy conformers were then resubmitted for geometry

optimization at the

321G(*)

level, and the H20C20 C21 H21 and H21 C21 C22H22 dihedral

angles of the optimized structures were measured.

The modified Karplus equation, as

implemented on the PCMODEL program, 21 'was then used to calculate the coupling
constant associated with each dihedral angle. Weighted average coupling constants, 212 with
the weighting from each conformer based on its Boltzmann population, for H20/H21 and
H21/H22 were then computed for each stereoisomer.

These calculations (Table 4.2)

predicted coupling constants of 5.42 and 9.75 Hz for H2,of 368 which were in good
agreement with the observed values of 5.4 and 10.7 Hz for the major product formed in the
catalytic hydrogenation reactions. The calculated coupling constants of 0.75 and 0.41 Hz
for H21 of 371 were also consistent with the appearance of H2,as a broadened singlet
(w½=5

Hz) at 3.51 ppm in the ' H-NMR spectrum of the minor product.

The second piece of data which suggested that the major product from the catalytic
hydrogenation reactions was 368 involved the positional isomer 372 (Scheme 4.9).
Scheme 4.9
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Table 4.2 Coupling Constants to H21 in 368 and 371 Calculated With Molecular
Modelling

Li

LI

HO.

HO.
H21 H

H21 H20

20

371

368
Weighting
Factor

H22 C22 C21 H21
Dihedral
Angle

Calculated
Coupling
Constant

Weighting
Factor

H22C22 C21 H21
Dihedral
Angle

Calculated
Coupling
Constant

0.925

47.99°

5.81 Hz

0.966

—54.82°

0.58 Hz

0.075

—54.75°

0.58 Hz

0.034

51.11°

5.48 Hz

Weighted Average

5.42 Hz

Weighted Average

0.75 Hz

Weighting
Factor

H21 C21 C2 0H20
Dihedral
Angle

Calculated
Coupling
Constant

Weighting
Factor

H21 C21 C20H20
Dihedral
Angle

Calculated
Coupling
Constant

0.925

179.74°

10.50 Hz

0.966

—59.23°

0.09 Hz

0.075

—67.01°

0.50 Hz

0.034

—172.15°

9.61 Hz

Weighted Average

9.75 Hz

Weighted Average

0.41 Hz

product with a tetrasubstituted double bond (' 3C-NMR 133.3 and 126.5 ppm, both Cq'S
based on DEPT experiments) was formed during an attempt to convert the hydroxyl group
of the major hydrogenation product to an iodide (
vide infra). The JR spectrum showed that
the hydroxyl group was still present (3404 cm', broad) while the mass spectrum indicated
that the molecular weight of the compound was unchanged at 208.

The compound was

therefore identified as 372 or its C18 epimer 372a, formed via migration of the double bond
in 368 or 371, respectively.
The deoxygenation of the double bond migrated product would provide ameans for
deducing the C18 stereochemistry. Compound 373, derived from the deoxygenation of 372,
possesses aC2 axis of symmetry, but the analogous compound 373a derived from the C18
epimer lacks any symmetry. Compound 373 would therefore be expected to show, due to
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symmetry, only two methyl doublets in the 'H-NMR spectrum and atotal of eight signals in
the ' 3C-NMR spectrum, while the nonsymmetrical C18 epimer would be expected to show
four methyl doublets in the ' H-NMR spectrum and fourteen ' 3C-NMR signals.

Since the

deoxygenated product, prepared from the treatment of the xanthate of 372 with
tris(trimethylsilyl)silane (TTMSS) 213 in the presence of A]BN as a free radical initiator,
exhibited only two methyl doublets in the 'H-NMR spectrum (0.99 ppm, J=7.1 Hz; 0.92
ppm, J=6.2 Hz, Figure 4.2) and eight signals in the ' 3C-NMR spectrum ( 136.3, 126.6, 39.9,
39.6, 29.9, 23.8, 22.3, and 20.1 ppm, Figure 4.3), the C18 stereochemistry must have been
that shown in 372 and 373, confirming that the major product from the hydrogenation
reaction was the desired 368.
The final piece of evidence which suggested that the catalytic hydrogenation of 181a
was occurring selectively from the a-face was that the catalytic hydrogenation of 181b
(Scheme 4.8) occurred selectively from the a-face under the same conditions. This facial
selectivity in the reduction of 181b was evident from the X-ray crystal structure (Figure 1.6)
of the p-nitrobenzoate ester 182 of the major hydrogenation product. The presence of an
ethyl group as opposed to a methyl group at C22would not be expected to change the
stereoselectivity of the hydrogenation reaction. In addition, the 'H-NMR spectrum of the
predominant product obtained in the hydrogenation of 181b ('H-NMR 5.57 ppm, doublet of
triplets, J=l.7, 6.2 Hz, 1H; 3.50 ppm, doublet of doublets, J=5.3, 10.7 Hz, 1H) showed
similarities to that of 368.
With the C18 stereochemistry secured, the next step in the synthetic scheme was the
removal of the C21 hydroxyl group. Initial attempts involved conversion of the alcohol to a
tosylate or halide which could then be reduced with lithium aluminum hydride. 214 Treatment
of 368 with p-toluenesulfonyl chloride, catalytic DMAP, and iriethylamine,' 16 however,
provided only atrace of the tosylate (Scheme 4.10). This result suggested that the hydroxyl
group was somewhat hindered, possibly due to the two methyl groups on adjacent carbon
atoms.

Efforts to convert the hydroxyl group to abromide or iodide using phosphorus
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Figure 4.2 'H-NMR Spectrum of Compound 373
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tribromide, 215 triphenyiphosphine/carbon tetrabromide, 216 or triphenyiphosphine/DEAD/
methyl iodide, 115 either produced a complex

mixture of products or returned starting

material. Treatment of 368 with trimethylsilyl chloride/sodium iodide" 3provided the double
bond isomerized product 372 in high yield. Although none of the desired iodide was formed
in this reaction, compound 372 was useful for the confirmation of the C18 stereochemistry
(vide supra). In addition, this last result suggested that this methodology could be used for
the stereoselective preparation of substituted ten membered rings by means of cleavage of
the tetrasubstituted double bond. Since the conversion of the hydroxyl group to afunctional
group which could be cleaved by hydride reduction was not successful, alternative ways of
deoxygenating 368 were examined.

A photochemical cleavage of

acetates 217a

and xanthates 2171'through aradical anion to

give alkanes upon irradiation with 254 nm light in aqueous hexamethyiphosphoric triamide
(HMPA) is known. This procedure was reported to be successful for both hindered and
unhindered alcohols. In addition, double bonds were unaffected under these conditions so
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that this method appeared to be appropriate for the acetate or xanthate of 368. Compound
368 was acylated in high yield when treated with acetyl chloride and DMAP218 to give the
acetate 374 (Scheme 4.11).

The xanthate 375 was formed in quantitative yield upon

treatment of 368 with potassium hydride, carbon disulfide, and iodomethane successively. 219
The use of sodium hydride instead of potassium hydride in the formation of the xanthate
produced amixture of 375 and unreacted starting material. This result illustrated once again
that the hydroxyl group was somewhat hindered so that the more reactive potassium
alkoxide was required to drive the reaction to completion.

Both the acetate and the

xanthate were dissolved in the aqueous HMPA solvent and placed in quartz tubes.

The

reactions were performed in quartz tubes rather than common Pyrex glassware because the
"cutoff" wavelength for

Pyrex®

is 275 nm. 22°

When the solutions were irradiated with
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254 nm light in a "merry-go-round" photochemical reactor, however, the acetate and
xanthate were recovered unchanged.
Since the photochemical deoxygenation reactions were unsuccessful, a Barton
deoxygenation219 of the xanthate 375 was attempted next.

The reaction using Barton's

original conditions of iributyistannane in refluxing toluene without a radical initiator
produced the desired product 367; however, alarge excess of tributyistannane was required,
and the desired product could not be completely separated from the tin-containing
byproducts. Oshima and coworkers have used Iriethylborane as areaction promotor22 'in
the Barton deoxygenation so that the reaction could be performed at room temperature;
however, exposure of 375 to these conditions returned only unreacted starting material. On
the other hand, the radical deoxygenation of the xanthate using T'IMSS, 213 a less toxic
alternative to organostannanes that produces less toxic byproducts as well, in the presence
of AIBN as aradical initiator formed 367 in good yield with only a slight excess of the
reducing agent. The product was contaminated with asmall amount of asilicon containing
byproduct which could not be removed by column chromatography.

Both the desired

product and the byproduct were nonpolar so that both eluted close to the solvent front even
when hexane alone was used as the eluent.

Distillation was also ineffective for the

purification of 367. As aresult, the slightly impure 367 was used in the next reaction.
The next step in the synthetic scheme was the oxidative cleavage of the double bond in
367. Since 367 was devoid of any other functional groups, ozonolysis of the double bond
was expected to be straightforward. In the event, treatment of 367 with ozone (Scheme
4.12) followed by adimethyl sulfide workup' 9° produced acomplex mixture of products.
Since no other functionality was present, the substituted bicyclo[4.4.O]dec -1- ene ring system
must have been the source of the difficulty.
Other methods for cleaving the double bond in 367 were investigated since the
ozonolysis reaction was unsuccessful. One of the "standard" alternatives to ozonolysis with
areductive work up is the Lemieux-Johnson reaction222 employing sodium periodate in the
presence of catalytic quantities of osmium tetroxide (Scheme 4.12), but no reaction was
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observed when 367 was treated with these reagents. This result was not entirely unexpected
since the Lemieux-Johnson reaction of 1-methylcyclohexene has been reported to be
sluggish .
222 Another reagent which has been successfully used to oxidatively cleave double
bonds

is

potassium

permanganate

solubilized

in

methylene

chloride

by

triethylbenzylammonium chloride,223 but compound 367 was also recovered unchanged
under these conditions.
Epoxides have also been cleaved to dicarbonyl compounds with periodic acid224 or
sodium periodate. 225

Unfortunately, the use of this methodology would require the

conversion of 367 to an epoxide and would therefore introduce an additional step in the
synthesis. Nevertheless, this means of effecting the double bond cleavage was examined. A
1.4:1 mixture of diastereomeric epoxides 376 was produced when 367 was treated with a
biphasic mixture of MCPBA in methylene chloride and aqueous sodium bicarbonate
(Scheme

4.12).226

When this mixture of epoxides was treated with either sodium periodate

or periodic acid, however, acomplex mixture of products resulted.
Scheme 4.12
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Ruthenium tetroxide is another reagent which has been applied to the oxidative
cleavage of olefins, and has been reported to be useful in cases where ozonolysis was
unsuccessful .
227

Ruthenium tetroxide can be prepared from the oxidation of ruthenium

dioxide hydrate by sodium periodate. The use of the hydrated form of ruthenium dioxide is
essential, since the anhydrous form is resistant to oxidation. 228

Catalytic quantities of

ruthenium dioxide hydrate have also been used with sodium periodate as the stoichiometric
oxidant,

but monosubstituted double bonds produced carboxylic acids when four

equivalents of sodium periodate were employed. 229

These reactions employed excess

oxidant, however, since the oxidation of one mole of ruthenium dioxide hydrate to one mole
of ruthenium tetroxide requires only two moles of sodium periodate, and the cleavage of
each mole of alkene requires only one mole of ruthenium tetroxide.

The possibility of

stopping the reaction at the aldehyde oxidation state by reducing the quantity of sodium
periodate used in the reaction was investigated by treating compound 367 with catalytic
ruthenium dioxide hydrate and two equivalents of sodium periodate. The keto-aldehyde 366
('H-NMR 9.59 ppm, doublet, J=l.9 Hz, aldehyde H, ' 3C-NMR 212.1, 205.3 ppm, two
C=O's) was indeed formed (Scheme 4.12), but the yield of the desired product varied from
run to run. The isolation of ahighly polar compound with a 'H-NMR spectrum similar to
that of 366 but lacking the signal at 9.59 ppm and containing signals at 212.2 and 182.9 ppm
in the
CO 2H

13 C-NMR

spectrum from the lower yielding reactions suggested

that overoxidation of the keto-aldehyde to the keto-carboxylic acid
377 was responsible for the diminished yields.

In spite of the

overoxidation problem, the success of the cleavage reaction with
377

ruthenium tetroxide was encouraging in light of the failures with the
other methods.

The formation of aldehydes from ruthenium tetroxide oxidations of double bonds were
reported to proceed in good yield if stoichiometric quantities of ruthenium tetroxide in
carbon tetrachloride were added to solutions of the olefins in aqueous acetone. 230 Treating
367 with ruthenium tetroxide under these conditions produced the desired aldehyde 366 in
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good yields that were more reproducible. The aldehyde 366 was quite susceptible to air
oxidation and was converted to 377 upon storage in the refrigerator.

The rate of this

oxidation could be decreased by purging the storage flask with nitrogen.
The next step in the synthetic scheme involved selective protection of the aldehyde to
allow for the Baeyer-Villiger reaction of the cyclic ketone without oxidation of the aldehyde
to acarboxylic acid. The protecting group chosen would obviously need to be stable to the
peroxycarboxylic acids generally employed in the Baeyer-Villiger reaction.

A review of

Greene and Wuts' reactivity charts for protecting groups"' revealed that adimethyl acetal
was agood candidate, especially since the protection of an aldehyde as adimethyl acetal in
the presence of aketone had been achieved under mild conditions using lanthanoid chlorides
as catalysts. 232 Compound 366 provided the monoprotected compound 378 (Scheme 4.13)
when mixed with cerium(Ill) chloride heptahydrate and trimethyl orthoformate in methanol.
The ' H-NMR spectrum of the product clearly indicated that only two methoxy groups were
present (' H-NMR 3.34 and 3.31 ppm, singlets, 3H each), while the disappearance of the
signal at 9.59 ppm and the appearance of anew doublet at 3.94 ppm, due to the acetal
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proton H23 ,suggested that the aldehyde had been preferentially protected.
When 378 was treated with MCPBA and sodium bicarbonate to try to effect the
Baeyer-Villiger oxidation, however, none of the desired lactone 379 was produced.

The

'H-NMR spectrum indicated that the acetal group had reacted since the doublet at 3.94 ppm
was gone. A closer examination of the literature showed that the oxidation of dialkyl acetals
to the corresponding alkyl esters by peroxy acids had been observed by Heywood and
Phillips. 233 Cyclic acetals were reported to be less susceptible to this oxidation, so the 1,3dioxolane of 366 was prepared under standard conditions.234 The same considerations as
those noted for 378 in the

1H-NMR

spectrum indicated that the aldehyde had been

protected, and the molecular weight of 268 determined by GC/MS confirmed that only one
molecule of ethylene glycol had been incorporated into the product.

When 380 was

subjected to the Baeyer-Villiger oxidation conditions, however, the change in appearance of
the C4/C5 dioxolane protons from amultiplet centered at approximately 3.9 ppm to amuch
broader multiplet centered at approximately 4.25 ppm indicated that the 1,3-dioxolane had
been affected. None of the desired 365 was detected.
Since the acetal protecting groups appeared to be unstable to Baeyer-Villiger reaction
conditions, the route required modification. Due to time considerations, and the desire to
establish the viability of the Baeyer-Villiger reaction, the decision was made to selectively
reduce the C23 aldehyde and protect the resulting alcohol.

In the actual synthesis,

performing these reactions would extend the route by two steps since, in addition to the
reduction reaction, the alcohol would have to be reoxidized at some point so that the C24C2.
7 segment could be attached.

Introduction of the C24C27 segment stereoselectively

followed by suitable protection prior to the Baeyer-Villiger oxidation would circumvent this
problem. These topics should be considered in future studies of this synthetic route.
In the current investigation, the chemoselective reduction of the aldehyde carbonyl
group of 366 to give 381 (Scheme 4.14) was accomplished using sodium borohydride in an
ethanol-methylene chloride solvent mixture at low temperature. 235 The disappearance of the
signal at 9.59 ppm in the ' H-NMR spectrum confirmed that the aldehyde had been reduced,
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while the IR ( 1704 cm') and ' 3C-NMR spectra (213.0 ppm) indicated that the ketone
carbonyl group was unaffected. Protection of the primary alcohol as atert-butyldiphenylsilyl (TBDPS) ether236 occurred without any problems.
Bailey and Shih have reported a "double Baeyer-Villiger oxidation" of diethyl ketals to
orthocarbonates. 237 Hydrolysis of the orthocarbonate to produce acarbonate, followed by
reduction with lithium aluminum hydride achieved an overall excision of the ketal carbon
atom.

This method appeared to be especially attractive for 382 since the carbon atom

attached to C15 would have to be cleaved at some point (Scheme 4.15). A double BaeyerVilliger reaction would accomplish both the introduction of the C19 hydroxyl group and the
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carbon atom removal in only two steps, thereby decreasing the number of steps in the
synthetic route.
Attempts to prepare the diethyl ketal 383 were unsuccessful, however. The presence of
a 1,3-diaxial interaction between one of the ethoxy groups and the C18 methyl group in the
ketal product may have been the source of this difficulty. In each attempt, in addition to
starting material, aproduct which was tentatively identified as the C19 epimer of 382 was
isolated. The identification of the product as the C, 9 epimer was based on the fact that the
'H-NMR spectrum was very similar to that of 382 with slight shifts in some of the signals,
and the fragmentation pattern of the mass spectrum of the compound was very similar to
that of 382. Since none of the epimerized compound was observed when toluenesulfonic
acid was used in the preparation of 380 (Scheme 4.13), the epimerization was not caused by
the mere presence of the acid. The ketal may have formed, but may have undergone afacile
elimination of ethanol to relieve the 1,3-diaxial interaction, giving
TBDPSO

the enol ether 384.
EtO

Water could attack from either face of the

double bond to hydrolyze the enol ether on workup, producing the
epimeric mixture.

Unfortunately, since the ketal formation

appeared to be problematic, the slightly longer route employing a
384

conventional Baeyer-Villiger reaction would be required.

The conventional Baeyer-Villiger reaction"' was carried out on 382 using amixture of
MCPBA and sodium bicarbonate238 (Scheme 4.16). The reaction was sluggish, and some
starting material remained even after six days.

The ' 3C-NMR spectrum showed that the

reaction had occurred with the desired regioselectivity to give 385, since DEPT experiments
showed that the carbon atom attached to the oxygen atom of the lactone (' 3C-NMR
86.8 ppm) was amethine carbon. The desired product was contaminated by asmall amount
of apolymeric hydrocarbon based on the appearance of anumber of small CH2 signals in the
14-26 ppm range of the ' 3C-NMR spectrum and the high integration in the 1.2-1.5 region of
the ' H-NMR spectrum. Attempts to grow asuitable crystal for an X-ray crystal structure
determination to confirm the C19 stereochemistry were unsuccessful, and the deduction of
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the stereochemistry by other methods is difficult due to the high conformational flexibility of
seven membered rings .
21

The Baeyer-Villiger reaction proceeds with retention of

stereochemistry at the migrating center,' 54 however, so that there is no reason to suspect
that the C, 9 stereochemistry is different from that shown. All the stereocentres in the C15 C23 fragment have been introduced at this stage.
Reduction of the lactone 385 cleaved the remaining ring to produce 386. The 100 MHz
'
3C-NMR spectrum of 386 appeared to be lacking two signals since atotal of twenty signals
were expected, but only eighteen signals were observed. DEPT experiments indicated that
the two "missing" signals were those from one of the methyl carbon atoms and the
quaternary carbon atom of the tert-butyl moiety of the TBDPS protecting group. Since the
400 MHz ' H-NMR spectrum clearly indicated that four methyl groups were present
(doublets at 0.85, 0.86, 0.88, and 0.89 ppm), two of the methyl signals must have been
coincident in the ' 3C-NMR spectrum. Because the signals of two of the methyl groups in
385 were almost coincident (15.8 and 15.9 ppm), and the methyl signal at 16.2 ppm of the
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'
3C-NMR spectrum of 386 was more intense than the methyl signals at 12.8 and 19.3 ppm,
it was likely that the signal at 16.2 ppm consisted of two overlapping signals.
The signal due to the quaternary carbon atom of the tert-butyl group appeared to be
coincident with the methyl signal at 19.3 ppm. The reduction of the lactone had little effect
on the chemical shift of the quaternary carbon atom of the phenyl moieties of the TBDPS
protecting group since this signal appeared at 134.1 ppm in the ' 3C-NMR spectra of both
385 and 386. The signal for the quaternary carbon atom of the tert-butyl group appeared at
19.3 ppm in the ' 3C-NMR spectrum of 385, so the hypothesis that the signal at 19.3 ppm in
the ' 3C-NMR spectrum of 386 was composed of coincident signals due to amethyl carbon
and the quaternary carbon of the tert-butyl group appeared reasonable.
Since 386 contains the required stereochemistry and functionality of the venturicidin
Cis-C23 fragment, the utility of an IMDAF-SN2' ring opening reaction sequence for the
production of stereochemically complex acyclic fragments of natural products was
demonstrated. Conversion of 386 to aventuricidin C15-C23 fragment requires the removal of
one carbon atom. This final transformation could be accomplished in four steps, involving
selective tosylation of aprimary hydroxyl group followed by elimination to produce 387.
After protection of the C19 hydroxyl group, ozonolysis with areductive workup would
generate 388.
4.5

Conclusions
The stereoselective synthesis of an advanced intermediate of the C15-C23 fragment of the

venturicidins (Scheme 4.17), containing all five of the requisite chiral centres and all the
required functionality, was achieved in seventeen steps from 2-furaldehyde in an overall
yield of 6%.

A diastereoselective IMDAF reaction was used to establish the relative

stereochemistry between C16 ,C19 ,and C20 . The methyl group at C22 was introduced
stereoselectively via an SN2' ring opening reaction, while the final C18 stereocentre was
created through ahighly stereoselective hydrogenation reaction. While the synthesis was
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Scheme 4.17
a

CHO

CHO (90%)

OH

(
52%)

'%

220

222

c,d
(95%)

0
4
g
(92%)

e,f
(65%)

229

h
(95%)

181a

178

176a
(8.6:1 mixture at C16 )
CHO

4

W

(73%)

H

n,o

(96%)

(27:1 mixture at C18)

TBDPSO

OTBDPS

o

368

367

366

q

p
'F

1W.

(92%)

382

(90%)

385

386

Reagents:
a) EtCHO, NaOH/H 20; b) Na(s), EtOH; c) TsCl, DMA!', Et3N, CH2C12;d) Nal, acetone;
e) 2.2 eq. i-BuLi. Et 2O, then crotonaldehyde; t) Ag2CO3/Celite, benzene; g) MeA1C1 2,CH 2C12;
Ii) Ph 3PCH 3Br. ,:-BuLi; I) MeL,i, DME; j)

112,

PtO 2 ,EtOH/Benzene; k) KH, then CS 2,then Me!;

I) TTMSS, AIBN. Toluene; m) RuO4 ,9:1 acetone:H20; n) NaBH4 ,3:7 EtOH:CH2C12;
o) TBDPSCI, DMA!', CH2Cl2; P) MCPBA, Na}1CO3,CH 2C12;a) LAH, Et2O
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performed using racemic materials, the results of Chapter 2indicate that the route could be
easily modified to give enantiomerically enriched products.
This synthesis demonstrated the value of an IMDAF-SN2' ring opening reaction
sequence for the stereocontrolled preparation of acyclic fragments of natural products. The
stereoselective incorporation of the C-C27 segment should be considered in future studies.
An alternative synthesis of the C1C14 fragment is currently being explored219 with the
eventual goal of completing the synthesis of venturicidin X 333.
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Chapter 5
5.

Experimental Methods

5.1

General
All compounds are named according to IIJPAC rules. Melting points were determined

on solids purified by column chromatography using an Electrothermal
apparatus and are uncorrected.

melting point

Boiling points are uncorrected and refer to air-bath

temperatures using a Kugelrohr short path distillation apparatus.

Optical rotations were

measured with aRudolph Research Autopol® III polarimeter using a1cm path length cell.
Infrared

spectra

were recorded using a Mattson

Galaxy

Series 4030 FT-IR

spectrophotometer. Solid samples were handled as pressed KBr discs, while liquid samples
were placed neat between NaCl plates.

Main absorptions are listed in wavenumbers

followed by the assignment in parentheses.
Nuclear magnetic resonance spectra were obtained on either a Bruker ACE-200
('H 200 MHz, ' 3C 50 MHz) or Bruker AM-400 ('H 400 MHz, ' 3C 100 MHz) spectrometer
using deuteriochioroform as solvent. ' 3C-NMR spectra were referenced to the ' 3C
resonance of deuteriochioroform (877.0), while 'H-NMR spectra were referenced to the 'H
resonance of residual chloroform (67.27). 'H-NMR spectra are listed with the following
format: chemical shift (in ppm), (multiplicity, number of protons, coupling constant (Hz),
assignment).

The following abbreviations are used to describe the multiplicities:

br=broadened, s=singlet, d=doublet, t=triplet, q--quartet, m=multiplet, and AB q=a "quartet"
due to an AB spin system. ' 3C-NMR spectra are listed with the following format: chemical
shift (in ppm), (methyl, methylene, methine, or quaternary carbon, as determined by DEPT
experiments, assignment).

In cases where the assignment of signals is ambiguous, the

signals and assignments are grouped together. The numbering of atoms in the compounds
to allow for the assignment of spectra may differ from the numbering used to name the
compound according to IUPAC rules.
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Low resolution mass spectra were either obtained using aHewlett Packard 5890 Series
II gas chromatograph interfaced to aHewlett Packard 5971A mass selective detector or
acquired by Mrs.

Q.

Wu (University of Calgary) using aVG-7070 spectrometer. The data

is listed using the following format:

mass (m/e), (relative intensity, assignment).

High

resolution mass spectra were obtained by Mrs. D. Fox (University of Calgary) on aKratos
MS-80 spectrometer.

Elemental analyses were also performed by Mrs. D. Fox using a

Control Equipment Corporation 440 Elemental Analyzer.

X-Ray crystal structures were

determined by Dr. M. Parvez (University of Calgary).
Chiral phase gas liquid chromatography was performed on a Shimadzu GC-9A gas
chromatograph equipped with aflame ionization detector using a25m x 0.33 mm (i.d.) x
0.25 I.Im (film thickness) Cydex-B (Scientific Glass Engineering) fused silica column.
Analytical gas liquid chromatography was performed on the same instrument using a25m x
0.53 mm (i.d.) x3 itm (film thickness) 007 Series Methyl Silicone (Quadrex Corporation)
fused silica column. Helium was used as the carrier gas in both cases.
Aluminum-backed silica gel plates (E. Merck, 0.2 mm silica gel 60, F254) were used for
thin layer chromatography (TLC). Solvent systems refer to mixtures, by volume, of hexanes
and ethyl acetate unless otherwise specified. The plates were visualized with an ultraviolet
lamp (
254 nm or 366 nm) and/or by heating with a hot air gun after immersion in a
developing solution ( 118.4 g (NH4sMo7Or4HzO, 200 mL concentrated H2SO4, and 2 L
deionized water).

Flash column chromatography was accomplished with silica gel 60 (E.

Merck, 0.04-0.063 mm, 230-400 mesh) using the method of Still et al. AO

Radial plate

chromatography was performed with aChromatotron (Harrison Research, Model 7924T)
with plates bearing 1, 2, or 4 mm thicknesses of silica gel (EM Science silica gel 60 PF25
4
with gypsum binder).
All glassware employed in anhydrous reactions was dried overnight in an oven set at
120°C.

Reaction vessels were then cooled under a stream of argon or nitrogen, while

syringes were cooled in a dessicator containing Dri
erite.®

Moisture or oxygen sensitive

reactions were performed under an argon or nitrogen atmosphere.
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The following cooling baths 2" were used to maintain sub-ambient temperatures:

dry

ice-acetone (-78°C), dry ice-chloroform (-61°C), dry ice-acetonitrile (-41°C), and dry icecarbon tetrachloride (-23°C).
Solvents and reagents were purified by standard methods 24' where necessary or were
purchased as anhydrous solvents.

Tetrahydrofuran (ThF) and dimethoxyethane (DME)

were freshly distilled from sodium benzophenone ketyl, while methylene chloride was freshly
distilled from calcium hydride, immediately before use. Acetone (HPLC grade), acetonitrile,
diethyl ether, N,N-dimethylformamide (DMF) and methanol were purchased as anhydrous
solvents in Sure/Seal® bottles from the Aldrich Chemical Company.

Other solvents and

reagents were dried over the drying agents specified below, distilled, and stored in
Sure/Seal ® bottles. Dimethyl sulfoxide was dried over sodium hydroxide, while benzene,
carbon

disulfide,

hexamethyiphosphoramide, hexane,

N,N,N',N'-tetramethylethylenedi-

amine, pentane, toluene, and triethylamine were dried over calcium hydride.
5.2

General Experimental Procedures

5.2.1

General Procedure 1for the Preparation of an Iodide from a Tosylate or
Chloride

A solution of the tosylate or chloride (10 mmol) and sodium iodide (
25 mmol) in HPLC
grade acetone ( 100 mL) was placed in a round bottom flask equipped with a reflux
condenser. The reaction was heated at reflux under N2 with stirring until analysis by TLC or
GC indicated the reaction was complete (typically 16 hours). The reaction was cooled and
the acetone removed in vacuo.

The residue was stirred vigorously with 120 mL diethyl

ether and approximately 5 g of basic alumina. The solution was filtered, the solids were
washed well with additional diethyl ether, and the solvent was removed from the combined
organic phases in vacuo. The crude iodide was purified by flash column chromatography
and/or distillation.
5.2.2

General Procedure 2for the Coupling of Iodides with Carbonyl Compounds

The iodide was purified by column chromatography (hexanes) and distillation
immediately before use. A solution of the iodide (
5mmol) in anhydrous Et2O (
55 mL) was
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placed in a 3-neck round bottom flask and cooled using a —78°C cold bath.

tert-

Butyllithium ( 10 mmol, 1.7M in pentane) was added dropwise to the stirred cold solution
via syringe.

After stirring the reaction for 10 minutes, the carbonyl compound (6mmol),

freshly distilled from anhydrous Na2SO4 under N2,was added either neat via syringe or as a
solution in dry Et2O. The reaction was stirred at —78°C until analysis by TLC indicated the
reaction was complete (typically approximately 30 minutes).

Saturated aqueous NH4CI

(45 mL) was then added at —78°C to quench the reaction, and the mixture was warmed to
room temperature.

The aqueous layer was extracted with Et2O (4 x 45 mL) and the

combined organic layers were dried with anhydrous Na2SO4. The drying agent was
removed by filtration, and the solvent was removed in vacuo to give the crude coupled
product. Purification was effected by flash column chromatography followed by distillation.
5.2.3

General Procedure 3for Oxidation Under Swern Conditions

The method of Swern 57 was used to oxidize some of the allylic alcohols to the enones.
A solution of oxalyl chloride ( 11 mmol) in anhydrous CH2C12 (
25 mL) was placed in a
3-neck round bottom flask equipped with a dropping funnel under aN2 atmosphere.

A

solution of freshly distilled alcohol ( 10 mmol) in CH2Cl2 (10 mL) was placed in the dropping
funnel. The reaction was cooled using a —61°C cold bath, and dry DMSO (22 mmol) was
added neat to the stirred oxalyl chloride solution dropwise via syringe. The reaction was
stirred for 2 minutes, and then the alcohol solution was added within 5 minutes.

After

stirring the reaction mixture for an additional 15 minutes, dry Et3N (
50 mmol) was added.
The reaction was stirred an additional 5 minutes prior to warming to room temperature.
Water (
50 mL) was added, and the aqueous layer was extracted with CH2C12 (
5x25 mL).
The combined organic layers were washed successively with saturated aqueous NaCl
(100 mL), 1% aqueous HC1 (
50 mL), 5% aqueous Na2CO3 (
50 mL), and water (
50 mL),
and dried over anhydrous Na2SO4. The solution was filtered to remove the drying agent,
and the solvent was removed in vacuo to provide an odoriferous crude product.
Purification was effected by flash column chromatography followed by distillation.
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5.2.4

General Procedure 4for Oxidation Using Fetizon's Reagent

Fetizon's reagent was prepared and used to oxidize some of the ailylic alcohols as
described in McKillop and Young's review" 2 Celiteo (60 g) was washed with 10% v/v
concentrated HCl/MeOH (300 mL), filtered, and then washed with distilled water until the
washings were neutral. The acid washed

Celite®

was dried overnight in a 120°C oven. A

portion of the dried Celite® (
45 g) was then added to asolution of silver nitrate (
51 g) in
distilled water (300 mL) with stirring (mechanical stirrer). To this suspension was added a
solution of Na2CO3 ( 16.69 g) in distilled water (
450 mL) with stirring.

The resulting

yellow-green suspension was stirred an additional 10 minutes, filtered, and washed with
distilled water. The solid was transferred to around bottom flask and dried in vacuo (
rotary
evaporator). The resulting solid contains approximately 1mmol of Ag2CO3/0.57 g.
Freshly distilled alcohol (9.6 mmol) was dissolved in dry benzene (220 mL) under N2 in
a round bottom flask equipped with a reflux condenser.

Fetizon's reagent (9.83 g,

17.25 mmol Ag2CO3)was added, and the resulting yellow-green suspension was heated to
reflux. The suspension generally became black within 5minutes. When the reaction was
complete as judged by TLC (typically 16 hours), the mixture was cooled, filtered, and the
solids were washed well with CH2C12.The solvent was removed from the combined organic
phases in vacuo to provide the crude product which was purified by flash column
chromatography and distillation.
5.2.5

General Procedure 5for the IMDAF Reaction

The IMDAF reactions were performed as described by Rogers and Keay.' A solution
of freshly distilled enone (7.6 mmol) in dry CH2C12 ( 150 mL) was placed in aN2 purged
3-neck round bottom flask and cooled with a —78°C cold bath. Methylaluminum dichloride
(0.76 mmol, l.OM in hexanes) was added, and the reaction mixture was stirred at -78°C for
2-5 hours.

The reaction was then quenched with 10% aqueous NaHCO3 at -78°C and

warmed to room temperature. The aqueous layer was extracted with CH2Cl2 (4x50 mL),
and the combined organic layers were washed with water (
75 mL). After the organic phase
had been dried over anhydrous Na2SO4,the solution was filtered to remove the drying
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agent, and the solvent was removed in vacuo without external heating to provide the crude
product.

Purification of the oxatricyclo compound was effected by flash column

chromatography.
5.2.6

General Procedure 6for the SN2' Ring Openings

A N2 purged 3-neck round bottom flask equipped with an addition funnel containing a
solution of the oxatricyclo compound (0.32 mmol) in anhydrous Et2O (6mL) was cooled
with a —78°C bath.

The flask was charged with anhydrous Et2O (4 mL) and the

organometallic reagent ( 1.0 mmol), and the solution of the oxatricyclo compound was
added dropwise from the addition funnel.

The mixture was warmed to 0°C and, if the

reaction was not complete within 2 hours, then warmed to room temperature and stirred
overnight.

Wet Et2O ( 10 mL) and saturated aqueous NH4C1 ( 10 mL) were added

sequentially, and the aqueous layer was extracted with Et2O (4 x 10 mL).

After the

combined organic layers had been dried over anhydrous NazSO4 and filtered, the solvent
was removed in vacuo to provide the crude product.

Purification was effected by flash

column chromatography.
5.2.7

General Procedure 7for the SN2' Ring Openings with Methyllithium

A solution of the oxatricyclo compound ( 1.1 mmol) in anhydrous DME (29 mL) in aN2
purged 3-neck round bottom flask was cooled with a —23°C bath. Methyllithium (33 mmol,
1.4M in Et2O) was added to the cooled reaction mixture which was then warmed to 0°C
and allowed to slowly reach room temperature overnight. The reaction was cooled back
down to —23°C, and wet Et2O (30 mL) and saturated aqueous NH4C1 (30 mL) were
cautiously added sequentially. The aqueous layer was extracted with Et2O (4x30 mL), and
the combined organic layers were dried over anhydrous Na2SO4. The dried solution was
filtered, and the solvent was removed in vacuo to provide the crude product. Purification
was effected by flash column chromatography.
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5.3

Experimental Procedures Pertaining to Chapter 1

1-Chloro-3-(2-furyl)propane (146)
Compound 146 was prepared as previously described.'

A

solution of furan 144 (
5.6g, 82.3 mmol) in dry THF ( 140 mL) was
placed in aN2purged 3-neck round bottom flask and cooled using a
—78°C cold bath. n-Butyllithium (39.6 mL of 2.5M in hexanes, 99 mmol) was added by
syringe, and the reaction was warmed to 0°C and stirred for 2 hours.

The reaction was

cooled back to —78°C, and 1-bromo-3-chloropropane ( 11.7 g, 74.0 mmol), purified by
passage through basic alumina followed by distillation, was added dropwise to the yellow
solution.

The mixture was warmed to 0°C and allowed to warm to room temperature

overnight. The THF was removed in vacuo, and the residue was dissolved in 80 mL each of
saturated aqueous NH4C1 and Et2O.

The aqueous layer was extracted with Et2O (4 x

50 mL), and the combined organic layers were dried over anhydrous Na2SO4.

The dried

solution was filtered, and the solvent was removed in vacuo to provide the crude product.
Distillation under reduced pressure (H20 aspirator) produced 146 as aclear, colorless liquid
(8.57 g, 59.3 mmol) in 80.1% yield. bp 50-60°C/20 Torr (literature' 60-70 °C/20 Ton); 'HNMR (200 MHz) 2.12 (quintet, 2H, J
2,
1=J2,
3=7.0 Hz, H2), 2.82 (
t, 2H, J
3,
2=7.0 Hz, H3), 3.57
(t, 2H, J, 2=7.0 Hz, H,), 6.05 (
dd,

1H, J
5,
7=0.8 Hz, J
5,
6=3.0 Hz, H5), 6.30 (dd, 1H,

J
6,
7=1.8 Hz, J
6,
5=3.0 Hz, H6), 7.33 (dd, 1H, J
7,
5=0.8 Hz, J
7,
6=1.8 Hz, H7).

The 'H-NMR

spectrum was in good agreement with the literature.'
1-Chloro-3-(2-(5-methylfuryl))propane (147)
Compound 147 was prepared as previously described.'

A

solution of 2-methylfuran 145 (6.lg, 74.3 mmol) in dry THF
(100 mL) was placed in aN2 purged 3-neck round bottom flask
and cooled using a —78°C cold bath.

n-Butyfflthium (35.6 mL of 2.5M in hexanes,

89 mrnol) was added by syringe, and the reaction was warmed to 0°C and stirred for 2
hours.

The reaction was cooled back to —78°C, and 1-bromo-3-chloropropane (
10.5 g,

184

66.7 mmol), purified by passage through basic alumina followed by distillation, was added
dropwise to the yellow solution. The mixture was warmed to 0°C and allowed to warm to
room temperature overnight.

The THF was removed in vacuo, and the residue was

dissolved in 70 mL each of saturated aqueous NH4C1 and Et2O.

The aqueous layer was

extracted with Et2O (4 x 50 mL), and the combined organic layers were dried over
anhydrous Na2SO4.The dried solution was filtered, and the solvent was removed in vacuo
to provide the crude product. Distillation under reduced pressure (H20 aspirator) produced
147 as aclear, colorless liquid (8.88 g, 56.0 mmol) in 84.0% yield. bp 75-85°C/20 Ton
(literature' 75-85°C/20 Ton); ' H-NMR (200 MHz) 2.10 (quintet, 2H, J
2,,=J2,
3=7.0 Hz, H2),
2.27 (s, 3H, H8), 2.76 (t, 2H, J
3,
2=7.0 Hz, H3), 3.58 (
t, 2H, J,,2=7.0 Hz, H,), 5.87 and 5.92
(AB q, 2H,

J=3.0 Hz, H5 and H6). The 'H-NMR spectrum was in good agreement with the

literature.'
3-(2.Furyl)-1.iodopropane (148)
Compound 148 was prepared as previously described.' General
procedure 1was used to convert chloride 146 (
3.30 g, 22.8 mmol) to
iodide 148 (5.06 g, 21.4 mmol) in 93.9% yield following purification
by flash column chromatography ( 100% hexanes) and distillation under reduced pressure
(H20 aspirator).

Compound 148 was a clear, colorless liquid.

bp 85-95 °C/20 Ton

(literature' 20-30°C/0.04 Ton); ' H-NMR (200 MHz) 2.15 (quintet, 2H, J
2,
1=J2,
3=7.0 Hz,
H2), 2.77 (t, 2H, J
32 =7.0 Hz, H3), 3.20 (
t, 2H, J1,2=7.0 Hz, H,), 6.06 (dd, 1H, J
5,
7=0.8 Hz,
J5.6=3.1 Hz, H5), 6.29 (dd, 1H, J
6,
7=1.8 Hz, J
6,
5=3.1 Hz, H6), 7.32 (dd, 1H, J
7,
5=0.8 Hz,
J
7,
6=1.8 Hz, H7). The ' H-NMR spectrum was in good agreement with the literature.'
3-(2-(5-Methylfuryl))-1-iodopropane (149)
Compound 149 was prepared as previously described.'
General procedure 1was used to convert chloride 147 (4.03 g,
25.4 mmol) to iodide 149 (
6.08 g, 24.3 mmol) in 95.7% yield
following purification by flash column chromatography ( 100% hexanes) and distillation
under reduced pressure (H20 aspirator).

Compound 149 was a clear, colorless liquid.
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bp 95-105°C/20 Toff (literature' 100°C/20 Ton); 'H-NMR (200 MHz) 2.13 (quintet, 2H,
J
2,
1
=J2,
3=6.9 Hz, H2), 2.27 (s, 3H, H8), 2.71

(
t,

2H, J
3,
2=6.9 Hz, H3), 3.21

(
t,

2H,

J,,2=6.9 Hz, H,), 5.86 and 5.92 (
AB q,2H, J=3.0 Hz, H5 and H6). The 'H-NMR spectrum
was in good agreement with the literature.'
6.(2-Furyl)-1-hexen-3-ol (150)
Compound

150

was

prepared

as

previously

described.' Iodide 148 (
5.74 g, 24.3 mmol) was treated
with tert-butyllithium (
31.5 mL of 1.7M in pentane,
54 mmol) and acrolein (1.95 mL, 29.2 mmol) according to general procedure 2 to give
compound 150 (2.69 g, 16.2 mmol) as a clear, colorless oil in 66.7% yield following
purification by flash column chromatography (
5:1). and distillation under reduced pressure
(0.04 Torr). bp 60-65 °C/0.04 Torr (literature' 60-68 °C/O.04 Torr); 'H-NMR (200 MHz)
1.52-1.84 (overlapping m, 5H, H4,H5,and OH), 2.67
1H, J=6.2 Hz, H3), 5.12 (
dt, 1H,
J,

3=1.3

Jlb,laJ1b,3=1.3

(
t,

2H, J
(
,,5=7.1 Hz, H6), 4.13 (br q,

Hz, Jlb,2=10.3 Hz, H1,), 5.23 (
dt, 1H,

Jla,1b

Hz, Jia,2=17.2 Hz, Hia), 5.90 (ddd, 1H, J
2,
3=6.2 Hz, J2,lb=10.3 Hz, J2 i
ia=17.2 Hz,

H2), 6.00 (dd, 1H, J
8,, 0=0.8 Hz, J
3,
9=3.1 Hz, H8), 6.28 (dd, 1H, J
9,, 0=1.8 Hz, J
9,
8=3.1 Hz,
H9), 7.30 (dd, IH, J, 0,
8=0.8 Hz, J
10 ,
9=1.8 Hz, H, 0).
The 'H-NMR spectrum was in good
agreement with the literature.'
(E)-7-(2-Furyl)-2-hepten-4-o1 (
151)
Compound

151

was

prepared

as

previously

described.' Iodide 148 (4.24 g, 18.0 mmol) was treated
with tert-butyllithium (
23.5 mL of 1.7M in pentane,
40 mmol) and crotonaldehyde ( 1.79 mL, 21.5 mmol) according to general procedure 2 to
give compound 151 (
2.50 g, 13.9 mmol) as aclear, colorless oil in 77.2% yield following
purification by flash column chromatography (
5:1) and distillation under reduced pressure
(0.05 Torr). bp 70-80 °C/0.05 Torr (literature' 52-68°C/0.035 Torr); 'H-NMR (200 MHz)
1.45-1.85 (
overlapping m, 5H, H5,H6,and OH), 1.70 (dd, 3H, J1,
3=0.9 Hz, J,, 2=6.0 Hz, H1),
2.65

(t,

2H, J
7,
6=7.1 Hz, H7), 4.06 (br q, lH, J=6.3 Hz, H4), 5.48 (ddq, 1H, J
3,,=0.9 Hz,
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J3.
4=6.0 Hz, J
32 =l5.3 Hz, H3), 5.67 (
ddq, 1H, J
2,
4=1.5 Hz, J
2,,=6.8 Hz, J
2,
3=15.3 Hz, H2),
5.99 (
dd, IH, J
9,
11 =0.8 Hz, J
9,
0=3.1 Hz, 11 9), 6.28 (dd, 1H, J, 0,,,=1.9 Hz, J, 0,
9=3.1 Hz, H10 ),
7.30 (dd, IH, J, 1.
9=0.8 Hz, J,,,, 0=1.9 Hz, H11 ).

The 'H-NMR spectrum was in good

agreement with the literature.'
6-(2-Furyl)-2-methyl-1-hexen-3ol (152)
Compound
described.'

152

was

prepared

as

previously

Iodide 148 (
4.02 g, 17.0 mmol) was treated

with tert-butyffithium (22.1 mL of 1.7M in pentane,
38 mmol)

and

methacrolein ( 1.70

mL,

20.4

mmol)

according to general procedure 2 to give compound 152 (2.00 g, 11.1 mmol) as aclear,
colorless oil in 65.3% yield following purification by flash column chromatography (
5:1) and
distillation under reduced pressure (
0.05 Torr).

bp 70-75°C/0.05 Torr (literature'

130 1C/0.1 Torr); ' H-NMR (200 MHz) 1.55-1.82 (
overlapping m, 511, H4,H5,and OH),
1.72 (br s, 311, H11 ), 2.67 (t, 2H, J
6,
5=7.2 Hz,

116),

4.08 (br t, 1H, J=7.2 Hz, H3), 4.85 (
br s,

1H, H1), 4,95 (
br s, 1H, H,), 5.99 (
dd, 1H, J
8,, 0=0.8 Hz, J
8,
9=3.1 Hz,

118),

6.28 (dd, 1H,

J
9,,o=1.8 Hz, J
9,
8=3.1 Hz, H9), 7.30 (dd, IN, J, 0,
8=0.8 Hz, J, 0,
9=1.8 Hz, H,o). The 'H-NMR
spectrum was in good agreement with the literature.'
6.(2-(5-Methylfuryl)-1-hexen-3-ol (153)
Compound
described.'

153

was

prepared

as

previously

Iodide 149 (
4.52 g, 18.1 mmol) was

treated with tert-butyffithium (
23.5 mL of 1.7M in
pentane, 40 mmol) and acrolein (1.45 mL, 21.7 mmol) according to general procedure 2to
give compound 153 (2.17 g, 12.1 mmol) as aclear, colorless oil in 66.9% yield following
purification by flash column chromatography (
5:1) and distillation under reduced pressure
(0.05 Torr). bp 70-75 °C/0.05 Torr (literature' 130-135°C/12 Torr); 1H-NMR (200 MHz)
1.50-1.80 (overlapping m, 5H, H4,H5,and OH), 2.26 (s, 311, H,,), 2.61 (t, 2H, J
6,
5 7.2 Hz,
H6), 4.13 (br m, 1H, J=6.2 Hz, H3), 5.12 (dt, 111, Jlb,j a=Jlb,3=1.3 Hz, Jlb,z=10.3 Hz, H1,,),
5.23 (dt, 111,

Jia,iJia,3l.3

Hz,

Jia,2=17.2

Hz, Hl,,), 5.78-5.95 (
overlapping ddd and ABq,

187

3H, J
2,
3=6.2 Hz,

J2,Ib =

10.3 Hz, J2,ia=17.2 Hz, H2and H81H9). The 'H-NMR spectrum was in

good agreement with the literature.'
6-(2-Furyl)-1-hexen-3-one (154)
Compound

154

was

prepared

as

previously

described.' Allylic alcohol 150 (2.09 g, 12.6 mmol) was
oxidized using general procedure 3to produce amixture
of 154 and IMDAF cycloadduct 158 (2.02 g, 12.2 mmol) in acombined yield of 96.8%.
Compound 154 was isolated as aclear, colorless oil following purification by flash column
chromatography (9:1) and distillation under reduced pressure (0.07 Torr).

bp 55-60°C!

0.07 Torr (literature' 50-55°C/0.08 Torr). Small amounts of the IMDAF cycloadduct 158
formed spontaneously so that pure 154 could not be isolated. Compound 154 was therefore
not characterized, but used to prepare 158 using methylaluminum dichloride.
(E)-7-(2-Furyl)-2-hepten-4-one (155)
Compound
described.'

155

was

prepared

as

previously

Allylic alcohol 151 ( 1.12 g, 6.23 mmol) was

oxidized using general procedure 3 to produce 155
(0.898 g, 5.04 mmol) as aclear, colorless oil in 80.9% yield following purification by flash
column chromatography (20:1) and distillation under reduced pressure (0.04 Torr). bp 6070°C/0.04 Torr (literature' 60-70°C/0.05 Torr); 'H-NMR (200 MHz) 1.89 (dd, 3H,
J,,3=1.6 Hz, J,.2=6.8 Hz, H1), 1.96 (quintet, 2H, J
6,
7=J 6,
5=7.2 Hz, H6), 2.56 (
t, 2H,
J
5,
6=7.2 Hz, H5), 2.66 (
t, 2H, J
7,
6=7.3 Hz, H7), 6.00 (dd, 1H, J
9,
11 =0.8 Hz, J
9,, 0=3.0 Hz, H9),
6.11 (dq, 1H, J
3.
1
=l.6 Hz, J
3,
2=15.7 Hz, H3), 6.28 (dd, 1H, J, 0,, 1=1.9 Hz, J
10 ,
9=3.0 Hz, Hio),
6.83 (dq, 1H, J
2,
1=6.8 Hz, J
23 =15.7 Hz, 112), 7.30 (dd, 1H, J, 1,
9=0.8 Hz, J, 1,
10 =1.9 Hz, H11 ).
The ' H-NMR spectrum was in good agreement with the literature.'
6-(2-Furyl)-2-methyl-1-hexen-3-one (156)
Compound

156

was

prepared

as

previously

described.' Allylic alcohol 152 (0.437 g, 2.43 mmol) was
oxidized using general procedure 3 to produce 156
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(0.391 g, 2.19 mmol) as aclear, colorless oil in 90.1% yield following purification by flash
column chromatography (20:1) and distillation under reduced pressure (
0.045 Torr). bp 5560°C/0.045 Torr (literature' 58-60 °C/0.045 Torr); ' H-NMR (200 MHz) 1.87 (br s, 3H,
H,,), 1.97 (quintet, 2H, J
5,
4=J 5,
6=7.3 Hz, H6), 2.67 (
t, 2H, J=7.2 Hz) and 2.73 (
t, 2H,
J=7.3 Hz, 1-14 and H6), 5.75 (
br s, 1H, H,), 5.92 (br s, 1H, H,), 6.00 (dd, 1H, J
8,, 0=0.8 Hz,
J
8,
9=3.0 Hz, H8), 6.28 (dd, 1H, J
9,, 0=2.0 Hz, J
98 =3.0 Hz, H9), 7.30 (dd, 1H, J
10 ,
8=0.8 Hz,
J, 0,
9=2.0 Hz, H10 ). The ' H-NMR spectrum was in good agreement with the literature.'
6-(2-(5-Methylfuryl)-1-hexen-3-one (157)
Compound
described.'

157

was

prepared

as

previously

Allylic alcohol 153 ( 1.99 g, 11.0 mmol)

was oxidized using general procedure 3to produce 157
(1.36 g, 7.61 mmol) as aclear, colorless oil in 69.2% yield following purification by flash
column chromatography (9:1) and distillation under reduced pressure (0.04 Torr).

bp 60-

70°C/0.04 Ton (literature' 60-70°C/0.04 Ton); 'H-NMR (200 MHz) 1.96 (quintet, 2H,
J
5,
4=J 5,
6=7.5 Hz, H5), 2.25 (s, 3H, H,,), 2.58-2.70 (two overlapping t, 4H, J=7.5 Hz, H4 and
H6), 5.85 (
m, 3H, Hib, H8,and H9), 6.19 (half of dof AB q,1H, Jt a,lb=1.5 Hz, Ji a,2=16.5 Hz,
HI.), 6.38 (half of dof AB q,1H, J2,lb=10.1 Hz, J2,ia=16.5 Hz, H2). The 'H-NMR spectrum
was in good agreement with the literature.'
(1RS,6SR,8RS)-1 1-Oxatricyclo[6.2.1.O"6]undec-9-en-5-one (158)
Compound 158 was prepared as previously described.' Enone 154
(0.784 g, 4.77 mmol) was treated with MeAlClz (0.48 mL of 1.OM in
hexanes, 0.48 mmol) for 2.5 hours according to general procedure 5to
give cycloadduct 158 (
0.745 g, 4.54 mmol) as acolorless oil in 95.2%
yield following purification by flash column chromatography (
5:1). Compound 158 became
a white, low melting solid upon storage in the freezer.

mp <25°C (
literature' 25-27°C);

'H-NMR (200 MHz) 1.48 (dd, 1H, J
7,
6=8.2 Hz, J
8 =11.7 Hz, Hi a), 1.88-2.10 (m, 2H),
2.20-2.56 (m, 6H), 4.89 (
dd, lH, J
8,
9=1.5 Hz, J
8,
7p=4.8 Hz, H8), 6.13 (d, 1H, J
io ,
9=5.7 Hz,
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H10), 6.42 (dd, 1H, J
9,
8=l.6 Hz, J
9,, 0=5.7 Hz, H9).

The 'H-NMR spectrum was in good

agreement with the literature.'
(1RS,6SR,7SR,8SR)7Methyl11.oxatricyc1o[6.2.1.0" 6]undeC-9-efl-5-Ofle (159)
Compound 159 was prepared as previously described.' Enone 155
(0.363 g, 2.04 mmol) was treated with MeAlCl2 (0.20 mL of l.OM in
hexanes, 0.20 mmol) for 3.25 hours according to general procedure 5
to give amixture of cycloadduct 159 and starting enone 155.

Flash

column chromatography (5:1) provided starting enone 155 (
0.163 g, 0.914 mmol) and
cycloadduct 159 (0.159 g, 0.893 mmol) as acolorless oil in 43.8% yield (79.3% based on
consumed starting material). ' H-NMR (200 MHz) 0.93 (d, 3H, J,,,7=7.0 Hz, H11 ), 1.73 (d,
1H, J
6,
7=4.0 Hz, 1-16), 1.82-2.10 (m, 2H), 2.15-2.55 (
m, 4H), 2.83 (m, 1H, H7), 4.69

(
dd,

1H, J
3,
9=1.6 Hz, J
8.
7=4.7 Hz, H8), 6.24 (d, 1H, Jio, 9=5.7 Hz, H, 0), 6.38 (dd, 1H, J
9,
8=1.6 Hz,
J
9,io=5.7 Hz, H9). The ' H-NMR spectrum was in good agreement with the literature.'
(1RS,6SR,8RS).6.Methyl11oxatricyc1o[6.2.1.0"6]ufldeC-9-efl- 5- 011 e (160)
Compound 160 was prepared as previously described.' Enone 156
(0.369 g, 2.07 mmol) was treated with MeA1Cl2 (0.21 mL of 1.OM in
hexanes, 0.21 mmol) for 3.75 hours according to general procedure 5
to give amixture of cycloadduct 160 and starting enone 156.

Flash

column chromatography (
5:1) provided starting enone 156 (0.040 g, 0.224 mmol) and
cycloadduct 160 (
0.308 g, 1.73 mmol) as acolorless oil in 83.6% yield (93.7% based on
consumed starting material). ' H-NMR (200 MHz) 1.01 (d, 1H, J
5 ,=ll.8 Hz, H7 a), 1.12(s,
3H, H11 ), 1.90-2.03 (m, 2H), 2.25-2.30 (m, 2H), 2.42 (dt, 1H, J
2,
3=2.9 Hz, J
5 =l4.4 Hz,
one H of H2), 2.58-2.72 (m, 1H), 2.86 (dd, 1H, J
7,
8=5.1 Hz, J
5 ,=11.8 Hz, H7 ), 4.82 (dd,
1H, J
8,
9=1.6 Hz, J
8.
7=5.1 Hz, H8), 6.14 (d, 1H, J, 0,
9=5.7 Hz, H10), 6.49 (dd, 1H, J
9,
8=1.6 Hz,
J
9., 0=5.7 Hz, H9). The ' H-NMR spectrum was in good agreement with the literature.'
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(1RS,6SR,SRS)-8-Methyl-11-oxatricyclo[6.2.1.0 1'
6]undec-9-en-S-one (161)
Compound 161 was prepared as previously described.' Enone 157
(1.36 g, 7.63 mmol) was treated with MeA1Clz (
0.75 mL of 1.OM in
hexanes, 0.75 mmol) for 1hour according to general procedure 5 to
give cycloadduct 160 (
1.18 g, 6.62 mmol) as a slightly yellow oil in
86.8% yield after purification by flash column chromatography (3:1). Compound 161
became apale yellow, low melting solid upon storage in the freezer. mp <25°C; '
H-NMR
(200 MHz) 1.58 (s, 3H, H11 ), 1.61 (dd, 1H, J
7,
6=8.2 Hz, J=ll.8 Hz, H7a), 1.88-2.03 (m,
2H), 2.13-2.60 (m, 6H), 6.15 and 6.25 (
AB q,2H, J=5.6 Hz, 119 and H,o).

The 'H-NMR

spectrum was in good agreement with the literature.'
(1RS,2SR,SRS,9SR)-2,8.Dibutylbicyclo[4.4.0]dec-6-en- 2,9-diOl (162a)
General procedure
compound

162a.

0.32 1mmol)

was

6 was

used

Cycloadduct
treated

with

to

prepare

158 (52.7

mg,

n-butyllithium

(0.40 mL of 2.5M in hexanes, 1.00 mmol) for 16
hours to give diol 162a (
59.4 mg, 0.212 mmol) as awhite solid in 66.0% yield following
purification by flash column chromatography (
5:1). mp 104-105 °C; JR (KBr) 3192 (0-H)
cm-1; ' H-NMR (400 MHz) 0.92 and 0.93 (overlapping t, 6H, J=7.0 Hz, H, 4 and H, 8), 1.231.42 (m, IOH), 1.48-1.70 (m, 7H), 1.79 (ddd, 1H, J10,
9=3.1 Hz, J
10 ,,=8.8 Hz, J
g =l4.4 Hz,
one H of H10), 1.96-2.05 (m, 2H), 2.13 (ddd, 1H, J, 0,=3.4 Hz, J, 0,
9=6.0 Hz, J
5 ,=l4.4 Hz,
one H of H10), 2.20-2.25 (m, 2H), 2.86 (br s, 1H,

OH),

3.88 (m, 1H, 119), 5.36 (br s, 1H,

H7); ' 3C-NMR (
50 MHz) 14.1 and 14.1 (CH3,C14and C, 8), 22.5, 23.0, 23.3, 26.3, 28.1,
29.4, 31.0, 35.4, 36.6, and 40.1 (CH2,C3,C4,C5,C, 0,C,,, C, 2,C, 3,C, 5,C,6, and C, 7), 40.3
and 42.6 (CH, C1 and C8), 66.4 (CH, C9), 74.2 (Cq,Cz), 124.5 (CH, C7), 136.3 (Cq,Cr,);
Mass spectrum 280 (8, M 4), 262 ( 11, M-1120), 244 (8, M-2H20), 205 ( 18, M-H20-n-Bu),
187 (30, M-2H20-n-Bu), 153 (64), 113 (100); Analysis calc'd for C, 8H3202:C, 77.09; H,
11.50. Found: C, 77.43; H, 11.12. A sample of 162a was recrystallized from hexane to
give colorless needles which were submitted for X-ray crystallographic analysis. See Figure
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1.4 for the X-ray crystal structure. Crystal data: empirical formula C18H3202;space group
P2 1/n; a=12.566(2)

A;

b=8.617(3)

A;

c=16.227(2)

A;

f3=90.50(1)°; V=1757.O

A3;Z=4;

d=1.06 g/cm3;Mo-Ka radiation (22°C); total of 3564 reflections in the range 2<0<25°, of
which 2247 were used >3c)) in the structure solution; R=O.0516 and Rw=0.0575.
(1RS,2RS,8RS,9SR)2,8-Di(1methy1ethyI)bicyc1o[4.4.O]deC-6-efl-2,
9-diOI (162b)
A solution of isopropyllithium was prepared using the method of Gilman et al. 58 An
argon purged 3-neck round bottom flask equipped with aglass coated stirring bar and a
dropping funnel containing a solution of freshly distilled 2-chioropropane ( 1.60 g,
2.04 mmol) in dry pentane (7 mL) was charged with dry pentane ( 13 mL).

Freshly cut

pieces of high sodium ( 1%) lithium wire (0.2 g, 28.8 mmol) were added to the 3-neck flask
and the 2-chioropropane solution was added to the reaction mixture dropwise. The addition
funnel was replaced with acondenser and the solution was heated at reflux overnight. The
resulting purple suspension was allowed to settle, and the supernatant was withdrawn and
used. Standardization against 2,5-dimethoxybenzyl alcohol'' indicated that the supernatant
was 0.33M in isopropyllithium.
General procedure 6 was used to prepare compound 162b.
Cycloadduct 158 (48.2 mg, 0.294 mmol) was treated with the
prepared solution of isopropyllithium (3.1 mL of 0.33M in
pentane, 1.02 mmol) for 16 hours to give diol 162b (
50.3 mg,
0.199 mmol) as awhite solid in 67.7% yield following purification
by flash column chromatography (
5:1).

mp 140-141.5°C; JR (KBr) 3250, 3117 (0-H),

1385, 1363 (gem-dimethyl CH bend) cm'; 'H-NMR (200 MHz) 0.89 (d, 3H, J7.0 Hz),
0.95 (d, 3H, J=6.8 Hz), and 1.02 (d, 6H, J=6.0 Hz, H11 ,H13 ,H14 ,and H16), 1.35-1.83 (m,
7H), 1.98-2.37 (m, 5H), 2.97 (
br s, 2H, 2x0H), 4.01 (m, 1H, H9), 5.48 (br t, 1H, J=1.6 Hz,
H7);

13 C-NMR

(
50 MHz) 16.6, 17.6, 20.8, and 20.8 (CH3,C11 ,C13, C14 ,and C16), 22.4,

28.3, 29.5, and 34.1 (CH2,C3,C4,C5,and C10), 28.6 and 34.1 (CH, C12 and C15), 40.8 and
47.1 (CH, C1 and C8), 64.3 (CH, C9), 76.3 (
Cq,C2), 121.7 (CH, C7), 137.1 (Cq,CO; Mass
spectrum 252 ( 11, M'4), 234 ( 13, M-H20), 216 (
5, M-2H20), 209 ( 18, M-(CH3)
2CH), 191
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(44, M-H 20-(CH 3)
2CH), 173 (
52, M-2H20-(CH3)
2CH), 148 (68), 131 ( 100), 43 (89,
(CH 3)
2CH 4
'); Exact mass calc'd for C16HOz: 252.2089. Found: 252.2084.
(1RS,2SR,8SR,9SR).2,8-Di-(1,1dimethyIethyI)bicycIo[4.4.O]dec-6-efl-2,9-diO1(162c)
General procedure 6 was used to prepare compound 162c.
Cycloadduct 158 (49.8 mg, 0.303 mmol) was treated with tertbutyllithium (0.40 mL of 1.7M in hexanes, 0.68 mmol) for 2hours
at 0°C to give diol 162c (76.8 mg, 0.274 mmol) as awhite solid in
90.4%

yield

following

purification

by

flash

column

chromatography (9:1). mp 144-145.5°C; JR (KBr) 3231 (0-H), 1395, 1365 (gem-dimethyl
CU bend) c1r1 1; ' H-NMR (400 MHz) 1.04 and 1.09 (two s, 9H each, H12 and H14), 1.591.87 (m, 6H), 1.95-2.06 (
m, 1H, one H of H5), 2.22-2.27 (m, 1H, one H of H5), 2.44 (br d,
IH, J=7.l Hz, H1), 2.69 (dd, 1H, J10 ,
9=4.2 Hz, J
ganlS.l Hz, irradiation of signal at
2.44 ppm causes the dd to sharpen slightly, one H of H10), 2.82 (br s, 1H,

OH),

3.96 (br s,

1H, OH), 4.16 (m, 1H, H9), 5.49 (
br t, 1H, J=1.7 Hz, H7); ' 3C-NMR (
50 MHz) 27.8 and
28.2 (CH3,C1 2 and C14), 23.8, 32.3, 34.3 and 36.9 (Cl!2,C3, C4,C5, and C10), 32.7 and 38.6
(C q,C1'
1 and C13 ), 42.5 and 49.7 (CH, C1 and C8), 65.4 (Cl!, C9), 78.4 (Cq,
CO, 121.7 (CH,
C7), 137.9 (Cq,CO; Mass spectrum 280 (4, M 4'), 262 (23, M-H20), 223 (9, M-t-Bu), 205
(39, M-H20-t-Bu), 147 (
53), 57 ( 100, (CH3)
3C"); Exact mass calc'd for C18 H3202:
280.2402. Found: 280.2412.
(1RS,SSR,6RS,8RS)-5-Ethenyl-11-oxatricyclo[6.2.1.O"6]undec-9-efl-5-01 (163d)
General procedure 6 was used to prepare compound 163d.
Cycloadduct 158 (
45.6 mg, 0.278 mmol) was treated with
vinylmagnesium bromide (0.83 mL of 1.OM in THF, 0.83 mmol)
for 20 hours to give alcohol 163d (39.2 mg, 0.204 mmol) as a
slightly yellow oil in 73.4% yield following purification by flash column chromatography
(3:1).

bp 40-45°C/0.06 Ton; JR (neat) 3478 (0-H), 1630 (C=C) cm"; 'H-NMR

(200 MHz) 1.26 (dd, 1H, J
7,
6=8.0 Hz, J
5 ,=ll.8 Hz, H7 ), 1.42-1.67 (m, 3H), 1.72-2.32 (m,
5H), 3.52 (br s, 1H, OH), 4.88 (dd, 1H, J
8,
9=1.7 Hz, J
3,
7=4.9 Hz, 11); 5.00 (dd, 1H,
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JI2b,12a=l.9

Hz,

JI2b,1110.6

Hz,

H12b),

5.26 (
dd, 1H, JI ,
l
2b=1.9 Hz, J111 =17.2 Hz, H1 ),

5.75 (
dd, IH, JII.I2b=10.6 Hz, Jii, 12a=17.2 Hz, H11 ), 5.93 (
d, 1H, Jio,9=5.7 Hz, H10), 6.47
(dd, 1H, J
9,
8=1.7 Hz, J
9,
10 =5.7 Hz, H9); ' 3C-NMR (
50 MHz) 16.4, 27.6, 28.4 and 36.9 (CH2,
C2,C3,C4,and C7), 41.1 (CH, C6), 71.9 (Cq,Cs), 78.4 (CH, C8), 87.7 (Cq,CO, 112.0 (CH2,
C12), 137.2 and 139.1 (CH, C9 and C10), 144.0 (CH, C11 ); Mass spectrum 192 ( 1, M b), 174
(14, M-H20),

104 (24), 94 (
100, M-H20-CH2=CHC(CH=CH2)=CH2 (retro-IMDAF,

McLafferty rearr.)); Exact mass calc'd for C12H1602:192.1150. Found: 192.1138.
(1RS,5RS,6RS,8RS)5MethyI11oxatricyc1o[6.2.1.O"6]ufldeC-9-efl-5-01(163e)
a) Via Organocuprate Reagents
CuCN ( 161 mg, 1.79 mmol) was placed in an Ar purged 3-neck
round bottom flask and dried under reduced pressure (0.04 Torr) with a
hot air gun for approximately 5minutes. A dropping funnel containing
asolution of cycloadduct 158 (
53.8 mg, 0.328 mmol) in dry THF (8mL) was attached to
the 3-neck flask, and the system was evacuated (house vacuum) and refilled with argon 3
times. Dry THF (5 mL) was added to the flask, and the resulting suspension was cooled
with a -78°C cold bath. Methyllithium (2.3 mL of 1.4M in Et2O, 3.2 mmol) was added to
the flask, and the solution was warmed to 0°C for 1hour. The solution of 158 was then
added dropwise, and the mixture was warmed to room temperature and stirred for 25 hours.
Wet Et2O ( 10 mL) and saturated aqueous NH4C1 were added successively to quench the
reaction.

After the reaction had been exposed to air for 0.5 hours and filtered through

Celite,® the filtrate was extracted with Et2O (4 x 10 mL). The combined organic phases
were dried with anhydrous Na2SO4.The dried solution was filtered, and the solvent was
removed in vacuo to provide 163e (
55.8 mg, 0.310 mmol) as acolorless oil in 94.5% yield
after purification by flash column chromatography (20:1 benzene:acetone). Similar results
were obtained when Cul (360.0 mg, 1.61 mmol) was substituted for CuCN and reacted with
methyllithium (
2.25 mL of 1.4M in Et2O, 3.15 mmol) and 158 (
52.4 mg, 0.319 mmol).
Essentially pure compound 163e (
57.5 mg, 0.319 mmol) was obtained in 100% crude yield.

,
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b) Via Organolithium Reagents
General procedure 6 was also used to prepare compound 163e.

Cycloadduct 158

(48.6 mg, 0.296 mmol) was treated with methyffithium (0.46 mL of 1.4M in Et20,
0.64 mmol) for 22 hours to give alcohol 163e (34.1 mg, 0.189 mmol) as acolorless oil in
63.9% yield following purification by flash column chromatography (20:1 benzene:acetone).
bp 50-60 °C/0.07 Ton; JR (neat) 3497 (0-H) cm'; ' H-NMR (200 MHz) 1.12 (s, 3H, H11 ),
1.25-1.63 (m, 4H), 1.67-2.01 (m, 3H), 2.17-2.30 (m, 2H), 3.36 (br s, 1H,

OH),

4.89 (dd,

1H, J
8,
9=1.7 Hz, J
8,
7=4.9 Hz, H8), 5.93 (d, 1H, J
10 ,
9=5.7 Hz, H10 ), 6.47 (dd, 1H, J
9,
8=1.7 Hz,
J
9.io=5.7 Hz, H9); ' 3C-NMR (
50 MHz) 16.7, 27.8, 28.5 and 38.6 (CH2,C2,C3,C4,and C7),
28.9 (CH 3,C11 ), 42.7 (CH, C6), 69.5 (Cq,Cs), 78.5 (
CH, C8), 88.0 (Cq,C1), 137.5 and
138.8 (CH, C9 and C10); Mass spectrum 180 (weak, M t), 162 (4, M-H20), 147 ( 1, M-H20CH3), 94 ( 100, M-H 20-CH2=CHC(CH3)=CH2 (retro-IMDAF, McLafferty rearr.)); Exact
mass calc'd for C11 H1602:180.1150. Found: 180.1154.
(1RS,5RS,6SR,8RS).5.PhenyI11.oxatriCyclo[6.2.1.O 1'
6]UfldeC.9.efl. 5-0 1 (1630
General procedure 6 was used to prepare compound 163f.
Cycloadduct 158 (47.3 mg, 0.288 mmol) was treated with
phenyllithium (0.45 mL

of

0.90 mmol) for 18 hours to
0.250 mmol)

2.OM

in

cyclohexane-Et2O,

give alcohol 163f (60.6 mg,

as a yellow solid in 86.8%

yield following

purification by flash column chromatography (
5:1). mp 114-115°C; JR (KBr) 3459 (0-H),
1491, 1451 (C=C aromatic ring stretch) cm'; 'H-NMR (200 MHz) 1.11 (dd, 1H,
J
7,
6=7.8 Hz, J
gcni=l 1.7 Hz,
4.13 (s, 1H,

OH),

H7),

1.67-1.76 (m, 1H), 1.87-2.13 (m, 6H), 2.36-2.42 (m, 1H),

4.91 (dd, 1H, J
8,
9=1.7 Hz, J
8,
7=4.7 Hz, H8), 6.00 (d, 1H, J
io ,
9=5.7 Hz,

H10), 6.48 (dd, 1H, J
9,
8=1.7 Hz, J
9,
10 =5.7 Hz, H9), 7.19-7.52 (m, 5H, H12 ,H13 ,and H14 );
'
3C-NMR (
50 MHz) 17.2, 27.6, 28.5 and 39.1 (CH2,C2,C3,C4,and C7), 43.4 (CH, C6),
73.3 (
Cq,C5), 78.5 (
CH, C8), 88.2 (Cq,C1), 124.8 and 127.9 (CH, C12 and C13 ), 126.2 (CH,
C14 )137.2 and 139.1 (CH, C9 and C10), 147.7 (
Cq,C11 ); Mass spectrum 242 ( 1, M b), 224
(26, M-H20), 133 (
75) 105 (39), 94 ( 100, M-H20-CH2=CHC(C 6H5)=CH2 (retro-IMDAF,
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McLafferty rearr.)), 77 (60, C6H51); Exact mass calc'd for C16H18 02:242.1307.

Found:

242.1305.
(1RS,2SR,8RS,9SR).2,8.Dimethylbicyclo[4.4.O]dec-6-en-2,9-diOl (162e) and
(1RS,2SR,SRS,9SR).8-Ethyl-2.methylbicyclo[4.4.O]dec-6-en-2,9-diol (166)
a) Using MethyllithiumlTMEDA
Anhydrous Et2O (2 mL) was placed in a
N2 purged

3-neck

round

bottom

flask

equipped with an addition funnel containing a
solution of cycloadduct 158 (48.0 mg, 0.292 mmol) in anhydrous Et2O (
5mL). The flask
was cooled with an ice bath, and methyffithium (0.80 mL of 1.4M in Et2O, 1.12 mmol) and
dry TMEDA (7.8 mL) were added.

The solution of 158 was added dropwise from the

addition funnel, and the reaction was warmed to room temperature and stirred for 48 hours.
Wet Et2O ( 10 mL) and saturated aqueous NH4C1 ( 10 mL) were then added sequentially, and
the aqueous layer was extracted with Et2O (4x 10 mL). The combined organic layers were
washed with 10% aqueous CuSO4 (2x30 mL), dried over anhydrous Na2SO4,and filtered.
The solvent was removed from the filtrate in vacuo. The crude product contained amixture
of 162e:163e in aratio of approximately 1:1. Flash column chromatography (3:1) provided
163e (17.5 mg, 0.0971 mmol) and 162e ( 16.9 mg, 0.0861 mmol) in yields of 33.3% and
29.5%, respectively.
b) Using MethyllithiumlDME
Cycloadduct 158 (36.0 mg, 0.219 mmol) was treated with methyffithium (6.30 mL of
l.4M in Et2O, 8.82 mmol) for 22 hours according to general procedure 7.

Flash column

chromatography (3:1) provided cliol 162e (31.6 mg, 0.161 mmol) and a compound
tentatively identified as 166 ( 12.0 mg, 0.0570 mmol) in yields of 73.5% and 26.0%,
respectively. Compound 162e was characterized as awhite solid. mp 124-125°C; IR (KBr)
3244 (
0-H) cm- ; ' H-NMR (200 MHz) 1.05 (d, 3H, J12 ,
8=7.2 Hz, H12 ), 1.26 (s, 3H, H11 ),
1.44-2.35 (m, l0H), 2.89 (br s, 2H, 2xOH), 3.84 (m, 1H, H9), 5.33 (br s, 1H, H7); ' 3CNMR (50 MHz) 16.0 (CH 3,C12), 27.7 (
CH3,C11 ), 22.6, 28.1, 35. 1, and 40.3 (
CH2,C3,C4,
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C5,and C10), 35.0 and 45.2 (
CH, Ci and C8), 67.9 (CH, C9), 72.0 (Cq,C2), 126.1 (CH, C7),
136.0 (Cq,C6); Mass spectrum 196 (6, M b), 178 (24, M-H20), 160 (8, M-2H20), 145 (
28,
M-2H 20-CH 3), 120 ( 100); Analysis calc'd for C12H2002:C, 73.41; H, 10.29.

Found:

C, 73.27; H, 10.10.
The second compound (
166) was also awhite solid, but was contaminated. 'H-NMR
(200 MHz) 1.00 (t, 3H, J13 ,
32 =7.3 Hz, H13 ), 1.27 (s, 3H, H11 ), 1.32-2.33 (m, 18H, high due
to contaminant), 3.00 (br s, 2H, 2 x OH), 3.91 (br m, 1H, H9), 5.34 (
br s, 1H, Hi);
'
3C-NMR (
50 MHz) 12.0 (CH3,C13 ), 28.0 (CH3,C11 ), 22.7, 24.3, 28.7, 35.4, and 40.4
(CH2,C3,C4,C5, C10 ,and C12 ), 42.1 and 44.9 (CH, C1 and Cg), 66.0 (CH,

CO,

72.2 (Cq,

Cz), 124.0 (CH, C7), 136.2 (
Cq,C6); Mass spectrum No M, 192 (27, M-H20), 174 (31, M2H 20), 159 (53, M-2H20-CH3), 145 (68, M-2H20-C2H5).
(1RS,SRS,6RS,8RS),II-Oxatricyclo[6.2.1.0 1'
6]ufldeC-9-efl- 5- 0
1(163g) and
(1RS,SSR,6RS,8RS)-11-Oxatricyclo[6.2.1.0 1'
6]undec-9-efl-5-0 1(167)
a) Using DIBAL-H
Cycloadduct 158 (77.3 mg, 0.471 mmol) was
placed in aN2 purged 3-neck round bottom flask
and dissolved in CH2C12 (
10 mL).

The solution

was cooled using a -78°C cold bath, and DIBAL-H ( 1.10 mL of 1.OM in THF, 1.10 mmol)
was added by syringe. The reaction was warmed to 0°C, and then slowly warmed to room
temperature and stirred for 22 hours. Wet Et2O ( 10 mL) and saturated aqueous NEW
(10 mL) were then added to quench the reaction, and the mixture was filtered through
Celite. ®

The Celite®

was washed well with several portions of Et2O.

The aqueous layer

was extracted with Et2O (4 x 10 mL) and the combined organic layers were dried with
anhydrous Na2SO4. The drying agent was removed by filtration, and the solvent was
removed in vacuo to provide acrude reaction product. Flash column chromatography (3:1,
then 1:1) provided 163g ( 13.2 mg, 0.0794 mmol) and 167 (29.0 mg, 0.174 mmol) in yields
of 16.9% and 36.9%, respectively. A mixture of uncharacterized compounds (29.9 mg) was
also isolated.
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• b) Using Lithium tert-Butyldiisobutylaluminohydride
Cycloadduct 158 (71.0 mg, 0.432 mmol) was placed in a N2 purged 3-neck round
bottom flask and dissolved in THF (6 mL). The solution was cooled using a -78°C cold
bath, and lithium tert-butyldiisobutylaluminohydride (
0.65 mL of 1.OM in THF, 0.65 mmol)
was added by syringe. The mixture was stirred at -78°C until analysis by TLC indicated that
the starting material had been consumed (15 minutes).

Solid Na2SO4 10HzO (274 mg,

0.850 mmol) was added, and the reaction was poured into a mixture of 0.5M aqueous
KHSO4 (8mL) and CHC13 (6 mL) and stirred for 15 minutes.

The aqueous layer was

extracted with CHC1 3 (4x 10 mL). After the combined organic layers had been dried with
anhydrous Na2SO4 and filtered, the solvent was removed in vacuo to give 163g (
59.9 mg,
0.360 mmol) exclusively in 83.3% yield after purification by flash column chromatography
(3:1).

Compound 163g was characterized as acolorless oil.

bp 44-50 °C/0.08 Torr; JR

(neat) 3493 (0-H) cm'; ' H-NMR (200 MHz) 1.38 (dd, 1H, J
7,
6=8.1 Hz,

Hz, H7 ),

1.43-2.08 (m, 6H), 2.17-2.33 (m, 2H), 3.08 (d, 1H, JOH,5=8.2 Hz, OH), 3.82-3.99 (br m,
1H, H5), 4.90 (dd, 1H, J
8,
9=1.7 Hz, 38,7=4.9 Hz, H8), 5.91 (
d, 1H, 310,9=5.7 Hz, H10), 6.47
(dd, 1H,

39.8=1.7

Hz,

39,10=5.7

Hz, H9); ' 3C-NMR (
50 MHz) 14.7, 27.9, 29.5 and 32.0 (CH2,

C2,C3,C4,and CO, 37.5 (CH, C6), 67.2 (CH, C5), 78.1 (CH, Cg), 87.6 (Cq,Ci), 137.2 and
138.8 (CH, C9 and C10); Mass spectrum 166 ( 1, M b), 148 ( 1, M-H20), 94 ( 100, M-H20CH 2=CHCH=CH 2 (retro-IMDAF, McLafferty rearr.)); Exact mass calc'd for C10H1402:
166.0994. Found: 166.0980.
Compound 167 was characterized as acolorless oil. bp 40-50 °C/0.08 Torr; JR (neat)
3392 (0-H) cm'; ' H-NMR (200 MHz) 1.29-1.98 (m, 9H), 2.16-2.26 (m, 1H), 3.39 (ddd,
1H,

JS,4cq3.8

Hz, J
5,
6=9.2 Hz, J
5,
4 =1 1.2 Hz, H5), 4.95 (dd, 1H, J
8,
9=1.7 Hz, J
8,
7=4.5 Hz,

H8), 5.99 (d, 1H, J10 =5.7 Hz, H10), 6.38 (dd, 1H, J
9,
8=1.7 Hz, 39,10=5.7 Hz, H9); ' 3C-NMR
(50 MHz) 20.5, 28.2, 33.8 and 34.8 (CH2,C2,C3,C4,and C7), 44.0 (CH, Cr,), 76.0 (CH,
Cs), 78.9 (CH, C8), 88.3 (
Cq,CO, 137.5 and 137.8 (CH, C9 and CIO); Mass spectrum 166
(1, M'), 148 ( 1, M-H20), 94 ( 100, M-H20-CH2=CHCH=CH2 (retro-IMDAF, McLafferty
rearr.)); Exact mass calc'd for C10H1402:166.0994. Found: 166.0996.
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(1RS,2SR,9RS)-Bicyclo[4.4.O]dec-6-en-2,9-diol (162g) and (
1RS,2SR,6SR,9SR)- or
(1RS,2SR,6RS,9SR).Bicyclo[4.4.O]dec-7-en- 2,9-diol (169)
Compound 163g (51.8 mg, 0.312 mmol)
was placed in aN2 purged 3-neck round bottom
flask and dissolved in CH2C12 ( 10 mL).

The

solution was cooled using a -78°C cold bath, and
DIBAL-H (3.20 mL of l.OM in THF, 3.20 mmol) was added by syringe. The reaction was
warmed to 0°C, and then slowly warmed to room temperature and stirred for 66.5 hours.
Wet Et2O ( 10 mL) and saturated aqueous NH4C1 ( 10 mL) were then added to quench the
reaction, and the mixture was filtered through Celite. ® The Celite® was washed well with
several portions of Et2O. The aqueous layer was extracted with Et2O (4x 10 mL) and the
combined organic layers were dried with anhydrous NazSO4. The drying agent was
removed by filtration, and the solvent was removed in vacuo to provide acrude . reaction
product. Flash column chromatography ( 1:5) provided 4-phenyl-1-butanol 168 ( 19.1 mg,
0.127 mmol), 162g ( 14.8 mg, 0.0880 mmol) and athird compound tentatively identified as
169 (16.2 mg, 0.0963 mmol, contaminated by 162g) in yields of 40.7%, 28.2% and 30.9%,
respectively. Compound 162g was characterized as awhite solid. JR (KBr) 3395 (0-H)
cm'; ' H-NMR (200 MHz) 1.53-2.40 (
m, 11H), 2.74 (br s, 2H, 2 x OH), 3.89 (br s, 1H,
H2), 4.03 (m, 1H, H9), 5.45 (
br s, 1H, H7); ' 3C-NMR (50 MHz) 20.9, 33.2, 33.8 (two
overlapping signals) and 34.9 (CH2,C3,C4,C5, C8,and C10), 40.8 (CH, C1), 64.5 (
CH, C9),
71.3 (CH, C2), 118.5 (CH, C7), 136.0 (Cq,CO; Mass spectrum 168 (23, M), 150 (62, MH2O), 132 (78, M-2H20), 104 (88), 78 (90), 55 (
100); Exact mass calc'd for C10H1602:
168.1150. Found: 168.1148.
The impure sample of 169 was partially characterized. 'H-NMR (200 MHz) See
Figure 1.5; '
3C-NMR (
50 MHz) following elimination of signals due to 162g 20.6, 32.2,
33.4 and 36.9 (CH 2,C3,C4, Cs, and C10), 34.5 (CH, C6), 44.1 (CH, C1), 69.1 and 70.3 (CH,
C2 and C9), 130.0 and 134.7 (CH, C7 and C8).
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4.Phenyl-1-butanol 168 exhibited 'H-NMR (200 MHz) 1.30 (br s, 1H,

OH)

1.40-1.85

(m, 4H, H2 and H3), 2.63 (
t, 2H, J=7 Hz, H4), 3.69 (t, 2H, J=7 Hz, H1), 7.11-7.36 (m, 5H,
aromatic protons). The ' H-NMR spectrum was in good agreement with the literature?'
(1RS,SRS,6RS,8RS)S(tert.ButyIdimethyIsiloxy)-11-oxatricycIo[6.2.1.0"6]undec-9-ene ( 170)
Compound 163g (0.112 g, 0.676 mmol) was dissolved in dry
DMF (2mL) in aN2 purged 3-neck round bottom flask. Freshly
distilled TBDMSC1 (0.369 g, 2.45 mmol) and imidazole (0.349 g,
5.13 mmol) were added, and the reaction was stirred at room
temperature for 16 hours. When analysis by TLC indicated that the
reaction was complete, Et2O ( 10 mL) and saturated aqueous NaCl
(3 mL) were added. The organic layer was separated and washed with additional saturated
aqueous NaCl (3x3mL). After the organic phase had been dried withanhydrous Na2SO4
and filtered,

the

solvent was removed in vacuo.

Purification by flash column

chromatography (20:1) provided 170 (0.156 g, 0.554 mmol) as acolorless liquid in 82.0%
yield. bp 50-60 °C! 0.06 Toff; IR (neat) No significant absorptions above 1400 cm" other
than 3073, 2992, 2942, 2857 (C-H stretch) cm-'; 'H-NMR (200 MHz) 0.04 (s, 6H, H11 and
H12), 0.91 (s, 9H, H14 ), 1.23 (dd, 1H, J
7,
6=8.3 Hz, J
g =lO.7 Hz, HQ, 1.35-1.57 (
m, 3H),
1.80-2.12 (m, 4H), 2.22-2.28 (m, IH), 4.03 (br m, 1H, H5), 4.83 (dd, 1H, J
8,
9=1.6 Hz,
J
8,
7=4.7 Hz, H8), 5.96 (d, 1H, J
109 =5.6 Hz, H10), 6.33 (dd, 1H, J
9,
8=1.6 Hz, J
9,
10 =5.6 Hz,
H9); ' 3C-NMR (
50 MHz) 5.2 and -4.3 (CH3,C11 and C12), 18.1 (Cq,C13 ), 25.8 (CH3,C14),
15.1, 28.4, 28.5 and 32.8 (CH2,C2,C3,C4,and C7), 39.8 (CH, CO, 66.9 (CH, C5), 77.9
(CH, Cg), 85.8 (
Cq,C1), 137.7 and 139.4 (CH, C9 and Ci o); Mass spectrum 280 (0.4, M b),
223 (
25, M-t-Bu), 131 (
58, (
t-Bu)(Me)zSiO'), 75 (
100); Exact mass calc'd for C16H28 O2Si:
280.1859. Found: 280.1850.
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(1RS,3SR,4RS,10SR)4ButyI-10.(tert-butyJdimethyIsiIoxy)biCYClO[4.4.0]dec-S-en-3-ol ( 171)
Compound 170 (
58.2 mg, 0.207 mmol) was treated
with n-butyffithium (0.17 mL of 2.5M in hexanes,
0.425 mmol)

for

18

hours

according

to

general

procedure 6 to give compound 171 (
65.0 mg, 0.192
mmol) as a white solid in 92.8% yield following
purification by flash column chromatography (9:1). mp
44-46 °C; IR (KBr) 3345 (
0-H) cm'; 'H-NlvIR (200 MHz) 0.09 and 0.13 (two s, 3H each,
H11 and H12 ), 0.91 (overlapping tand s, 12H, H14 and H18 ), 1.21-2.05 (m, 15H), 2.18-2.35
(m, 2H), 3.81 (m, IH, H3), 3.89 (br s, lii, H10), 5.29 (
br s, 1H, Hs); ' 3C-NMR (
50 MHz)
-4.6 and -4.2 (CH3, C11 and C12 ), 14.1 (CH3, C13 ), 18.3 (Cq,C13 ), 26.0 (CH3, C14), 20.5,
23.0, 29.6, 31.0, 32.6, 33.7 and 34.9 (CH2,C2, C7, C8,C9, C15, C16, and C17), 40.7 and 41.3
(CH, C1 and C4), 67.1 (CU, CO, 72.5 (
CH, C10), 85.8 (Cq,CO, 124.1 (CH, Cs), 135.4 (
Cq,
C6); Mass spectrum 338 (0.1, M b), 281 ( 10, M-t-Bu), 189 ( 100, M-H20-(t-Bu)(Me)zSi0);
Exact mass calc'd for C16H29 02Si (M-t-Bu): 281.1936. Found: 281.1911.
(1RS,2SR,8RS,9RS,10RS).2,8DibutyI10methyIbicycIo[4.4.0]deC-6-efl-2,9-di 0I (174a)
General
compound
0.170 mmol)

procedure
174a.
was

6 was

used

Cycloadduct
treated

with

to

159

prepare

(
30.3

mg,

n-butyffithium

(0.20 mL of 2.5M in hexanes, 0.50 mmol) for 16
hours to give diol 174a (
36.1 mg, 0.123 mmol) as awhite solid in 72.4 % yield following
purification by flash column chromatography (
5:1). mp 122-123°C; JR (KBr) 3198 (0-H)
cm'; ' H-NMR (200 MHz) 0.93-0.97 (d and two overlapping t, 9H, J19 ,
10 =7.3 Hz (for d),
H19 and H14/H 18 ), 1.22-2.18 (m, 19H), 2.21-2.28 (m, 1H), 2.37 (dq, 1H, J109 =2.7 Hz,
J10.
19 7.3 Hz, H10 ), 3.55 (
2 overlapping br s, 3H, 2 x OH and H9), 5.23 (br s, 1H, H7),
13 C-NMR

(
50 MHz) 14.1 and 14.1 (CH3,C14and C18 ), 20.5 (
CH3,C19 ), 22.9, 23.0, 23.4,

26.5, 29.3, 31.1, 36.3, 37.2, and 40.8 (CU2,C3,C4,C5, C11 ,C12 ,C13 ,C15, C16 ,and C17),
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32:7, 35.6, and 50.1 (CH, C1, Cs and C10), 70.7 (CH, C9), 74.7 (Cq,C2), 122.3 (CH, C7),
135.0 (Cq,CO; Mass spectrum 294 ( 1, M b), 276 (
5, M-H20), 258 (3, M-2H20),237 ( 11,
M-n-Bu), 219 (26, M-H20-n-Bu), 201 (27, M-2H20-n-Bu), 174 ( 100); Exact mass calc'd
for C19H3402:294.2559. Found: 294.2566.
(1RS,SRS,6RS,7SR,8SR)5,7.DimethyI11oxatricycIO[6.2.1.O"6]UfldeC- 9-efl -5- 01(175b)
Anhydrous Et2O (2mL) was placed in aN2 purged 3-neck round
bottom flask equipped with an addition funnel containing asolution of
cycloadduct 159 (
56.7 mg, 0.318 mmol) in anhydrous Et2O (
5mL).
The flask was cooled with an ice bath, and methyffithium (0.70 mL of
1.4M in Et2O, 0.98 mmol) and dry TMEDA (7.7 mL) were added. The solution of 159
was added dropwise from the addition funnel, and the reaction was warmed to room
temperature and stirred for 312 hours. Wet Et20 ( 10 mL) and saturated aqueous NH4C1
(10 mL) were added sequentially, and the aqueous layer was extracted with Et2O (4 x
10 mL). The combined organic layers were washed with 10% aqueous CuSO4 (2x30 mL),
dried over anhydrous Na2SO4,and filtered. The solvent was removed from the filtrate in
vacuo.

Flash column chromatography (20:1 benzene: acetone) provided 175b (
58.5 mg,

0.301 mmol) as awhite solid in 94.7% yield.

mp 41-42°C; JR (KBr) 3492 (0-H) ciii';

'H-NMR (200 MHz) 0.92 (d, 3H, J12 ,
7=7.1 Hz, H12 ), 1.03 (d, 1H, J
6,
7=3.0 Hz, H6), 1.18 (s,
3H, H11 ), 1.30-1.97 (m, 5H), 2.10-2.24 (m, 1H), 2.71 (m, 1H, H7), 3.33 (s, 1H, OH), 4.72
(dd, 1H, J
8.
9=1.7 Hz, J
8.
7=4.9 Hz,

118),

6.05 (d, 1H, J, 0,
9=5.8 Hz, H10 ), 6.43 (dd, 1H,

J
9,
8=1.7 Hz, J
9,
10 =5.8 Hz, H9); ' 3C-NMR (
50 MHz) 16.6, 28.1 and 38.5 (CH2,C2,C3,and
C4), 18.1 (CH 3,C12 ), 29.0 (CH 3,C11 ), 35.3 and 51.6 (CH, C6 and C7), 69.7 (
Cq,C5), 81.9
(CH, Cg), 88.9 (
Cq,CO, 136.4 and 138.7 (CH, C9 and C,o); Mass spectrum 194 (weak, M b),
176 (15, M-H20), 161

(
5, M-H20-CH3),

118 (33) 94 ( 100, M-H20-CH3CH=CH-

C(CH 3)=CH 2 (retro-IMDAF, McLafferty rearr.)); Exact mass calc'd for C, 2H18 02:
194.1307. Found: 194.1312.
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(1RS,5RS,6RS,7SR,8SR).7Methy111-oxatriCyClO[6.2.1.O" 6]UfldeC-9-efl-5-01(175c)
Cycloadduct 159(51.0 mg, 0.286 mmol) was placed in aN2 purged
3-neck round bottom flask and dissolved in THF (4mL). The solution
was

cooled

using

a -78°C

cold

bath,

and

lithium

tert-

butyldiisobutylaluminohydride (0.43 mL of 1.OM in THF, 0.43 mmol)
was added by syringe. The mixture was stirred at -78°C until analysis by TLC indicated that
the starting material had been consumed (
50 minutes).

Solid Na2SO4•10H20 ( 150 mg,

0.466 mmol) was added, and the reaction was poured into a mixture of 0.5M aqueous
KHSO4 ( 10 mL) and CHC1 3 (5 mL) and stirred for 30 minutes.

The aqueous layer was

extracted with CHC1 3 (4x 10 mL). After the combined organic layers had been dried with
anhydrous Na2SO4 and filtered, the solvent was removed in vacuo to give 175c (
51.5 mg,
0.286 mmol) exclusively in 100% yield after purification by flash column chromatography
(5:1).

Compound uSc was characterized as acolorless oil.

bp 45-50 °C/0.05 Torr; IR

(neat) 3501 (0-H) cm"; ' H-NMR (200 MHz) 0.86 (d, 3H, 311,7=7.0 Hz, H11 ), 1.14 (t, 1H,
J
6,
7=J 6,5=3.6 Hz, H(
,), 1.20-1.52 (m, 2H), 1.69-2.01 (m, 3H), 2.17-2.24 (m, 1H), 2.64-2.90
(overlapping m and br s, 2H, H7 and OH), 3.99 (br t, 1H, H5), 4.71 (dd, 1H, 38,9=0.9 Hz,
38,7 - 4.6 Hz, H8), 6.01 (d, 1H, J10,
9=5.8 Hz, H10), 6.41 (dd, 1H,

39,8=0.9

Hz, J
9,
10 =5.8 Hz,

H9); ' 3C-NMR (
50 MHz) 14.5, 28.2, and 31.8 (CH2,C2,C3,and C4), 16.6 (CH3,C11), 35.7
and 46.7 (CH, C6 and C7), 66.1 (CH, C5), 81.7 (CH, C8), 88.3 (Cq,CO, 136.2 and 138.5
(CH, C9 and Cio); Mass spectrum 180 ( 1, M b), 162 (3, M-H20), 147 ( 1, M-H20-CH3), 118
(5), 94(100, M-H 20-CH3CH=CHCH=CH2 (retro-IMDAF, McLafferty rearr.)); Exact mass
calc'd for C11 H1602:180.1150. Found: 180.1151.
(1S,2R,4S,8S,9S, 1OS).2,4,8,1OTetramethyIbicycloI4.4.O1dec-6-efl-2,9-diOl (( i-)-179a)
Cycloadduct (—)-176a ( 123.8 mg, 0.644 mmol) was treated
with methyllithium ( 14.0 mL of 1.4M in Et2O, 20 mmol) for 16
hours according to general procedure 7. Integration of the alkene
signals of the 1H-NMR spectrum of the crude reaction mixture
showed the presence of (+)-179a and a compound tentatively identified as the ethyl

203

derivative 179b in a3.5:1 ratio. Flash column chromatography (3:1) provided diol (+)- 179a
(106.6 mg, 0.475 1mmol) as awhite solid in 73.8% yield. mp 139.5-141°C; [
aJ=+40.7 °
(c 3.08, CHC1 3); IR (KBr) 3253 (0-H) cm'; 'H-NMR (200 MHz) 0.89 and 1.07 (two d, 3H
each, J=6.4 Hz, J=7.3 Hz, H12 and H13 ), 0.98 (d, 3H, J14,
10 =7.3 Hz, H14 ), 1.22 (dd, 1H,
J
3,
4=12.1 Hz, J
8 =13.5 Hz, H3,,), 1.28 (
s, 3H, H11 ), 1.55-1.78 (
m, 3H), 1.80-1.97 (
rn, 1H,
1
14, 2.17-2.30 (m, 2H), 2.39 (dq, 1H, J10,
9=3.2 Hz, J
1o, 14 =7.3 Hz, H10 ), 3.47 (br m, 111, H9),
3.72 (br s, 2H, 2 x OH), 5.14 (br s, 1H, H7); '
3C-NMR (
50 MHz) 16.8, 20.7, and 21.9
(CH 3,C12, C13 ,and C14 ), 28.3 (CF!3.C11 ), 29.2, 30.3, 33.2, and 51.7 (CH, C1,C4,C8,and
C10), 44.7 and 49.7 (CH 2,C3 and C5), 72.3 (CH, C9), 72.5 (Cq,C2), 123.3 (CH, C7), 134.8
(Cq,C6); Mass spectrum 224 (
5, M b), 206 (20, M-H20), 191 (6, M-H20-CH3), 173 (39, M2H20-CH 3), 166 (
56, retro Diels-Alder), 148 (60, M-H20, retro Diels-Alder), 146 (92), 133
(65), 119 (
45), 107 ( 100); Exact mass calc'd for C14H02:224.1776. Found: 224.1774.
Compound I79b was detected by GC/MS. Mass spectrum 238 (3, Mi, 220 (15, MH20), 180 (31, retro Diels-Alder), 173 (41, M-2H20-CH2CH3), 160 (71), 133 ( 100).
(1RS,2RS,3RS,4RS,8RS,1OSR)- 1O-Methoxy.2,4,8,1O-tetramethylbicyclo[4.4.O]dec-5-en-3-ol ( 180a)
Cycloadduct 177 ( 174.7 mg, 0.786 mmol) was treated with
methyllithium ( 17.0 mL of 1.4M in Et2O, 24 mmol) for 16 hours
according to general procedure 7.

Integration of the alkene

signals of the 'H-NMR spectrum of the crude reaction mixture
showed the presence of 180a and a compound tentatively
identified as the ethyl derivative 180b in a6.25:1 ratio. Flash column chromatography (3:1)
provided 180a ( 114.5 mg, 0.480 mmol) as aviscous colorless oil in 61.1% yield. Since this
compound was one of the intermediates in the unsuccessful route to the erythronolides, and
was also prone to decomposition, it was not fully characterized.

bp 70-80°C/0.05 Torr;

'H-NMR (200 MHz) 0.89, 0.98, and 1.08 (three d, 3H each, J=6.1 Hz, J=7.4 Hz, J=7.3 Hz,
H11 ,H12 ,and H13 ), 1.03 (overlapping with doublets, multiplicity uncertain, 1H), 1.24 (s, 3H,
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H14 ), 1.58-1.74 (m, 3H), 1.95-2.04 (m, 1H), 2.16-2.27 (m, 2H), 2.39 (dq, 1H, J
2,
3=3.2 Hz,
J
2,
11 =7.4 Hz, H2), 3.15 (
s, 3H, H15 ), 3.35 (
br s, 1H, H3), 4.83 (br s, 1H, Oil), 5.11 (br m,
1H, H5); ' 3C-NMR (
50 MHz) 17.2, 21.4, 21.8, and 22.1 (CH3,C11 ,C12 ,C13 ,and C14),28.4,
30.5, 33.6, and 52.5 (
CH, C1, C2,C.4,and C8), 42.9 and 44.6 (CH2,C7 and C9), 48.6 (CH3,
C15), 71.9 (CH, C3), 77.2 (Cq,CIO), 124.1 (CH, C5), 133.8 (Cq,C6); Mass spectrum 238 (3,
M'), 223 (weak, M-CH 3), 206 (7, M-MeOH), 188 (3, M-MeOH-H20), 177 (6, M-CH3O2CH3), 173 (6, M-MeOH-H20-CH3), 149 ( 13, M-CH3O retro Diels-Alder), 121 (8), 105
(11), 99(100).
Compound 180b was detected by GC/MS. Mass spectrum 252 ( 1, M), 237 (weak,
M-CH3), 220 (4, M-MeOH), 202 (2, M-MeOH-H2O), 191 (6, M-CH3OH-CH2CH3), 163 (7,
M-CH3O retro Diels-Alder), 99 ( 100).

dec-5-en-3-ol ( 180c)
Cycloadduct 177 (39.3 mg, 0.177 mmol) was treated
with n-butyffithium (
0.15 mL of 2.5M in Et20, 0.38 mmol)
for 6 hours according to general procedure 6.

Flash

column chromatography (3:1) provided 180c (
35.2 mg,
0.125 mmol) as aviscous colorless oil in 70.6% yield. bp
85-95°C/0.08 Toff, IR (neat) 3368 (0-H) cm'; 'H-NMR (200 MHz) 0.89, 0.92, and 0.97
(overlapping d, t, and d, 9H, coupling for doublets J=6.0 Hz, J=7.4 Hz, H11 ,His, and H16),
1.03 (dd, IH, J
9,
8=l 1.6 Hz, J
8,,,=14.2 Hz, H9 ), 1.24 (s, 3H, H17 ), 1.29-1.74 (m, 9H), 1.962.05 (
m, 2H), 2.21-2.27 (m, 1H), 2.36 (dq, 1H, 12,3=2.9 Hz, J
2,
11 =7.4 Hz, H2), 3.15 (
s, 3H,
H18 ), 3.45 (dm, IH, J3,oH=9.2 Hz, H3), 4.91 (d, 1H, JOH,3=9.2
13 C-NMR

Hz, OH),

5.18 (
br s, 1H, H5);

(
50 MHz) 14.1 (CH3,C15), 21.4, 21.8, and 22.1 (CH3,C11 ,C16 ,and C17 ), 23.0,

29.4, and 31.4 (CH 2,C12 ,C13 ,and C14), 28.4, 33.5, 35.8, and 52.8 (CH, C1,C2,C4,and CO,
42.8 and 44.7 (CH 2,C7 and C9), 48.6 (CH3,C18 ), 70.2 (CH, C3), 77.2 (Cq,Cio), 122.9 (CH,
C5), 133.8 (
Cq,C6); Mass spectrum 280 ( 1, M b), 262 (weak, M-H2O), 248 (2, M-Me0H),
230 ( 1, M-Me0H-H2O), 215 (2, M-Me0H-H20-CH 3), 191 (4, M-CH3OH-Bu), 173 ( 1, M-

205

MeOH-H 20-Bu), 105 (7), 99 ( 100); Exact mass calc'd for C18 H3202:280.2402.

Found:

280.2410.
(1RS,2SR,3SR,4SR,8SR)2,4,8-TrimethyI-1O-methyIidenebicyc1O[4.4.O]deC-S-efl-3-OI
(181a)

and ( 1RS,2SR,3SR,4SR,8SR)4Ethy1-2,8-dimethy1-1O-methy1idenebicyCIO-

[4.4.O]dec-5-en-3-ol (181b)
Compound

178 ( 1.027

g,

5.40 mmol) was treated with methyllithium ( 116 mL

of

1.4M

in

Et2O,

162 mmol) for 24 hours according to
general procedure 7.

Flash column chromatography (9:1) provided 181a (
0.755 g, 3.66

mmol) and 18th (0.136 g, 0.615 mmol) in yields of 67.8% and 11.4%, respectively. Both
compounds were relatively unstable and were therefore not fully characterized. Compound
l8la was a viscous colorless oil which sometimes crystallized upon storage. in the
refrigerator. mp 61-62.5 °C; 1H-NMR (200 MHz) 0.94, 0.98, and 1.08 (d, 3H each, J=6.2
Hz, J=7.0 Hz, J=6.3 Hz, H11 ,H12 ,and H13 ), 1.36-1.61 (m, 2H), 1.75 (apparent br t
composed of 2overlapping br dat 1.72 and 1.78, 2H, J
5 =l2.6 Hz, J=12,2 Hz, H7q and
H), 2.12-2.42 (m, 5H), 3.60 (dd, 1H, J
3,
4=4.8 Hz, 33,2=8.8 Hz, H3), 4.76-4.79 (m, 2H,
H14), 5.28 (
rn, 1H, H5); ' 3C-NMR (
50 MHz) 14.9, 17.7, and 22.1 (CH3,C11, C12 ,and C13 ),
31.3, 33.8, 35.7, and 50.1 (CH, C1,C2,C4,and C8), 44.1 and 45.9 (CH2,C7 and C9), 74.8
(CH, C3),106.1 (CH 2,C14,123.2 (CH, C0,137.6 (
Cq,CO, 149.4 (Cq,Cio); Mass spectrum
206 (2, M b), 188 (27, M-H20), 173 (
35, M-H20-CH3), 148 ( 100, retro Diels-Alder).
Compound 181b was a viscous colorless oil. 'H-NMR (200 MHz) 0.98 and 1.05
(overlapping d and t, d, 9H, 3=6.2 Hz, J=6.2 Hz, J=6.3 Hz, H11 ,H13 ,and H14), 1.12-1.32
(m, 1H), 1.33-1.89 (m, 5H), 1.97-2.15 (br s, 1H), 2.20-2.48 (m, 4H), 3.65 (br s, 1H, H3),
4.80 (br s, 2H, H15 ), 5.33 (m, 1H, Hs); ' 3C-NMR (
50 MHz) 11.9, 18. 1, and 22.1 (CH3,C11 ,
C13 ,and C14 ), 23.3 (CH2,C12 ), 31.9, 35.8,40.1, and 49.6 (CH, C1,C2,C4,and C8), 44.4 and
46.0 (CH 2,C7 and C9), 73.9 (CH, C3), 106.2 (CH2,C15), 121.2 (CH, C5), 137.7 (Cq,CO,
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149.7 (
CI,C10); Mass spectrum 220 (2, M b), 202 (27, M-H20), 187 ( 19, M-H20-CH3), 173
(23, M-H20-CH 2CH 3), 162 (100, retro Diels-Alder).
(1RS,2RS,3RS,4RS,SSR,1OSR).4.Ethyl-2,8,1O-trimethylbicyclo[4.4.O]dec-5-en-3-ol
from Hydrogenation of 181b
Compound 181b (
51.8 mg, 0.235 mmol) was dissolved in a
mixture of EtOH (
10 mL) and benzene ( 1mL) in around bottom
flask.

Platinum oxide hydrate ( 10 mg) was added, and the

reaction vessel was evacuated with a water aspirator and
backpurged with hydrogen three times. After the reaction had been stirred under aballoon
atmosphere of hydrogen for 50 minutes at room temperature, the catalyst was removed by
filtration and the reaction flask and catalyst were washed well with additional ethanol. The
solvent was removed from the combined organic phases in vacuo to give the hydrogenated
compound (
52.2 mg, 0.235 mmol) as awhite solid in 100% yield following purification by
flash column chromatography (
5:1). Sublimation point 64-70°C/0.05 Torr; IR (KBr) 3393
(0-H) cm'; ' H-NMR (200 MHz) 0.80, 0.86, and 1.01 (d, 3H each, J=7.0 Hz, J=6.0 Hz,
J=6.2 Hz, H11 ,H14 ,and H15 ), 0.98 (t, 3H, J13 ,
12=6.9 Hz, H13 ), 1.05-1.27 (
m, 2H), 1.42-1.82
(m, 7H), 2.03-2.22 (m, 3H), 3.50 (dd, 1H, J
3,
4=5.3 Hz, J
3,
2=10.7 Hz, H3), 5.57 (
dt, 1H,
J
5.
1=J 5,
7=1.7 Hz, J
5•4 =6.2 Hz, H5); ' 3C-NMR (50 MHz) 12.2, 14.4, 15.9, and 22.5 (CH 3,
C11,
C13 ,C14 ,and C15 ), 22.8 (CH2,C12 ), 26.9, 30.3, 32.5, 42.4, and 49.2 (CH, C1,C2,C4,C8,and
C10), 42.8 and 44.0 (CH2,C7 and C9), 75.5 (
CH, C3), 123.7 (CH, C5), 136.9 (Cq,CO; Mass
spectrum 222 (23, M b), 204 (9, M-H20), 189 (
15, M-H20-CH3), 175 (
27, M-H20CH2CH 3), 164 (81, retro Diels-Alder), 135 ( 100, M-CH2CH3 retro Diels-Alder); Exact mass
calc'd for C15 H260: 222.1984. Found: 222.1975.
(1RS,2RS,3RS,4RS,8SR,10SR)-4-Ethyl-2,8,1O-trimethylbicyclo-[4.4.O]dec-S-efl-3-YJ
p-nitrobenzoate ( 182)
The hydrogenated compound produced above (33.3 mg, 0.150 mmol) was sublimed
under reduced pressure (
0.05 Torr) and dissolved in dry CH2Cl2 (
5 mL) in aN2 purged
round bottom flask.

DMAP (27.9 mg, 0.228 mmol) and para-nitrobenzoyl chloride
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(41.7 mg, 0.225 mmol) were added to the flask and
the reaction mixture was stirred at room temperature
for 19 hours. Et2O (20 mL) and H20 (
5 mL) were
added to the reaction, and the organic layer was
washed with 1% aqueous HCI (3 mL) and 5%
aqueous NaHCO3 (5mL). After the organic layer had
been dried with anhydrous Na2SO4 and filtered, the solvent was removed in vacuo to
provide ester 182 (
55.5 mg, 0.149 mmol) as a slightly yellow solid in 99.3% yield after
purification by flash column chromatography (9:1). mp 141-142°C; 'H-NMR (200 MHz)
0.85 and 0.87 (overlapping d and t, 6H, J=6.8 Hz, J=7.0 Hz) and 0.97 (d, 6H, J=6.6 Hz,
H11 ,H13 ,H14 ,and H15), 1.18-1.37 (m, 2H), 1.57-1.74 (
m, 4H), 1.89-2.30 (m, 2H), 2.302.49 (m, IH), 5.03 (
dd, 1H, J
3,
4=5.4 Hz, J
3,=11.3 Hz, H3), 5.59 (
br d, 1H, Js,4=6.3 Hz, Hs),
8.21-8,34 (AA'BB' m, 4H, H18 and H19); ' 3C-NMR (
50 MHz) 12.0, 14.4, 15.8, and 22.5
(CH3,C11, C13 ,C14 ,and C15 ), 23.7 (CE!2,C12), 26.8, 30.1, 30.4, 39.4, and 48.9 (CH, C1,C2,
C4, C8,and C10 ), 42.6 and 43.7 (CE!2,C7 and C9), 79.9 (CH, C3), 122.8 (CE!, C5), 123.6
(CH, C19 ), 130.6 (CH, C18 ), 136.2 and 137.1 (Cq,C6 and C17), 150.5 (Cq,C20), 164.2 (Cq,
C16). A sample of 182 was recrystallized from pentane to give slightly yellow plates which
were submitted for X-ray crystallographic analysis.
structure.

Crystal data:

a=10.678(7)

A;

b=9.076(8)

See Figure 1.6 for the X-ray crystal

empirical formula C22H29N04; space group C2/c (#15);

A;

c=42.37(2)

A;

I3=93.24(5)°; V=4099(4)

A3;Z=8;

d=1.204

g/cm3;Mo-Ka radiation (-73°C); total of 3046 reflections in the range 0<29<50.1°, of
which 517 were used (j>3(7U)) in the structure solution; R=0.108 and Rw=0.119.
(1RS,8RS,9SR).8ButyJ-9-hydroxy-1.methyIbicyc1o[4.4.O]dec-6-en-2-one (183a)

and

(1RS,2SR,8RS,9SR).2,8-Dibutyl-1-methyJbicycfoE4.4.Oldec-6-en-2,9-diol (184a)
General procedure 6
was

used

compounds
184a.

to

prepare

183a

and

Cycloadduct 160
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(55.3 mg, 0.310 mmol) was treated with n-butyffithium (0.37 mL of 2.5M in hexanes,
0.93 mmol) for 89 hours to give ketone 183a (
45.1 mg, 0.191 mmol) and diol 184a
(7.6 mg, 0.026 mmol) in yields of 61.6% and 8.4%, respectively, following purification by
flash column chromatography (3:1). Compound 183a was awhite solid. mp 55-57 °C; JR
(KBr) 3445 (0-H), 1707 (C=O), 1659 (C=C) cm'; ' H-NMR (200 MHz) 0.88 (br m, 3H,
H15 ), 1.10-1.40 (m, 5H), 1.33 (s, 3H, H11 ), 1.46 (dd, 1H, J10,
9=2.6 Hz, J
g =14.1 Hz, one H
of H10), 1.50-1.80 (m, 2H), 1.78 (br s, 1H, OH), 1.98-2.15 (m, 2H), 2.16-2.41 (m, 2H),
2.44-2.74 (overlapping m, 3H), 3.95-4.02 (m, 1H, H9), 5.36 (poorly resolved dd, 1H,
J
7•5 =1.4 Hz, J
7,
8=3.0 Hz, H7); ' 3C-NMR (
50 MHz) 14.0 (CH3,C15), 26.5 (CH3,C11 ), 22.9,
26.0, 29.4, 30.0, 30.5, 36.4, and 37.7 (CU2,C3,C4,C5,C10 ,C12 ,C13, and C14), 40.3 (CH,
C8), 51.0 (
Cq,C1), 66.7 (CH, C9), 125.6 (
CU, C7), 139.0 (Cq,C6), 214.5 (
Cq,C2); Mass
spectrum 236 ( 17, M'), 221 ( 12, M-CH3), 218 (8, M-H20), 200 ( 14), 192 (28, retro DielsAlder), 161 (28), 137 ( 100); Exact mass calc'd for C15H02:236.1776. Found: 236.1768.
Compound I84a was characterized as awhite solid.

mp 104-106 °C; JR (KBr) 3348

(0-H) cm'; ' H-NMR (200 MHz) 0.91 and 0.92 (two overlapping br t, 6H, His and H19 ),
1.15 (s, 3H, H11 ), 1.22-1.74 (m, 18H), 1.90-2.38 (m, 4H), 2.33 (dd, 1H, J10,
9=8.0 Hz,
Jgcm

13 .
9

Hz (irradiation of the multiplet at 3.89 caused the dd to collapse to a d with

13.9 Hz coupling), one of H10), 3.89 (m, 1H, H9), 5.41 (poorly resolved dd, 1H, J
7,
5=1.7 Hz,
J
7.
8=3.8 Hz, H7); ' 3C-NMR (
50 MHz) 14.1 and 14.2 (CH3,C15and C19 ), 25.5 (CH3,C11 ),
22.3, 23.0, 23.6, 25.4, 29.6, 30.4, 31.3, 31.4, 34.6, and 36.7 (CH2,C3,C4,C5,C10 ,C12 ,C13 ,
C14 ,C16, C17 ,and C18 ), 40.4 (CH, C8), 44.6 (
Cq,CI), 67.3 (CH, C9), 76.2 (
Cq,C2), 125.5
(CU, C7), 141.0 (Cq,C6); Mass spectrum 294 ( 1, M t), 276 (8, M-H20), 219 (
5, M-H20-nBu), 201 ( 13, M-2H 20-n-Bu), 176 (43), 174 (34), 119 (39), 105 (36), 91(49), 57 (
55,
C4H9'), 41(100); Exact mass calc'd for C19 H3402:294.2559. Found: 294.2534.
(1RS,5RS,6RS,8RS)-5,6-Dimethy-11-oxatricycIo[6.2.1.0 1'
6]undec-9-en-5-oI (
185b)
Anhydrous Et2O (2mL) was placed in aN2purged 3-neck round bottom flask equipped
with an addition funnel containing asolution of cycloadduct 160 (
67.7 mg, 0.380 mmol) in
anhydrous Et20 (
5mL). The flask was cooled with an ice bath, and methyllithium (0.80 mL
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of 1.4M in Et2O, 1.1 mmol) and dry TMEDA (7.8 mL) were added.
The solution of 160 was added dropwise from the addition funnel, and
the reaction was warmed to room temperature and stirred for 312
hours. Wet Et20 ( 10 mL) and saturated aqueous NH4C1 ( 10 mL), were
then added sequentially, and the aqueous layer was extracted with Et20 (4x 10 mL). The
combined organic layers were washed with 10% aqueous CuSO4 (2 x 30 mL), dried over
anhydrous NazSO4,and filtered. The solvent was removed from the filtrate in vacuo. Flash
column chromatography (20:1 benzene:acetone) provided 185b (44.9 mg, 0.231 mmol) as a
colorless oil in 60.8% yield. bp 40-50°C/0.07 Torr; IR (neat) 3457 (0-H) cm'; 'H-NMR
(200 MHz) 0.91 (d, 1H, J
g =I 1.5 Hz, H7a), 0.96 (s, 3H, H12), 1.10 (d, 3H,

J1I,oH=1.1

Hz,

H11 ), 1.51-2.25 (
m, 61-1), 2.66 (dd, 1H, J
7,
8=5..2 Hz, J
8 =ll.5 Hz, H7 ), 4.42 (d, 1H,
Jou,n=l.l

Hz, OU),

4.84 (dd, IH, J
3,
9=1.7 Hz, J
8,7=5.2 Hz, H8), 6.04 (d, 1H, J
10 ,
9=5.8 Hz,

H10), 6.48 (dd, IH, J
9,
8=1.7 Hz, J
9,
10 =5.8 Hz, H9);

13 C-NMR

(50 MHz) 16.7, 25.5, 34.7, and

35.7 (
CH 2,C2, C3, C4,and C7), 21.3 (CH3,C12), 26.7 (CH3,C11 ), 44.3 (Cq,CO, 73.1 (Cq,
C5), 78.6 (CH, CO, 91.6 (
Cq,CO, 137.6 and 138.0 (CH, C9 and C10 ); Mass spectrum 194
(weak, M'), 176 (4, M-H20), 161 ( 1, M-H20-CH 3), 94 ( 100, M-H20-CH2=C(CH3)C(CH 3)=CH2 (retro-IMDAF, McLafferty rearr.));

Exact mass calc'd for C12H1802:

194.1307. Found: 194.1294.
(1RS,SRS,6RS,8RS).6.Methy1.11.oxatricycIo[6.2.1.0"6]undeC9.en-5-01(185c)
Cycloadduct 160 (
56.4 mg, 0.316 mmol) was placed in a N2
purged 3-neck round bottom flask and dissolved in THF (4 mL). The
solution was cooled using a -78°C cold bath, and lithium tertbutyldiisobutylaluminohydride (0.48 mL of 1.OM in THF, 0.48 mmol)
was added by syringe. The mixture was stirred at -78°C until analysis by TLC indicated that
the starting material had been consumed (30 minutes).

Solid Na2SO4•1OH2O ( 150 mg,

0.466 mmol) was added, and the reaction was poured into a mixture of 0.5M aqueous
KHSO4 ( 10 mL) and CHC1 3 (
5 mL) and stirred for 30 minutes.

The aqueous layer was

extracted with CHCI 3 (4x 10 mL). After the combined organic layers had been dried with
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anhydrous Na2SO4 and filtered, the solvent was removed in vacuo to give 185c (
57.0 mg,
0.316 mmol) exclusively in 100% yield after purification by flash column chromatography
(5:1).

Compound 18Sc was characterized as a colorless oil.

bp 45-50°C/0.05 Torr; IR

(neat) 3488 (0-H) cm'; ' H-NMR (200 MHz) 0.95 (
overlapping sand d, 4H, J
g =ll.4 Hz
for d, H11 and Hia), 1.46-1.52 (
m, 111), 1.72-2.19 (m, 5H), 2.66 (dd, 1H, J
7,
8=5.2 Hz,
J
gcml 1.4 Hz, H7 ), 3.27 (br s, 1H, OH), 3.58 (br s, 1H, 115), 4.82 (dd, 1H, J
8,
9=1.6 Hz,
J
8,
7=5.2 Hz, H8), 5.98 (d, LH, J
10 ,
9=5.8 Hz, H10 ), 6.50 (
dd, 1H, J
9,
8=1.6 Hz, J
9,
10 =5.8 Hz,
H9);

13 C-NMR

(
50 MHz) 15.0, 25.5, 28.5, and 37.5 (CH2,C2,C3,C4,and C7), 22.4 (CH3,

Cii), 40.5 (
Cq,C6), 73.4 (CH, C5), 78.2 (CH, C8), 90.5 (
Cq,C1), 136.6 and 138.7 (CH, C9
and Cio); Mass spectrum 180 ( 1, M 4), 162 (
3, M-H20), 147 ( 1, M-H20-CH3), 118 (9), 94
(100, M-H 20-CH 2=C(CH3)CH=CH2 (
retro-IMDAF, McLafferty rearr.)); Exact mass calc'd
for C11 H1602: 180.1150. Found: 180.1154.
(1RS,2SR,8RS,9SR).2,8DibutyI9methylbicycIo[4.4.O]deC-6-en-2,9-d 10 l (187a) and
(1RS,5RS,6RS,1ORS).5,1ODibutyl8.methy1bicycIO[4.4.O]deC-8-efl- 1,
5- d
10 l (188a)
General procedure 6
was used to prepare a
mixture

of

compounds

187a and 188a.
adduct

161

Cyclo-

(
69.5

mg,

0.390 mmol) was treated with n-butyllithium (0.47 mL of 2.5M in hexanes, 1.2 mmol) for
16 hours to give compounds 187a and 188a in a1.7:1 ratio based on the integration of the
alkene signals at 5.50 and 5.23 ppm, respectively, in the crude 'H-NMR spectrum. These
two compounds could not be separated by column chromatography.

Fortunately,

compound 187a was slightly less soluble in amixture of 1:1 petroleum ether:Et20 so that
washing the mixture of compounds with this solvent system provided apure sample of 187a
(25.6 mg, 0.0869 mmol) along with amixture of both compounds (66.0 mg, 0.224 mmol) in
a combined yield of 79.7%.

Attempts to secure a pure sample of 188a through

recrystallization were not successful.

211

Compound 187a was characterized as awhite solid. mp 132-133 °C; JR (KBr) 3230
(0-H) cm'; ' H-NMR (200 MHz) 0.92 and 0.93 (overlapping t, 6H, J7.0 Hz, H14 and H18 ),
1.22 (s, 3H, H19 ), 1.11-1.78 (m, 18H), 1.79-2.04 (overlapping in and dd, 3H, J10 ,
1=4.7 Hz,
J
gcm=13.9 Hz for dd, dd due to one of H10), 2.11-2.28 (m, 2H), 2.63 (br s, 1H, OH), 5.50
(br s, 1H, H7); ' 3C-NMR (
50 MHz) 14.1 (two overlapping CH3,C14 and C18 ), 22.5, 23.0,
23.3, 26.2, 30.1 (two overlapping signals), 34.4, 35.0, 36.5, and 29.9 (CH2,C3,C4,C5,CIO,
C11 ,C12 ,C13, C15, C16, and C17 ), 28.3 (CH3,C19), 43.5 and 45.2 (CH, C1 and Cg), 69.7 and
74.3 (
Cq,C2 and C9), 125.2 (CH, C7), 135.3 (Cq,C6); Mass spectrum 294 (3,

MI,

276 (49,

M-H20), 261 ( 10, M-H20-CH 3), 258 (3, M-2H20), 237 (6, M-n-Bu), 219 (41, M-H2O-nBu), 201 (40, M-2H20-n-Bu), 174 ( 100), 119 (34), 85 (
34); Exact mass calc'd for
C19 H3402:294.2559. Found: 294.2559.
Since compound 188a could not be purified, it was not characterized.

The 'H-NMR

spectrum showed signals at 1.75 (br s, 3H, H15) and 5.23(br s, 1H, H9). The compound was
detected by GC/MS. Mass spectrum 294 ( 100, M t), 276 (78, M-H20), 258 (13, M-2H20),
237 ( 17, M-n-Bu), 219 (41, M-H20-n-Bu), 201 (39, M-2H20-n-Bu), 176 (28), 174 (27),
155 (33), 153 (32), 124 (38), 113 (79).
(1RS,2RS,8RS,9SR)9MethyI-2,8.di-(1-methy1ethyI)bicycIo[4.4.O]dec-6-efl-2,9-diOl
(187b) and (
1RS,5SR,6RS,1ORS)-8MethyJ-5,1O-Di-(1-methyIethy1)bicyc1o[4.4.O]deC-8en-1,5-diol ( 188b)
A solution of isopropyllithium was prepared using the method of Gilman et a158 as
described for compound 162b.

Standardization against 2,5-dimethoxybenzyl a1coho1'3

indicated that the supernatant was 0.22M in isopropyllithium.
General procedure 6 was used to
prepare a mixture of compounds 187b
and 188b.

Cycloadduct 161 (
51.2 mg,

0.287 mmol)
prepared

was

solution

treated
of

with

the

isopropyllithium.

(5.6 mL of 0.22M in pentane, 1.2 mmol)
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for 16 hours to give compounds I87b and l88b in a1.5:1 ratio based on the integration of
the alkene signals at 5.43 and 5.23 ppm, respectively, in the crude 'H-NMR spectrum. Flash
column chromatography (
5:1) provided apure sample of 188b ( 18.6 mg, 0.0698 mmol) and
amixture of 187b and 188b (54.2 mg, 0.203 mmol) in acombined yield of 95.1%.
An impure mixture of 187b containing approximately 15% of 188b was partially
characterized. ' H-NMR (200 MHz, not including signals due to 188b) 0.88, (d, 3H,
J=7.1 Hz), 0.93 (d, 6H, J=6.7 Hz), and 1.01 (d, 3H, J=7.0 Hz, H11 ,H13 ,H14 and H16), 1.22
(s, 3H, H17 ), 1.24-2.50 (m, 13H), 2.82 (br s, 1H, OH), 5.43 (
br s, 1H, H7); ' 3C-NMR
(50 MHz, not including signals due to 188b) 16.4, 17.4, 19.3, 23.9, and 29.5 (
CH3,C11 ,C13 ,
C14 ,C16 ,and C17 ), 22.4, 29.2, 34.9, and 35.3 (CH2,C3,C4,C5,and C10), 26.8 and 33.6 (CH,
C12 and C15 ), 42.4 and 50.2 (CH, C1 and C8), 70.1 and 76.4 (Cq,C2 and C9), 121.9 (CH,
C7), 136.6 (Cq,C6); Mass spectrum 266 ( 1, M b), 248 (7, M-H20), 230 (0.3, M-2H20), 223
(1, M-(CH 3)
2CH), 205 ( 11, M-H 20-(CH 3)
2CH), 187 ( 12, M-2H20-(CH 3)
2CH), 162 ( 16),
160 ( 14), 145 (39), 131 (34), 119 (21), 105 (
35), 91(32), 43 ( 100, (CH3)
2CH').
Compound 188b was characterized as awhite solid. mp 109-111 °C; IR (KBr) 3430,
3373 (0-H) cm'; ' H-NMR (200 MHz) 0.80, (d, 3H, J=7.0 Hz), 0.88 (d, 3H, J=6.6 Hz),
0.91 (d, 3H, J=6.6 Hz), and 0.96 (d, 3H, J=7.0 Hz, H11 ,H13 ,H15and H17 ), 1.05-1.30 (m,
3H), 1.5 1-2.02 (m, 7H), 1.77 (br s, 3H, H14), 2.02-2.41 (m, 3H), 3.95 (
br s, 1H, OH), 5.23
(br s, 1H, H9); ' 3C-NMR (
50 MHz) 15.7, 17.4, 18.0, 23.4, and 23.7 (CH3,C11 ,C13 ,C14 ,
C15 ,and C17 ), 16.4, 26.2, 29.0, and 35.0 (Cl!2,C2,C3,C4,and C7), 25.3 and 33.3 (CH, C12
and C16), 42.7 and 51.8 (CH, C6 and C10), 74.2 and 75.8 (
Cq,C1 and Cs), 118.1 (CH, C9),
135.1 (Cq,C8); Mass spectrum 266 (8, M), 248 ( 1, M-H20), 230 (0.3, M-2H20), 223 ( 1,
M-(CH 3)
2CH), 205 (
4, M-H20-(CH 3)
2CH), 187 (4, M-2H20-(CH 3)
2CH), 156 (
6, retro
Diels-Alder), 145 (28), 113 ( 100), 43 (
75, (
CH3)
2CH 4); Exact mass calc'd for C17 H30 02:
266.2246. Found: 266.2243.
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(1RS,2SR,8SR,9SR)2,8-Di-(1,1.dimethy1ethyI)-9-methy1bicyc1o[4.4.O]deC-6-efl-2,9-diOI
(187c), ( 1RS,SRS,6SR,1OSR)-5,1O-Di-(1,1-dimethylethyl)-8-methylbicyclo[4.4.O]deC-8en-1,S-diol ( 188c),

and (1RS,6SR,7RS)-7-(1,1DimethyIethy1)-6-hydroxy-9-methyI-

bicyclo[4.4.O]dec-8-en-2-one (189)

General procedure 6was used to prepare amixture of compounds 187c, 188c, and 189.
Cycloadduct 161 (
56.4 mg, 0.316 mmol) was treated with tert-butyffithium (
0.56 mL of
13M in hexanes, 0.95 mmol) for 3hours at 0°C to give compounds 187c, 188c, and 189.
The ratio of 187c:(188c and 189) was 2.2:1 based on the integration of the alkene signals at
5,54 and 5.35 ppm, respectively, in the crude 'H-NMR spectrum.

Flash column

chromatography (9:1) provided apure sample of 187c (31.7 mg, 0.108 mmol) and amixture
of 187c and 188c ( 19.1 mg, 0.0648 mmol) in acombined yield of 54.7%. Compound 189
(8.8 mg, 0.037 mmol) was also isolated in 12% yield.
Compound 187c was characterized as awhite solid. mp 128-129 °C; JR (KBr) 3439,
3362 (0-H) cm'; ' H-NMR (200 MHz) 1.07 and 1.11 (two s, 9H each, H12 and H14), 1.30
(s, 3H, H15 ), 1.26-1.73 (m, 6H), 1.80-2.05 (m, 3H), 2.13-2.41 (m, 3H), 5.54 (
m, 1H, H7);
'
3C-NMR (50 MHz) 23.4, 33.7, 36.1 and 39.6 (CH 2,C3,C4,C5,and C10 ), 27.7 and 30.3
(CH 3,C12 and

CO,

32.6 (CH3,C15 ), 35.2 and 38.6 (
Cq,C11 and C13 ), 44.2 and 53.7 (
CH, C1

and C8), 72.8 and 78.1 (
Cq,C2 and C9), 125.5 (
CH, Ci), 136.8 (Cq,C6); Mass spectrum No
M 4,276 (8, M-H20), 261 (0.5, M-H20-CH3), 237 (
0.5, M-t-Bu), 219 ( 12, M-H20-t-Bu),
145 (66), 131 (34), 118 (27), 105 (43), 91(41), 77 ( 19), 57 ( 100, (CH3)
3C4
); Analysis
calc'd for C19 H34 02:C, 77.48; H, 11.66. Found: C, 77.39; H, 11.21. A sample of 187c was
recrystallized from pentane to give colorless prisms which were submitted for X-ray
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crystallographic analysis.

See Figure 1.7 for the X-ray crystal structure.

empirical formula C19 H3402; space group P21/c (# 14); a=8.715(3)
c=9.866(3)

A;

I3=94.01(2)°; V=1733.9(8)

A3;Z=4;

A;

Crystal data:

b=20.215(4)

A;

d=1.128 g/cm3;Mo-Ka radiation

(-123°C); total of 3396 reflections in the range 0<20<50.1 °,of which 1941 were used
(j>3a(I)) in the structure solution; R=0.066 and Rw=0.091.
Since compound 188c could not be purified, it was not characterized. The 'H-NMR
spectrum showed signals at 1.02 and 1.08(two s, 9H each, H12 and H15 ), 1.78 (br s, 3H,
H13 ), and 5.35(br s, 1H, 1-19).
Compound 189 was characterized as awhite solid.

mp 80-82.5°C; IR (KBr) 3501

(0-H), 1703 (C=O) cm'; ' H-NMR (200 MHz) 1.10 (s, 9H, H12), 1.51-1.80 (
m, 2H), 1.77
(br s, 3H, H13 ), 1.88-2.56 (m, 8H), 2.67-2.81 (dm, 1H, J
g =l3.7 Hz, one H of H3), 5.35 (
br
s, 1H, Hg); ' 3C-NMR (50 MHz) 21.8, 25.3, 37.7, and 41.4 (CH2,C3,C4,C5, and C10), 23.8
(CH3,C13 ), 30.6 (CH 3,C12 ), 35.4 (
Cq,C11 ), 54.8 and 55.9 (CH, C1 and C7), 78.6 (Cq,CO,
122.2 (CH, C8), 133.0 (Cq,C9), 211.0 (Cq,C2); Mass spectrum 236 (2, M), 221 ( 1, MCH 3), 218 ( 1, M-H20), 180 ( 15, M-C4H8), 162 (27, M-H20-C4H8), 144 (33), 124 (46), 109
(100), 57 (78, (CH 3)
3C); Exact mass calc'd for C15 H02:
236.1776. Found: 236.1774.
(1RS,5RS,6RS,8RS).5,8DimethyI11.oxatricycIo[6.2.1.0 1'
6]ufldeC-9-efl- 50I (190) and
(1RS,5RS,6RS).5MethyI8methylidenebicycIo[4.4.0]deC-9-efl-1, 5-diOI (191)
Anhydrous Et20 (2 mL) was placed in aN2
purged 3-neck round bottom flask equipped with
an addition funnel containing

a solution

of

cycloadduct 161 (59.9 mg, 0.366 mmol) in
anhydrous Et20 (5mL). The flask was cooled with an ice bath, and methyffithium (0.70 mL
of l.4M in Et20, 0.98 mmol) and dry TMEDA (7.8 mL) were added. The solution of 161
was added dropwise from the addition funnel, and the reaction was warmed to room
temperature and stirred for 53 hours. Wet Et20 ( 10 mL) and saturated aqueous NH 1Q
(10 mL), were then added sequentially, and the aqueous layer was extracted with Et20 (4x
10 mL). The combined organic layers were washed with 10% aqueous CuSO4 (2x30 mL),
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dried over anhydrous Na2SO4, and filtered. The solvent was removed from the filtrate in
vacuo. Flash column chromatography (5:1) provided 190 (22.1 mg, 0.114 mmol) and 191
(25.8 mg, 0.133 mmol) in yields of 31.1% and 36.3%, respectively.
Compound 190 was characterized as acolorless oil. bp 40-50°CIO:07 Torr; JR (neat)
3485 (
0-H) cm'; ' H-NMR (200 MHz) 1.12 (s, 3H, H11 ), 1.15-1.62 (m, 4H), 1.63-1.98 (m,
3H), 1.61 (s, 3H, H12 ), 2.21-2.34 (m, 2H), 3.46 (br s, 1H, OH), 5.95 (
d, 1H, J10 ,
9=5.6 Hz,
H10), 6.30 (d, 1H, J
9,
10 =5.6 Hz, H9); ' 3C-NMR (
50 MHz) 16.7, 28.2, 35.1 and 38.6 (CH2,
C2,C3,C4,and CO, 18.7 (CH3,C12), 28.9 (CH3,C11 ), 46.2 (CH, CO, 69.4 (Cq,C5), 86.5 and
88.2 (Cq,C1 and C8), 138.2 and 141.8 (CH, C9 and Cio); Mass spectrum 194 ( 1, M b), 176
(1, M-H20), 161 ( 1, M-H20-CH3),

108 ( 100, M-H20-CH2=CHC(CH3)=CH2 (retro-

IMDAF, McLafferty rearr.)); Exact mass calc'd for C12H18 02:194.1307. Found: 194.1293.
Compound 191 was characterized as alight tan solid. mp 129-135°C (dec.); JR (KBr)
3456 (0-H), 1634, 1597 (coupled C=C-C=C stretch, symmetric and asymmetric) cm';
'H-NMR (200 MHz) 1.20 (s, 3H, H11 ), 1.31-1.59 (
m, 4H), 1.71-2.11 (m, 3H), 2.20-3.10
(overlapping m and br s, 4H, br sdue to 2xOH), 4.96-4.99 (m, 2H, H12), 5.64 and 6.16 (d,
1H each, J10 .
9=9.5 Hz, H9 and H10); ' 3C-NMR (
50 MHz) 17.1, 25.3, 38.2 and 40.6 (CH2,C2,
C3,C4,and C7), 27.6 (CH3,C11 ), 47.2 (CH, C6), 69.8 and 71.9 (Cq,C1 and C5), 114.2 (CH2,
Cq,C8); Mass spectrum 194 (4, M), 176
C12), 131.4 and 134.2 (CH, C9 and C10), 142.9 (
(17, M-H 2O), 158 ( 16, M-2H20), 147 ( 18), 143 (21, M-2H20-CH3), 133 ( 17), 129 ( 12),
118 ( 100); Exact mass calc'd for C12H1802:194.1307. Found: 194.1318.
5.4

Experimental Procedures Pertaining to Chapter 2

(E)-3.(2-Furyl)-2-methyl-2-propenal (222)
Compound 222 was prepared according to the method of
Schmidt. 107

Freshly distilled propanal (6.607 g, 113.8 mmol) and

2-furaldehyde (5.47 g, 56.9 mmol) were dissolved in distilled H20
(100 mL) and 10% aqueous NaOH (
5.4 mL) was added by syringe. The reaction became
turbid, and ayellow oil began to separate after 5 minutes. After 10 minutes, tartaric acid
was added until the aqueous layer was neutral (pH paper), and Et2O (80 mL) was added.
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The aqueous layer was extracted with additional Et2O (4x 50 mL).

After the combined

organic layers had been dried over anhydrous Na2SO4 and filtered, the solvent was removed
in vacuo to give 222 (
6.95 g, 51.0 mmol) as a colorless liquid in 89.6% yield after
purification by flash column chromatography (9:1). The colorless liquid slowly turned an
orange color upon standing.

bp 100-110°C/20 Torr (literature' 07 121°C/ill Toff);

'H-NMR (200 MHz) 2.11 (d, 3H, J
8,
3=1.2 Hz, H8), 6.59 (
dd, 1H, J
6,
7=1.7 Hz, J
6,
5=3.5 Hz,
H6), 6.79 (
d, 1H, J
5,
6=3.5 Hz, H5), 7.04 (d, 1H, J
3,
8=l.2 Hz, H3), 7.63 (d, 1H, J
7,
6=l.7 Hz,
H7), 9.50 (s, 1H, H1).
(RS)- and (S)-3-(2-Furyl)-2-methyl-1-propanol ((±)-220 and (—)-220)
A. Compound (±)-220
a) Using Sodium Amalgam
Freshly

distilled

222

(
2.256

16.57 mmol) was dissolved in absolute EtOH ( 160 mL) under aN2 atmosphere.

g,

Sodium

amalgam (88.64 gof 2% w/w, 0.07711 gram atoms Na) was added, and the reaction was
stirred for 5.5 hours. After saturated aqueous NH4C1 ( 150 mL) had been added, the liquid
was decanted from the mercury, and the ethanol was removed in vacuo.

The aqueous

residue was extracted with CHC1 3 (
5x 50 mL). The combined organic layers were dried
with anhydrous Na2SO4 and filtered, and the solvent was removed in vacuo to provide (±)220 ( 1.517 g, 10.82 mmol) as acolorless liquid in 65.3% yield following purification by
flash column chromatography (3:1).
b) Using Sodium Metal
Freshly distilled 222 (4.582 g, 33.65 mmol) was dissolved in absolute EtOH ( 120 mL)
under aN2 atmosphere in around bottom flask equipped with acondenser. Small pieces of
sodium metal (6.24 g total, 0.271 gram atoms) were added through the condenser as the
reaction was moderated with an ice bath. The reaction was stirred at room temperature
once all of the sodium had been added. When TLC indicated that the starting material had
been consumed (-4hours), MeOH was added to destroy any remaining sodium, followed by
the cautious addition of saturated aqueous NH4C1 ( 120 mL). The EtOH and MeOH were
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removed in vacuo, and the aqueous residue was extracted with CHC13 (
5x50 mL). After
the combined organic layers had been dried with anhydrous Na2SO4 and filtered, the solvent
was removed in vacuo to provide (±)-220 (2.474 g, 17.65 mmol) as acolorless liquid in
52.5% yield following purification by flash column chromatography (3:1). bp 100-11 O'C/20
Toff. The ' H-NMR spectrum was identical to that of (—)-220 (
vide infra).
B. Compound (—)-220
Compound (—)-220 was prepared as described by Fuganti et al." 9 Tap water ( 1L) was
placed in a4 L beaker and warmed to 35°C using aconstant temperature bath. While the
water was stirred vigorously with a mechanical stirrer, dry active yeast (Fleischmann's
Traditional, 90.5 g) was added, followed by the addition of 1)-glucose (50 g) in 5gportions
over 1hour.

The solution foamed upon each addition of glucose, and the foaming was

allowed to subside before the next portion of glucose was added.

The fermentation was

allowed to proceed for 3hours, and the pH was then adjusted to 5.0-5.5 (
pH meter) with
saturated aqueous Na2CO3.

A solution of freshly distilled 222 (3.013 g, 22.13 mmol) in

EtOH (8 mL) was added from an addition funnel to the reaction vessel over 15 minutes.
The pH was monitored for the first 3hours and adjusted to 5.0-5.5 with saturated aqueous
Na2CO3 or 1M HCl as required. During the following 3days additional yeast (50, 24, and
12 g, respectively) was added, followed by the addition of 1)-glucose (
25.2, 12, and 6 g,
respectively) in portions, and the pH was adjusted to 5.0-5.5. On the fifth day, an aliquot of
the reaction mixture (2 mL) was extracted with Et2O ( 10 mL). The Et2O layer was dried
(Na2SO4)and concentrated to allow for analysis by gas chromatography.

If the starting

material had been completely consumed, the reaction was stopped; otherwise, additional
yeast ( 12 g) and glucose (6 g) was added with pH adjustment each day until the reaction
was complete. When no starting material remained, the reaction mixture was transferred to
a3-neck round bottom flask, and the desired (—)-220 was separated from the yeast residue
by steam distillation. The distillate ( 1L) was extracted with Et2O (4x200 mL). After the
combined organic layers had been dried with anhydrous Na2SO4 and filtered, the solvent
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was removed in vacuo to give (—)-220 (0.848 g, 6.05 mmol) as acolorless liquid in 27.3%
yield following distillation under reduced pressure (H20 aspirator). bp 110-120°c/20 Ton
(literature" 9 101-103 °C/15 Ton); ' H-NMR (200 MHz) 0.96 (d, 3H, J
8,
2=6.8 Hz, H8), 1.50
(br s, 1H,

OH),

2.04 (m, 1H, J6.5 Hz, H2), 2.56 (half of d of AB q,1H, J
3,
2=7.2 Hz,

J5 =14.9 Hz, one H of H3), 2.73 (half of dof AB q,1H, J
3,
2=6.4 Hz, J
g =l4.9 Hz, one H of
H3), 3.51 (
d, 2H, J, 2=6.0 Hz, H1), 6.03 (dd, 1H, J
5,
7=0.8 Hz, J
5,
6=3.1 Hz, H5), 6.30 (dd, 1H,
J
6,
7=1.9 Hz, J
6,
5=3.l Hz, H6), 7.32 (dd, 1H, J
7,
5=0.8 Hz, J
7,
6=1.9 Hz, H7).

The 'H-NMR

spectrum was in good agreement with the literature." 9 The compound was contaminated
with asmall amount of ayeast residue, so an optical rotation measurement was not taken.
(RS)- and (S)-3-(2-Furyl)-2-methyl-1-propyl p-toluenesulfonate ((±)-223 and (+)-223)

A. Compound (±)-223
A solution of freshly distilled (±)-220 ( 1.10 g, 7.86 mmol) in dry CH2C12 (30 mL) in a
N2 purged 3-neck round bottom flask was -cooled using an ice bath.

DMAP (
0.096 g,

0.79 mmol), tosyl chloride (1.50 g, 7.86 mmol), and Et3N ( 1.1 mL, 7.9 mmol) were added,
and the mixture was stirred at room temperature for 12 hours. Additional CH2Q 2 (30 mL)
was added, and the organic phase was washed with H20 (
15 mL), 2% HC1 (
15 mL), and
H20 (2 x 15 mL).

After the organic phase had been dried with anhydrous Na2SO4 and

filtered, the solvent was removed in vacuo to give (±)-223 (2.225 g, 7.56 mmol) as a
colorless oil in 96.2% yield following purification by flash column chromatography (9:1). bp
>100°C! 0.05 Torr (dec.). The spectral data were identical to that of (+)-223 (
vide infra).
B. Compound (+)-223
The above procedure was used to convert (—)-220 ( 1.656 g, 11.81 mmol) to (+)-223
(3.322 g, 11.28 mmol) in 95.5% yield after purification by column chromatography (9:1).
bp > 100 °C/0.05 Ton (
dec.); [a}'=+6.99° (c10.3, CHC13) (literature" 9 [aJ °=+6.97° (c 1,
CHCI 3)); IR (neat) 1360, 1179 (asymmetric and symmetric SO2 stretch) cm'; 'H-NMR
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(200 MHz) 0.92 (
d, 3H, J
8,
2=6.8 Hz, H8), 2.17 (m, 1H, Jc6.5 Hz, H2), 2.45 (
s, 3H, H13 ),
2.52 (
half of dof AB q,1H, J
3,
2=7.1 Hz,

JgemlS.O

Hz, one H of Fl3), 2.65 (
half of dof AB q,

1H, J
3,
2=6.6 Hz, J=15.0 Hz, one H of 113), 3.81-3.95 (
overlapping d of AB q,2H, H1),
5.93 (
dd, 1H, J
57 =O.7 Hz, J
506 =3.2 Hz, H5), 6.23 (dd, 111, J
6,
7=1.9 Hz, J
6,
5=3.2 Hz, H6), 7.24
(dd, 111, J
7,
5=0.7 Hz, J
7,
6=1.9 Hz, H0,731-7.82 (AA'XX' m, 4H, H10 and H11 ); ' 3C-NMR
(50 MHz) 16.2 (CH 3,C8), 21.6 (CH 3,C13 ), 31.1 (CH2,C3), 32.6 (CH, C2), 73.9 (CH2,C1),
106.6 and 110.1 (CH, C5 and C6), 127.9 and 129.8 (CH, C10 and C11 ), 133.1 and 144.6 (Cq,
C9 and C12 ), 141.2 (CH, C7), 153.1 (Cq,C4); Mass spectrum 294 (2, M), 212 (5), 155 ( 11),
122 ( 100, M-TsOH), 107 (79, M-TsOH-CH3), 91(48), 81(75, M-CH(CH3)CH2OTs);
Exact mass calc'd for C15H 18 04S: 294.0926. Found: 294.0925.
(RS)- and (S).3-(2.Furyl)-1.iodo-2-methylpropafle ((±)-219 and (+)-219)
A. Compound (±)-219
General procedure 1was used to convert
tosylate (±)-223 (2.22 g, 7.53 mmol) to iodide
(±)-219 ( 1.86 g, 7.43 mmol) in 98.7% yield following purification by flash column
chromatography ( 100% hexanes) and distillation under reduced pressure (1120 aspirator).
Compound (±)-219 was aclear, colorless liquid. bp 95-105 °C/20 Torr. The spectral data
were identical to that of (+)-219 (
vide infra).
B. Compound (+)-219
General procedure 1was also used to convert tosylate (+)-223 (2.61 g, 8.87 mmol) to
iodide (-i-)-219 (. 19 g, 8.76 mmol) in 98.8% yield following purification by flash column
chromatography ( 100% hexanes) and distillation under reduced pressure (1120 aspirator).
Compound (+)-219 was a clear, colorless liquid.

bp 110-115°C/20 Torr; [a} =+30.3°

(c 10.9, CHC1 3); IR (neat) No significant absorptions above 1400 cm' except 2960, 2928,
1870 (CH stretch) cm-'; 'H-NMR (200 MHz) 1.03(d, 3H, J
8,
2=6.6 Hz, 118), 1.86 (m, 1H,
H2), 2.55-2.77 (
overlapping d of AB q,211, H3), 3.15 (half of d of AB q,1H, J1,
2=5.6 Hz,
Jgcm

9

.
7

Hz, one H of

Hi)

3.24 (half of d of AB q,1H, J1,
2-4.9 Hz,

Jgc&

9

.
7

Hz, one H of
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H1), 6.08 (dd, 1H, J
5,
7=0.8 Hz, J
5,
6=3.1 Hz, H.5),6.30 (dd, 1H, J
6,
7=1.9 Hz, J
6,
5=3.1 Hz, H6),
7.33 (dd, 1H, J
7,
5=0.8 Hz, 17,6=1.9 Hz, H7); ' 3C-NMR (
50 MHz) 16.4 (CH2,C1), 20.5 (
CH3,
Cg), 34.3 (CH, C2), 34.8 (CH2,C3), 106.6 and 110.2 (CH, Cs and C6), 141.3 (CH, C7),
153.6 (
Cq,C4); Mass spectrum 250 (29, M'), 123 (3, M-I), 107 ( 1, M-HI-CH3), 81(100,
M-CH(CH 3)CH 2I); Exact mass calc'd for C8H11 01: 249.9857. Found: 249.9850.
(SRS)- and (SS)-6.(2-Furyl)-5-methyl-1-hexen-3-ol ((SRS)-224 and (SS)-224)

A. Compound (5RS)-224
Iodide (±)-219 ( 1.01 g, 4.04 mmol) was treated with tert-butyllithium (5.2 ML of 1.7M
in pentane, 8.8 mmol) and acrolein (0.35 mL, 5.2 mmol) according to general procedure 2
to give adiastereomeric mixture of compound (SRS)-224 (0.500 g, 2.77 mmol) in 68.6%
yield following purification by flash column chromatography (
5:1) and distillation under
reduced pressure (0.04 Torr). The mixture of diastereomers was not fully characterized, but
was used directly in the oxidation reaction. bp 50-60°C/0.05 Torr. The 'H-NMR of the
diastereomeric mixture was identical to that of (55)-224 (
vide infra).
B. Compound (5S)-224
A diastereomeric mixture of compound (5S)-224 (
0.152 g, 0.844 mmol) was prepared
in 69.2% yield in asimilar manner by treatment of iodide (+)-219 (0.305 g, 1.22 mmol) with
tert-butyllithium ( 1.6 mL of 1.7M in pentane, 2.7 mmol) and acrolein (0.10 mL, 1.5 mmol)
according to general procedure 2.
diastereomeric mixture:

bp 50-60°C/0.045 Torr; 'H-NMR (200 MHz) of

0.98 (overlapping d, 3H, H11 ), 1.22-1.70 (m, 3H, H4 and OH),

1.90-2.21 (m, 1H, H5), 2.42-2.76 (m, 2H, 116), 4.20 (m, 1H, H3), 5.08-5.33 (m, 2H, H1),
5.78-5.99 (
m, IH, H2), 6.01 (m, 1H, H8), 6.29 (m, 1H, H9), 7.31 (m, 1H, H10).
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(SRS)- and (SS)-6.(2-Furyl)-2,5-dimethyl-1-hexen-3-ol ((SRS)-225 and(SS)-225)

A. Compound (SRS)-225
Iodide (±)-219 (0.98 g, 3.92 mmol) was treated with tert-butyffithium (5.0 mL of 1.7M
in pentane, 8.5 mmol) and methacrolein (0.40 mL, 4.8 mmol) according to general
procedure 2to give adiastereomeric mixture of compound (
5RS)-225 (
0.609 g, 3.13 mmol)
in 79.8% yield following purification by radial plate chromatography (
5:1) and distillation
under reduced pressure (
0.045 Torr).

The mixture of diastereomers was not fully

characterized, but was used directly in the oxidation reaction. bp 50-60°C/0.045 Ton. The
1H-NMR

of the diastereomeric mixture was identical to that of (
5S)-225 (vide infra).

B. Compound (55)-225
A diastereomeric mixture of compound (5S)-225 (0.166 g, 0.855 mmol) was prepared
in 80.0% yield in asimilar manner by treatment of iodide (-i-)-219 (0.268 g, 1.07 mmol) with
tert-butyllithium ( 1.4 mL of 1.7M in pentane, 2.4 mmol) and methacrolein (0.10 mL,
1.2 mmol) according to general procedure 2. bp 50-60°C/0.04 Ton; '
H-NMR (
200 MHz)
of diastereomeric mixture: 0.96 (overlapping d, 3H, H11 ), 1.25-1.68 (m, 3H, H4 and OH),
1.69 and 1.73(s, 3H, H12), 1.80-2.17 (m, 1H, H5), 2.42-2.73 (m, 2H, H6), 4.27 (m, 1H, 113),
4.85 (br s, IH, H1), 4.97 (m, 1H, H1), 6.02 (m, 111, H8), 6.30 (m, 111, 119), 7.31 (m, 111,
H10).
(2E,6RS)- and (2E,6S).7.(2-Furyl)-6-methyl-2-hepten-4-ol ((2E,6RS)-226 and
(2E,65)-226)
A. Compound (
2E,6RS)-226
Iodide (±)-219 ( 1.12 g, 4.48 mmol) was treated with tert-butyffithium (
5.8 mL of 1.7M
in pentane, 9.9 mmol) and crotonaldehyde (0.45 mL, 5.4 mmol) according to general
procedure 2 to give a diastereomeric mixture of compound (2E,6RS)-226 (0.621 g,
3.20 mmol) in 71.4% yield following purification by flash column chromatography (5:1) and
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distillation under reduced pressure (0.04 Torr). The mixture of diastereomers was not fully
characterized, but was used directly in the oxidation reaction. bp 60-70°C/0.045 Ton. The
'H-NMR of the diastereomeric mixture was identical to that of (2E,6S)-226 (
vide infra).
B. Compound (2E,6S)-226
A diastereomeric mixture of compound (2E,6S)-226 (0.15.1 g, 0.776 mmol) was
prepared in 71.2% yield in a similar manner by treatment of iodide (+)-219 (0.273 g,
1.09 mmol)

with

tert-butyllithium ( 1.4

mL of

1.7M

in

pentane,

2.4 mmol)

crotonaldehyde (0.10 mL, 1.2 mmol) according to general procedure 2.

and

bp 60-70°C!

0.04 Ton; ' H-NMR (200 MHz) of diastereomeric mixture: 0.92 and 0.95 (
overlapping d,
3H, H12 ), 1.21-1.66 (m, 3H, Hs and OH), 1.70(d, 3H, H1), 1.84-2.09 (m, 1H, H6), 2.43-2.71
(m, 2H, H7), 4.13 (m, 1H, H4), 5.37-5.74 (
m, 2H, H2 and H3), 6.00 (m, 1H, H9), 6.28 (m,
1H, Hjo), 7.30 (m, IH, H11 ).
(SRS)- and (5S)-6-(2FuryI).2,S-dimethyI-1-hexen-3-ofle ((±)-228 and (+)-228)

A. Compound (±)-228
The diastereomeric mixture of allylic alcohol (
SRS)-225 (
0.380 g, 1.96 mmol) was
oxidized using general procedure 4to produce (±)-228 (0.313 g, 1.63 mmol) and amixture
of cycloadducts 231a and 231b (0.0353 g, 0.184 mmol) in yields of 83.2% and 9.4%,
respectively, following separation by radial plate chromatography (20:1).

Compound

(±)-228 was acolorless oil. bp 45-55°C/0.045 Ton. The spectral data were identical to that
of (+)-228 (
vide infra).
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B. Compound (+)-228
The diastereomeric mixture of allylic alcohol (5S)-225 (0.314 g, 1.61 mmol) was
similarly oxidized using general procedure 4to produce (+)-228 (
0.256 g, 1.33 mmol) and a
mixture of cycloadducts (—)-231a and 231b (0.0273 g, 0.142 mmol) in yields of 82.6% and
8.8%, respectively, following separation by radial plate chromatography (20:1). Compound
(+)-228 was acolorless oil. bp 50-60°C/0.045 Ton; [a] =+8.9° (c10.4, CHC13); IR (neat)
1676 (conjugated C=O), 1630 (C=C) cm'; 'H-NMR (200 MHz) 0.95 (
d, 3H, J11 ,
5=6.3 Hz,
H11 )1.86 (dd, 3H, J12 ,
1
=0.8 Hz, J12 ,
1=1.4 Hz, H12 ), 2.38-2.79 (m, 511, 114, H5,
and H6), 5.74
(dd, 1H, J
gcm=O.l Hz, J
1,
12 =1.4 Hz, H1), 5.88 (d, 1H, J
g =O.7 Hz, H1), 6.01 (dd, 1H,
J
8,
10 =0.8 Hz, J
89 =3.1 Hz, H8), 6.28 (dd, 111, J
9010 =1.9 Hz, J
9,
8=3.1 Hz, H9), 7.31 (dd, 1H,
J10 ,g=0.8 Hz,J 1o,=l.9 Hz, Hio); ' 3C-NMR (50 MHz) 17.6 and 20.0 (Cl-I3,C11 and C12), 29.6
(CH, C5), 35.0 (Cl-I 2,C6), 43.8 (CH2,C4), 106.3 and 110.1 (CH, C8 and C9), 124.4 (CH2,
CO, 141.0 (CH, C10), 144.8 (Cq,C0, 154.5 (
Cq,C7), 201.5 (Cq,C3); Mass spectrum 192 (
5,
M), 108 ( 100, M-CH 2=C(OH)C(CH3)=CH2 (McLafferty rearr.)); Exact mass calc'd for
C12 H1602:192.1150. Found: 192.1158.
(2E,6RS)- and (2E,65)-7-(2-Furyl)-6-methyl-2-hepten-4-one ((±)-229 and (—)-229)

A. Compound (±)-229
The diastereomeric mixture of allylic alcohol (2E,6RS)-226 ( 1.87 g, 9.63 mmol) was
oxidized using general procedure 4 to produce (±)-229 ( 1.71 g, 8.89 mmol) as acolorless
oil in 92.3% yield following purification by radial plate chromatography (9:1).

bp 55-

60°C/0.09 Ton. The spectral data were identical to that bf (—)-229 (
vide infra).
B. Compound (—)-229
The diastereomeric mixture of allylic alcohol (2E,6S)-226 (0.139 g, 0.715 mmol) was
similarly oxidized using general procedure 4to produce (—)-229 (0.126 g, 0.657 mmol) as a
colorless oil in 91.9% yield following purification by radial plate chromatography (9:1).
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bp 50-60 °C/0.045 Ton; [ccf,=- 14.1° (c 10.6, CHC13); JR (neat) 1672 (conjugated C=O),
1632 (C=C) cm'; ' H-NMR (200 MHz) 0.95 (
d, 3H, J12 ,
6=6.2 Hz, H12 ) 1.89 (dd, 3H,
J13 =1.6 Hz, J1.
2=6.8 Hz, H1), 2.28-2.61 (m, 5H, F!5,
H6,and H7), 6.02 (dd, 1H, J
9,
11 =0.7 Hz,
J
9,
10 =3.1 Hz, H9), 6.11 (dq, 1H, J
31 =1.6 Hz, J
3,
2=15.7 Hz, H3),6.29 (dd, 1H, J
10 ,
11 =1.9 Hz,
J10,
9=3.1 Hz, H10 ), 6.80 (dq, iF!, J
21 =6.8 Hz, J
2,
3=15.7 Hz, H2), 7.31 (dd, 1H, J
11 ,
9=0.7 Hz,
J11 ,
10 =1.9 Hz, H11 ); ' 3C-NMR (50 MHz) 18.1 and 19.9 (CH 3,C1 and C12 ), 29.4 (CH, CO,
35.0 (
CH 2,C7), 46.4 (CH2,CO, 106.3 and 110.0 (CH, C9 and C10 ), 132.2 (CH, C3), 141.0
(CH, C, 1), 142.4 (CH, C2), 154.4 (
Cq,Cs), 199.7 (
Cq,C4); Mass spectrum 192 (2, M), 108
(100, M-CH2=C(OH)CH=CHCH3 (McLafferty rearr.)); Analysis calc'd for C12H16 02:
C, 74.95; H, 8.40. Found: C, 74.98; H, 8.31.
(1R,3S,6S,8R)-3 Methyl-11-oxatricyclo[6.21.0 1'
6]undec-9-en- 5-one ((+)-230a) and
(1S,35,6R,8S)-3 Methyl-11.oxatricyclo[6.2.101'
6]undec-9-en- 5-one (230b)
The

diastereomeric

mixture

of allylic

alcohol (5S)-224 (0.140 g, 0.777 mmol) was
oxidized using general procedure 4to produce
a mixture

of

enone

227 (0.0137

g,

0.0769 mmol), cycloadduct (+)-230a (0.0839 g, 0.471 mmol), and cycloadduct 230b
(0.0210 g, 0.118 mmol) in yields of 9.9%, 60.6%, and 15.2%, respectively, following
separation by radial plate chromatography (3:1).

Enone 227 underwent partial IMDAF

reaction spontaneously and was therefore not characterized.
Compound (+)-230a was characterized as awhite solid. mp 88.5-90 °C; [
a] =+25.9°
(c 4.18, CHC1 3); IR (KBr) 1703 (0=0) ciii'; 'H-NMR (400 MHz) 1.09 (d, 3H,
J11 ,
3=6.0 Hz, H11 ),

1.50 (dd,

lH, J
7,
6=8.3 Hz, J
5 =11.8 Hz, H7a), 2.01 (dd,

1H,

J
2,
3 1
1.9 Hz, J
g =l4.3 Hz, H), 2.15-2.27 (m, 3H), 2.40-2.50 (
m, 3H), 4.90 (dd, 1H,
J
8,
9=1.6 Hz, J
8,
7 =4.8 Hz, H8), 6.15 (d, 1H, Jj 0,
9=5.7 Hz, H,o), 6.45 (dd, 1H, J
9,
8=1.6 Hz,
J
910 =5.7 Hz, H9); ' 3C-NMR (50 MHz) 22.0 (CF!3.
C,,), 29.2, 37.0, and 50.2 (CH2,C2,C4,
and C7), 29.2 (CH, C3), 49.5 (CH, C6), 78.3 (CH, C8), 90.3 (Cq,CO, 137.0 and 138.3 (CH,
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C9 and

C10),

208.9

(
Cq, C5);

Mass

spectrum

178 (3,

M b),

108 ( 100,

M-

CH 2=C(OH)CH=CH 2 (retro IMDAF, McLafferty ream)); Exact mass calc'd for C11 H1402:
178.0994. Found: 178.1001.
Compound 230b was also a white solid.

IR (KBr) 1706 (C=O) cm'; 'H-NMR

(200 MHz) 1.08 (d, 3H, J11 ,
3=7.0 Hz, H11 ), 1.44 (dd, 1H, J
7,
6=8.1 Hz, J
8 =ll.7 Hz, H7 ),
2.06 (dd, 1H, J
2,
3=4.8 Hz, J
gc
m=13.9 Hz, H), 2.19-2.35 (m, 2H), 2.41-2.71 (m, 4H), 4.91
(dd, 1H, J
89 =1.6 Hz, J
8,
7 =4.7 Hz, H8), 6.20 (d, 1H, J
1o, 9=5.7 Hz, H10 ), 6.39 (dd, 1H,
J
9,
8=1.6 Hz, J
9,
10 =5.7 Hz, H9); ' 3C-NMR (
50 MHz) 20.4 (CH3,C11 ), 27.9, 34.7, and 47.7
(CH2,C2,C4,and C7), 29.5 (CH, C3), 50.0 (CH, C6), 78.4 (CH, C8), 90.6 (Cq,CO, 137.6
and 138.4 (CH, C9 and C10), 209.6 (Cq,C5); Mass spectrum 178 (3, M b), 108 ( 100, MCH2=C(OH)CH=CH2 (retro IMDAF, McLafferty ream)); Exact mass calc'd for C11 H1402:
178.0994. Found: 178.0994.
(1R,3S,6S,8R).3,6DimethyI11.oxatricycJo[6.2.1.O 1'
6]undec-9-efl- 5- Ofle ((—)-231a)
Enone (+)-228 (0.235 g, 1.22 mmol) was treated with MeA1Cl2
(0.12 ml, of 1.OM in hexanes, 0.12 mmol) for 5.5 hours according
to general procedure 5 to give cycloadduct (—)-231a (0.225 g,
1.17 mmol) exclusively as acolorless oil in 95.9% yield following
purification .by flash column chromatography (
5:1). bp 54-58 °C/0.045 Toff;

[
aJ

=-15.3°

(c 6.93, CHC1 3); IR (neat) 1708 (C=O) cm-'; ' H-NMR (200 MHz) 0.99 (d, 1H,
J
gcml 1.8 Hz, H7), 1.05 (d, 3H, J
11 ,
3=6.0 Hz, H11 ), 1.09 (s, 3H, H12 ), 1.95 (
dd, 1H,
J
2,
3=11.3 Hz, J
8,,,=13.5 Hz, H), 2.08-2.37 (m, 4H), 2.84 (dd,
1H, J
7,
8=5.1 Hz,
J
gcml 1.8 Hz, H7 ), 4.79 (dd, 1H, J
8,
9=1.6 Hz, J
8,
7 =5.1 Hz, H8), 6.13 (d, 1H, J
10 ,
9=5.7 Hz,
H10), 6.48 (dd, 1H, J
9,
8=l.6 Hz, J
9,
10 =5.7 Hz, H9); ' 3C-NMR (50 MHz) 22.0 and 22.4 (CH3,
C11 and C12 ), 28.2 (CU, C3), 34.4, 37.3, and 46.7 (CH2,C2,C4,and C7), 53.2 (Cq,CO, 78.1
(CH, C8), 91.8 (Cq,C1), 135.1 and 138.8 (CH, C9 and C10), 212.6 (Cq,C5); Mass spectrum
192 (6, M 4), 108 ( 100, M-CH2=C(OH)C(CH3)=CH2 (retro IMDAF, McLafferty rearr.));
Exact mass calc'd for C12 H1602:192.1150. Found: 192.1152.
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(1R,3S,65,7S,8S)-3,7-Dimethyl-11-oxatricycloE6.2.1.O"6lundec-9-ell-5-Ofle ((—)-176a)
and ( 1S,3S,6R,7R,8R)3,7-Dimethyl-11-oxatricycIo[6.2.LO"6]undec-9-efl-S-OflC (176b)
Enone (—)-229 (
0.205 g, 1.06 mmol) was
treated with MeA1Cl2 (0.11 mL of 1.OM in
hexanes, 0.11 mmol) for 5.5 hours according
to general procedure 5 to give a mixture of
cycloadducts (—)- 176a and 176b and starting enone (—)-229. Radial plate chromatography
(5:1) provided starting enone (—)-229 (0.0140 g, 0.0728 mmol), cycloadduct (—)-176a
(0.168 g, 0.874 mmol), and cycloadduct 176b (0.0205 g, 0.107 mmol) yields of 6.9%,
82.4%, and 10.1%, respectively.
Compound (—)- 176a was characterized as a colorless oil.

bp 50-60 °C/0.05 Torr;

[a} =-33.8° (c3.87, CHC13); JR (neat) 1707 (C=O) cm'; 'H-NMR (200 MHz) 0.95 (d,
3H, J12 ,7=7.0 Hz, H12), 1.06 (d, 3H, J11 ,
3=6.0 Hz, H11 ), 1.70 (d, JH, J
6,
7=4.0 Hz, H6),,1.90
(dd, 1H, J
2,
3=11.8 Hz, J
5 =14.6 Hz, H), 2.02-2.17 (m, 2H), 2.34 (dt, 1H, J=2.9 Hz,
J,,.=14.0 Hz), 2.42-2.49 (m, 1H), 2.77-2.86 (m, 1H, H7), 4.71 (dd, 1H, J
8,
9=1.7 Hz,
J
8,
7 4.7 Hz, H8), 6.24 (d, 1H, J
10 ,
9=5.7 Hz, Hao), 6.40 (dd, 1H, J
9,
8=1.7 Hz, J
9,io=5.7 Hz,
H9); ' 3C-NMR (50 MHz) 17.2 and 22.0 (CH3,C11 and C12), 28.9 (CH, C3), 37.2, and 50.0
(CH2,C2 and C4), 37.3 (CH, C7), 57.7 (CH, C6), 81.9 (CH, C8), 91.0 (
Cq,CO, 135.8 and
138.2 (CH, C9 and C10), 209.4 (
Cq,Cs); Mass spectrum 192 (3, M b), 108 ( 100, MCH2=C(OH)CH=CHCH 3 (retro IMDAF, McLafferty rearr.)); Analysis calc'd for C12H1602:
C, 74.95; H, 8.40. Found: C, 74.99; H, 8.16.
Compound 176b was also acolorless oil. bp 50-60 °C/0.05 Ton; JR (neat) 1709 (C=O)
cm'; ' H-NMR (200 MHz) 0.93 (d, 3H, J12,
7=7.0 Hz, H12 ), 1.07 (d, 3H, J
11 ,
3=6.8 Hz, H11 ),
1.79 (d, IH, J
6,
7=4.2 Hz, H6), 1.95 (dd, 1H, J
2,
3=5.4 Hz,

Jgeml4.O

Hz, H), 2.17-2.64 (m,

4H), 2.73-2.86 (m, 1H, H7), 4.71 (dd, 1H, J
8,
9 1.2 Hz, J
8,
7=4.5 Hz, H8), 6.31-6.29
(overlapping AB q,2H, H9 and H10 ); ' 3C-NMR (50 MHz) 17.0 and 20.5 (CH3,C11 and C12),
29.2 (CH, C3), 35.0, and 47.6 (CH2,C2 and C4), 35.9 (CH, C7), 58.1 (CH, Cr,), 81.9 (CH,
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C8),91.2 (
Cq,C1), 135.2 and 139.6 (CH, C9 and C10), 209.9 (Cq,Cs); Mass spectrum 192
(29, M'), 109 ( 100), 108 ( 100, M-CH2=C(OH)CH=CHCH3 (retro IMDAF, McLafferty
rearr.)); Exact mass calc'd for C12 H1602:192.1150. Found: 192.1154.
See section 5.3 for the SN2' ring opening reaction of (—)-176a with methyffithium.
(1R,3R,5R,6R,8R)3,S,6TrimethyI-11-oxatricyc1o[6.2.1.O 1'
6]UfldeC-9-efl-5-0 1 ((—)-232)
Cycloadduct (—)-231a (0.110 g, 0.570 mmol) was treated with
methyllithium ( 1.2 mL of 1.4M in Et2O, 1.7 mmol) according to
general procedure 6for 22 hours to give amixture of (—)-232 and
starting material.

Radial plate chromatography (20:1 benzene:

acetone) provided starting cycloadduct (—)-231a (0.0293 g, 0.152 mmol) and (—)-232
(0.0765 g, 0.367 mmol) as acolorless oil in 64.4% yield (87.8% based on consumed starting
material). bp 45-50 °C/0.05 Toff ;[
aJ =-3.2° (c3.15, CHCl3); JR (neat) 3462 (0-H) cn1';
'H-NMR (200 MHz) 0.91 (d, 1H, J
5 =11.8 Hz, H7), 0.94 (s, 3H, Ha), 0.98 (d, 3H,
J11 .
3=6.4 Hz, H11 ), 1.09 (d, 3H, Jlz,OH=1.0 Hz, H12), 1.26-1.68 (m, 3H), 1.94-2.19 (m, 2H),
2.66 (dd, 1H, J
7,
8=5.2 Hz, J
5 =ll.5 Hz, H7p), 4.36 (d, 1H,

JoH,12=1.0

Hz, OH), 4.84 (dd,

1H, J
8,
9=1.7 Hz, J
8,
7=5.2 Hz, H8), 6.05 (d, 1H, J
10 ,
9=5.8 Hz, H10), 6.49 (dd, 1H, J
9,
8=1.7 Hz,
J
9,
10 =5.8 Hz, H9); ' 3C-NMR (
50 MHz) 21.3 (CH3,C13 ), 21.9 (CH3,C11 ), 22.9 (CH, C3),
26.6 (CH 3,C12 ), 34.2, 35.7, and 44.0 (CH?,C2,C4,and C7), 43.8 (Cq,C6), 73.7 (Cq,C5),
78.7 (CH, Cs), 92.3 (Cq,CO, 137.5 and 137.9 (CH, C9 and C10); Mass spectrum 208 (0.4,
M), 190 (
5, M-H20), 175 (4, M-H 20-CH3), 150 (24), 132 (
50), 123 (25), 108 ( 100, MH20-CH 2=C(CH 3)-C(CH 3)=CH 2 (retro-IMDAF, McLafferty ream)); Exact mass calc'd for
C13 H2002:208.1463. Found: 208.1474. This compound was analyzed by chiral phase gas
liquid chromatography ( 120°C isothermal) and determined to have an enantiomeric excess
of >99% (Figure 2.3).
5.5

Experimental Procedures Pertaining to Chapter 3
Since the route to the erythronolides was not successful, many of the compounds

presented in this section were not fully characterized. In many cases, only sufficient spectral
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data (usually a ' H-NMR spectrum) were collected to establish that the desired compound
had been formed.
(5RS)6.(2-FuryI).5-methyI.1-(trimethyJsi1y1)-1-hexYfl-3-01 (299)
Iodide 219 (
75.9 mg, 0.303 mmol) was treated
with tert-butyllithium (0.36 mL of 1.7M in pentane,
0.61 mmol)

and

a solution

of

aldehyde

298156

(66.8 mg, 0.529 mmol) in Et2O (
5 mL) according to
general procedure 2 to give compound 224 (
43.5 mg, 0.174 mmol) as a mixture of
diastereomers in 57.2% yield following purification by radial plate chromatography (9:1).
The mixture of diastereomers was acolorless oil and was not fully characterized, but was
used directly in the preparation of 300. bp 80-90°C/0.08 Torr; JR (neat) 3354 (0-H), 2170
(CCC) cm'; 1H-NMR (200 MHz) 0.20 (s, 9H, H12),0.98 (two d, 3H, J11 ,5=6 Hz, 11 11 ), 1.461.88 (m, 3H, I-L
1and 0j), 2.01-2.23 (m, 1H, H5), 2.44-2.78 (m, 2H, H6), 4.45 (
overlapping
br t, 1H, H3),6.02 (m, 1H, H8), 6.30 (m, 1H, H9), 7.30 (m, 1H, H10).
(5RS).6(2FuryI).5.methyI-1.(trimethyISiIY1)-1-hCXYfl-3-Ofle (
300)
The diastereomeric mixture of 299 (
0.266 g,
1.06 mmol) was oxidized using general procedure 3to
give compound 300 (0.242 g, 0.973 mmol) as a
colorless oil in 91.8% yield following purification by radial plate chromatography (20:1). bp
70-80°C/0.08 Ton; IR (neat) 2150 (CEC), 1676 (conjugated C=0) cm'; 'H-NMR
(200 MHz) 0.25 (s, 9H, H12), 0.98 (d, 3H, J11 ,
5=6.0 Hz, H11 ), 2.34-2.63 (m, 5H, 114 H5 and
H6), 6.03 (dd, 1H, J
8,
10 =0.8 Hz, J
8,
9=3.2 Hz, H8), 6.29 (dd, 1H, J
9,
10 =1.9 Hz, J
9,
8=3.2 Hz,
H9), 7.32 (dd, IH, J10,
8=0.8 Hz, J
10 ,
9=1.9 Hz, H10 ); ' 3C-NMR (
50 MHz) —0.8 (CH3,C12),
19.7 (CH 3,C11 ), 29.4 (CH, C5), 34.8 (CH2,C6), 51.7 (CH2,C4), 97.7 and 102.2 (Cq,Ci and
C2), 106.5 and 110.1 (CH, C8 and C9), 141.2 (CH, C10), 154.0 (Cq,CO, 187.0 (Cq,CO;
Mass spectrum 248 (5, M), 233 ( 10, M-CH3), 125 (44), 109 (90), 108 ( 100, MCH2=C(OH)-CEC-TMS (McLafferty rearr.)); Exact mass calc'd for C14H2o02Si: 248.1233.
Found: 248.1232.
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(SRS)-6-(2-Furyl)-5-methyl-1-hexyn-3-one (292)
A solution of compound 300 (0.122 g, 0.490 mmol) in
acetonitrile (3 mL) in a round bottom flask was cooled
using an ice bath.

Triethylbenzylammonium chloride

(3.9 mg, 0.017 mmol) and 10% aqueous Na2CO3 (3mL) were added. The biphasic mixture
was vigorously stirred with amagnetic stirrer until analysis by TLC (20:1) indicated that the
starting material had been consumed (3minutes). Additional Et2O (
5mL) and H20 (
5mL)
were added to the reaction mixture, and the aqueous phase was extracted with additional
Et2O (3 x 10 mL).

After the combined organic phases had been dried with anhydrous

Na2SO4 and filtered, the solvent was removed in vacuo to give 292 (0.0786 g, 0.446 mmol)
as a colorless oil in 91.0% yield after purification by distillation under reduced pressure
(0.08 Torr). bp 40-50 °C/0.08 Torr; 'H-NMR (200 MHz) 0.99 (d, 3H, Ji,s=6.2 Hz, H11 ),
2.40-2.67 (m, 5H, Il4 H5 and H6), 3.21 (s, 1H, H1), 6.03 (dd, 1H, J
8,
10 =0.8 Hz, J
8,
9=3.1 Hz,
H8), 6.29 (dd, IH, J
9•10 =1.9 Hz, 1
9,
3=3.1 Hz, H9), 7.32 (dd, 1H, Jo,=0.8 Hz, Jo, 9=1.9 Hz,
H10).
Attempted IMDAF Reaction of Compound 292
A solution of freshly distilled 292 (14.7 mg, 0.0834 mmol) in
dry CH2C12 (5mL) was placed in aN2 purged 3-neck round bottom
flask.

The solution was cooled using a —78°C cold bath, and

dimethylaluminum chloride (0.092 mL of 1.OM in hexanes,
0.092 mmol) was added by syringe.

Analysis by TLC (3:1) indicated that the starting

material was consumed within 5 minutes. The reaction was quenched with 10% aqueous
NaHCO3 (5mL) at —78°C and warmed to room temperature.

The aqueous phase was

extracted with additional CH2Cl2 (4x7mL). After the combined organic layers had been
dried with anhydrous Na2SO4 and filtered, the solvent was removed in vacuo to give acrude
mixture containing 301 (
27.8 mg). See Figure 3.2 for the 200 MHz 1H-NMR spectrum of
the crude reaction mixture.
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3Methyl7.(trimethyIsilyl)-11-oxatricyclo[6.2.1.0" 6]undec-6,9-diefl- 5-Ofle (302)
A solution of freshly distilled 300 (0.128 g, 0.5 17 mmol) in dry
CH2C12 (
15 mL) was placed in aN2 purged 3-neck round bottom
flask.

The solution was cooled using a —41°C cold bath, and

dimethylaluminum

chloride

(
0.57

mL

of

1.OM

in

hexanes,

0.57 mmol) was added by syringe. The reaction was stirred at -41°C for 2.5 hours, and was
then quenched with 10% aqueous NaHCO3 (
15 mL) at low temperature. After the mixture
had warmed to room temperature, the aqueous phase was extracted with additional CH2C12
(4 x 15 mL). The combined organic layers were dried with anhydrous Na2SO4 and filtered,
and the solvent was removed in vacuo to give acrude mixture consisting of 300 and 302 in
a 13:87 ratio along with some aromatized byproducts.

Separation by radial plate

chromatography provided 302 (0.0765 mg, 0.308 mmol) as ayellow solid in 59.6% yield.
mp 41-55 °C; '
H-NMR (200 MHz) 0.20 (s, 9H, H12), 1.09 (d, 3H, J11 ,
3=6.1 Hz, H11 ), 2.102.94 (m, 5H, H2,H3,and H4), 5.56 (
d, 1H, J8,9=2.0 Hz, H3), 6.87 (d, 1H, Jio,9=5.3 Hz, H10),
7.00 (dd, IH, J
9,
8=2.0 Hz, J
9,
10 =5.3 Hz, H9).
Ethyl (Z)-3-iodopropenoate (307)
Compound 307 was prepared as described in the literature.'

A

mixture of freshly distilled ethyl propynoate ( 1.14 g, 11.6 mmol), glacial
acetic acid ( 11.5 mL), and NaT ( 1.92 g, 12.8 mmol) in aN2 purged round
bottom flask was heated to 65°C for 24 hours.

The mixture was then

transferred to a beaker and diluted with H20 (
50 mL) and Et2O (
25 mL).

K2CO3 was

cautiously added until the aqueous phase was basic to pH paper. The aqueous phase was
extracted with Et2O (3x20 mL) and EtOAc (2x20 mL), and the combined organic layers
were washed with saturated aqueous Na2S2O3 (20 mL) and saturated aqueous NaCi (2x20
mL).

After the organic layers had been dried with anhydrous NazSO4 and filtered, the

solvent was removed in vacuo to give 307 (2.34 g, 10.4 mmol) as a colorless liquid in
88.9% yield following distillation under reduced pressure (H20 aspirator). bp 60-70°C/20
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Torr; ' H-NMR (200 MHz) 1.33 (t, 3H, Js,4=7.2 Hz, H5), 4.26 (
q, 2H, J
4,
5=7.2 Hz, 114), 6.90
(d, 1H, J
2,
3=8.9 Hz, H20.45 (d, 1H, J
3,
2=8.9 Hz, H3).
(E)-6-(2-Furyl)- 1-iodo- 1-hexen-3-ol (309)
Freshly distilled iodide 148 (
0.195 g, 0.828 mmol)
was dissolved in dry Et2O ( 10 mL) in aN2 purged 3-neck
round bottom flask.

The solution was cooled using a

-78°C cold bath, and tert-butyllithium (
1.1 mL of 1.7M in
pentane, 1.9 mmol) was added by syringe.

After 10 minutes, MgBr•Et2O (0.326 g,

1.26 mmol) was added, and the solution was warmed to 0°C and stirred for 1hour.
In aseparate N2 purged 3-neck round bottom flask, asolution of freshly distilled iodo
ester 307 (0.205 g, 0.905 mmol) in dry CH2Ciz (
5mL) was cooled to -78°C, and D]BAL-H
(0.95 mL of 1.OM in hexanes, 0.95 mmol) was added by syringe.

After stirring for 15

minutes at -78°C, the reaction mixture was warmed to 0°C and stirred for an additional hour
to form asolution of iodo aldehyde 308.
The solution of the Grignard reagent prepared from 148 was cooled again with a -78°C
cold bath, and the solution of 308 was added slowly via canula. After the mixture had been
stirred at -78°C for 0.5 hours, saturated aqueous NH4C1 ( 10 mL) was added to quench the
reaction.

The aqueous layer was extracted with additional Et2O (4 x 10 mL), and the

combined organic layers were dried over anhydrous Na2SO4.The solution was filtered, and
the solvent was removed in vacuo to provide compound 309 (0.0436 g,'0.149 mmol) as a
colorless oil in 18.0% yield following purification by flash column chromatography (
5:1).
The oil slowly turned yellow upon standing. bp 60-70 °C/0.05 Torr (some decomposition);
'H-NMR (200 MHz) 1.50-1.88 (
m, 5H, 114, H5,and OH), 2.67 (br t, 2H, J
6,s=7 Hz,

116),

4.11 (
br m, 1H, H3), 6.01 (dd, 1H, J
8,
10 =1 Hz, J
89 =3 Hz, Hg), 6.30 (dd, 1H, J
9,
10 =2 Hz,
J
9,
8=3 Hz, H9), 6.37 (dd, 111, J
1,
3=1 Hz, J
1,
2=15 Hz, H1), 6.59 (dd, 111, J
2,
3=6 Hz, J
2,
1=15 Hz,
H2), 7.32 (dd, 1H, J10,
8=1 Hz, J
10 ,
9=2 Hz, H10).
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(2Z,4RS,6RS)-7-(2-FuryI)-6-methyl
-2-hepten-4-oIide (311) and
(2Z,4RS,6SR)-7-(2-Furyl)-6-methyl-2-hepten-4-olide (
315)
A mixture of diastereomers 311 and 315 was formed
using the methodology of Jefford et al.' 76 A N2 purged 3neck round bottom flask equipped with an addition funnel
containing a solution of freshly distilled iodide 219
(0.215 g,

0.859

mmol)

and

freshly distilled

2-irimethylsiloxyfuran

318 (0.122

g,

0.779 mmol) in dry CH2C12 (6 mL) was charged with silver trifluoroacetate (0.196 g,
0.889 mmol) and dry CH2C1 2 (3mL). The flask was cooled with a -78°C cold bath, and the
solution of 219 and 318 was added slowly. The mixture was allowed to slowly warm to
room temperature, and was stirred for 20 hours, The reaction was diluted with additional
CH2C1 2 ( 10 mL) and was washed with saturated aqueous Na2S2O3 (2x 10 mL). After the
organic phase had been dried over anhydrous Na2SO4 and filtered, the solvent was removed
in vacuo to provide a mixture of compounds 311 and 315 (0.0282 g, 0.137 mmol) in a
combined yield of 17.6% following purification by radial plate chromatography (
50:1
followed by 3:1).

1H-NMR

(200 MHz) of mixture of diastereomers: 1.04 (two overlapping

d, 3H, H12 ), 1.42-1.83 (m, 2H, H5), 2.00-2.32 (m, 1H, H6), 2.62 (overlapping br t, 2H, H7),
5.01-5.18 (br m, lH, H4), 6.03 (m, IH, H9), 6.10 (m, 1H, H2), 6.30 (m, 1H, H,o), 7.31 (m,
1H, H11 ), 7.45 (
m, 1H, H3).
(4RS)-7-(2-Furyl )-2-hepten-4-ohde (319)
Compound 319 was prepared using the methodology
of Jefford et al.' 76 A N2 purged 3-neck round bottom flask
equipped with an addition funnel containing a solution of
freshly distilled iodide 148 (
0.267 g, 1.13 mmol) and freshly distilled 2-trimethylsioxyfuran
318 (
0.159 g, 1.02 mmol) in dry CH2C12 (6 mL) was charged with silver trifluoroacetate
(0.260 g, 1.18 mmol) and dry CH2a 2 (3mL). The flask was cooled with a -78°C cold bath,
and the solution of 148 and 318 was added slowly.

The mixture was allowed to slowly

warm to room temperature, and was stirred for 17 hours. The reaction was diluted with
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additional CH2C1 2 ( 10 mL) and was washed with saturated aqueous Na2SzO3 (2x 10 mL).
After the organic phase had been dried over anhydrous Na2SO4 and filtered, the solvent was
removed in vacuo to provide compound 319 (0.0289 g, 0.150 mmol) in 14.8% yield
following purification by flash column chromatography (3:1). 'H-NMR (200 MHz) 1.511.99 (m, 4H, H5 and H6), 2.68 (br t, 2H, H7), 5.05 (
br in, 1H, 114), 5.99 (
dd, 1H, J
9,
11 =1 Hz,
J
9,
10 =3 Hz, H9), 6.11 (dd, 1H, J
2,
4=1 Hz, J
2,
3=6 Hz, H2), 6.28 (dd, 1H, J
10 ,
11 =2 Hz,
J109 =3 Hz, H10), 7.30 (dd, 1H, J11 ,
9=1 Hz, J
11 ,
10 =2 Hz, H11 ), 7.43 (dd, J
3,
4=1 Hz, J
3,
2=6 Hz,
H3).
High Pressure IMDAF Reaction of Compound 319
The

high

pressure

IMDAF

reactions

were

performed by Dr. I.R. Hunt. A solution of compound
319 (
22.2 mg, 0.115 mmol) in dry CH2Cl2 ( 1.2 mL) was
divided, into two equal portions.

ZnIz (20.0 mg,

0.0627 mmol) was added to one of the two portions,
and then each portion was drawn up into a1mL polypropylene syringe. The syringe tips
were covered with pressure caps, and the syringes were subjected to 14.5 kbar pressure for
24 hours. The solvent was removed in vacuo from the reaction without ZnIz to provide the
crude product which contained products tentatively identified as 320 and 321. The ratio of
319:320:321 was 3.2:1:2.3 based on the integration of the crude 'H-NMR spectrum (See
Figure 3.3). The reaction containing ZnI2 was mixed with H20, and the aqueous phase was
extracted with Et2O.

After the combined organic phases had been dried over anhydrous

Na2SO4 and filtered, the solvent was removed in vacuo to provide amixture of 319, 320
and 321 in aratio of 1.4:1:1.5 based on the integration of the crude 'H-NMR spectrum.
N-Methoxy-N-methyl-2-butynamide (322)
Compound 322 was prepared using the methodology of
Einhorn

et

al. 179

Recrystallized

2-butynoic

acid (0.170 g,

2.02 mmol), N,O-dimethylhydroxylaniine hydrochloride (0.217 g,
2.22 mmol),

carbon tetrabromide (0.737

g,

2.22 mmol),

and
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pyridine (0. 18 mL, 2.2 mmol) were dissolved in dry CH2C12 (
5mL) in aN2 purged 3-neck
round bottom flask. Triphenylphosphine (0.583 g, 2.22 mmol) was added to the reaction
mixture in portions over 5minutes, and the mixture was stirred at room temperature for an
additional 10 minutes. The solvent was removed in vacuo, and the viscous yellow residue
was stirred with a 1:1 mixture of hexanes:EtOAc (20 mL).

The solution was filtered to

remove awhite solid, and the solvent was removed from the filtrate in vacuo to provide 322
(0.162 g, 1.27 mmol) as acolorless oil in 62.9% yield following purification by flash column
chromatography ( 1:1).
1H-NMR

bp 80-90 °C/20 Ton; JR (neat) 2239 (CC), 1635 (C=O) cm';

(200 MHz) 2.03 (s, 3H, H4), 3.23 (br s, 3H, 115), 3.77 (s, 311, 116); Mass spectrum

127 (3, M), 67 ( 100, M-N(CH 3)OCH3).
(6RS)-7.(2-Furyl).6-methyl-2-heptyn-4-Ofle (323)
Iodide 219 ( 1.42 g, 5.67 mmol) was treated with tertbutyffithium (6.9 mL of 1.7M in pentane, 12 mmol) and a
solution of amide 322 (0.652 g, 5.13 mmol) in Et2O
(20 mL) according to general procedure 2 for 1.25 hours
to give compound 323 (0.825 g, 4.34 mmol) as a colorless oil in 84.6% yield following
purification by flash column chromatography (5:1). bp 55-65°C/0.05 Torr; JR (neat) 2216
(CC), 1669 (conjugated C=O) cm'; 'H-NMR (200 MHz) 0.97 (d, 311, J12,
6=6.0 Hz, H12 ),
2.01 (s, 3H, H1), 2.30-2.62 (m, 5H, H5 H6 and 117), 6.01 (dd, 111, J
9,
11 =0.8 Hz, J
9,
10 =3.1 Hz,
H9),

6.29 (dd,

1H,

J10 ,
11 =l.8 Hz,

J10,
9=3.1 Hz,

H10),

7.31 (dd,

1H,

J11 ,
9=0.8 Hz,

J11 ,
10 =1.8 Hz, H11 ); ' 3C-NMR (50 MHz) 4.0 (CH 3,
CO, 19.6 (CH3,C12), 29.4 (CH, CO, 34.8
(CH2,CO, 51.8 (CH 2,C4), 80.4 (
Cq,C3), 89.9 (Cq,Cz), 106.5 and 110.1 (CH, C9 and C10),
141.1 (CH, C11 ), 154.1 (
Cq,CO, 187.4 (Cq,C4); Mass spectrum 190 (3, Mr), 175 (0.4, MCH 3), 108 ( 100, M-CH2=C(OH)-CEC-CH3 (McLafferty rearr.)).
(2Z,6RS)-7-(2.Furyl).6-methyl-2-hepten-4-one (290)
Freshly distilled 323 (0.470 g, 2.47 mmol) was dissolved
in absolute EtOH (
15 mL) in around bottom flask. Lindlar's
catalyst (palladium on calcium carbonate, poisoned with lead,
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50 mg) was added, and the reaction vessel was evacuated with a water aspirator and
backpurged with hydrogen three times. After the reaction had been stirred under aballoon
atmosphere of hydrogen for 3 hours at room temperature, the catalyst was removed by
filtration and the reaction flask and catalyst were washed well with additional ethanol. The
solvent was removed from the combined organic phases in vacuo to give 290 (
0.422 g,
2.19 mmol) as a colorless oil in 88.7% yield following purification by flash column
chromatography (9:1).

bp 45-55°CIO.05 Torr; ' H-NMR (400 MHz) 0.96 (d, 3H,

J12 ,
6=6.6 Hz, H12 ), 2.11 (dd, 311, J
13 =0.8 Hz, J
1,
2=6.3 Hz, H1), 2.28 (dd, 1H, J
5,
6=7.6 Hz,
J
gemlS.3 Hz, one H of H5), 2.43 (m, 1H, H6), 2.49 (dd, 1H, Js, 6=5.4 Hz, J
g =lS.3 Hz, one
H of H5), 2.54-2.65 (
overlapping d of AB q, 2H, H7), 6.01 (dd, 1H, J
9,
11 =1.0 Hz,
J
9,
10 =3.1 Hz, H9), 6.11-6.21 (m, 2H, H2 and H3), 6.28 (dd, 1H, J
10 ,
11 =1.9 Hz, J
10 ,
9=3.1 Hz,
H10), 7.31 (dd, 1H, J11 ,
9=1.0 Hz, J
11 ,
1
0=1.9 Hz, H11).
(289)
and (1RS,3RS,6SR,7RS,8SR)3,7DimethY111-OXatriCYC1O[6.2.1.0" 6]U 11 dec
9-en-5-one (324)
Enone 290 (0.409 g, 2.13 mmol) was
treated with MeAlClz (0.21 mL of 1.OM in
hexanes, 0.21 mmol) for 3 hours according to
general procedure 5 to give a mixture of
cycloadducts 176a, 289, and 324, starting enone 290, and isomerized enone 229.

Flash

column chromatography (5:1) provided starting enone 290 (0.141 g, 0.733 mmol),
isomerized enone 229 (0.0124 g, 0.0645 mmol) and amixture of cycloadducts 176a, 289,
and 324 (
0.238 g, 1.24 mmol). The cycloadducts were obtained in a combined yield of
58.2% (
88.8% based on consumed starting material). For the 200 MHz 1H-NMR spectrum
of the mixture of cycloadducts, see Figure 3.4. ' 3C-NMR (
50 MHz) of the mixture after
removal of the signals due to 176a:

16.7, 17.8, 21.9, 22.7, 25.8, 28.0, 33.9, 35.7, 38.1,

39.0, 47.7, 49.7, 50.9, 51.8, 84.4, 84.5, 88.9, 89.9, 135.9, 136.1, 138.2, 139.1, 210.8,
213.3.
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(1RS,3SR,6SR,7SR,8SR).3,7-Dimethyl.11-oxatricyclo[6.2.1.O" 6]undec-9-efl5-one ((±)- 176a)
Enone (±)-229 (0.360 g, 1.87 mmol) was treated with MeA1C12
(0.19 mL of 1.OM in hexanes, 0.19 mmol) for 3hours according to
general procedure 5 to give amixture of cycloadducts 176a, 176b,
and starting enone 229. Radial plate chromatography (5:1) provided
starting enone 229 (0.0263 g, 0.137 mmol), cycloadduct 176a (0.296 g, 1.54 mmol), and
cycloadduct 176b (
0.0353 g, 0.184 mmol) in yields of 7.3%, 82.4%, and 9.8%, respectively.
Compound (±)- 176a was awhite solid. mp 49-50°C.

All spectral data were identical to

that of (—)- 176a.
(1RS,3RS,5RS,6RS,75R,8SR)3,S,7Trimethyl.11.OxatriCYCIO[6.2.1.O" 6]U11 deC-9- efl 5-ol (327)
Cycloadduct 176a (0.210 g, 1.09 mmol) was treated with
methyllithium (2.0 mL of 1.4M in Et2O, 2.8 mmol) according to
general procedure 6 for 16 hours to give a mixture of 327 and
starting material.

Radial plate chromatography (20:1 benzene:

acetone) provided starting cycloadduct 176a (0.0249 g, 0.129 mmol) and 327 (0.191 g,
0.917 mmol) as awhite solid in 84.1% yield (
95.4% based on consumed starting material).
mp 54.5-55.5°C; IR (KBr) 3495 (0-H) cm'; ' H-NMR (200 MHz) 0.92 (d, 3H,
J13 ,
7=7.1 Hz, H13 ), 0.97 (d, 3H, J
11 ,
3=6.6 Hz, H11 ), 0.97-1.13 (overlapping signals with dand
s, 2H, H6 and l-L) 1.17 (s, 3H, H12), 1.50 (dd, 1H, J
2,
3=12.5 Hz, J
g =l4.l Hz, H), 1.76
(dt, 1H, J
4,
3=J 4,
2=2.1 Hz, J
gn =l3.2 Hz, H), 1.88-2.07 (m, 1H, H3), 2.21 (ddd, 1H,
J2,4=2.1 Hz, J
2,
3=4.2 Hz, J
gcnl4.l Hz, H), 2.63-2.78 (m, 1H, Fl7), 3.28 (br s, 1H, OH),
4.72 (dd, 1H, J
8,
9=l.6 Hz, J
g,=4.9 Hz, Hg), 6.05 (
d, 1H, J10 ,
9=5.8 Hz, H10 ), 6.43 (dd, 1H,
J
9,
8=1.6 Hz, J
910 =5.8 Hz, H9); '
3C-NMR (
50 MHz) 18.0 (CH3,C13 ), 21.9 (CH3,C11 ), 22.8
(CH, C3), 28.9 (CH 3,C12 ), 35.2 (CH, C7), 36.8 and 47.6 (CH2,C2 and C4), 51.3 (
CH, C6),
70.3 (
Cq,C5), 82.0 (CH, C8), 89.7 (Cq,C1), 136.2 and 138.7 (CH, C9 and Cio); Mass
spectrum 208 (weak, M), 190 ( 16, M-H20), 175 (
15, M-H20-CH3), 108 ( 100, M-H20-
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CH2=C(CH 3)CH=CHCH3 (retro-IMDAF, McLafferty rearr.)); Exact mass calc'd for
C13 H2002:208.1463. Found: 208.1449.
(1RS,3RS,5RS,6RS,7SR,8SR).5Methoxy-3,5,7trimethyI-11-OXatriCYC1OE6. 2.
1.
0"
61
undec-9-ene ( 177)
Potassium hydride (0.162 g of 35% dispersion in mineral oil,
1.41 mmol), freed from mineral oil by washing with dry THF (3x
4mL), was suspended in dry THF (5 mL) in a N2 purged 3-neck
round bottom flask equipped with an addition funnel containing a
solution of freshly sublimed (50-60°C/0.05 Torr) compound 327
(0.184 g, 0.883 mmol) in dry THF (
5mL). The solution of 327 was added slowly to the
KH suspension while the reaction was cooled with an ice bath.

When the addition was

complete, the reaction was warmed to room temperature and stirred for 15 minutes.
lodomethane (0.33 mL, 3.9 mmol), purified by passage through basic alumina immediately
before use, was then added to the slightly yellow solution.

After the resulting cloudy

solution had been stirred for 20 hours at room temperature, saturated aqueous NH4CI
(10 mL) and Et2O (20 mL) were added. The aqueous phase was extracted with Et2O (4x
15 mL), and the combined organic layers were dried over anhydrous Na2SO4. The drying
agent was removed by filtration, and the solvent was removed in vacuo to give 177
(0.196 g, 0.881 mmol) as a colorless oil in 99.8% yield following purification by flash
column chromatography (5:1).

bp 50-60°C/0.045 Toff; IR (neat) 1077 (
C-O) cm';

'H-NMR (200 MHz) 0.81 (dd, 1H, J
4,
3=11.7 Hz, J
5 =l3.8 Hz, H.1 ), 0.89 (d, 3H,
J14 ,
7=7.1 Hz, H 4), 0.94 (d, 3H, J
11 ,
3=6.7 Hz, H11 ), 0.89-0.94 (overlapping signal with
doublets, 1H, H6)1.15 (s, 3H, H12), 1.48 (dd, 1H, J
2,
3=12.3 Hz, J
5 =14.6 Hz, H), 1.791.92 (m, IH, H3), 1.98 (dt, 1H, J
43 =J4,
2=2.1 Hz, J
8 =l3..8 Hz, H q), 2.23 (ddd, 1H, J
2,
4=2.1
Hz, J
23 =3.9 Hz, J
8 =l4.6 Hz, H2c q), 2.72-2.82 (m, 1H, H7), 3.16 (s, 3H, H13 ), 4.71 (dd, 1H,
J
8,
9 1.6 Hz, Jsi=4.7 Hz, H8), 6.06 (d, 1H, J
10 ,
9=5.6 Hz, H10 ), 6.33 (dd, 1H, J
9,
8=1.6 Hz,
J
9,
10 =5.6 Hz, H9); ' 3C-NMR (
50 MHz) 18.5 (CH3,C14), 22.1 (CH3,C11 ), 22.7 (CH, C3),
24.8 (CH 3,C12 ), 33.4 (CH, C7), 37.8 and 41.6 (CH2,C2 and C4), 48.7 (CH3,C13 ), 54.2 (CH,
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C6), 73.8 (
Cq,C5), 81.8 (CH, C8), 88.3 (Cq,CO, 135.2 and 140.8 (CH, C9 and C10); Mass
spectrum 222 (
0.5, M), 207 (2, M-CH3), 190 (6, M-CH3OH), 109 (
57), 108 ( 100, MCH 3OH-CH2=C(CH 3)-CH=CHCH3 (retro-IMDAF, McLafferty rearr.)), 99 ( 100); Exact
mass calc'd for C14 H22 02:222.1620. Found: 222.1623.
See section 5.3 for the

SN2'

ring opening reaction of 177 with methyffithium.

(1RS,2RS,3RS,4RS,8RS,10SR)3(PhenyJmethoxy)10.methoxy-2,4,8,10-tCtramethYI bicyclo[4.4.0ldec-S-ene (330)
Potassium hydride (64.1 mg of 35% dispersion in
mineral oil, 0.559 mmol), freed from mineral oil by
washing with dry THF (3x3mL), was suspended in
dry THF (3mL) in aNz purged 3-neck round bottom
flask equipped with an addition funnel containing a
solution of freshly distilled compound 180a (
32.0 mg, 0.134 mmol) in dry 'IHF (3mL). The
solution of 180a was added slowly to the KH suspension while the reaction was cooled with
an ice bath.

When the addition was complete, the reaction was warmed to room

temperature and stirred for 2 hours. Benzyl bromide (0.018 mL, 0,15 mmol), purified by
passage through basic alumina immediately before use, was then added to the yellow
solution.

The resulting cloudy solution was stirred for 16 hours at room temperature.

Saturated aqueous NH4C1 (
5 mL) and Et2O ( 10 mL) were then added, and the aqueous
phase was extracted with Et2O (4 x 10 mL). After the combined organic layers had been
dried over anhydrous Na2SO4 and filtered, the solvent was removed in vacuo to give 330
(36.2 mg, 0.110 mmol) as acolorless oil in 82.1% yield following purification by radial plate
chromatography (30:1).

IR (neat) 1457 (aromatic C=C ring stretch), 1077 (C-O) cm';

'H-NMR (200 MHz) 0.88, 1.06, and 1.18 (three d, 3H each, J=6.2 Hz, J=6.9 Hz, J=6.4 Hz,
H11 ,H17 ,and H18 ), 0.93 (dd, 1H, J
9,
8=11.7 Hz, J
g =l4.2 Hz, H9 ), 1.21 (s, 3H, 14 19 ), 1.451.71 (m, 3H), 1.88-1.97 (m, lH), 2.04-2.22 (m, 2H), 2.42-2.58 (m, 1H, H2), 3.08 (s, 3H,
H20), 3.18 (dd, IH, J
3,
4=4.9 Hz, J
3,
2=10.7 Hz, H3), 4.39 (half of AB q,1H, J
gemll.S Hz,
H12), 4.66 (half of AB q,1H, J
8 =11.5 Hz,

1112),

5.56 (br d, 1H, J
5,
4=6.7 Hz, H5), 7.23-7.43
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(m, 5H, H14 ,H15 ,and H16); ' 3C-NMR (
50 MHz) 14.2, 21.8, 21.9, and 23.6 (CH3,C11 ,C17 ,
C18, and C19 ), 28.8, 29.3, 30.2, and 55.8 (
CH, C1,C2,C4,and C8), 43.3 and 44.4 (CH2,C7

and C9), 48.3 (CH 3,C20), 70.6 (CH2,C12), 76.6 (Cq,C10), 83.5 (
CH, C3), 124.6 and 127.3
(CH, C5 and C16 ), 127.9 and 128.2 (CH, C14 and C15 ), 137.3 and 139.2 (Cq,C6 and C13 );
Mass spectrum No M, 296 ( 10, M-MeOH), 205 (
4, M-BnOH-CH3), 190 (87, M-BnOH2CH 3), 175 (
81, M-BnOH-3CH3), 161 (62), 147 ( 16), 119 (34), 105 (44), 91(100,
C6H5CH 24).
Attempted Ozonolysis of Compound 330
A solution of compound 330 (
22.3 mg, 0.0679 mmol) in dry CH2Cl2 (
5mL) in an oven
dried round bottom flask was cooled with a -78°C cold bath.

A stream of oxygen and

ozone was bubbled into the cooled solution until ablue color persisted, and N2 was then
bubbled into the solution until the blue color was discharged. Dimethyl sulfide (0.10 mL,
1.4 mmol) was added to the reaction mixture which was then warmed to room temperature
and stirred for 3hours. The solvent was removed in vacuo, and the residue was dissolved in
Et2O (
5mL). The organic phase was washed with saturated aqueous NaCi ( 1mL) and then
dried with anhydrous NazSO4. The solution was filtered, and the solvent was removed in
vacuo to provide acrude product. ' H-NMR analysis showed that the crude product was
composed of a complex mixture of compounds.

Similar results were obtained when

anhydrous MeOH was substituted for CH2C12.
5.6

Experimental Procedures Pertaining to Chapter 4

(tRS,3RS,6RS,7SR,8SR)3,7.Dimethyl5methylidefle-11-OXatriCYC1O[6

2.
1.
0"
6I
-

undec-9-ene ( 178)
A N2 purged 3-neck round bottom flask equipped with an
addition funnel containing asolution of cycloadduct 176a ( 1.396 g,
7.260 mmol) in dry THF (40 mL) was charged with methyltriphenylphosphonium bromide (3.880 g, 10.86 mmol) and dry ThF (70 mL)
and was cooled with an ice bath. n-Butyllithium (4.3 mL of 2.5M in hexanes, 11 mmol) was
added to the suspension of the phosphonium salt, and the reaction was warmed to room
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temperature and stirred for 30 minutes. After the solution of 176a had been added dropwise
to the resulting clear orange solution, the reaction was stirred an additional 2hours at room
temperature.

The cloudy orange solution was then quenched with wet Et2O ( 100 mL),

dried over anhydrous Na2SO4,and filtered. The solvent was removed from the filtrate in
vacuo to give 178 ( 1.314 g, 6.906 mmol) as a colorless liquid in 95.1% yield following
purification by flash column chromatography (9:1). bp 30-40 °C/0.05 Toff; JR (neat) 1638
(C=C) cni'; ' H-NMR (200 MHz) 0.97 and 0.99 (two overlapping d, 6H, J=5.6 Hz,
J=7.1 Hz, H11 and H13 ), 1.58-1.82 (m, 4H), 2.21-2.38 (m, 2H) 2.43-2.58 (
m, 1H, 117), 4.73
(dd, 1H, J
8,
9=1.6 Hz, J
g,
7=4.7 Hz, H8), 4.73 (br s, 111, H12 ), 4.92 (br m, 1H, H12 ), 6.17 (d,
1H, J10,
9=5.7 Hz, H10 ), 6.34 (dd, 1H, J
9,
8=1.6 Hz, J 0=5.7 Hz, H9); ' 3C-NMR (
50 MHz)
17.4 (CH 3,C13), 22.2 (CH 3,C11 ), 28.8 (CH, CO, 38,1 and 44.2 (CH2,C2 and C4), 40.2 (CH,
C7), 49.4 (CH, C6), 82.3 (CH, Cs), 89.3 (
Cq,C1), 110.0 (CH2,C12), 134.3 and 140.1 (CH,
C9 and C10), 149.0 (Cq,Cs); Mass spectrum 190 (27, M b), 175 (
2, M-CH3), 108 ( 100, MCH2=C(CH 3)-CH=CHCH3); Exact mass calc'd for C13 H18 0: 190.1358. Found: 190.1341.
See section 5.3 for the SN2' ring opening reaction of 178 with methyllithium.
(1RS,3SR,6SR,7RS,8RS)-3,7-Dimethyl.5-methylidene-11-OXatriCYCIO[6.2.L0"6]undecane (370)
A solution of 178 (
45.2 mg, 0.238 mmol) in anhydrous MeOH
(5 mL) was treated with 2,4,6-iriisopropylbenzenesulfonyl hydrazide
(0.143 g, 0.479 mmol) at room temperature for 1.25 hours.

The

methanol was removed in vacuo, and the residue was dissolved in
Et2O (10 mL) and washed with 5% aqueous Na11CO3 (3x5mL). After the organic phase
had been dried over anhydrous Na2SO4 and filtered, the solvent was removed in vacuo to
give 370 (39.7 mg, 0.206 mmol) as acolorless liquid in 86.6% yield following purification
by flash column chromatography (9:1). bp <25°C/0.05 Ton; IR (neat) 1637 (C=C) cm';
'H-NMR (200 MHz) 0.94 (d, 3H, J11 ,
3=6.1 Hz, H11 ), 1.12 (d, 3H, J
13 ,
7=7.2 Hz, H13 ), 1.322.10 (m, 9H), 2.29-2.47 (m, 2H), 4.31 (t, 1H, J
8,=J8,
7=5.0 Hz, H8), 4.68 (br m, 1H, H12 ),
4.81 (br m, IH, H12 ); '
3C-NMR (
50 MHz) 16.5 (CH3,C13 ), 22.2 (CH3,C11 ), 24.4, 36.9,
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40. 1, and 43.7 (CH 2,C2,C4,C9and C10), 29.4 (CH, C3), 42.9 (CH, C7), 54.3 (CH, C6), 80.8
(CH, C8), 86.4 (
Cq,Ci), 107.6 (CH 2,C12), 150.5 (
Cq,Cs); Mass spectrum 192 ( 100, M),
177 (76, M-CH 3), 163 (92), 148 (77), 135 (30), 133 (30), 119 (31), 107 (44), 93 (
56);
Exact mass calc'd for C13 H200: 192.15 14. Found: 192.1507.
(1RS,2RS,3RS,4RS,8SR,1OSR)2,4,8,1OTetramethyIbicycIo[4.4.O1deC-5-efl- 3-OI (368)
and (
1RS,2RS,3RS,4RS,8SR,1ORS)2,4,8,1OTetramethy1bicYCIO[4.4.O]deC-Sen-3-ol (371)
Compound 181a (
0.755 g, 3.66 mmol)
was dissolved in a mixture

of EtOH

(100 mL) and benzene ( 10 mL) in around
bottom flask.

Platinum oxide hydrate

(50 mg) was added, and the reaction vessel was evacuated with a water aspirator and
backpurged with hydrogen three times. After the reaction had been stirred under aballoon
atmosphere of hydrogen for 2 hours at room temperature, the catalyst was removed by
filtration, and the reaction flask and catalyst were washed well with additional ethanol. The
solvent was removed from the combined organic phases in vacuo to give acrude reaction
mixture. Integration of the alkene signals in the crude 'H-NMR spectrum showed aratio of
368:371 of 27:1. Separation by flash column chromatography (9:1) provided 368 (0.669 g,
3.21 mmol) and 371 (
0.0255 g, 0.122 mmol) in yields of 87.7% and 3.33%, respectively.
Compound 368 was awhite solid. mp 105-106 °C; JR (KBr) 3259 (0-H) cm'; 1H-NMR
(200 MHz) 0.81, 0.85, and 1.02 (three d, 3H each, J=7.0 Hz, J=6.0 Hz, J=6.2 Hz, H11 ,H13 ,
and H14 ), 0.96 (d, 3H, J12 ,=7.0 Hz, H12), 1.12-1.29 (m, 1H), 1.43-1.82 (m, 611), 2.06-2.19
(m, 2H), 2.20-2.36 (m, 1H, H4), 3.49 (dd, 1H, J
3 =5.4 Hz, J
3,
2=10.7 Hz, H3), 5.45 (
dt, 1H,
J
5.
1=J 5.
7=1.8 Hz, J
54 =6.2 Hz, H5); ' 3C-NMR (
50 MHz) 14.3, 14.4, 15.5, and 22.5 (
CH3,C11 ,
C12 ,C13 ,and C14 ), 26.7, 30.1, 31.7, 35.2, and 49.0 (CH, C1, C2,C4,C8,and C10 ), 42.8 and
43.7 (CH 2,C7 and C9), 75.0 (CH, C3), 125.6 (CH, C5), 136.2 (Cq,C6); Mass spectrum 208
(19, M), 190 ( 12, M-H20), 175 (32, M-H20-CH3), 150 ( 100, retro Diels-Alder), 135 (60,
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M-CH 3 retro Diels-Alder); Analysis calc'd for C14H240: C, 80.69; H, 11.63.

Found:

C, 80.39; H, 11.33.
Compound 371 was aviscous colorless oil.

bp 60-70°C/0.08 Ton; JR (neat) 3406

(0-H) cm-'; ' H-NMR (200 MHz) 0.90, 0.96, 1.01, and 1.05 (four d, 3H each, J=6.1 Hz,
J=7.0 Hz, J=6.4 Hz, J=7.4 Hz, H11 ,H12 ,H13 ,and H14), 1.13-1.74 (m, 7H), 2.07-2.21 (m,
2H), 2.28-2.43 (m, 1H, 1-14), 3.51 (hr s, 1H, Fl3), 5.09 (br s, 1H, Hs); ' 3C-NMR (
50 MHz)
16.5, 20.2, 20.7, and 22.4 (CH3,C11 ,C12,C13 ,and C14), 31.0, 34.6, 34.7, 39.2, and 49.8
(CH, C1,C2,C4,C8,and C10), 45.2 and 45.7 (
CH2,C7 and C9), 75.0 (
CH, C3), 120.6 (CH,
Cs), 139.6 (
Cq,C6); Mass spectrum 208 (6, M i), 190 (2, M-H20), 175 (5, M-H20-CH3),
150 ( 100, retro Diels-Alder), 135 (72, M-CH3 retro Diels-Alder); Exact mass calc'd for
C14 H0: 208.1827. Found: 208.1814.
(2RS,3RS,4RS,8SR,1OSR)2,4,8,iOTetramethYIbiCYCIO[4.4.O]deC-l(6)efl30l (372)
A stirred

mixture

of freshly

sublimed

368 ( 17.6

mg,

0.0845 mmol) and sodium iodide (27 mg, 0.18 mmol) in dry
acetonitrile (
5 mL) was treated with freshly distilled TMSC1
(0.022 mL, 0.17 mmol) for 40 minutes at room temperature. The
reaction was diluted with Et20 ( 10 mL) and washed successively with H0 (2 mL), 10%
aqueous Na 2S203 ( 1mL), and saturated aqueous NaCl ( 1mL). After the organic phase had
been dried over anhydrous Na2SO4 and filtered, the solvent was removed in vacuo to give
372 ( 17.4 mg, 0.0835 mmol) as aviscous colorless

oil

in 98.9% yield following purification

by distillation under reduced pressure (0.05 Ton). bp 60-70°C/0.05 Ton; JR (neat) 3423
(0-H) cm-'; ' H-NMR (200 MHz) 0.93, 0.99, 1.00, and 1.01 (dand three overlapping d, 3H
and 9H, J=6.3 Hz, J=7.1 Hz, J=7.1 Hz, J=6.4 Hz, HII ,H, H 3,and H14), 1,23-1.95 (m,
9H), 2.23-2.30 (br m, 2H), 3.50 (t, 1H, 1
3,
2=J3,
4=2.1 Hz, H3); ' 3C-NMR (50 MHz) 17.7,
18.4, 20.0, and 22.1 (CH 3,C11 ,C12 ,C13 ,and C14), 23.6, 27.9, 29.8, and 38.9 (CH, C2,C4,
C8,and C10 ), 34.2, 39.3, and 39.4 (CH?,C5,C7,and C9), 75.8 (CH, C3), 126.5 and 133.2
(Cq,C1 and C6); Mass spectrum 208 (23, M'), 190 (
35, M-H20), 175 ( 100, M-H20-CH3),
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161 ( 13), 150 (27, retro Diels-Alder), 147 ( 18), 135 (39, M-CH3 retro Diels-Alder), 121
(37), 119 (48), 105 (90).
Methyl O.(2RS,3RS,4RS,8SR,1OSR)2,4,8,1OtetramethylbicyClO[4.4.O]deC-l(6)-efl

3

Yl

dithiocarbonate
Potassium hydride (36.1 mg of 35% dispersion in
mineral oil, 0.315 mmol), freed from mineral oil by
washing with dry THF (3x 1mL), was suspended in dry
THF ( 1mL) in a N2 purged 3-neck round bottom flask
equipped with adropping funnel containing a solution of freshly distilled 372 (
15.1 mg,
0.0725 mmol) in dry THF (
5 mL).

The solution of 372 was added slowly to the KH

suspension while the reaction was cooled with an ice bath.

When the addition was

complete, the reaction was warmed to room temperature and stirred for 2 hours.

Dry

carbon disulfide (0.022 mL, 0.37 mmol) was added, and the reaction was stirred an
additional 2hours. lodomethane (0.023 mL, 0.37 mmol), purified by passage through basic
alumina immediately before use, was then added to the dark yellow solution.

After the

resulting cloudy solution had been stirred overnight at room temperature, saturated aqueous
NI-L1C1 (2mL) was added, and the flask was purged with N2 to remove excess CS 2. The
residue was taken up into saturated aqueous NaCl ( 1mL) and Et2O ( 10 mL), and the
aqueous phase was extracted with additional Et2O (3 x 5mL).

The combined organic

phases were dried over anhydrous Na2SO4.The solution was filtered, and the solvent was
removed in vacuo to give the xanthate ( 13.7 mg, 0.0459 mmol) as aslightly yellow oil in
63.3% yield following purification by flash column chromatography ( 100% hexanes).
'H-NMR (200 MHz) 0.93, 0.94, 0.99, and 1.04 (two sets of two overlapping d, 6H each,
J=7.0 Hz, J=6.3 Hz, J=6.7 Hz, J=7.1 Hz, H11 ,H12 ,H13 ,and H14), 1.25-1.61 (m, 3H), 1.732.29 (m, 6H), 2.49 (s, 3H, H15 ), 2.50-2.60 (m, 1H), 5.58 (t, 1H, J3,
2=J 3,
4=2.5 Hz, H3).
(2RS,4RS,8RS,I ORS)2,4,8,1O-Tetramethylbicyclo[4.4.0]deC-1(6)-efle (373)
A mixture of the xanthate prepared from 372 ( 13.0 mg, 0.0435 mmol), TTMSS
(0.0 14 mL, 0.045 mmol), and AIBN (0.7 mg, 0.004 mmol) in dry toluene ( 1 mL) was
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heated to 90°C in aN2 purged round bottom flask equipped with a
reflux condenser for 1.25 hours. The solvent was removed in vacuo
to give 373 (6.8 mg, 0.035 mmol) as acolorless oil in 81% yield
following purification by flash column chromatography ( 100%
hexanes).

bp 100-110 °C/20 Toff; IR (neat) 1626 (C=C) cm'; 'H-NMR (200 MHz, See

also Figure 4.2) 0.92 (d, 6H, J=6.2 Hz) and 0.99 (d, 6H, J=7.1 Hz, H11 ,H12 ,H13 ,and H14),
1.22-1.61 (m, 6H), 1.62-1.89 (m, 4H), 2.15-2.37 (
m, 2H);

13 C-NMR

(50 MHz, See also

Figure 4.3) 20.1 and 22.3 (CH 3,C11/C14 and C1ilC13), 23.8 and 29.9 (CH, CilC10 and
C4/C8), 39.6 and 39.9 (CH2,C3/C9 and C5/C7), 126.6 and 136.2 (Cq,C1 and C6); Mass
spectrum 192 (54, Mb), 177 (70, M-CH3), 150 ( 13, retro Diels-Alder), 149 (88), 135 ( 16,
M-CH 3 retro Diels-Alder), 122 (36), 121 (36), 107 (50), 105 (20), 95 (
26), 93 (31), 91
(35), 81(29), 79 (22), 77 (23), 69 (22), 55 (
47), 41(100); Exact mass calc'd for Ci4Hv:
192.1878. Found: 192.1871.
Methyl O-3-( 1RS,2RS,3RS,4RS,8SR,1OSR)2,4,8,1O.tetramethyIbiCYC1O[4.
4.O]deC 5.en-3-yl dithiocarbonate (375)
Potassium hydride (0.323 g of 35% dispersion in
mineral oil, 2.82 mmol), freed from mineral oil by washing
with dry THF (
3 x 3mL), was suspended in dry THF
(4 mL) in a N2 purged 3-neck round bottom flask
equipped with adropping funnel containing a solution of freshly sublimed 368 (0.196 g,
0.941 mmol) in dry THF (
20 mL).

The solution of 368 was added slowly to the KH

suspension while the reaction was cooled with an ice bath. Once the addition was complete,
the reaction was warmed to room temperature and stirred for 2hours. Dry carbon disulfide
(0.29 mL, 4.8 mmol) was added, and the reaction was stirred an additional 2 hours.
lodomethane (0.29 mL, 4.7 mmol), purified by passage through basic alumina immediately
before use, was then added to the bright yellow solution. After the resulting cloudy solution
had been stirred overnight at room temperature, saturated aqueous NH4C1 (8 mL) was
added, and the flask was purged with N2 to remove excess CS 2.The residue was taken up
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into saturated aqueous NaCl (4mL) and Et2O (
25 mL), and the aqueous phase was
extracted with additional Et2O (4x 10 mL). The combined organic phases were dried over
anhydrous NazSO4 and filtered. The solvent was removed from the filtrate in vacuo to give
375 (0.280 g, 0.938 mmol) as alight yellow viscous oil in 99.7% yield following purification
by flash column chromatography (50:1). IR (neat) 1665 (C=C) cm 1; 'H-NMR (200 MHz)
0.85, 0.86, and 0.97 (two overlapping d and two coincident d, 6H each, J=7.0 Hz,
J=5.9 Hz, J=6.9 Hz, H11 ,H12 ,H13 ,and H14), 1.14-1.28 (m, 1H), 1.47-1.77 (m, 3H), 1.872.23 (m, 4H), 2.58 (s, 3H, H16), 2.68-2.85 (m, 1H), 5.42 (
br d, 1H, J
5,
4=6.2 Hz, Hs), 5.55
(dd, 1H, J
3,
4=5.6 Hz, J
3,
2=1 1.5 Hz, H3); ' 3C-NMR (
50 MHz) 14.3, 15.3, 15.4, 18.7, and
22.5 (CH 3,CII, C12, C13, C14 ,and C16), 26.5, 29.9, 29.9, 31.5, and 48.9 (CH, Ci, C2,C4,C8,
and C10), 42.5 and 43.4 (CH2,C7 and C9), 87.9 (CH, C3), 124.6 (CH, C5), 136.4 (
Cq,C6),
215.6 (
Cq,C15); Mass spectrum 298 (0.1, M), 190 ( 100, M-CH3SC(0)SH), 175 (40, MCH3SC(0)SH-CH 3), 150 (
5, retro Diels-Alder), 147 (39), 135 (
21, M-CH3 retro DielsAlder), 133 ( 14), 121 (21), 120 (36), 119 (
50), 105 (62); Exact mass calc'd for C14H22 (MCH 3SC(0)SH): 190.1722. Found: 190.1720.
(3RS,5RS,6SR,7RS,9RS)3,5,7,9-TetramethyIbicyclo[4.4.O]dec-1-efle (367)
A mixture of 375 (
0.220 g, 0.737 mmol), TTMSS (0.24 mL,
0.78 mmol), and AJBN ( 12.1 mg, 0.0737 mmol) in dry toluene
(11 mL) was heated to 90°C in a N2 purged round bottom flask
equipped with a reflux condenser for 2 hours.

The solvent was

removed in vacuo to give 367 (0.104 g, 0.540 mmol) as a colorless oil in 73.3% yield
following purification by flash column chromatography ( 100% hexanes). The product was
usually contaminated by a small amount of a nonpolar impurity ('H-NMR 0.22 ppm, s)
which was removed after the double bond cleavage reaction.

bp 100-110°C/20 Torr; JR

(neat) 1665 (C=C) cni'; ' H-NMR (200 MHz) 0.80, 0.85, 0.93, and 0.97 (four d, 3H each,
J=7.1 Hz, J=5.9 Hz, J=6.4 Hz, J=7.1 Hz, H11 ,H12 ,H13 ,and H14), 1.17-1.71 (m, 8H), 2.022.29 (m, 3H), 5.43 (br d, 1H, J
23 =4.4 Hz, H2); ' 3C-NMR (
50 MHz) 14.7, 20.6, 21.2, and
22.6 (CH 3,C11 ,C12 ,C13 ,and C14), 27.0, 27.0, 28.1, 31.3, and 47.9 (CH, C3,C5, C6,C7,and
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C9), 37.7, 43.3 and 44.5 (
CH2,C4,C8 and C10), 127.3 (
CH, C2), 136.2 (Cq,CO; Mass
spectrum 192 (
73, Mb), 177 ( 100, M-CH3), 150 (27, retro Diels-Alder), 149 (90), 137 (
58),
135 (30, M-CH 3 retro Diels-Alder), 122 (43), 121 (37), 107 (63); Exact mass calc'd for
C14 H: 192.1878. Found: 192.1867.
(2RS,4RS)-4-(( 1SR,4RS,6RS).4,6DimethyI2oxocycIohexY1)-2-methY1PentanaI (366)
A solution of ruthenium tetroxide in carbon tetrachloride was prepared as previously
described228 immediately before the reagent was required.

Ruthenium dioxide hydrate

(58.1 mg, 0.385 mmol) was added to asolution of sodium periodate (0.20 g, 0.94 mmol) in
water (2.5 mL).

The mixture was stirred for 40 minutes, and CCL1 (
5mL) was added.

Additional aqueous sodium periodate (0.20 g, 0.94 mmol) in water (2mL) was added to
stabilize the solution. The bright yellow CCLIlayer was withdrawn and used as required.
A solution of freshly distilled 367 (
47.4 mg, 0.246 mmol) in
9:1 acetone:HzO ( 10 mL) was treated with the prepared solution
of RuO4 (
3.5 mL of 0.077M, 0.27 mmol).

As soon as the

addition of the RuO4 solution was complete, the black reaction
mixture was transferred to asilica gel column and eluted with 3:1
hexanes:acetone to remove the black ruthenium dioxide.

The solvent was removed in

vacuo, and the crude product was purified by flash column chromatography (9:1) to provide
starting material ( 10.9 mg, 0.0567 mmol) and 366 (32.9 mg, 0.147 mmol) in 59.8% yield
(77.7% based on consumed starting material).
colorless oil.

Compound 366 was characterized as a

bp 70-80°C/0.055 Toff; IR (neat) 2699 (aldehyde C-H), 1723 (aldehyde

C=O), 1706 (ketone C=O) cm'; '
H-NMR (200 MHz) 0.76, 0.83, 1.01, and 1.18 (four d,
3H each, J=7.2 Hz, J=6.7 Hz, J=6.0 Hz, J=7.0 Hz, H5,H12 ,H13 ,and H14), 1.23-1.78 (m,
4H), 1.80-2.55 (m, 7H), 9.59 (d, 1H, J1,
2=1.9 Hz, H1); '
3C-NMR (
50 MHz) 13.1, 13.4,
15.1, and 22.4 (
CH 3,C5,C12 ,C13 ,and C14,26.3, 31.3, and 33.9 (CH, C4,C9,and C11 ), 36.6
and 41.9 (CH 2,C3 and C10 ), 44.6 (
CH, C2), 51.8 (CHZ,C8), 60.0 (CH, C6), 205.3 (CH, CO'
212.1 (
Cq,CO; Mass spectrum 224 (2, M b), 209 (2, M-CH3), 177 (6), 163 (3), 153 (32, MCHO-CH 3CH=CH2), 126 (40, M-CH2=CHCH2CH(CH3)CHO (
McLafferty ream)), 111
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(100, M-CH 2=CHCH2CH(CH 3)CHO-CH3 (McLafferty rearr.-CH3)); Exact mass calc'd for
C34 HO2:224.1776. Found: 224.1779.

cyclohexanone (381)
A solution of sodium borohydride ( 13.7 mg, 0.362 mmol) in
3:7 ethanol:CH2C12 ( 1.4 mL) in around bottom flask was cooled
with a -78°C cold bath.

A solution of 366

(14.4 mg,

0.0642 mmol) in 3:7 ethanol:CH2C12 ( 1.3 mL) was added to the
cold reaction mixture. After the mixture had been stirred at -78'C
for 2.25 hours, freshly distilled acetaldehyde (0.3 mL) was added to quench the reaction.
The solution was warmed to room temperature, diluted with CH2Cl2 (6 mL), and washed
with 10% aqueous NaHCO3 ( 1mL). The organic phase was dried over anhydrous Na2SO4
and filtered. The solvent was removed from the filtrate in vacuo to provide 381 (
14.5 mg,
0.0640 mmol) as a colorless oil in 99.8% yield following purification by flash column
chromatography (3:1). JR (neat) 3400 (0-H), 1704 (C=0) cm'; 'H-NMR (200 MHz) 0.76,
0.82, and 0.99 (two dand an apparent tcomposed of two dat 0.98 and 1.01; 3H, 3H, and
6H, J=7.2 Hz, J=6.7 Hz, J=6.6 Hz, J=5.3 Hz, H11 ,H12 ,H13 ,and H14), 1.12-1.30 (m, 1H),
1.49-2.33 (m, IOH), 2.44-2.56 (
m, 1H), 3.41 (d, 2H, J10,
9=7.5 Hz, Hio); ' 3C-NMR
(50 MHz) 13.4, 15.5, 15.8, and 22.4 (CH3,C11, C12 ,C13 ,and C14), 25.6, 31.4, 33.7, and
33.9 (CH, C3,C5,C7,and C9), 39.7 and 41.9 (CH2,C4 and C8), 51.9 (
CH2,Cr'), 60.6 (CH,
C2),69.1 (CH2,C 0), 213.0 (Cq,CO; Mass spectrum 226 (4, M), 208 (4, M-H20), 193 ( 14,
M-H20-CH 3), 126 (
52, M-CH2=CHCH2CH(CH3)CH2OH (McLafferty rearr.)), 111(100,
M-CH2=CHCH 2CH(CH 3)CH2OH-CH3 (McLafferty rearr.-CH3)); Exact mass calc'd for
C14H2602:226.1933. Found: 226.1930.
(2RS,3SR,5SR)2((1SR,3SR).4.(tert-ButyldiphenyIsi1oxy)-1,3-dimethY1bUtY1)-3,5dimethyl-1-cyclohexanone (
382)
A mixture of 381 ( 12.7 mg, 0.0561 mmol), DMAP (
10.3 mg, 0.0843 mmol), and
freshly distilled TBDPSCI (
0.022 mL, 0.085 mmol) in dry CH2C12 (1mL) was stirred for 16
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hours in aN2 purged round bottom flask. The reaction was then
diluted with additional CH2Cl2 ( 10 mL) and washed successively
with H20 (1mL) and saturated aqueous NHC1 ( 1mL). After the
organic phase had been dried over anhydrous Na2SO4 and filtered,
the solvent was removed in vacuo to give 382 (25.1 mg, 0.0540
mmol) as awhite solid in 96.3% yield following purification by
flash column chromatography (9:1).
1465,

1424 (aromatic

C=C

ring

JR (KBr) 1707 (C=O),
stretch)

cm'; 'H-NMR

(200 MHz) 0.78, 0.97, and 1.01 (apparent tcomposed of two dat 0.76 and 0.80 and two d,
6H, 3H, and 3H, J=7.1 Hz, J=6.6 Hz, J=6.7 Hz, J=6.2 Hz, H11 ,H12 ,H13, and H14), 1.06 (s,
9H, H16), 1.12-1.37 (m, 2H), 1.50-2.32 (
m, 8H), 2.44-2.55 (
m, 1H), 3.33-3.51 (
overlapping
dof AN, 2H, H10 ), 7.28-7.48 and 7.61-7.71 (m, 6H and 411, H18 ,H19 ,and

1120);

'
3C-NMR

(50 MHz) 13.5, 15.2, 15.8, and 22.5 (CH3,C11 ,C12, C13, and C14), 19.3 (Cq,C15), 26.0,
31.4, 33.8, and 33.9 (CH, C3,C5, C7, and C9), 26.9 (CH3,C16), 40.0 and 41.9 (CH2,C4 and
C8), 51.9 (CH2,CO, 60.5 (CH, C2), 70.0 (CH2,C10), 127.5 and 135.6 (CH, C18and C19),
129.4 (CH, C20), 134.2 (
Cq,C17 ), 212.5 (
Cq,CO; Mass spectrum No M, 407 (42, M-t-Bu),
199 ( 100, Ph 2SiOH'); Exact mass calc'd for C26H35 O2Si (M-t-Bu): 407.2406.

Found:

407.2392.
(3RS,5RS,6SR,7RS,9RS).1O(tertButyIdiphenyIsiIoxy)-3,5,7,9-tetramethYl6-decanolide (385)
A mixture of 382 (21.8 mg, 0.0468 mmol), NaHCO3
(32.1 mg, 0.382 mmol), and MCPBA (40.8 mg, 0.236 mmol) in
dry CH2C12 (
0.5 mL) was stirred in aN2 purged round bottom
flask for 76 hours at room temperature.

Additional NaHCO3

(31.5 mg, 0.375 mmol) and MCPBA (41.8 mg, 0.242 mmol) was
added, and the reaction was stirred an additional 65 hours. The
mixture was then diluted with additional CH2C12 (4 mL) and
stirred with 10% aqueous Na2SO3 (2 mL).

The aqueous layer
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was extracted with additional CH2Cl2 (4 x 1mL), and the combined organic layers were
washed with 10% aqueous NaHCO3 (3mL) and saturated aqueous NaCi ( 1mL). After the
organic phase had been dried over anhydrous Na2SO4 and filtered, the solvent was removed
in vacuo.

Flash column chromatography (9:1) provided starting material 382 (7.0 mg,

0.015 mmol) and 385 (14.1 mg, 0.0293 mmol) in 62.6% yield (92.1% based on consumed
starting material).

The desired product was contaminated with a small amount of a

polymeric hydrocarbon. Compound 385 was characterized as awhite solid. JR (K-Br) 1727
(C=O), 1463, 1424 (aromatic C=C ring stretch) cm'; ' H-NMR (200 MHz) 0. 86, 0.88, 0.93,
and 1.02 (two overlapping d and two d, 6H, 3H, and 3H, J=6.7 Hz, J=6.5 Hz, J=7.2 Hz,
J=6.6 Hz, H11 ,H12 ,H13 ,and H14), 1.06 (s, 9H, H16), 1.09-1.52 (m, 13H, high due to
contaminant), 1.55-2.28 (
m, 1OH, high due to contaminant), 2.44 (d, 2H, J=7.3 Hz), 3.46
(d, 2H, J109 =6.5 Hz, H10), 3.89 (d, 1H, J=9.1 Hz, H6), 7.33-7.47 and 7.64-7.75 (
m, 6H and
4H, H18, H19 ,and H20);

13 C-NMR

(
50 MHz) 11.7, 15.8, 15.9, and 23.9 (CH3,Cu, C12, C13 ,

and C14), 19.3 (
Cq,C15), 24.9, 31.4, 32.9, and 33.4 (CH, Q. C5, C7,and C9), 26.9 (CH3,
C16), 36.9, 42. 1, and 45.1 (CH2,C2,C4 and C3), 69.8 (CH2,C10), 86.8 (CH, C6), 127.6 and
135.6 (CH, C1 8 and C19), 129.5 (CH, C20), 134.1 (
Cq,C17), 174.5 (
Cq,CI); Mass spectrum
No M, 423 ( 14, M-t-Bu), 345 (
51), 311 ( 11), 267(11), 199 ( 100, Ph2SiOH4); Exact mass
calc'd for C26 H35 O3Si (M-t-Bu): 423.2355. Found: 423.2370.
(3RS,SRS,6SR,7RS,9RS).1O(tertButyIdipheflyISi1OXY)-3,5,7,9-tetramethYI
1,6-decanediol (
386)
An ice bath cooled solution of 385 (
12.5 mg, 0.0260 mmol)
in anhydrous Et2O ( 1mL) in aN2 purged round bottom flask was
treated with lithium aluminum hydride ( 11.4 mg, 0.300 mmol).
After the reaction had been stirred for

1 hour at room

temperature, H20 (0.011 mL), 15% aqueous NaOH (0.011 mL),
and H20 (0.033 mL) were added sequentially. The solution was
filtered and the solvent was removed in vacuo to give 386
(11.4 mg, 0.0235 mmol) as aviscous colorless oil in 90.4% yield
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following purification by flash column chromatography ( 1:1). bp 140-150°C/0.08 Ton; IR
(neat) 3377 (0-H), 1461, 1425 (aromatic C=C ring stretch) cm'; 'H-NMR (400 MHz)
0.85, 0.86, 0.88, and 0.89 (four overlapping d, 12H, J=6.6 Hz, J=6.6 Hz, J=6.6 Hz, J=6.5
Hz, H11 ,H12 ,H13 ,and H14), 1.07 (s, 9H, H16), 1.10-1.77 (m, 12H), 3.08 (br s, 1H, H6), 3.48
(d, 2H, J10,
9=6.4 Hz, H10 ), 3.65-3.73 (
br m, 2H, H1), 7.36-7.45 and 7.66-7.68 (m, 6H and
4H, H18 ,H19 ,and H20 ); ' 3C-NMR ( 100 MHz) 12.8, 16.2 (2overlapping signals), and 19.3
(CH 3,C11 ,C12 ,C13 ,and C14), 19.3 (overlapping with CH3 signal, Cq,C15), 26.7, 32.2, 33.2,
and 33.3 (CH, C3,C5,C7,and C9), 26.9 (CH3,C16), 35.4, 40.8, and 41.8 (CH2,C2,C4 and
C8), 61.1 (CH 2,C1), 70.1 (CH2,C10), 80.6 (CH, C6), 127.6 and 135.6 (
CH, C18 and C19 ),
129.5 (
CH, C20), 134.1 (
Cq,C17 ); Mass spectrum No M, 425 (
1, M-H2t-Bu), 409 ( 1, MH20-t-Bu), 391 (2, M-2H20-t-Bu), 283 (15), 200 ( 19), 199 ( 100, Ph2Si0H); Exact mass
calc'd for C26 H37 03Si (M-H2t-Bu): 425.2512.

Found: 425.2487. Exact mass calc'd for

C26 H37 02Si (M-H20-t-Bu): 409.2563. Found: 409.2554.
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