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ABSTRACT

Tandem reactions have been proven to be powerful methods for creating new
types of carbon-carbon bonds in organic synthesis. One such type of reaction is the oxy-
Cope/ene reaction of 1,2-divinylcyclohexanols. This reaction has been shown to be a
highly diastereoselective method for creating polycyclic compounds with tertiary
alcohols at a ring junction. Unfortunately, in many of the previously reported cases,

undesired retroene products were also observed.
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A new method has been developed that increases the ratio of oxy-Cope/ene with respect
to retroene product that involves the use of DBU as a co-solvent in this reaction. This
methodology was applied to intermediate 109 (readily obtainable from (+)-limonene) as a
key step in the total synthesis of (+)-Arteannuin M (128), a potential drug for the

treatment of malaria.
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Chapter 1: Introduction
1.1 Tandem Reactions

Tandem reactions may be defined as those that occur in successive order.! Not
only are they a good way to make new carbon-carbon bonds but they also provide a
powerful method for creating advanced intermediates for the synthesis of natural
products. Due to awareness in the chemical literature, many genuine tandem reactions
are not defined as being tandem. To avoid confusion, a proper tandem reaction may be
defined as one that involves a series of two or more reactions occurring in a distinct order
and if sequential reagents are added, these reagents must be incorporated into the final
product. For example, an aldol condensation followed by dehydration can be considered
as a tandem reaction, but if a new reagent is employed in the dehydration step, each
reaction will be considered as specific.

Tandem reactions are made up of commonplace reactions and thus, no particular
expertise is needed to understand them. What makes tandem reactions unique is that the
structural prerequisite that is not present in the starting material but is necessary for the
secondary reaction to occur, is triggered by the initial reaction. In essence, the first
reaction in a tandem process can be regarded as a deblocking of a certain functionality
within the molecule, but achieves far more toward the synthetic goal.

One particular type of tandem reaction involves multiple aldol condensations,
which can occur when a molecule has the proper spacing of its carbonyl groups (Scheme

1)

11
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Scheme 1: Multiple Aldol Condensations

For the construction of six-membered cyclohexenones, Robinson annulation has
served organic chemists well over the years. Robinson annulation can be defined as a
Michael/Aldol tandem reaction that involves a base catalysed Michael reaction between
an enolate and an o,B-unsaturated ketone, an intramolecular aldol reaction and finally

dehydration.’

The annualtion of mesityl oxide (2) with methyl vinyl ketone (1) is a good method
for making piperitenone (3) (Scheme 2).* To avoid the self condensation of mesityl oxide
to form isoxylitone, the reaction may be done under heterogeneous conditions such as

KOH in THF.

(L o Z\ oK' - o o)
| (0 o o
1 2 3

Scheme 2: Annulation of Mesityl Oxide

Many total syntheses have made use of the tandem Michael/aldol process as a key

step for the construction of an intemal ring’ The utility of the intramolecular

12



Michael/aldol reaction for the construction of a bridged ring system as imposed.by the
relative location of the two ketone groups in 4 is well illustrated in the synthesis of

zizaene (5) (Scheme 3).5

oW

OH

Zizaene

Scheme 3: Alexakis’ Approach to Zizaene

Two bonds may be formed in one step by a double Michael tandem process. -
unsaturated acrylic esters for which enolization is not an option may be functionalized at
the a-position by a double Michael reaction. Tertiary amines and phosphines catalyze
the dimerization of acrylic esters by forming zwitterions which can add to a second
molecule of the acrylic ester. Intramolecular or intermolecular proton transfer causes
elimination to occur which then regenerates the catalyst. A series of 2-methyleneglutaric
esters (6) were synthesized by Amri by using trisdimethylaminophosphine (7) as a

catalyst (Scheme 4).”

13
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Scheme 4: Amri's Synthesis of 2-Methyleneglutaric Esters

The double Michael reaction is very useful when reactions are controlled to give
the desired products. Cross-conjugated dieneones such as 8 can be transformed directly
into six-membered ring compounds (10) by reaction with Michael donors containing an
active XH, unit (9) (Scheme 5).* In the event that one of the activating groups is also a
good leaving group, as is the case with 11, 1,3-elimination of the cyclic ketones may be

induced to generate species such as 12 (Scheme 6).’

Ph Ph Ph
— COOEt NaOEt COOEt
o < 0 \_-COOEt o
= CN — CN CN
Ph Ph Ph
8 9 10

Scheme 5: Double Michael Reaction of Cross Conjugated Dieneones
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R R
— Ts NaOEt oTs NaOEt
© < © ~eN
= CN (0.1eq.) (0.1 eq.)
1" 12

Scheme 6: Double Michael Reaction of Cross Conjugated Dieneones

Three components are involved in the Mannich reaction. An amine (usually
secondary) and a carbonyl undergo condensation to form an iminium species that is then
intercepted by an enol (donor species). By this interpretation the Mannich reaction is an
authentic tandem process.

Azabicyclic structures may be formed from self-condensation of aminodicarbonyl
compounds. In order for these reactions to be useful, they must be well planned out to
ensure that the first step is regioselective. This is illustrated in scheme 7, which shows an
approach by Heathcock, toward the molecule lycopodine (13)."° The formation of a six-

membered ring is preferred over an eight-membered ring once the imine has been

formed.
O/_\O
PN
N/\/"' HCI, MeOH ( (
B: :O\ 14 days, 65°C
(o} OBn

Lycopodine

Scheme 7: Heathcock's aproach to Lycopodine
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More recently, Petasis and Zavialov have reported a highly stereocontrolled one-
step synthesis of anti-B-amino alcohols.!" This one-step three-component reaction is
illustrated in scheme 8, where an organoboronic acid 14, an amine 15, and an a-hydroxy
aldehyde 16 directly give the corresponding B-amino alcohol 17. The reaction proceeds
with a very high degree of diastereocontrol, exclusively forming the anti-products in
greater than 99% de. When optically pure a-hydroxy aldehydes are used, no

racemization occurs, and the products are obtained as single enantiomers, with greater

than 99% ee.

RZ\N’Rs RZ\N’RS

OH 15

OH
LR
Y >99% de, >99% ee
OH 16

Scheme 8: Petasis’ One-Step Synthesis of Anti-f-Amino Alcohols

1.2 The Cope Rearrangement

The Cope rearrangement, discovered by Arthur Cope in 1940, involves the
transformation of a 1,5-hexadiene (18) system into an isomeric 1,5-hexadiene (19) by a
[3,3]-sigmatropic mechanism (Scheme 9).* Cope rearrangements are generally
reversible processes. Since there are no changes in the number of types of bonds present
in the final product with respect to the initial substrate, the total bond energy remains
unchanged. Because of this, the position of the final equilibrium will be govemed by the
substituents present on the 1,5-diene system that influence the relative stability of the

starting material, and product.

16



x Z
Z X
18 19

Scheme 9: The Cope Rearrangement

The Cope rearrangement is both stereospecific and stereoselective. It is stereospecific
since the configuration at the terminal olefins, Z or E, is maintained throughout the
transition state and governs the stereochemical outcome of the final product.” When the
possibility of having either the E or Z stereoisomer for the final product arises, there will
be stereoselectivity in favor of one. Cope rearrangements usually proceed via chairlike
transition states and the stereochemical outcome will be consistent with that which has

the larger substituent at C-3 (or C-4) in the equatorial-like conformation (Figure 1).

E, E-isomer E, Z-isomer
— — —
Favoured ./ —~ =7 k —_— \2

I
Disfavoured % —_— /‘<\~ﬁ I%\ —_— k\h
E

, Z-isomer

2, Z-isomer

Figure 1: Stereospecificity and Stereoselectivity in the Cope Rearrangement

This interesting stereochemical feature of the Cope rearrangement can be
explained by frontier molecular orbital theory. Examination of the frontier orbitals of the

chair and boatlike transition states reveals that there is an antibonding interaction between

17



the lobes on C-2 and C-2' (Figure 2). In the chairlike transition state, these orbitals are

too far apart to interact, thus making it the preferred of the two transition states.

Cy C Cy Ca Cz ibondi
. . antibon
HOMO 11 d C%UMO C1I czi { ing
(o (oAl
w g

Cs
chairlike transition state boatlike transition state

Figure 2: FMO View of the Cope Rearrangement

Since the mechanism is a concerted one, the chiral center at C-3 or C-4 will lead
to the enantiospecific formation of the new chiral center at C-1 or C-6." These
associations are shown in scheme 10. The chairlike transition state dictates the
configuration of both the new chiral center and the new double bond. Although there are
two stereogenic centers from which 4 possible stereoisomers could be formed, only two
are produced. The isomer that contains the E-olefin has the S-configuration at C-4 (20)
whereas the Z-isomer has the R-configuration at C-4 (21). The two competing chair
transition states will govern the stereochemistry of the new double bond. The relative
amount of the products 20 and 21 is determined by the relative stability of the two
transition states, which is based on the Curtin-Hammet principle.'” Because of its axially
oriented phenyl group, transition state B will be the less preferred making 20 the minor

product of the reaction.
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_ HaC Y . Ph\(S\?/\CHa
H3C™ " == _-CH, _
B E CH3 A

H
—— —_—
HaCJ%,CHa Ph ?
R0 20 21" en,

H

Scheme 10: Stereochemistry of the Cope Rearrangement

In his original publication, Cope constructed his 1,5-hexadiene systems such that
the driving force of the reaction would be the ensuing double bond conjugation with
cyano, carbethoxy or phenyl groups.' Good to excellent yields were recovered for the
rearrangement of these systems at 150 to 200°C. An example is shown in scheme 11,

where the malonic ester derivative 22 provides product 23 in quantitative yield after 2

AéCOzEt 2 hr, 185°C 4<:<\<C025!
\ CO,Et 100% = CO,Et
22 23

Scheme 11: Cope Rearrangement to Conjugated Products

hours at 185°C.

1.3 The Oxy-Cope Rearrangement

In 1964, Berson coined the term “oxy-Cope rearrangement” to describe Cope
rearrangements of 1,5-hexadienes bearing a hydroxyl group at the C-3 position (24)."
Attachment of a hydroxyl group at C-3 generates an enol (25) after rearrangement, which

then undergoes ketonization to provide the 8,e-unsaturated carbonyl compound 26, which

19



is the net driving force of the reaction (Scheme 12). This was demonstrated by heating
27 in the gas phase in an ammonia-washed tube at 320°C, which gave 28 as 90% of the

isolated material (Scheme 13).

HO\C HO__~ Os
P 0 —
24 25 26

Scheme 12: The Oxy-Cope Rearrangement

1.4 The Anionic Oxy-Cope Rearrangement
In 1975 Evans discovered that an increase in reaction rate (~10’5) was observed
when the oxanion (29) of the oxy-Cope substrate was produced (Scheme 15)." This base

catalysed reaction was dubbed the “anionic oxy-Cope rearrangement”.

; H _ _OH
H 28

Z 27

10" '5' oK"
H 30

Z 29

Scheme 13: Oxy-Cope Rearrngement of 27 versus Anionic Oxy-Cope
Rearrangement of 29

In this case, the formation of an anion provides an electron “push” that aids in the
breaking of carbon-carbon bonds.” Making the anion more basic and therefore less

stable can increase the rates of anionic oxy-Cope rearrangements. Using more polar

20



solvents or the addition of complexing agents such as crown ethers can accomplish this as
well.? It is also known that sterically hindered alkoxides, derived from tertiary alcohols,
usually react faster. With respect to cation coordination at the oxy anion, the trend in
reactivity is Cs” > K~ > Na” > Li".?' This is based on the hardness of the cation and its
ability to coordinate to the oxygen anion.

One can write a polarized transition state 31 for the anionic oxy-Cope
rearrangement that resembles an anion-carbonyl complex (Scheme 14). This formalism
can be compared to the Lewis acid catalysis (Scheme 15) of the Diels-Alder reaction
where stabilization of the bond-making step 32 is important. Thermodynamic estimation
indicates that bond weakening by an alkoxide susbtituent provides 13-17 kcal/mol for
cleavage of the sigma bond.? Ab initio calculations also confirm the dramatic effect of

the alkoxide substituent in weakening an adjacent bond.

X S Z
e e
- = OM - N

K

Scheme 14: Polarized Transition State for the Anionic Oxy-Cope Rearrangement

X ,A.lc13 - ~ -
Z I(\q 2 F~o-AClh o-AICly
x \ *
32

Scheme 15: Lewis Acid Catalysis of the Diels-Alder Reaction

Oxy-Cope rearrangements and their anionic counterparts have played a key role

in recent years in the synthesis of natural products. In the total synthesis of perplanone-
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B (35) by Still, an anionic oxy-cope rearrangement of 33 was used to synthesize the key

intermediate 34 shown in scheme 16.2

1) KH, THF, 18-crown-6,
1h, 70°C, 57%

~

B 2) TMSC!, -78°C,

/Cl’ 33 then mCPBA i 34 35
o~ o ™ Periplanone-B

Scheme 16: Anionic Oxy-Cope Rearrangement in theTotal Synthesis of
Periplanone-B

More recently, in the total synthesis of (+)-taxusin, Paquette and co-workers used
a cleverly orchestrated anionic oxy-Cope rearrangement of 36 for the construction of the

macrocyclic ring 37 (Scheme 17).*

36 37 o
KH, 18-crown-6

\ THF
-10OR

RO

Scheme 17: Anionic Oxy-Cope Rearrangement as a Key Step in the
Total Synthesis of (+)-Taxusin
1.5 The Ene Reaction
The ene reaction, first discovered and investigated by Kurt Alder in 1943,
usually involves a reaction between an alkene containing an allylic hydrogen (ene donor:
38) with an electron deficient double or triple bond (eneophile: 39) to form 40 as shown
in scheme 18. Orbital symmetry considerations® as well as experimental evidence” are

consistent with a concerted pathway involving supra-suprafacial endo- or exo-oriented
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interaction. It therefore resembles the Diels-Alder reaction® and [1,5] sigmatropic shifts,

which are also considered to involve a 6 e transition state.”

38 39

L

~ b o X
] zZ
Z\H 6 ', H
ene eneophile endO\Y').(\exo
e

X=Y = C=0, C=S, C=CR,, etc.
2= CRz, (o]

Scheme 18: The Ene Reaction

Examples of the ene reaction have been reported as early as the 1930-s,” yet its
great synthetic utility was not realized until the 1970-s when there was an increased
interest in [4+2] and [3+2] cycloadditions. As with cycloadditions, the intramolecular
ene reactions are done with preparatively useful stereo- and regioselectivity. This is
demonstrated in the three possible types of thermally induced cyclizations, in which the
eneophile is connected to the ene donor by the olefinic terminal (Type I), the central atom

(Type II), or the allylic terminal (Type III) (Figure 3).
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Figure 3: Types of Ene Reactions

The carbonyl ene reaction involves the use of a ketone or aldehyde as the
eneophile. = Formaldehyde undergoes thermal carbonyl ene reactions with 1,1-
disubstituted and trisubstituted alkenes at 180-220°C. B-Pinene 41, a particularly reactive

ene component, reacts with formaldehyde at 180°C to give nopol 42 in 95% yield
(Scheme 19).*!

H
H

41 J(° 42 (OH
ZH  q80°C

95%

Scheme 19: Ene Reaction of p-Pinene with Formaldehyde
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Several Lewis acid catalysed carbonyl ene reactions have been shown to have
excellent yields. The BFs- OEt, as well as SnCl, catalysed addition of formaldehyde to
olefins such as 43 have been used in the synthesis of the vitamin D side chain 44

(Scheme 20).*

H
H& %
£ :\/ (° o
H BFyOFt2 —  Vitamin D
AcO a3 ACO a4

Scheme 20: Lewis Acid Catalysed Carbonyl Ene Reaction in the
Total Synthesis of Vitamin D
The role of the Lewis acid is to complex with the oxygen of the carbony! group to form a
salt 45 (Scheme 21), which is a more reactive and selective eneophile.”> When the
cationic nature is increased, the LUMO of the eneophile becomes lower in energy and
therefore more reactive toward the ene donor 46. The increase in reactivity is made

manifested increases in rates as well as stereoselectivity.

H
HRS, 45

AlMe,Cl \C\é-A]Mezg \(\OH
\“\/H 46 ~ H >

Scheme 21: Lewis Acid Catalysed Carbonyl Ene Reaction

1.6 The Retroene Reaction
The retroene reaction, which is sometimes responsible for side products that are
formed upon performing ene reactions, corresponds to the thermal decomposition of an

olefin into its two alkene subunits (ene donor and eneophile) which could react to
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produce it via the ene pathway. This is illustrated in scheme 22, where 47 undergoes a

retroene reaction to generate ketene 48 and the olefin 49.*

SiR,

H

130-140°C

a1

RM__H

T

a8 ° 49

Scheme 22: The Retroene Reaction of 47

In some cases, the retroene pathway is preferred due to unfavorable ring strain or steric

effects. This is illustrated in scheme 23 where loss of cyclobutane ring strain in 50

facilitates the related cleavage to generate the y,f-unsaturated aldehyde 51.%

50

X

OH

180°C
100%

“wi(j/
o

51

Scheme 23: Retroene Reaction of 49

26



Chapter 2: Studies of the Effect of DBU on the Tandem Oxy-Cope/Ene Reaction
2.1 Introduction

The oxy-Cope followed by transannular ene reaction is a tandem process whose
development is still in its infancy. Before any systematic investigations of the tandem
oxy-Cope/ene reaction were performed, the process had previously been observed as a
side reaction. The first of these by Sutherland et al., showed 54 as an undesired side
product from an anionic oxy-Cope rearrangement of 52 which generated 53 as the

precursor to the transannular ene reaction (Scheme 24).*

Pe Pr
KH. 18-Cf0wn-6 ene Ho'h.
THF, 0°C ()
o) R 0
53 54

Scheme 24: Sutherland's Oxy-Cope/Ene Side Products

While developing methods for the synthesis of [4.3.0] and [4.4.0] systems,
Rajagopalan and co-workers observed the side product 57 upon attempting oxy-Cope
rearrangements with substrates such as 55 (Scheme 25)”’. They reported the side product

57, which was due to a transannular ene reaction of the macrocycle 56.

o) H o)
Ry X~ ot 0xy-Cope g OEt ene
RZ\" / -_— " Rz\\‘

OH 55 o 56

Scheme 25: The Oxy-Cope/Ene Reaction of 55
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While working towards the synthesis of jatrophatrione 1, Paquette and co-workers
performed an anionic oxy-Cope reaction on the tricyclic compound 58.* Besides
isolating the desired compound 59, they also obtained 61, which was derived from a

transannular ene reaction of the macrocyclic ketone 60 (Scheme 26).

‘ OCH,,°
1.KOt-Bu, 18-crown-6, =
THF, 0°C HyCO -
2. CH4l /4
| 59
+
Transannular Ene

Scheme 26: Paquette's Oxy-Cope/Ene Side Product

There are several reasons for studying the tandem oxy-Cope/ene process. Not
only does the reaction allow a simple and inexpensive scale-up due to the fact that only
heat is needed to drive the reaction, but it also provides a rapid method for the
construction of polycyclic compounds with a tertiary alcohol at the ring junction. The
examples mentioned above clearly illustrate that the tandem oxy-Cope/ene reaction is a
powerful tool for the creation polycyclic compounds with tertiary alcohols at the ring
junction. In order to further demonstrate its utility, the Barriault group investigated this

tandem method using 1,2-divinylcyclohexanols as initial substrates for the reaction.”

28



2.2 Initial Studies on the Tandem Oxy-Cope/Ene Process

The idea behind Barriault’s investigation of the oxy-Cope/ene process with 1,2-
divinylcyclohexanols is illustrated in scheme 27. When a 1,2-divinyicyclohexanol 62 is
heated, it can undergo an oxy-Cope rearrangement to provide a macrocyclic ketone 63.

The macrocyclic ketone 63 can then proceed via a transannular ene reaction to furnish the

desired bicyclic product 64.
A | A
X A Transannular ene ‘
~Z~, oxy-Cope hE
OH B OH B
- R -
62 64

Scheme 27;: Barriault's Tandem Oxy-Cope/Ene Strategy

It was reported that when B (62) is a six membered ring, considerable amounts of
retroene products (65) can be formed (Scheme 28). When A (62) is a six membered ring,

no retroene products are observed.*

Scheme 28: Retroene Reaction

When 1,2-divinylcyclohexanol 66 was heated in toluene in a sealed tube for 5
hours, it produced the corresponding tricyclic product 67 (44%) as well as the retroene

product 68 (34%) (Scheme 29). Heating 69 in toluene gave similar results, producing the
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tricyclic product 70 in good yield (70%) as well as the retroene product 71 (20%). When
72 was treated in the same manner, it gave none of the desired oxy-Cope/ene product 73
but produced the retroene product 74 exclusively. It is important to note that in each
case, the tricyclic products (67 and 70) were formed as single diastereomers with trans-
syn-cis stereochemistry. The high diastereoselectivity was rationalized according to the

most favourable transition state for the reaction.

o) o
Lo Toluene +
220°C X
66 68
o
(o]
(o]
Toluene +
(70%) (20%)
220°C x
71
Toluene
(0%) +
180°C A
73H

Scheme 29: Barriault's Oxy-Cope/Ene Reactions

Based on these results, the use of this protocol seemed feasible for performing
the tandem oxy-Cope/ene reaction with 1.2-divinylcyclohexanols with high
diastereoselectivity. However, the fact that the retroene product was often observed as a
side product of the tandem oxy-Cope/ene reaction was distressing in the event that it
would be applied within a total synthesis. The goal of our study was to eventually apply

this methodology to the total synthesis of a natural product, and thus a method was
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needed to decrease the ratio of retroene product with respect to the oxy-Cope/ene product

in some specific cases. This was done by a solvent assisted oxy-Cope rearrangement.

2.3 Solvent Assisted Oxy-Cope Rearrangements

Solvent assisted oxy-Cope rearrangements are scarce in the literature, and in each
previously reported case, NMP was used as solvent.* One such example is shown in
scheme 30, where Fujita et al. demonstrated that when 75 was heated in NMP at 160°C
the oxy-Cope product 76 was formed in 58% yield as opposed to 0% when performed in

n-decane (Scheme 30).

R
// 160°C x
OH | o
R
75 76

Scheme 30: Fujita's Solvent Assisted Oxy-Cope Rearrangement

Although the precise effect of NMP has not been elucidated, it has been
postulated that NMP participates in hydrogen bonding with the hydroxyl at C-3 of the
1,5-hexadiene system (77). This hydrogen bonding serves to increase the negative
character of the hydroxyl oxygen (78) and thus provides the needed ‘electron push’ that

promotes carbon-carbon bond breaking mentioned earlier (Scheme 32).
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------ NMP

A~ nmp A~ 0 H 0
—_— —_—

N x> =

77 78
Scheme 32: The Effect of NMP on the Oxy-Cope Rearrangement

Our use of a solvent assisted oxy-Cope rearrangement hinged on the hypothesis
that when retroene products were observed, it was due to the high cost in energy upon
effecting the oxy-Cope mechanism compared to the retroene one. This idea is illustrated
in figure 4. When the 1,2-divinylcyclohexanol A undergoes a non-solvent assisted oxy-
Cope rearrangement via transition state B it will produce the macrocyclic ketone E.
Ketone E that can then proceed to the desired product H via the ene pathway G. When
the retroene transition state C is preferred over B, it will form the retroene product F.
When the solvent participates in facilitating the oxy-Cope rearrangement (D) the energy
required for the oxy-Cope rearrangement will be lower thereby producing transition state

D. This will thus favour the formation of the desired oxy-Cope/ene product H.
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Figure 4: Solvent Assisted and Non-Solvent Assisted Oxy-Cope/Ene Pathways

2.4 Heating Methods
The results described herein involve the thermal oxy-Cope/ene tandem reaction.
The first results were obtained using conventional heating methods and the second set

was obtained using microwaves as a heating source. These two heating methods are

described below.
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2.5 Conventional Heating

The conventional heating method involves using a sealed pressure tube and a wax
bath as a heat source (Figure 5). The substrate is first dissolved in the appropriate solvent
and placed in the tube. The tube is then submerged in the wax bath heated on a hot plate.
The temperature reported for these experiments is not measured from directly inside the
reaction vessel but rather from the wax itself. Therefore, the temperature reported is only
an approximation as to what the actual temperature of the solvent/substrate mixture may
be. It is also important to note that this method actually serves to reflux the mixture and
so the temperature is not uniform throughout the entire system. This non-uniformity can
be mediated by placing a layer of glass wool encased in aluminum foil around the upper
portion of the pressure tube that is not submerged in the wax bath.

Each reaction described below was performed in toluene at 220°C unless

otherwise noted.

Thermometer

Pressure Tube

Wax Bath

Hot Plate

Figure 5: Pressure Tube Heating Apparatus
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2.5.1 Results and Discussion: Conventional Heating
The investigation of solvent assisted tandem oxy-Cope/ene reactions began with
81, which has a thioacetal on the cyclohexene moiety; it was produced in a 61% yield by

treatment of 79** with cyclohexenyllithium 80b*- in THF at —78°C (Scheme 33).

Brzjzzj

l tBuLi, THF, -78°C

Li_. 80b
O
H
0 S o'_‘\\Q/S
- s
THF, -78°C
79 81
Scheme 33: Synthesis of 79

Using the original method developed in our lab,“ 81 was heated in a pressure tube
for 20 hours in toluene and it resulted in a mixture of both oxy-Cope/ene and retroene
products 82 and 83 in a 75% yield collectively (Scheme 34). The ratio of 82 and 83 was
1 : 3 respectively. When 81 was heated for 8 hours using NMP as solvent, it gave a
mixture of 82, 83 and the dehydrated product 84. The ratio of these three products was
1 :1: 2 respectively. Although the use of NMP as solvent did serve to increase the
relative amount of 82 with respect to 83, the facts that the collective yield is quite low
(24%), and that 84 was also observed as a side product, demonstrates that in this

particular case the use of NMP as solvent is ineffective in helping us achieve our goal.
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When 81 was heated for 7 hours in toluene with 20 equivalents of DBU as co-
solvent at a concentration of 0.68 M, it gave a mixture of 82 and 83 ina 1 : 1 ratio witha
56% overall yield. This demonstrated that DBU had a beneficial effect on the tandem
oxy-Cope/ene process by increasing the relative amount of the oxy-Cope/ene product

without any devastating degradation effects. The complete results are summarized in

scheme 34.
OH ) o S
T
sJ Qluene + 3\7

220°C S

81 83

s
. s/

84
co-solvent oxy-Cope/ retroene dehydrated % yield
ene (82) .(83) .(84)

none 1 3 0 75
NMP 1 2 1 24
[0.68 M] DBU (20 eq.) 1 1 0 56

Scheme 34: Solvent Assisted Oxy-Cope/Ene Reactions of 81

In each case, 82 was formed as a single diastereomer with trans-syn-cis

stereochemistry. The high diastereoselectivity of the reaction can be rationalized

according to the transition state shown in figure 6.

When 81 undergoes thermal oxy-Cope rearrangement, it produces the enol 85.

The highly diastereoselective tautomerization that ensues produces the intermediate 86

which can react via a transannular ene pathway to give 82 as a single diastercomer. It has

36



been shown in the literature by Terada and Yamamura,* that transannular ene reactions
proceed via transition states which adopt chairlike conformations. An examination of
transititon states B and C reveals a pseudo-1,3-diaxial methyl-methylene interaction in B
and a boatlike conformation in transition state C. Conformation A, possesses neither of
these unfavourable interactions and thus transition states B and C will be the less

preferred. This readily explains the exclusive formation of 82 over 87.

Figure 6: Transition State of the Oxy-Cope/Ene Reaction of 81

With these promising results in hand, the next step was to test the effect of DBU
on several other substrates for which retroene products had been observed.

When 69 was heated in toluene for 5§ hours it gave a 3.5 : 1 mixture of 70 to 71
respectively in a 90% overall yield (Scheme 31). When the same molecule was heated in

NMP for 8 hours the mixture obtained was an 11 : 1 ratio of 70 : 71 but with a low yield

37



overall of 18% (Scheme 35). As in the previous case using NMP as a solvent, although it
did result in an increase in the relative amount of the desired product (70), the yield is too

low to be useful in any synthetic applications.

o0 o2
OH (o)
+
N
69 7
co-solvent oxy-Cope/ retroene % yield
ene (70) .(71)
none 3.5 1 77
NMP 11 1 18
[0.54 M] DBU (20 eq.) 20 1 75

Scheme 35: Solvent Assisted Oxy-Cope/Ene Reactions of 69

Heating 69 in toluene for 8 hours with 20 equivalents of DBU at a concentration of 0.54
M resulted in a 20 : 1 mixture of 70 : 71 with an overall yield of 75%. This was our most
promising result to date: it demonstrated the great utility of DBU in increasing the
relative amount of the desired oxy-Cope/ene product (70) with respect to the undesired
retroene product (71) while maintaining a high yield.

In order to probe the effect of DBU on the tandem oxy-Cope/ene reaction of 72, it
was subjected to a series of experiments with varied amounts of DBU. The concentration
was 0.10 M for each reaction.

As mentioned earlier, when 72 was heated in toluene at 220°C (scheme 31 and
36) with no co-solvents it gave exclusively the undesired retroene product 74 (86%).
When 72 was heated in toluene with 0.5 equivalents of DBU, again at 220°C, some of the

desired product 73 was formed as well as the retroene product 74 in a 1 : 7.9 ratio in 80%
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yield overall. When the number of equivalents of DBU was increased to 20, there was an
consequent increase in the amount of oxy-Cope/ene product 73 in a 1 : 2.75 ratio with 74
and a yield of 77% collectively. When the number of equivalents was increased to 105,
more oxy-Cope/ene product (73) was produced than retroene (74), in a ratio of 1.38 : 1,
although the yield was somewhat low in this case, being 46%. These results prove that
even in the case of 72, where heating alone in toluene cannot form the oxy-Cope/ene
product, the formation of 73 is made possible by using DBU as a co-solvent. The

complete results are summarized in scheme 36.

or]

X Toluene

220°C

72

toluene DBU oxy-Cope/ retroene % yield
ene(73) (74)

0 1 1 1.25 50
105 eq. 1.38 1 46

52.5 eq. 1 3 89

20 eq. 1 2.75 77

2eq. 1 6.2 100

0.5 eq. 1 7.9 80

1 0 0 1 86

Scheme 36: DBU Assisted Oxy-Cope/Ene Reactions of 72

2.6 Microwave Heating
As early as 1975, there were reports of microwaves being used as heating sources
in chemistry.* These early studies showed that microwave-promoted reactions often

occur with a decrease in reaction time compared to conventional heating methods. !’
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Unlike the conventional heating method described above, the use of a sealed
reaction vessel in a microwave allowed for direct measurement of temperature by use of a
fibre optic probe that was submerged into the reaction mixture. A pressure probe can
also measure the pressure.

All reactions described herein were carried out using a CEM Model ESP-1500
PLUS oven equipped with a pressure monitoring device and an EST-300 Plus fibre optic
temperature probe. The magnetron tube supplies 1200 watts. Effective power levels of
0-100% of this value are available as a train of timed pulses. The ESP-1500 unit is
designed so that irradiation stops when a predetermined pressure is reached. All
experiments were performed in sealed quartz tubes.

Since the solvent used, toluene, is non-polar and does not absorb microwaves, the
use of a carboflon bar was employed. Carboflon readily absorbs microwave energy and
gives off heat to the reaction mixture through conduction, which provides heat indirectly
to the reaction.

All reactions were performed in toluene at 220°C unless otherwise stated.

2.6.1 Results and Discussion: Microwave Heating

The first results obtained using microwaves as a heating source involved
examining the effect of various amounts of DBU on the tandem oxy-Cope/ene reaction of
69. Each reaction was performed at a concentration of 6.95x10°M. When 69 was heated
in toluene without DBU at 220°C in the microwave oven (Scheme 37) it gave a mixture
of 70 and 71 in the same ratio as was obtained using the conventional heat source; 3.5 : 1

respectively.



Microwaves

220°C

DBU oxy-Cope/ retroene time (min.) % yield
ene(70) (71)

0 3.5 1 40 91
20 5.7 1 40 95
40 17 1 40 90
60 1 0 40 98

Scheme 37: DBU/ Microwave Accelerated Oxy-Cope/Ene
of 69, [ ] =6.95%x10°M

What differentiated the two experiments was that when the microwave oven was
used, the overall yield was slightly higher (91% versus 75% previously) and the reaction
was complete in 40 minutes, as opposed to the previously reported S hours in the pressure
tube. When 69 was heated at 220°C with 20 equivalents of DBU, again the reaction was
complete in only 40 minutes which is a dramatic increase from 8 hours in the wax bath.
Another difference was that the ratio of 70 and 71 produced was 5.7 : 1 unlike that
obtained by conventional heating methods which was 20 : 1. This difference can be
attributed to the difference in concentration between the two experiments. The trend
observed as the number of equivalents and therefore concentration of DBU increases for
the tandem oxy-Cope/ene process with 69 is similar to that observed with 72 (Scheme
36). As the amount of DBU within the reaction mixture increases, the relative amounts
of oxy-Cope/ene products are increased and the amounts of retroene products are
decreased. The complete results obtained for the treatment of 69 with microwaves and

various concentrations of DBU are summarized in scheme 37.
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2.6.1.1 Studies with Cyclic Ene Donors

As mentioned previously, when the tandem oxy-Cope/ene reaction is performed
with substrates that contain a cyclic ene donor, retroene products are not observed. The
synthesis of 1,2-divinylcyclohexanols containing a cyclic ene donors was effected using
the method shown in scheme 38. When 2-(1-cyclohexenyl)cyclohexanone 87, was
treated with vinyllithium derivative 88 in THF at -78°C it provided 89 (trans
diastereomer) in 30%. Treatment of 83 with isopropenylmagnesium bromide in THF at -
78°C while warming to room temperature generated the desired compound 90 (rrans

diastereomer) in 23% yield.

Li
X F*h’g 88

o THF, -78°C
87

89 OH

MgBr

87

THF, -78 to 25°C
90 OH

Scheme 38: Synthesis of 89 and 90

When 89 was heated in the microwave oven with no co-solvents, it produced 91
as a single diastereomer (Scheme 39) in 53% yield after 80 minutes. Although this
experiment did generate the desired compound, the 'H NMR spectrum of crude 91
contained several peaks present near the olefinic region (4.6-5.6 ppm) (Figure 7), which

were derived from a side product of the reaction. Although the side product was not fully
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characterized, our hypothesis was that it was produced by a radically induced mechanism.
Based on this, the same experiment was repeated with 0.38 equivalents of BHT to actas a
radical inhibitor. When the experiment was performed with BHT in toluene, the 'H NMR
spectrum of the crude product possessed none of the aforementioned foreign peaks
(Figure 7). It gave 91 in a much higher yield (91%) but the reaction time was longer,
being 110 minutes.

When 89 was heated with microwaves in toluene ([ ] = 8.35x107) at 220°C with
20 equivalents of DBU, it provided 91, in 66% yield after 60 minutes. Again, in the 'H
NMR spectrum of crude 91 there were several peaks (4.6-5.6 ppm) that corresponded to
those of the aforementioned side product (Figure 7). Because of this, the same reaction
(20 equivalents DBU, [ ] = 8.35x107) was attempted with 0.38 equivalents of BHT to act
as a radical inhibitor. When 89 was heated at 220°C in the presence of 20 equivalents of
DBU and 0.38 equivalents of BHT in toluene it again eliminated the undesired side
product and gave 91 in a 92% yield in 60 minutes. These experiments demonstrate the
ability of BHT to eliminate side products that may occur as well as the effect of DBU in

increasing the rate of the reaction.
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Figure 7: Microwave Reactions of 89 with and without BHT, [ ] = 8.35x10" M



Microwaves

220°C -
91 OH

3

DBU BHT time (min.) % yield

20 0 60 66
20 0.38 60 92
0 0.38 110 91
0 0 80 53

Scheme 39: DBU Assisted/ Microwave Accelerated Oxy-Cope/Ene
Reactions of 89, [ ] = 8.35x10°M

When 90 was heated in toluene at 220°C with no co-solvents, it formed 92 as a
single diastereomer in an 82% yield after 145 minutes (Scheme 40). The amount of time
required to effect the same transformation was dramatically reduced to 60 minutes by
heating 90 at 220°C with 20 equivalents of DBU at a concentration of 6.85x10°M. It
produced 92 in an identical yield (82%). When 90 was submitted to the same conditions
again but with 40 equivalents of DBU, it gave 92 in a 66% yield in 55 minutes. Surely
these experiments demonstrate the ability of DBU to accelerate the tandem oxy-Cope/ene

process.
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Microwaves

220°C

90 OH

0 145 82
20 60 82
40 55 66

Scheme 40: DBU Assisted/ Microwave Accelerated Oxy-Cope/Ene
Reactions of 90, [ ] = 6.85x107°M

The fact that both 91 and 92 were produced as single diastereomers can be
explained according to the transition states shown in figure 8. When 89 or 90 undergoes
the oxy-Cope rearrangement to produce A, it will tautomerize to form the macrocyclic
ketone B. As mentioned previously transannular aldol ene reactions must proceed via
chairlike transition states and B is the only possible conformation that will allow this

thereby making B the preferred transition state for the ene reaction C.
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Figure 8: Transition State of Oxy-Cope/Ene Reaction with 85 and 86

2.6.1.2 Studies with 1-(3-[1-(Benzyloxy)-propynyl])-2-(1-cyclohexenyl)-
cyclohexan-1-ols

In order to test the effect of having triple bonds present during solvent assisted
oxy-Cope/ene reactions, diastereomeric 1-alkyn-2-cyclohexenols were synthesized. The
compound 2-(1-cyclohexenyl)cyclohexanone (87) was treated with the lithiated
benzylated propargyl alcohol 93b in THF at —78°C, to produce a mixture of trans and cis

diastereomers 94 and 95 in 27% and 21% yields respectively (Scheme 41).
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H——= 93a
—=—\
OBn
nBuLi, THF, -78°C
Li—=— 93b
|—=——\
OBnA +
87 o THF, -78°C 94 OHQ OBn 95 C;)H\\ 0OBn

Scheme 41: Synthesis of 94 and 95

When the trans diastereomer 94, was heated in toluene with 20 equivalents of DBU at a
concentration of 4.24x10°M, it produced 96 in 90% yield after 90 minutes of heating as a
single diastereomer with the trans ring (Scheme 42). When the cis diastereomer 95 was
heated under the same conditions with DBU, after 360 minutes of heating the reaction
was still not complete, but it had produced the tricyclic compound 97 in 50% yield, based
on the mass of starting material (Scheﬁxe 43). These results demonstrate that although in
these types of cases, the tandem process can be effected on both cis and trans
diastereomers, those which involve a cis-molecule require more energy. These results are

summarized in schemes 42 and 43.
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Scheme 42: DBU Assisted Oxy-Cope/Ene Reaction of 94, [ ] = 4.25 x10°M

Toluene

Microwaves =
OBn 97 OH

OoBn
95 OH\\

DBU__time (min.) % yield
20 360 50

Scheme 43: DBU Assisted Oxy-Cope/Ene Reaction of 95, [ ] =4.25 x10°M

2.7 Thermal Oxy-Cope versus Anionic Oxy-Cope Rearrangments

These experiments clearly demonstrate the effect of DBU on the tandem oxy-
Cope/ene reaction. In each specific case, DBU served to increase the relative amount of
oxy-Cope/ene product with respect to the related retroene product. The effect was most
dramatically observed with 72, where no oxy-Cope/ene product can be produced in the
absence of DBU. With 69, there is a difference in the ratio of the two products formed
when 20 equivalents of DBU is used in the microwave versus the sealed tube. This
discrepancy can be attributed to of DBU the difference in concentration between the two
reactions. When 20 equivalents is used at a concentration of 6.95%10°M, the ratio is 5.7 :

1, whereas when the concentration is increased to 0.54 M, the ratio of oxy-Cope/ene
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product increases to 20 : 1. These results are consistent with the fact that an increase in
amount of DBU increases the relative amount of oxy-Cope/ene product observed.

As mentioned earlier, it has been postulated that effect of NMP on oxy-Cope
reactions involves a hydrogen bonding mechanism that increases the electron density of
the hydroxyl oxygen, thus facilitating the oxy-Cope rearrangement (Scheme 31).
Although the precise effect of DBU has not been elucidated, some observations were
made in the lab that provided some insight with respect to the effect of DBU in the
tandem oxy-Cope/ene process.

When an attempt was made to synthesize 99 by an anionic oxy-Cope
rearrangement of 81%, it resulted in a purple mixture, which after appropriate work-up
yielded what was determined to be a result of complete degradation of the starting
material (Scheme 44). Similar results were obtained when anionic oxy-Cope reactions

were performed with compounds 69*° and 72* (Scheme 44).
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Scheme 44: Attempted Anionic Oxy-Cope Rearrangements of 81, 69 and 72.

Based on these results, an alternate route to the desired compound (99) was
designed which involved formation of the macrocyclic enol silyl ether 100 and
subsequent hydrolysis on silica gel to generate the ketone 99. The route and the

appropriate TLC representations are illustrated in scheme 45.
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Scheme 45: Alternate Route to 99 and Formation of 101

As shown by TLC 1, treatment of 81 with KHMDS provided a compound
which was slightly more polar than 81. This was believed to be the desired product 99 as
a result of an aqueous quench in the capillary tube. After TMSCI was added (TLC 2), a
product was formed which was much less polar than the starting material 81. This
seemed to be a very reasonable result based on the absence of polar functionalities on
100. Finally, when 100 was treated with silica gel in methylene chloride, instead of
generating a product with the same Rf as 81, it produced an even more polar compound
which after appropriate work-up and purification was determined to be 101 (18%).

An attempt was made to rationalize the formation of this product, which is
represented in scheme 46. After the oxanion of 81 has been formed, an Sy2 prime

reaction can take place that can eject a thiolate from the thioacetal moiety of the
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molecule. Capping with TMS-groups and subsequent hydrolysis (Scheme 46) could then
furnish the isolated product 101. Although no intermediates of the reaction were isolated,

we believe this to be a plausible explanation for the formation of 101.

Transition State H0

KHMDS,
then TMSCI

Scheme 46: Proposed Mechanism for the Formation of 101

As mentioned above, none of the macrocyclic ketones corresponding to 69, 72
and 81 were isolated via anionic oxy-Cope rearrangements (Scheme 44). In practically
all cases, these reactions resulted in degradation of the starting materials.

Although anionic oxy-Cope reactions with 69, 72 and 81 cannot be effected, we
have demonstrated that oxy-Cope (and subsequent ene) reactions are highly feasible with
DBU such that they are more favourable that those oxy-Cope/ene reactions performed in
the absence of DBU. One such example is shown in scheme 47. When 81 is heated in
toluene with 20 equivalents of DBU at 220°C it provides the oxy-Cope/ene product 82 in
a 1 to 1 ratio with the retroene product 83. When anionic oxy-Cope reactions are

attempted with the same molecule, the result is always degradation of the starting
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material. This proves that the mechanism for the oxy-Cope rearrangement of 81 with

DBU cannot be an anionic one since there is no degradation of starting material.

)]
o

KHMDS 3 Purple Mixture
S

18-cr-6, THF N g9 (Degradation)

sf? 20 eq. DBU

Toluene, A

H

81

Scheme 47: Effect of Anionic versus Non-Anionic Oxy-Cope Reactions on 81

Based on these results, the effect of DBU (i.e. mechanism via hydrogen
bonding) must be similar to that of NMP on oxy-Cope rearrangements (Scheme 32). The
idea is illustrated in figure 9. It is believed that the DBU molecule 102 forms a hydrogen
bond with the tertiary hydroxyl group of the substrate 103, which in tum increases the
negative charge on the oxygen atom. This effective increase in electron density on the
oxygen is similar to that of the anionic oxy-Cope but not as strong. As explained above,
the mechanism cannot be an anionic one as shown in figure 10. This shows the very
subtle and useful effect of DBU to assist the oxy-Cope rearrangement. Once the oxy-
Cope rearrangement has been effected to produce the enol 104, subsequent

tautomerization will then produce the ketone 105.
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Figure 10: The Non-Probable Effect of DBU on the
Tandem Oxy-Cope/Ene Reaction

2.8 Microwaves versus Conventional Heating Source

The main difference observed between reactions performed in the microwave and

those performed using the wax bath is the amount of time required to complete the

reaction. In all cases reported herein, reactions performed in the microwave were 7.5 to
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12 times faster than those in the wax bath. This difference in reaction rate can most
likely be attributed to a difference in temperature between the microwave and non-
microwave driven reactions. A common rule in chemistry is that as temperature
increases, so does reaction rate. This tenet is based on the Arrhenius equation.” Unlike
the sealed tube system, the main source of heat that drives the reaction in the microwave
comes from the carboflon bar via blackbody emission of the energy of the absorbed
microwaves. This localization of heat provides a consistently very hot surface and
therefore, provides much of energy to the system. The heat within the sealed tl.lbe is not
as intense as it permits refluxing to occur. Since the temperature is not uniform
throughout, the heat in the microwave is much more intense than that of the wax bath.

This readily explains the observed increase in reaction rates.
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Chapter 3: Total Synthesis of (+)-Arteannuin M
3.1 Introduction

Artemisia annua L., first isolated by Chinese scientists in 1972, is the source of
the sesquiterpene endoperoxide artemisinin 106, which has become one of the most
important drugs for the treatment of malaria in South East Asia (Figure 11).** In 1998,
Geoffrey Brown and co-workers isolated 26 new cadinane sesquiterpenes from this plant
one of which was arteannuin M (107).® It is important to note that both the

stereochemistry at C-4 and the absolute configuration of the molecule was unknown.

)

Qs o

HO
HO °

106 o 107 ©

Figure 11: Endoperoxide Artemisin (106) and Arteannuin M (107)

No previous synthesis of the natural product had been reported. The solvent-assisted
tandem oxy-Cope/transannular ene reaction (discussed in Chapter 1) has been proven to
be an effective method for the synthesis of bi- and tricyclic compounds with a tertiary
alcohol at the ring junction.
3.2 Retrosynthetic Analysis

The retrosynthetic analysis began with construction of the 5-membered lactone
from primary alcohol oxidation of 108 (Scheme 48). Bicyclic intermediate 109 can be
produced from a tandem oxy-Cope/ene reaction of the 1,2-divinylcyclohexanol 110,

which is readily obtained by alkylation of isopiperitenone. Isopiperitenone can be
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synthesized according to the procedure of Dauben, which involves an allylic oxidation (-

)-limonene.*
107 O oy 108 109
HO (L, _OH ~~oDPS
AN E— /\L% E— i
e HO OH

Arteannuin M U
ST = =

(-}-Limonene isopiperitenone

Scheme 48: Retrosynthetic Analysis of Arteannuin M

3.3 Synthesis of (+)-Arteannuin M

The synthesis began by making 3-iodo-3-butenol silyl ether 110. 3-Butyn-1-ol
(99) was treated with sodium iodide and trimethylsilyl chloride in acetonitrile to generate
3-iodo-3-buten-1-ol (112) in 9.5% yield (Scheme 49). The primary alcohol 112 was then
protected with a tert-butyldiphenylsilyl protecting group by treatment with tert-
butyldiphenylsilyl chloride and imidazole in THF to form the desired compound (113) in

quantitative yield.

—_ Nal, TMSCI oH TBOPSCI, imidazole ODPS

119 OH  CRON I 112 THF 113

Scheme 49: Synthesis of 113

A halogen-metal exchange of 113 using terz-butyllithium (1.7 M in pentane) followed by

addition of (+)-isopiperitenone furnished the 1,2-divinylcyclohexanol 109 in 91% yield
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as the sole diastereomer (Scheme 50). This compound was then heated in toluene with 5
equivalents of DBU for 5 hours at 210°C to give 114 as the only detectable diasterecomer
in 55-60%.% Interestingly, DBU is essential for the tandem reaction to proceed in a good
yield. Without DBU, the reaction yields a complex mixture of products, from which 114

was not isolated.

m 1B \%'k
. 0 tBuLi, Et,0, -80°C DPSO 109
Isopiperitenone
Toluene, DBU,
5h, 210°C
A
OH ' OH
47 e LT
OH = ODPS
115 114
VO(acac),, tBuOOH,
CH,Cl,
\
oH O OH D
ﬂi\ I(CODXPCya)IPFs ﬂi\
S -
OH OH
116 117

Scheme 50: Progress toward the Synthesis of Arteannuin M

The high diastereoselectivity of the tandem process can be rationalized according
to the proposed mechanism and transition state shown in figure 12. Thermal

rearrangement of 109 produces the enol 118, which immediately undergoes a highly
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diastereoselective tautomerization to produce the ketone 119. As mentioned in chapter 1,
transannular aldol/ene reactions proceed via transition states that adopt chairlike
conformations. Therefore, there are two competing reactive conformers A and B that can
produce 120 and 114 respectively. Close examination of the two transition states reveals
that the alkyl chain in transition state A is in a pseudoaxial position whereas the alkyl
chain in transition state B is in a pseudoequatorial conformation. This readily explains

the preferred formation of 114 over 120.

OH OH o)
7 '/ = /l —
/ H
109 118 DPSO 119
OoDPS ODPS

oH | OH
—fi /
H
DPSO 120
H OoDPS H H ODPS
- —_. /
O B on 14

Figure 12: Transition State of the Oxy-Cope/Ene Reaction of 109

The transfer of chirality by the tandem process was evaluated by 500 MHz ‘H
NMR analysis of the Mosher ester 116a and 116b (diastereomeric ratio of 89%) (Scheme

51). The high control of enantioselectivity observed throughout the oxy-Cope
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rearrangement can be explained on the basis of both the barrier of conversion of 118 into

ent-118 and by stereofacial protonation (Figure 13).

(+}MTPA,
116 DCC, DMAP 116a
o OH on DCM, 51% 6“' 6H3 o Phq OMe
N
89% CF,
(o]
+
H
116b
\ o O Ph,_OMe
o\r(( e
11% CF3
(o)

Scheme 51: Mosher Esters of 116

The macrocycle 118 possesses a conjugated dienol (£,Z) and another E double bond (ene
donor), which together create a very strained and rigid macrocyclic ring.

Due to this strained arrangement, the conversion of 118 into ent-118 requires that
the enol moiety to rotate inside the ring, which is very energetically demanding. At the
same time, stereofacial protonation of enol 118 can only occur from the B-face to yield

ketone 119. The preferred formation of 119 over ent-119 is thus readily explained.

61



OH OH
(\% wops
118

ent-118

o o
/ - ] \
H H
DPSO ODPS
119

ent-119

Figure 13: High Enantioselectivity of the Oxy-Cope/Ene Process

Treatment of 114 with TBAF served to deprotect the primary alcohol in
quantitative yield (Scheme 50). At this stage, diastereoselective oxirane formation and
exo-cyclic olefin reduction took advantage of the C-6 tertiary alcohol, which was used as
a chelating source. Allylic epoxidation of 115 with VO(acac). and TBHP in
dichloromethane proceeded smoothly to generate the desired epoxide 116 in 95% yield.*

Single crystal structural analysis of 116 (Figure 14) enabled the undisputable

stereochemical assignments for the molecule.
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Figure 14: Single Crystal Structure of 116
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A second hydroxy-directed reaction was performed using Crabtree’s catalyst
under an atmosphere of H, to reduce the olefin. Compound 117 was produced in 99%
yield with the correct stereochemistry at the C-10 position (diastereomeric ration of 11:1
at C-10)."” Sequential oxidation of 117 with TPAP and NMO in methylene chloride
provided the five-membered lactonel21 in 90% yield (Scheme 52).* In order to install
the methyl group at C-11 on compound 121, the lithium enolate was formed (LDA, THF,
-78°C) and then quenched with iodomethane at -78°C to give 122 in 72% yield. The
methylation step proceeded with a high level of stereocontrol in that only the B-isomer
122 is formed (>98:2). Inversion of configuration at C-11 by formation of the lithium
enolate and subsequent protonation with ammonium chloride afforded the desired a-
isomer 123 in a quantitative yield. NOESY experiments confirmed that 123 possesses

the 115 configuration (Scheme 52).

o
\

g TP nvo 121 o'|o  Lpa, Mel, THF
CH,Cl,, 90% ﬁ\ .78°C

LDA, then NH,C!,
THF, -78°C

T |

Scheme 52: a-Methylation of the Lactone



At this point all that was needed to synthesize an isomer of arteannuin M was to
cleave the epoxide under acidic conditions to furnish a diol at C-4 and C-5. 'H NMR
experiments would then be able to determine whether or not the natural product was
produced. When 123 was treated with sulfuric acid in THF/H,O it gave a mixture of the
trans-diol compound 124 in 9% yield with the two dehydrated products 125 and 126 in a
59% yield collectively (Scheme 53). The NMR data acquired for 124 were not identical

to those of arteannuin M.

[ ’ i 7
123 o) 0 124 o 125 o 126 o
Sl iSO THFIH;O . E‘gf . |
" OH OH
- J
Y

9% 59%

Scheme 53: Cleavage of Epoxide of 123

At this point in the synthesis the remaining unsettled question concerned the
possible stereochemistry of the C4-C5 diol. During the course of the synthesis, Brown et
al. revised their stereochemical assignments at C-4 and C-5. They confirmed the
presence of a C4-C5 cis diol in 107, but were unable to determine the relative
configuration of C-4 and C-5.® To assign these stereogenic centers correctly,
regeneration of the double bond in ring A was imperative. Deoxygenation was
succesfully performed according to the Sharpless protocol to furnish 127 in 67% yield
(Scheme 54).° A catalytic hydroxylation on 127 was then done with OsO, and NMO in

THF/H,0 (4:1) that produced 128 having a cis diol anti to the lactone in 66% yield.
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Scheme 54: Final Steps in the Total Synthesis of Arteannuin M

The 500 MHz 'H and 125 MHz “C NMR spectra (CDCl;) of 128 were identical to
those of the natural product. This confirms without ambiguity the relative configuration
of C-4 and corrects the stereochemistry at C-5. Furthermore, the positive optical rotation
of 128 ([a]p=+34.1°, ¢ 0.26 in CH,Cl,), which is opposite in sign to the natural product,
established the absolute configuration as shown in 129 ([a]p=-31.1°, ¢ 1.25 in CHCl;)

(Figure 15).

HO

3.
Y "
0

(+)-Arteannuin M (-)-Arteannuin M

Figure 15: (+) and (-)-Arteannuin M

3.4 Conclusion

In summary, the total synthesis of (+)-arteannuin M (128) was accomplished in 10
steps starting from readily available (+)-isopiperitenone with an overall yield of 14.1%.
Expeditious construction of the arteannuin M core with a high control of

diastereoselectivity demonstrated the power and versatility of the tandem oxy-Cope/ene




reaction of 1,2-divinylcyclohexanols. In addition, the absolute configuration and the
correct relative stereochemistry of C-4 and C-5 has been established for (-)-arteannuin M

(129) as shown in figure 14.

3.5 Future Work

The future plans for the research described above will involve evaluating the
enantioselectivity of the oxy-Cope/ene reaction of substrates similar to 109, but with
different R-groups (Scheme 55). The enantiomeric excesses will be determined either by

chiral HPLC or by 'H NMR spectroscopy using a europium III chiral shift reagent.®

|| (97R= ~_ODPS ee:89% de: 100%
A
—_— R= ~
DBU N ODPS
OI-E R=Me
R =Ph

Scheme 55: Evaluation of Enantio- and Diastereoselectivity of the
Tandem Oxy-Cope/Ene Reaction

'k

Determine ee's and de's with
Eu (lll) chiral shift reagent

From the total synthesis of (+)-arteannuin M it is known that the reaction
proceeds with very high diastereoselectivity and an enantioselectivity of 89% for 109
(when R = CH,CH,ODPS). This high enantioselectivity is based on the transition state

shown in chapter 2 (Figure 13) and below (Figure 16).
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131 ent-131

Figure 16: High Enantioselectivity of the Oxy-Cope/Ene Process

As mentioned in chapter 2, it was postulated that the high energy barrier for
rotation of 130 into ent-130 was responsible for the high enantioselectivity observed in
the oxy-Cope/ene reaction. Part of this energy barrier is-believed to come from the steric
effects associated with the R-group on 130, which must rotate inside the ring in order to
be transformed into ent-130. The same oxy-Cope/ene reaction will be performed with
different R-groups in order to determine their respective effect on the enantioselectivity
of the reaction.

Further evaluation of the high enantioselectivity of the tandem oxy-Cope/ene
process will be done via synthesis of the O-methylated product 134. Two separate routes
have been designed (Scheme 56), which will determine the effect of temperature on the
oxy-Cope rearrangement of that produces 134. Firstly, treatment of enantiopure 132 with
NaH and then quenching with dimethylsulfate will furnish 133 that will then be heated to
undergo oxy-Cope rearrangement and thus furnish the chiral enol ether 134. The second

route involves treatment of 132 with KH at room temperature to generate the enolate 135
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via an oxy-Cope rearrangement and subsequent quenching with dimethyisulfate to
produce 134. These two experiments will serve to measure the enantioslectivity of the

oxy-Cope rearrangement to produce 134 at both elevated and room temperatures.

ee ?

HCO R
134

ee ?

H,CO R
132 135 134

Scheme 56: Two Routes to 134

Finally, the enantioselectivity of stereofacial protonation during the oxy-Cope/ene
process (see above) will be determined by hydrolysis of the enol ether 134 and
subsequent formation of the ketone 136 (Scheme 57). The effect of stereofacial C-
alkylation will also be tested by treatment of 132 with KH and then iodomethane to
furnish the ketone 137. In all cases shown in schemes 56 and 57, chiral HPLC will be

used to determine the enantiomeric excesses.
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Scheme 57: Stereofacial Protonation and Alkylation
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Experimental
General. Infrared (IR) spectra were obtained either as neat films, or as a thin film of a
dichloromethane solution of the compound on sodium chloride plates. All IR spectra
were recorded on a Bomem Michaelson 100 Fourier transform infrared spectrometer (FT-
IR) and the data are recorded in reciprocal centimeters (cm™). Proton magnetic resonance
(‘H NMR) were measured at 500 MHz with a Bruker AMX500, 300 MHz with a Bruker
AMX300 or at 200 MHz with a Varian Gemini spectrometer in deuterated chloroform
(CDCl,) unless otherwise stated. Carbon magnetic resonance (*C NMR) were measured
at 125 MHz (Bruker), 75 MHz (Bruker) or 50 MHz (Varian) in CDCI; unless otherwise
“stated. Chemical shifts are reported in parts per million (ppm) downfield from
trimethylsilane (3 scale). The multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
qu = quintet?), number of protons and coupling constants (reported in Hz) are indicated
in parentheses. Optical rotations were recorded on a Perkin-Elemer 241 polarimeter
operating at 589 nm. Mass spectra (MS) were determined on a V.G. micromass 7070 HS
instrument using an ionization energy of 70 eV. The purity of all compounds was judged
to be >90 % as determined by a combination of HRMS, 'H NMR and *C NMR analyses.
Unless otherwise stated, all non-aqueous reactions were performed under an
atmosphere of dry nitrogen in flame-dried glassware equipped with a magnetic stir bar
and a rubber septum. Standard inert atmosphere techniques were used in handling all air
and moisture sensitive reagents and products. Reactions were monitored by thin layer
chromatography (TLC) using commercial aluminum sheets pre-coated (0.2 mm layer
thickness) with silica gel 60 F., (E. Merck). The TLC spots were viewed under

ultraviolet light and by heating the TLC plate after treatment, with either
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phosphomolybdic acid or a p-anisaldehyde staining solution (80ml 69% ethanol, 2.9 ml
sulfuric acid, 0.86 ml acetic acid, 2.1 ml p-anisaldehyde). Products purification by
conventional flash column chromatography was performed using E. Merck Silica Gel
(230-400 mesh). Solutions in organic solvents were dried over MgSO, and stripped of
solvents with a rotary evaporator connected to an air or water aspirator. Trace solvents
were removed on a vacuum pump, much to the chagrin of Dr. Barriault. All compounds
were stored at -15°C in vials flushed with nitrogen. Degassing was done by bubbling
argon for 5 minutes prior to starting the reaction.

Petroleum ether refers to a mixture of hydrocarbons with a boiling range of 30-
60°C. Anhydrous diethyl ether (ether), anhydrous tetrahydrofuran (THF) were freshly
distilled from benzophenone/sodium. Dry benzene, toluene, dichloromethane (CH.Cl.),
acetonitrile, triethylamine, diisopropylamine and hexanes were distilled from CaH. All
commercial starting materials were purchased from Aldrich Chemical Company or Strem

Chemicals unless otherwise stated.

(1R*, 2R*)-1-(3-[1,4-Dithia-spiro}-1-cyclohexenyl)-2-isopropenyl-cyclohexan-1-ol
(81): To a solution of 80a (701.0 mg, 2.79 mmol) in THF (10 ml) at —78°C was added
tBuLi (5.12 ml, 5.58 mmol). The solution was stirred for 30 minutes to form 80b in siru
and 79 was added via canula. The reaction mixture was allowed to stir for 15 minutes
and then quenched with NH,Cl (sat. aq.) at —78°C. It was extracted with ether, dried
(MgSO,) and concentrated down to dryness. Flash with 5% ether in petroleum ether gave
81 as a colourless oil (205.4 mg, 0.661 mmol, 36%). IR (neat, cm™) 3512, 2930, 2855,

1636, 1439; '"HNMR (500 MHz, CDCl3) 8 5.81 (s, 1H),4.80(t,J=1.6 Hz, 1H), 4.66 (s,
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1H), 3.35-3.18 (m, 4H), 2.21-2.10 (m, 2H), 2.06-1.87 (m, 3H), 1.79-1.52 (m, 7H), 1.66
(s, 3H), 1.50-1.37 (m, 4H); “C NMR (125 MHz, CDC13) § 147.9, 144.5, 124.8, 112.0,
74.5, 65.8, 50.2, 41.3, 39.9, 39.6, 36.7, 27.5, 26.0, 24.7, 24.2, 22.7, 21.1; HRMS (EI) m/z

(M) calcd 310.1425 for C,;H,0S,, obsd 310.1416.

(1IR*, 2R’, 7R*, 10R*)-6-(1,4-Dithia-spiro)-tricyclo-trans-cisoide-cis-{8,4,0,0*’]-
tetradeca-9'-en-1-o0l (82): To a solution of 81 (42.4 mg, 0.136 mmol) in toluene (4 ml)
was added DBU (0.407 ml, 2.72 mmol). This was heated in a pressure tube for 22 hours
at 240°C. Flash with 15% ethyl acetate in hexanes afforded 82 as a light yellow oil (19.4
mg, 0.0625 mmol, 46%). IR (neat, cm™) 3452, 2923, 1602, 1433, 1134; 'H NMR (500
MHz, CDCls3) & 4.93 (d, J = 1.6 Hz, 1H), 4.64 (d, J = 1.4, 1H), 3.28-3.21 (m, 4H), 2.48
(ddd, J = 1.2, 3.4, 12.4 Hz, 1H), 2.38 (dt, J = 3.53, 13.3 Hz, 1H), 2.26 (t, /= 12.9 Hz,
1H), 2.10-2.00 (m, 2H), 1.91-1.85 (m, 2H), 1.80-1.73 (m, 2H), 1.67-1.37 (m, 9H), 1.25-
1.15 (m, 2H); '*C NMR (125 MHz, CDCl;) 8 149.2, 109.6, 74.2, 73.3, 48.2, 47.8, 43.3,
38.5, 37.9, 37.1, 35.8, 35.3, 25.7, 25.2, 24.0, 21.2, 21.0; HRMS (EI) m/z (M") calcd

310.1425 for C |7Hzoosz, obsd 310.1430.
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1-(1,4-Dithia-spiro[4.5]dec-6-en-7-yl)-7-methyl-oct-6-en-1-one (83): A solution of 81
(26.6 mg, 0.0856 mmol) and NMP (4.0 ml) in a pressure tube, was degassed with
nitrogen for 6 minutes. It was then heated for 8 hours at 220°C. Flash with 20% ethyl
acetate in hexanes gave 83 as a colourless oil (18.3 mg, 0.059 mmol, 69%). IR (neat, cm
'y 2926, 2858, 1670, 1623, 1438; '"H NMR (500 MHz, CDCl3) §  6.75 (s, 1H), 5.10-5.07
(t, J = 7.11 Hz, 1H), 3.43-3.34 (m, 4H), 2.65-2.62 (t, J = 7.5 Hz, 2H), 2.20-2.14 (m, 5H),
1.99-1.95 (q, J = 7.3 Hz, 2H), 1.80-1.75 (m, 2H), 1.62-1.54 (m, 4H), 1.58 (s, 3H); "°C
NMR (125 MHz, CDCl;) 8 201.5, 141.1, 136.7, 131.6, 124.3, 105.7, 64.4, 40.2, 37.3,
29.5, 27.8, 25.7, 242, 22.3, 22.2, 17.7;, HRMS (E) m/z (M") calcd 310.1425 for

CsH08S,, obsd 310.1438.

s/

(1R*, 2R*, TR*, 10R*)-3-Oxa-tricyclo-trans-cisoide-cis-{8,4,0,0*’}-tetradecan-9'-en-
1-0l (73): To a solution of 72 (156.7 mg, 0.705 mmol) in toluene (2.5 ml) was added
DBU (2.11 ml, 14.1 mmol). The solution was degassed with nitrogen for 5 minutes and
heated in a pressure tube for 5 hours. Flash with 10% ethyl acetate in hexanes gave 73 as

a colourless oil (28.0 mg, 0.126 mmol, 18%). IR (neat, cm™) 3472, 2927, 1644, 1441; 'H
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NMR (300 MHz, CDCl;) 8 4.90 (d, J= 1.7 Hz, 1H), 4.64 (d, /= 1.3, 1H), 4.01 (dd, /=
4.5,11.1 Hz, 1H), 3.41 (td, J= 2.2, 11.3 Hz, 1H), 3.03 (s, 1H), 2.54 (t, /= 11.2 Hz, 1H),
2.28 (dt,J=1.7, 11.7 Hz, 1H), 1.99-1.21 (m, 15H); BC NMR (75 MHz, CDClL3) 8  150.6,
109.3, 82.8, 74.0, 69.5, 43.5, 35.8, 33.8, 33.6, 28.6, 25.9, 23.9, 21.5, 21.4; HRMS (EI)

m/z (M") caled 222.1620 for C,.H»0,, obsd 222.1610.

(2S*, 6R*)-2-(1-Cyclohexenyl)-1-(2-styrenyl)-cyclohexan-1-0l (89): a-Bromostyrene
was placed in dry THF (40 ml) and cooled to —78°C and stirred for 45 minutes to form
88. 2-(1-cyclohexenyl)cyclohexanone (300.1 ml, 1.68 mmol) was then added via canula
and allowed to stir for 20 minutes. The reaction was then quenched with NH.CI (sat. aq.)
and extracted with ether. Flash with 15% ether in hexanes afforded 89 as a clear oil
(143.2 mg, 0.507 mmol, 30%). IR (neat, cm™) 3479, 2929, 2859, 1626, 1450, 1356; 'H
NMR (500 MHz, CDCL;) 8 7.28-7.24 (m, 5H), 5.53 (s, 1H), 5.33 (d,/=1.4 Hz, 1H), 5.03
(d, J = 1.4 Hz, 1H), 2.21 (dd, J = 3.5, 12.5 Hz, 1H), 2.04-1.97 (m, 4H), 1.80-1.46 (m,
11H), 1.26-1.22 (m, 2H); '*C NMR (125 MHz, CDCl3) § 157.3, 142.1, 140.1, 128.7 (2
C), 127.5 2 ©), 126.7, 123.7, 114.0, 76.0, 52.2, 40.3, 30.0, 28.2, 26.2, 25.4, 23.2, 224,

21.6; HRMS (EI) m/z (M") calcd 282.1984 for C,H<O, obsd 282.2003.
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(2S*, 6R*)-2-(1-Cyclohexenyl)-isopropenyl-cyclohexan-1-ol (90): To a solution of 2-
(1-cyclohexenyl)cyclohexanone (87) (501.0 pl, 2.80 mmol) in THF (40 ml) at —-78°C was
added isopropenylmagnesium bromide (16.8 ml, 8.40 mmol). The reaction mixture was
stirred while warming to room temperature. The reaction was then quenched with NH,Cl]
(sat. aq.) and extracted with ethyl acetate. Flash with 10% ether in hexanes afforded 90
as a clear oil (144.9 mg, 0.66 mmol, 23.4%). IR (neat, cm’) 3548, 2931, 2856, 1450,
1357; '"H NMR (500 MHz, CDCl) & 5.43 (s, 1H), 4.92 (s, 1H), 4.72 (s, 1H), 2.08 (dd, /=
3.6, 12.5 Hz, 1H), 1.98-1.83 (m, 4H), 1.82 (d, J = 1.6 Hz, 1H), 1.77-1.57 (m, 4H), 1.74 (s,
3H), 1.52-1.37 (m, 7H), 1.25-1.17 (m, 1H); ’C NMR (125 MHz, CDCl;) § 151.3, 140.4,
122.4, 109.2, 49.9, 36.4, 30.3, 27.3, 26.3, 25.3, 23.1, 22.4, 21.3, 20.2; HRMS (EI) m/z

(M") calcd 220.1827 for C;sH,,0, obsd 220.1831.

(1R*, 2S*, 4S*, 10S*)-2-Phenyl-tricyclo-[8,4,0,0'"]-tetradecan-8-en-1-o0l (91): 89 (41.1
mg, 0.146 mmol) was placed in toluene (17.5 ml). DBU (435.6 vl, 2.91 mmol) and BHT

(16.4 mg, 0.074 mmol) were added and the mixture was degassed with argon for 5
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minutes. The mixture was heated with microwaves at 220°C for 60 minutes. Flash with
40% ether in hexanes afforded 91 as a colourless oil (38.0 mg, 0.135 mmol, 92%). IR
(neat, cm™) 3423, 2925, 1600, 1363; 'H NMR (300 MHz, CDCl;) 8 7.42-7.39 (m, 2H),
7.31-7.19 (m, 3H), 5.56 (quintet, J = 1.9 Hz, 1H), 2.86 (d, J = 5.2 Hz, 1H), 2.63-2.57 (m,
1H), 2.49 (m, 1H), 2.08-0.94 (m, 17H); ’C NMR (50 MHz, CDCl;) 3 144.6, 140.4,129.3
(20), 1282 (2 C), 126.2, 122.3, 74.3, 53.7, 44.3, 36.8, 36.3, 33.4, 31.2, 25.9, 25.6, 24.2,

21.3, 20.8; HRMS (EI) m/z (M") calcd 282.1984 for C,H,sO, obsd 282.1970.

(1R*, 2S*, 4S*, 10S*)-2-Methyl-tricyclo-[8,4,0,0'°]-tetradecan-8-en-1-0l (92): To a
solution of 90 (31.9 mg, 0.145 mmol) in toluene (21.2 ml) was added DBU (866.0 vl,
5.79 mmol). The mixture was degassed with argon for 5 minutes and then heated with
microwaves for 55 minutes. Flash with 20% ether in hexanes afforded the desired
product as a colourless oil (20.9 mg, 0.095 mmol, 66%). IR (neat, cm™) 3479, 2925,
1598, 1447, 1381, 1097; '"H NMR (500 MHz, CDCL)§ 5.43 (s, 1H), 2.18 (m, 1H), 2.12
(m, 1H), 1.99 (m, 2H), 1.82-1.68 (m, 4H), 1.65-1.51 (m, 5H), 1.51-1.38 (m, 5H), 1.26-
1.15 (m, 2H), 1.08 (d, J = 7.3 Hz, 3H); °C NMR (125 MHz, CDCl;) § 141.6, 121.2,
74.8, 43.0, 40.2, 38.6, 35.4, 32.0, 31.1, 26.2, 26.1, 24.1, 21.6, 21.1, 16.4; HRMS (EI) m/z

(M) calcd 220.1827 for C,sH.,.0, obsd 220.1807.
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(1R*, 2S*)-1-(3-[1-(Benzyloxy)-propynyl])-2-(1-cyclohexenyl)-cyclohexan-1-0l (94):
To a solution of 93a in THF at —78°C was added nBuLi (1.34 ml, 3.36 mmol). After
stirring for 20 minutes, 2-(1-cyclohexenyl)cyclohexanone (501.0 ul, 2.80 mmol) was
added. The reaction was stirred at —78°C for 40 minutes and quenched with an aqueous
solution of NH,Cl and extracted with ether. Flash with iO% ether in hexanes afforded 94
as a colourless oil (246.6 mg, 0.760 mmol, 27%). IR (neat, cm™) 3455, 2931, 1621,
1447; '"H NMR (500 MHz, CDCl;) 8 7.33-7.27 (m, SH), 5.57 (s, 1H), 4.56 (s, 2H), 4.17
(s, 2H), 2.49-2.44 (m, 1H), 2.20 (d, /= 1.7 Hz, 1H), 2.12 (dd, /= 1.6, 13.2 Hz, 1H), 2.07-
1.99 (m, 4H), 1.72-1.40 (m, 9H), 1.28-1.18 (m, 2H); °C NMR (125 MHz, CDCly)
5 140.4,137.6, 128.3,127.9 (2 C), 127.7, 123.4 (2 C), 91.7, 78.8, 71.3, 67.5, 57.4, 53.0,
39.7, 31.6, 26.4, 25.9, 25.3, 23.1, 22.4, 20.6; HRMS (EI) m/z (M") calcd 324.2089 for

C.,H0,, obsd 324.2070.
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(1S*, 2S*)-1-(3-[1-(Benzyloxy)-propynyl])-2-(1-cyclohexenyl)-cyclohexan-1-o0l. (95):
Flash with 20% ether in hexanes also afforded 95 as a colourless oil (189.6 mg, 0.584
mmol, 21%). IR (neat, cm™) 3448, 2931, 1619, 1448; 'H NMR (500 MHz, CDCl;) 8

7.34-7.27 (m, 5H), 5.65 (s, 1H), 4.60 (s, 2H), 4.22 (s, 2H), 2.77 (s, 1H), 2.42-2.36 (m,
1H), 2.11-1.94 (m, 5H), 1.74-1.44 (m, 10H), 1.27-1.22 (m, 1H); ’C NMR (125 MHz,
CDCl;) 8 1379, 137.8, 128.8 (2 C), 128.4 (2 C), 128.2, 127.2, 89.4, 82.2, 71.8, 70.4,
57.9, 57.4, 40.9, 28.5, 26.7, 26.2, 25.8, 24.4, 23.4, 22.8; HRMS (EI) m/z (M") calcd

324.2089 for C,,H,50,, obsd 324.2094.

(1R*, 4R*, 10S*)-3-Benzyloxymethyl-tricyclo-{8,4,0,0"°]-tetradecan-8-en-1-0l (96):
To a solution of DHD-394(1) (27.6 mg, 0.085 mmol) in toluene (20 ml) was added DBU
(254 pul, 1.70 mmol). The solution was degassed with argon for 5 minutes. It was then
heated with microwaves at 220°C for 90 minutes. Flash with 30% ether in hexanes to
give DHD-402 as a colourless oil (24.8 mg, 0.076 mmol, 90%). IR (neat, cm") 3370,
2924, 1653, 1456; 'H NMR (300 MHz, CDCl;) 8 7.37-7.25 (m, 5H),5.67 (s, 1H), 5.47 (d,
J=2.3 Hz, 1H), 4.48 (quar, J = 9.0 Hz, 2H), 4.12 (d, /= 12.1 Hz, 1H), 3.83 (d, /= 12.1
Hz, 1H), 2.85-2.82 (m, 1H), 2.16-1.99 (m, 4H), 1.84-1.78 (m, 3H), 1.69-1.02 (m, 10H);
13C NMR (75 MHz, CDCl3) 139.9, 138.6, 138.4, 133.0, 128.8, 128.2, 128.0, 121.8,
72.6, 71.9, 69.3, 47.7, 39.0, 37.4, 28.2, 26.4, 25.6, 23.5, 22.6, 21.4; HRMS (E) mz (M" -

H,0) calcd 306.1983 for C»,H,sO, obsd 306.1951.
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(1S*, 4R*, 10S*)-3-Benzyloxymethyl-tricyclo-[8,4,0,0*’}-tetradecan-8-en-1-0l (97):
To a solution of 95 (26.9 mg, 0.083 mmol) in toluene (19.5 ml) was added DBU (248 pnl,
1.66 mmol). The solution was degassed with argon for 5 minutes. It was then heated
with microwaves at 220°C for 360 minutes. Flash with 30% ether in hexanes gave 97 as
a colourless oil (13.4 mg, 0.041 mmol, 50%). IR (neat, cm™) 3370, 2924, 1653, 1456; 'H
NMR (300 MHz,CDCl;) 8 7.33-7.30 (m, 2H), 7.29-7.04 (m, 3H), 5.64 (s, 1H), 5.55(d,J
=2.6 Hz, 1H), 4.35 (dd, J = 12.1, 14.0 Hz, 2H), 4.02 (d, /= 12.2 Hz, 1H), 3.72 d, J =
12.2 Hz, 1H), 2.86-2.81 (m, 1H), 2.15-1.96 (m, 3H), 1.86-1.78 (m, 2H), 1.68-1.05 (m,
10H) 0.93-0.80 (m, 1H); *C NMR (75 MHz, CDCl;) 3 140.6, 139.1, 138.9, 131.0, 128.7
2 0), 1279 (2 C), 127.5, 124.4, 72.2, 72.0, 70.3, 53.7, 38.8, 35.1, 29.6, 27.6, 25.9, 25 .4,

24.0, 23.0; HRMS (EI) m/z (M" - H,0) calcd 306.1983 for C,;H,s0, obsd 306.1963.

OBn

(1R*, 2S8*)-1-(3-[2-Cyclohexen-1-one])-2-isopropenyl-cyclohexan-1-trimethylsilyl-
ether (101): To a solution of 81 (61.1 mg, 0.197 mmol) in THF (2 ml) was added
KHMDS (1.97 ml, 0.985 mmol). The reaction mixture was heated to reflux until all of

the starting material was consumed. The mixture was then cooled to room temperature
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and TMSCI was added (30.0 ul, 0.236 mmol). After stirring for 1 minute the reaction
mixture was quenched with a saturated aqueous solution of NaHCO; and then extracted
with ethyl acetate and concentrated down to dryness. The resultant purple oil was then
dissolved in methylene chloride (5 ml) and then stirred with silica gel (~ 1 g). This was
allowed to stir for 3 hours and then the silica was filtered off. The filtrate was then dried
(MgS0,), filtered and concentrated. Flash with 15% ethyl acetate in hexanes gave 101 as
a colourless oil (11.0 mg, 0.036 mmol, 18%). IR (neat, cm™) 3628, 3070, 2949, 2863,
1670, 838; 'H NMR (500 MHz, CDCl;) 8§ 6.05 (s, 1H), 4.60 (s, 1H), 4.50 (s, 1H), 2.36-
2.24 (m, 4H), 2.11-1.23 (m, 14H), 0.18 (s, 9H); '*C NMR (125 MHz, CDCl;}) § 199.0,
170.2, 147.3, 124.7, 112.6, 82.2, 54.2, 37.4, 35.4,27.2, 27.1, 25.9, 22.7, 21.3, 20.7, 2.7 (3

C); HRMS (EI) m/z (M") calcd 306.2015 for C,4H;,0,Si, obsd 306.2007.
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3-Iodo-but-3-en-1-0l (112): To a solution of flame dried Nal (7.70g, 51.4 mmol).in dry
acetonitrile (80ml), TMSCI (6.53ml, 51.4mmol) was added. After stirring for 10
minutes, a white precipitate was formed. Butynol (111) (3.24ml, 42.8mmol) was added
dropwise and this was stirred for only 10 minutes in order to avoid degradation by HI.
The reaction was quenched with water and solid NaHCO; was added slowly until all
bubbles had subsided. This was extracted with 50% hexanes in ether (3x 60ml). The
combined organic phases were washed with an aqueous solution of sodium sulfite. The
organic phase was then dried (MgSOQ,), filtered and concentrated down to dryness. Flash
with 40% ethyl acetate in hexanes afforded 112 as a cloudy oil (1.21g, 6.11mmol,
14.3%); IR (neat, cm™) 3347, 1617; '"H NMR (500 MHz, CDCl;) § 6.15 (s, 1H), 5.82 (s,
1H), 3.73 (t, J = 5.8 Hz, 2H), 2.61 (1, J = 5.9 Hz, 2H), 1.58 (s, 1H); ’'C NMR (125 MHz,
CDCl;) & 128.4,107.3, 60.8, 48.0; HRMS (EI) m/z (M") calcd 197.9501 for C,H,OI, obsd

197.9527.

Y\/OH

tert-Butyl-(3-iodo-but-3-enyloxy)-diphenyl-silane (113): To a solution of imidazole
(1.24g, 18.3mmol) in THF (15ml) was added 3-lodo-but-3-en-1-ol (112) (1.21g,
6.11mmol). After 2 minutes of stirring, TBDPSCl (1.75ml, 6.72mmol) was added

dropwise and this was allowed to stir for 20 minutes. The reaction mixture was then

quenched with NH,CI (sat. aq.) and extracted with ethyl acetate (3x 20ml). The organic
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phase was then dried (MgSQs), filtered and concentrated. Flash with 50% ethyl acetate in
hexanes afforded the cloudy oil (113) (2.66g, 6.11mmol, 100%); IR (neat, cm™) 2958,
1427, 1135; '"HNMR (500 MHz, CDCl;) 8 7.67-7.65 (m, 4H), 7.41-7.36 (m, 6H), 6.09 (s,
1H), 5.77 (s, 1H), 3.76 (1, J = 6.2 Hz, 2H), 2.60 (t, J = 6.2 Hz, 2H), 1.03 (s, 9H); °C
NMR (125 MHz, CDCls) 135.6 (4 C), 133.6 (2 C), 129.6 (2 C), 127.6 (4 C), 1274,
62.2, 48.1, 26.8 (3 C), 19.4; HRMS (EI) m/z (M" - C4Hy) calcd 378.9975 for C,¢H,cOSil,

obsd 378.9871.

Y\/oops

1S-{-[2-(tert-Butyl-diphenyl-silanyloxy)-ethyl]-vinyl}-6-isopropenyl-3-methyl-

cyclohex-2-enol (109): _To a solution of vinyl iodide (113) (184.6mg, 0.423mmol) in
ether (4ml) at -90°C ¢-BuLi (0.56ml, 0.423mmol) was added and this was allowed to stir
for 10 minutes. During this time, a cloudy white precipitate was formed inside the flask.
The ketone (42.3mg, 0.282mol), which was also in ether (5ml) at -90°C was transferred
into the solution of the metallated compo’und. The solution was allowed to stir while
warming to —40°C at which time it was quenched with a saturated aqueous solution of
ammonium chloride. It was then extracted with ethyl acetate (3x 15ml), dried (MgSO,),
filtered and concentrated. A flash with 10% ethyl acetate in hexanes gave a colourless oil
(115.3mg, 0.25 mmol, 89%). IR (neat, cm™) 3526, 1434, 1102; '"H NMR (500 MHz,
CDCl;) 8 7.67-7.65 (m, 4H), 7.42-7.35 (m, 6H), 5.15 (d, J = 6.6 Hz, 2H), 4.90 (s, 1H),
4.84 (s 1H), 4.73 (s, 1H), 3.81-3.78 (m, 2H), 2.37-2.23 (m, 3H), 2.11 (s, 1H), 1.99-1.97

(m, 2H), 1.94-1.86 (m, 1H), 1.71 (s, 3H), 1.65 (s, 3H), 1.56 (s, 1H), 1.04 (s, 9H); *C
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NMR (125 MHz, CDCl;) 151.2, 147.2, 138.3, 135.5 (2C), 135.5,133.8,129.5 (4 C),
127.6 (4 C), 126.5, 112.9, 110.0, 73.9, 63.8, 48.0, 35.0, 30.8, 26.8 (3 C), 24.6, 24.5, 23.4,
19.1; HRMS (ED) m/z (M" - C4H,;0) calcd 385.1988 for C,;sH»OSi, obsd 385.1989, [a]=

+10.5° ¢=3.82 in CH,Cl,.

(IR, 6S, T7R)-7[(2-tert-butyldiphenylsiloxy) ethyl]-10-methylene-4-methylbicyclo
[4.4.0"‘] deca-4-en-6-0l (114): To a solution of 109 (93.5mg, 0.203mmol) in toluene
(3ml) in a pressure tube was added DBU (0.152ml, 1.01mmol). The pressure tube was
then flushed with nitrogen, sealed and heated for 4 hours at 220°C. It was then
concentrated in order to remove all toluene and then flashed with 10% ethyl acetate in
hexanes to afford an oil (55.2mg, 0.120mol, 60%). IR (neat, cm™) 2930, 1111, 702; 'H
NMR (500 MHz, CDCl;) 8 7.68-7.65 (m, 4H), 7.42-7.35 (m, 6H), 5.69 (s, 1H), 4.87 (s,
1H), 4.63 (s 1H), 3.79-3.75 (m, 1H), 3.69-3.66 (m, 1H), 2.34 (s, 1H, OH), 2.28 (dq, /=
2.1, 13.1 Hz 1H), 2.06-1.97 (m, 5H), 1.73-1.65 (m, 6H), 1.53-1.52 (m, 1H), 1.40-1.24 (m,
3H), 1.05 (s, 9H); *C NMR (125 MHz, CDCl;) § 149.5, 138.8, 135.6 (4 C), 134.0 (2 C),
129.5, 127.6 (4 C), 124.5, 124 4, 107.5, 71.6, 62.6, 48.2, 41.7, 35.8, 32.2, 30.6, 30.0, 26.9
(3 C), 23.7, 20.5, 19.2; HRMS (EI) mz (M" - H,0) calcd 442.2692 for C,H;0Si, obsd

442.2529 [a]o=-66.3°, ¢=2.79 in CH,Cl,.



o

o]}

S _ODPS

(1R, 6S, 7R)-7-[(2-Hydroxy) ethyl]-10-methylene-4-methylbicyclo [4.4.0"‘] deca-4-
en-6-ol (115): To a solution of 114 (107.6mg, 0.234mmol) in THF (7ml) TBAF
(0.257ml, 0.257mmol) was added dropwise. The reaction mixture was allowed to stir for
1.5 hours at which time it was deemed complete by TLC. It was concentrated and
flashed with 25% hexanes in ethyl acetate to remove all impurities. This afforded a
colourless oil (52.0mg, 0234mmol, 100%) that was used immediately for the next

reaction.

o)
lxg

~-©H

(1R, 4R, 5R, 6S, TR)-4,5-Epoxy-7-{(2-hydroxy) ethyl]-10-methylene-4-methylbicycio
[4.4.0"%] decan-6-0l (116): To a solution of 115 (12.2mg, 0.055mmol) in DCM (1.5ml)
was added VO(acac); (65.9ul, 0.01M solution in DCM). The reaction mixture turned
from faintly green to deep purple immediately upon addition of zert-butyl hydroperoxide

(8.3ul, 0.060mmdl). After stirring for 1 hour the mixture had turned light yellow and was
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deemed complete (TLC). It was washed with an aqueous saturated solution of Na;S,03
(3x Sml), dried (MgSOs), filtered and concentrated down to dryness. Flash with 20%
hexanes in ethyl acetate gave an oil (12.4mg, 0.052mmol, 95%). IR (neat, cm™) 2935,
1059; '"H NMR (500 MHz, CDCls) § 4.80 (s, 1H), 4.51 (s 1H), 3.78-3.73 (qt, /= 5.6 Hz,
1H), 3.65-3.60 (m, 1H), 3.11 (s, 1H), 2.50 (br.s, 1H), 2.33 (dq, / = 2.1, 13.1 Hz, 1H),
2.12-1.91 (m, 4H), 1.85-1.80 (m, 1H), 1.76-1.54 (m, 5H), 1.44-1.33 (m, 2H), 1.32 (s,
3H); *C NMR (125 MHz, CDCl3) 8 147.9, 107.3, 70.6, 63.7, 61.2, 60.4, 48.5, 40.9, 35.6,
32.4, 30.1, 29.4, 23.3, 17.3; HRMS (EI) m/z (M") calcd 238.1569 for C,H:0O,, obsd

238.1555, [ Jo= -66.2°, c=1.56 in CH;Cl,.

22
o O"t\/OH

116a: To a solution of 116 (33.7 mg, 0.141 mmol) in dichloromethane (3.4 ml), was
added (R.)-(+)-methoxy(trifluoromethyl) phenylacetic acid (36.3 mg, 0.155 mmol) and
DCC (32.0 mg, 0.155 mmol). This was stired for 30 seconds and DMAP (1.71 mg, 0.014
mmol) was added by canula and 1 ml of dichloromethane. The mixture was allowed to
stir for 75 minutes. It was then quenched with a saturated aqueous solution of NH,Cl and
extracted with ethyl acetate. Flash with 60% hexanes in ethyl acetate afforded the

desired product as a viscous clear oil (38.0 mg, 0.084 mmol, 64%).
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(1R, 4R, 5R, 6S, 7R, 10S)-4,5-Epoxy-7-[(2-hydroxy) ethyl}-4,10-methylbicyclo
[4.4.0'] decan-6-ol (117): To a solution of 116 (12.0mg, 0.050mmol) in DCM (1.5ml)
a balloon of H; with a stopcock was attached. The flask was evacuated and replenished
with hydrogen 3 times. Crabtree’s catalyst was then added (252ul, 0.005M solution in
DCM). After stirring for 2 hours the reaction was complete (TLC). It was then filtered
through celite with ethyl acetate and concentrated down to dryness to yield a white solid
(12.1mg, 0.050mmol, 100%). IR (neat, cm™) 2926, 1056; 'H NMR (500 MHz, CDCl;) &
3.78-3.74 (qt, J = 5.6 Hz, 1H), 3.65-3.60 (m, 1H), 3.05 (s, 1H), 2.55 (br.s, 1H), 2.05 (dd,
J=4.3, 15.2 Hz, 2H), 1.96-1.90 (m, 1H), 1.69-1.42 (m, 8H), 1.30 (s, 3H), 1.08-0.94 (m,
2H), 0.80-0.79 (d, J= 6.6 Hz, 3H), 0.61-0.56 (t, J = 11.6 Hz, 1H); °C NMR (125 MHz,
CDCl;) & 68.8, 64.1, 61.7, 60.5, 50.5, 41.0, 35.3, 32.6, 30.6, 29.7, 27.5, 23.4, 19.7, 17.1;

HRMS (EI) m/z (M") calcd 240.1725 for C,.H,,0,, obsd 240.1678, mp:79-81°C, [a Jo= -

2 =
(o) OHE\/OH

1.25°, ¢=2.27 in CH,Cl,.
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(IR, 4R, 5R, 6S, 7R, 10S)4,5-Epoxy-6,7-[7, 11-(2H)-furan-12-one}-4,10-
dimethylbicyclo [4.4.0"°] decane (121): To a solution of 117 (9.5mg, 0.040mmol) in
DCM (1.4ml), TPAP (1mg, 0.002mmol), NMO (7mg, 0.060mmol) and molecular sieves
(20.0mg, 4A) were all added at the same time. The reaction was followed by TLC. After
1.5 hours of stirring, the reaction was judged to be complete. It was then concentrated to
near dryness and placed directly on a column and flashed with 30% hexanes in ethyl
acetate. It gave an white solid (8.5mg, 0.036mmol, 90%). IR (neat, cm™) 1768, 1175; 'H
NMR (500 MHz, CDCl;) 8 2.93 (dd, J = 6.7, 17.2 Hz, 1H), 2.78 (s, 1H), 2.25 (dd, J =
6.7, 8.2 Hz, 1H), 2.18 (d, J = 17.2 Hz, 1H), 2.15-2.12 (m, 1H), 1.90-1.84 (m, 1H), 1.67-
1.60 (m, 2H), 1.54-1.47 (m, 2H), 1.38 (td, J=4.62, 12.3 Hz, 1H), 1.32 (s, 1H), 1.11-1.04
(m, 1H), 0.88 (d, /= 6.7 Hz, 3H); >C NMR (125 MHz, CDCl5) 8 176.1, 83.6, 62.4, 58.2,
46.8, 38.8, 36.6, 31.1, 31.0, 27.8, 27.7, 25.4, 22.8, 19.5, 17.8; HRMS (EI) m/z (M") calcd

236.1412 for C,H,,0;, obsd 236.1404, mp:64-66°C [a ]p=-15.6°, c=1.85 in CH:Cl..

(IR, 4R, 5R, 6S, 7R, 10S, 11R)-4,5-Epoxy-6,7-{7, 11-(2H)-furan-12-one}-4,10,11-
trimethylbicyclo [4.4.0"] decane (122): To a solution of 121 (53.7mg, 0.227mmol) in
THF (3ml) at —78°C was added LDA (272ul, 1.0M solution). After stirring for 25

minutes CHil (141ul, 2.27mmol) was added and this was stirred for S minutes. The
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reaction was then quenched with NH,Cl (saturated aqueous solution) and extracted with
ethyl acetate (3x 7ml). After drying (MgSO,), filtering and concentrating the product
was flashed with 50% hexanes in ethyl acetate. It gave a white solid (40.9mg,
0.163mmol, 72%), IR (neat, cm™) 2926, 1771; '"H NMR (500 MHz, CDCl;) & 2.85 (s,
1H), 2.44-2.40 (q, J = 7.9 Hz, 1H), 2.16-2.14 (m, 1H), 2.12-2.07 (m, 1H), 1.86-1.79 (m,
1H), 1.65-1.50 (m, 3H), 1.47-1.45 (d, J = 7.9 Hz, 3H), 1.44-1.36 (m, 2H), 1.33-1.28 (m,
4H), 1.16-1.12 (m, 1H), 0.90-0.89 (d, J = 6.7 Hz, 3H), 0.88-0.85 (m, 1H); °C NMR (125
MHz, CDCl;3)8 179.9, 83.4,64.3, 58.5,45.5, 44.0,43.7,30.9, 26.3, 26.1, 25.9, 22.7, 20.3,
18.9, 18.0; HRMS (EI) m/z (M") caled 250.1569 for C,sH;0;, obsd 250.1552, mp: 63-

64°C, [a ]Jp=-16.3° ¢=0.97 in CH,Cl,.

(1R, 4R, 5R, 6S, 7R, 10S, 11S)-4,5-Epoxy-6,7-[7, 11-(2H)-furan-12-one}-4,10,11-
trimethylbicyclo [4.4.0"%] decane (123): To a solution of 122 (11.3mg, 0.045mmol) in
THF (2.0ml) at —78°C was added LDA (0.45ml, 1.0M solution). This was allowed to stir
for 25 minutes. It was then quenched with a saturated aqueous solution of ammonium
chloride. It was extracted with ethyl acetate (3x, Sml), dried (MgSO;), filtered and
concentrated. It was flashed with 40% hex;nes in ethyl acetate to remove any impurities.

It gave a white solid (11.0mg, 0.044mmol, 97%), IR (neat, cm™) 2926, 1768; 'H NMR
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(500 MHz, CDCl) & 3.09-3.06 (q, J = 6.8 Hz, 1H), 2.83 (s, 1H), 2.20-2.10 (m, 2H), 1.73-
1.58 (m, 3H), 1.50-1.43 (m, 3H), 1.30 (s, 3H), 1.28-1.20 (m, 1H), 1.15-1.13 d,J=7.1
Hz, 3H), 1.06-1.01 (m, 1H), 0.87-0.86 (d, J = 6.6 Hz, 3H), 0.83-0.82 (m, 1H); °’C NMR
(125 MHz, CDCl3) 8 178.4, 81.3,62.2,57.9,47.1,42.9, 38.7, 31.5, 30.8, 28.2, 22.9, 22.7,
19.4, 17.6, 9.3; HRMS (EI) m/z (M") calcd 250.1569 for C;sH,,0;, obsd 250.1565, mp:

74-75°C, [a Jo=-13.6°, c=2.46 in CH,Cl..

(IR, 6S, 7S, 10S, 115)-6,7 [7, 11-(2H)-Furan-12-one]4,10,11-triethylbicyclo [4.4.0'°]
decan-4-ene (127): To THF (1.4ml) at —-78°C was added WCls (82.9mg, 0.22mmol) all
at once. Five minutes later nBuLi (0.33ml, 0.628mmol) was added dropwise over 5
minutes. After stirring for 10 minutes at —78°C the mixture was slowly warmed over 1
hour to room temperature. After several colour changes (greenish brown, light yellow,
dark brown), Lil (0.80mg, 0.006mmol) was added and 5 minutes later 123 (19.4mg,
0.078mmol) was added (via canula and 1.0ml THF). The mixture was stirred for 2.5
hours and then poured into a cold aqueous solution of NaHCO; and then extracted with
ethyl acetate (2x 10ml). After drying (MgSO,), filtering and concentrating it was flashed
with 25% ethyl acetate in hexanes to afford some starting material (2.0mg, 0.008mmol)

and an oil which was 127 (11.0mg, 0.047mmol, 67%), IR (neat, cm™) 2930, 1764; 'H



NMR (500 MHz, CDCly) & 5.61 (s, 1H), 3.14-3.09 (q, J = 6.3 Hz, 1H), 2.11-1.96 (m,
3H), 1.89-1.84 (m, 1H), 1.72-1.61 (m, 6H), 1.54-1.49 (m, 1H), 1.44-1.38 (m, 1H), 1.22-
1.14 (m, 1H), 1.13-1.12 (d, J = 7.2 Hz, 3H), 1.06-0.98 (m, 1H), 0.92-0.91 (d, J = 6.6 Hz,
3H); °C NMR (125 MHz, CDCl;) § 179.2, 142.1, 121.7, 83.1, 46.5, 42.7, 39.6, 32.4,
30.8, 29.6, 23.7, 23.4, 20.9, 19.5, 9.4; HRMS (EI) m/z (M") calcd 234.1620 for C;;H»0,,

obsd 234.1600. [a ]p=-42.2°, ¢=0.35 in CH,Cl,.

joe

(+)-Arteannuin M (128): To a solution of 127 (6.8mg, 0.029mmol) in THF (1.0ml) was
added NMO (4.0mg, 0.033mmol) as well as a 4% by weight solution of OsOs4 in H,O
(18.5ul, 0.003mmol). This was allowed to stir for 40 hours. It was then quenched with
brine and extracted with ethyl acetate (2x 5ml). Flash with 30% hexanes in ethyl acetate
gave an oil (5.1mg, 0.019mmol, 66%) that was 128. IR (neat, cm™) 3347, 1766; 'H NMR
(500 MHz, CDCl3) & 3.43 (s, 1H), 3.06 (dq, J = 6.9, 6.9 Hz, 1H), 2.65-2.60 (m, 1H),
1.77-1.67 (m, 3H), 1.62-1.56 (m, 2H), 1.53-1.47 (m, 2H), 1.37-1.29 (m, 1H), 1.36 (s,
3H), 1.23 (br.s 1H), 1.11 (d, J = 6.9 Hz, 3H), 1.08-1.03 (m, 1H), 0.90 (d, J = 6.7 Hz, 3H)
: BC NMR (125 MHz, CDCL;) 8 179.1,86.2, 74.2,72.6,41.7,39.1, 38.8, 34.3, 32.3, 29.9,
26.6, 23.9, 22.1, 20.1, 9.3; HRMS (EI) mz (M"-H;0) calcd 250.1569 for C,sH.0;, obsd

250.1569 [a ]p=-34.3°, ¢=0.26 in CHCl,.
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CLAIMS TO ORIGINAL RESEARCH

. The use of DBU as a co-solvent for the assistance of the tandem oxy-Cope/ene
reaction.

. The total synthesis of (+)-Arteannuin M (128), which employed the DBU assisted
tandem oxy-Cope/ene reaction as a key step in the synthesis.

. Publication: L. Barriault; D. H. Deon; Org. Lett. 2001, 3, 1925.

. Oral Presentations: (a)‘Progress Toward the Total Synthesis of Artreannuin M’
D. Deon and L. Barriault, November 11, 2000, York University, Toronto Ontario,
Canada. (b) ‘Highly Diastereoselective Synthesis of Tricyclic Compounds Using
the Tandem Oxy-Cope/Ene Reaction. The First Total Synthesis of (+)-
Arteannuin M’ D. Deon and L. Barriault (i) March 26, 2001, Bristol-Myers
Squibb, Candiac Quebec, Canada (ii) March 30, 2001, Astra-Zeneca, Montreal
Quebec, Canada (iii) April 5, 2001, Pfizer Global Research and Development,
Ann-Arbor Michigan, US.A. (iv) April 11, 2001, Merck-Frosst Canada,
Montreal Quebec, Canada.

. Poster Presentations: °‘Highly Diastereoselective Synthesis of Tricyclic
Compounds Using the Tandem Oxy-Cope/Ene Reaction. The First Total
Synthesis of (+)-Arteannuin M’ D. Deon and L. Barriault (a) Ottawa-Carleton
Chemistry Institute Day, May 8, 2001 (1% prize) (b) Canadian Society for
Chemistry, May 27, 2001, Montreal Quebec, Canada.

. Conference Contributions: (a) The 83 Canadian Society for Chemistry (CSC)
Conference and Exhibition, May 2000, Calgary Alberta. (b) The 84th Canadian
Society for Chemistry (CSC) Conference and Exhibition, May 2001 Montreal
Quebec. (c) Pacifichem Intermational Congress/Honolulu December 2000,
Honolulu Hawaii (d) 41 TUPAC General Assembly, June/July 2001, Brisbane
Australia.
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