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Abstract
Merrilactone A 1, has been recently isolated from the pericarps of Illicium merrillianium as
part of a program to discover new substances with neurotrophic activity. Isolated in 0.004%
yield from the methanol extracts of the plant pericarps, it greatly promotes neurite outgrowth
in primary cultures of foetal rat cortical neurons at low micromolar concentrations. Such
compounds are of great interest as potential lead structures in the design of new therapeutics
in the area of dementia, as they may reverse the neuronal atrophy that is a hallmark of
illnesses such as Alzheimer's disease. Structural characterisation of merrilactone A revealed
a complex pentacyclic sesquiterpene architecture containing two y-lactones, an oxetane ring
and seven stereogenic centres from which five are fully substituted carbon atoms.

,,..

0
0

HO'

0
I merrilactone A

This thesis presents the investigations carried out towards the construction of the unique
merrilactone A structure. Our strategy for the total synthesis of the natural product utilises a
regioselective Patemô-Büchi photocycloaddition to install the key oxetane ring. Irradiation
of bicylcic enone 265, constructed through cyclopentenone alkylation followed by a novel
oxy-/carbopalladation reaction has led to the successful assembly of the tetracyclic oxetane
core 264 in excellent yield, having the complete carbon skeleton of the target natural
product.
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Work towards the completion of merrilactone A including the introduction of the hydroxyl
functionality in C2 as well as studies towards an asymmetric synthesis are also discussed.
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Introduction

I Introduction
1.1

Merrilactone A. Structure and properties

The evergreen shrub or tree Illicium is the only genus member of the family Illiciaceae.'
Although forty species can be found in eastern North America, Mexico, West Indies and
eastern Asia, the highest concentration is in northern Myanmar and southern China, where
nearly thirty-five species have been described. The Illicium species are rich sources of
prenylated C6-C3 compounds, neolignans and biosynthetically unique seco-prezizaane-type
sesquiterpenes, some of them presenting important neurotoxic and neurotrophic properties .

2,3

The unique ability to synthesise these natural products has been referred to as a characteristic
chemical marker indicative of the Illicium genus. Illicium sesquiterpenes have been
classified into three categories based on their carbon skeletons. 3 '4 The majority belong to the
class of seco-prezizaane-type sesquiterpenes, which itself has been divided into four
subgroups. The other two categories, amslactone and allo-cedrane type sesquiterpenes
consist of a much smaller number of compounds. Figure 1-1 shows representative examples
of each of the above categories.
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Figure 1-1. Examples of seco-prezizaane-type (2), anislactone A (3a) and aIIo-cedrane type
(4) sesquiterpenes.

ihicium merrihhianum, indigenous to south-western China and Myanmar, occupies an
important taxonomical place as being the first Ilhicium plant to yield a number of
seco-prezizaane-type sesquiterpenes and allo-cedrane-type sesquiterpenes, including the
biosynthetically important tashiromin 5, and 11 -O-debenzoyltashiromin 6. More
importantly, I. merrilhianum has been found to produce a large number of anislactone-type
compounds such as anislactone A and B (3a and 3b respectively) and merrilactones A, B and
C (1, 7 and 8 respectively), which possess a unique carbon skeleton that consists of two
consecutive five-membered rings fused with two -lactones 57 (Figure 1-2). They cannot
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therefore be categorised with the previously known seco-prezizaane-type sesquiterpenes. So
far, thirty-six structurally novel sesquiterpenes have been isolated from this species.
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Figure 1-2. Illicium sesquiterpenes isolated from I. merrillianum.

Merrilactone A (1) was isolated in 0.004% yield from the methanol extracts of the pericarps
of I. merrillianum. 5 Its structure has been elucidated by means of extensive spectroscopic
and X-ray crystallographic analysis and the absolute configuration established using the
modified Mosher's method. Merrilactone A has been reported to be a pentacyclic
anislactone-type sesquiterpene bearing two y-lactones and an oxetane ring. This densely
oxygenated highly compact architecture also contains five contiguous quaternary centres and
shows a cis-arrangement of the two angular methyl groups at the B-C junction (merrilactone
A numbering), making it an attractive and challenging target for synthesis.
In addition to its attractive structure, merrilactone A also exhibits an important neurotrophic
activity, significantly promoting neurite outgrowth in the primary cultures of foetal rat
cortical neurons at very low concentrations from 10 tmoI1L to 0.1 pmoIIL.
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1.2 Neurotrophic factors and Alzheimer's disease

Neurotrophic factors (NTF ' s) are peptides that act as growth factors for the development and
maintenance of neurons and their functions in developing and adult vertebrate nervous
systems. 8 Their importance is well evidenced, since as well as promoting neuronal survival
(neurons which fail to obtain a sufficient quantity of the necessary NTF's die by a process
called programmed cell-death) they also help in establishing synaptic contacts during cell
development. Recent work suggests that alterations in neurotrophic levels either owing to
age, genetic background or other factors contribute to neurodegeneration characteristic of
Alzheimer's, Parkinson's and other diseases.

Dementia is a major cause of ill health, with approximately 6 million sufferers in the
European Union and over 800,000 in UK. Alzheimer's disease is the most common cause of
dementia among people aged over sixty-five, representing

65% of the total cases. 9

Alzheimer's disease (AD) is an age-related and irreversible brain disorder. 9"° It occurs
gradually and is characterised by a progressive memory loss, behavioral and personality
changes and decline in cognitive ability together with some pathological changes in different
brain regions. It is a disease related to a breakdown of the synapses between nerve cells in
the brain and the eventual death of these cells. At first, AD destroys neurons in parts of the
brain controlling memory. As nerve cells in these regions die short term memory fails, and
this produces a decline in person's ability to carry out familiar tasks. The subsequent
progress of the disease throughout the cerebral cortex (the area of the brain controlling our
higher mental functions, such as language and reasoning), results in the loss of language
skills and changes in a person's ability to make judgements. Eventually, many other areas of
the brain are involved, all these brain regions atrophy and the person with AD becomes
bedridden, incontinent and unresponsive to the outside world.
Given the aging population, the magnitude of AD as a health problem is increasing and so
the disease is an urgent research priority.

Current research for the treatment of AD is focused in two important areas. Firstly, the need
to find out how to prevent formation of fl-amyloid and how to inhibit its deposition once it is
formed. Amyloid plaques are largely insoluble deposits of fl-amyloid protein fragment. They
are found in spaces between nerve-cells and develop first in areas of brain used for memory
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and cognitive functions. There is evidence that this deposition may be a central process in
the disease."

Secondly, efforts in utilising neurotrophic factors for therapy in AD have involved the
intracerebroventricular administration of nerve growth factors (NGF, superfamily among the
NGF's that includes NGF, brain-derived neurotrophic factor BDNF and some
neurotrophrns).' 2 As the most noticeable among the affected brain regions may be the basal
forebrain cholinergic neurons (BFCN), the research for AD treatment has been focused on
augmenting cholinergic functions. Some studies carried out in rats and monkeys demonstrate
that NGF administrations prevent the retrograde degeneration of cholinergic neurons and
correct spatial memory deficits.

However, optimism towards the development of NGF as a potential therapeutic agent has
been tempered by concerns as to the pharmacokinetics and bioavailability of such
polypeptidal agents. It is in this connection that the discovery of nonpeptidal molecules with
neurotrophic activity and the development of a synthetic way to construct them are of a great
importance.

1.3 Previous syntheses
Merrilactone A's intriguing biological properties have attracted the attention of several
research groups as the development of nonpeptidal neurotrophic agents as prospective
therapeutics for degenerative diseases is potentially of great significance. Therefore, a total
synthesis of merrilactone A and possible analogues would provide a route by which novel
therapeutic agents could be investigated. In addition to its novel bioactivity profile, its
unique structure has stimulated extensive efforts leading to several publications on its
synthesis. Fukuyama and co-workers already showed that anislactone B, significant amounts
of which can be obtained from Illicium merrillianum, can be converted to merrilactone A in
three steps. 6 Danishefsky, 13

" 4

Inoue" and Mehta 16 have completed five elegant syntheses of

the natural product in the past five years and recently Fukuyama' 7 has reported a new
synthetic approach. The remainder of Section 1.3 will provide a brief review on the synthetic
efforts towards the natural product.
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1.3.1 Danishefsky's first total synthesis of merrilactone A

Danishefsky completed the first racemic total synthesis of merrilactone A in 2002.13 Figure
1-3 outlines the retrosynthetic approach adopted in this synthesis.
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Figure 1-3. Danishefsky's retrosynthetic analysis of merrilactone A 1.

The central oxetane ring in merrilactone A arose from the homo-Payne-like rearrangement
of epoxide 9, generated by the isomerisation of exo-olefin 10 followed by epoxidation. The
free radical cyclisation' 8 of 11, a key step in this route, led to compound 10, enabling the
formation of a quaternary centre in a very congested environment. The suitable functionality
required for this crucial step was provided by the two-fold oxidation of substrate 12, which
arose from the iodolactonisation of 13. The y,6-unsaturated acid functionality of this last
intermediate was installed by the Johnson ortho-ester variant of the Claisen rearrangement' 9

via 14. A ring cleavage-reclosure sequence from 15 led to the formation of the latter
structure. Preparation of 15 was achieved through a Diels-Alder reaction.

Introduction_
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-

The initial Diels-Alder reaction between 17 and 18 was problematic, as substrate 17 is not a
particularly powerful dienophile, given the acknowledged unreactivity of butenolides and the
steric hindrance of the methyl substituents on each side of the double bond. This steric
impediment was overcome by using a more reactive electrophile 19 and the Diels-Alder
reaction between 18 and dimethyl anhydride 19 afforded 20 in 74% yield (Scheme 1-1).

Scheme 1-1. Diels-Alder reaction followed by regioselective reduction at C14

Xo

OTBS0

0

OTBS
+

a

(74%)

4o

0

18

19

0

OTBS

t 40

20

21

a (a) Mesitylene, 165 °C, methylene blue collidine.

At this stage, the C14 carbonyl group had to be regioselectively reduced and the attempted
reductions using borohydride reagents led to complex mixtures. A stepwise route involving
four steps afforded compound 21 in 78% yield from 20. Subsequent steps yielded 22 which
was then subjected to the Johnson variant of the Claisen rearrangement (Scheme 1-2). This
latter reaction afforded a mixture of diastereomeric esters (23/24 —1.8:1) which were firstly
hydrolysed and the resultant acids then subjected to iodolactomsation, obtaining in this way
two crystalline and chromatographically separable iodolactones 25 and 26 in 35 and 59%
yields respectively. The chain extension in isomer 26 was carried out by the Keck Callylation method2° to get intermediate 27. Obviously the lack of stereoselectivity in the
Claisen step had an important consequence on the yield, therefore the achievement of a
stereoselective Johnson ortho-ester rearrangement was be very desirable.
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Scheme 1-2. Johnson ortho-ester and Keck C-allylation reaction

OTBS0

O:o
21

TBSO
a-c W
(77%,

TBSO

0
0

0

d

10

(92%)

HO2C

3 steps)

OH 22

23/24 1.8:1

3e

a

OTBS

OTBS

26(59%)

25(35%)

(a) 0 3 ; then PPh3 . ( b) Bn2NIfTFA, C6H6 , 65 °C. (c) NaBH 4 , CH2 02 , MeOH, —78 °C. (d)

MeC(OEt)3 , mesitylene, 135 °C, PivOH. (e) LiOH, MeOH (aq); then 12, NaHCO 3 , THF. (f)
AllylSnBu3 , AIBN, C6H6 .

Further modifications to substrate 27 afforded compound 28 setting the stage for the free
radical cyclisation step (Scheme 1-3). This proved to be successful, leading to the formation
of 29 in 90% yield. Isomerisation of the alkene group together with deprotection gave access
to the fl-alcohol 30. Although hydroxy groups often behave as participating groups in
epoxidations 2 ' directing it in a syn sense, in this case the congested nature of the fl-face of the
double bond was sufficient for the epoxidation to occur from the a-face (a/fl epoxide3 .5:1).
The major isomer 9 was converted to (±)-merrilactone A I by an acid-induced homo-Payne
rearrangement.
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Scheme 1-3. Radical cyclisation of 28 and

homo-Payne

rearrangement'
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O-0s'7N.'0 (94%,
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0

J:

3 steps)
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0
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I
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a/,8 3.5:1
'

(a) LHMDS; then TMSC1; then PhSeC1. (b) PhSeBr, MeCN. (c) 0 3 CH2C12 then 1-hexene;
,

;

then C6H6, Et3N, reflux. (d) Bu 3 SnH, AIBN, C6H6 e) TsOHH20, C6H6 reflux. (f) m-CPBA, CH 2 0 2
,

. (

.

(g) TsOHH20, CH2C12, rt.

The synthesis of merrilactone A was carried out in twenty steps and in an impressive 11%
overall yield. However, a lack of stereo- and regio- control was prominent at several points
along the route.

1.3.2 Danishefsky's asymmetric formal synthesis
Three years after their racemic synthesis, Damshefsky and co-workers reported a modified
synthetic pathway that could lead to either enantiomer of merrilactone A.' 4 This significantly
improved approach focuses on the synthesis of key intermediate 26, as a very concise and
efficient route for its conversion to the natural product had been successfully established in
the previous racemic synthesis.' 3

Diels-Alder reaction between diene 31 and monomethyl substituted anhydride 32 afforded
the endo-adduct exclusively. This configuration played a key role in the stereo selective
methylation of compound 33 to give rise to 34, which was advanced in a straightforward
manner to meso compound 35 (Scheme 1-4).

8
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Scheme 1-4. Synthesis of key intermediate

ci
ci

)

a

OMe +
We

(92%)

b
CO2Me (95

ci

Ci

ci _-7c02Me
/

Ci CO2Me

Ci CO2Me

33

34

32

31

MeO We

MeO OMe

0

Ci

35

5 steps

C0 Me

I:

6H20H

CH2OH
35

a

(a) 180 °C, neat; then MeOH, reflux, C6H6/Me 0 H, TMSCHN2 . ( b) LDA, HMPA, Mel,

THF, -78 °C-+rt.

Desymmetrisation of the meso compound 35 was achieved by initial treatment with DMDO,
leading to the discrete exo-epoxide 36 (Scheme 1-5). A highly innovative asymmetric
epoxide-ring-opening (ARO) methodology involving the use of catalytic amounts of (S,S)[Co'11 (salen)]-OAc as described by Jacobsen and co-workers led to the formation of
(IR,2R,3R,6S,7S,9R)-37 with 86% ee and in 86% yield

.22

Scheme 1-5. Desymmetrisation of meso-35°
CO2Me

b a.H0

iH2OH a
CH20H
35
a

/CO2Me

/CO2Me

CH20H
36

(86%,
2 steps)

261....IJJ
CH20H

(1R, 2R, 3R, 6S, 7S,9R)-37

(a) DMDO, C112 02 , 0.5-1 hr. (b) (S$-[Co111(salen)]-0Ac, -78 °C, 2 d; then -25 °C, 2 d,

THY.,

Use of the (R,R)-Jacobsen catalyst afforded (IS, 2S, 3S, 6R, 7R, 9S)-37 instead, and therefore
the methodology gives access to either enantiomer of memlactone A.
Oxidation of the diol 37 using PDC followed by esterification led to the formation of
ketoester 38, which under Baeyer-Villiger conditions was transformed into carboxylic acid
39 in 63% yield over three steps (Scheme 1-6).
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Scheme 1-6. Baeyer-Villiger oxidation
CO2Me

/CO2 Me
HO

AN(

a.b

(70%,
C H20H 2 steps)0 0 OMe

37

/CO21Me
MeO
__
MeO2C"
(90%r HO21
=

60—

ZO JOMe
39

38

CO2H
)CO2Me

MeO

(a) PDC, DMF. (b) K2CO3, Mel, acetone, refluix. (c) MMPP, MeOH, 0 °C-+rt.
Carboxylic acid 39 was then converted into the secondary alcohol 40 with retention of
configuration through carboxy inversion in a three step sequence in 58% yield. Acidic
hydrolysis of 40 promoted the methoxytetrahydrofuran ring-opening; trapping its masked
aldehyde and subsequent lactonisation afforded 41 (Scheme 1-7).

Scheme 1-7. Completion of the synthesis of enantioenriched intermediate 260
0

HO
OH

CO 2 H
Me02C
(58%,
3 steps)
MeO

MeO

_i(3"

d MeO2C'
(50%)
41

40

39

e,f
2 steps)

OTBS
H

(75%)

MeOC'

=

0

HO

(65%,
MeOC'
2 steps)
HO Y__
42

43

26
a

0

TBSO

o

(a) DCC, m-CPBA, 0 °C-*rt. (b) C 6H6 , reflux. (c) K2CO3, MeOH. (d) BF3 0Et2 ,

HS(CH2 )3 SH, CH2C12 .

( e)

PhI(OCF3CO2 )2, MeCN/H20. (f) NaBH4 , MeOH, 0 T. (g)

o-NO2C6H4SeCN, Bu3P, THF; then H202 (30%). (h) TBSOTf, Et3N, CH2 02 . ( i) LiOH, MeOHIH 20;
then

12,

saturated NaHCO 3ITHF.

Compound 41 was subsequently converted into 42. Upon exposure of 42 to the protocols of
Grieco and co-workers, 23 a selective reaction at the primary alcohol delivered a transient
selenide which was converted to the desired ego-cyclic olefin by oxidative elimination.
Subsequent silyl protection of the secondary alcohol afforded 43 which followed by
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hydrolysis of the ester and iodolactonisation of the resultant carboxylic acid afforded the
advanced intermediate 26.

The synthesis of iodolactone 26 was achieved in 6% overall yield over twenty-one steps, and
at this point, the final stages in the synthesis of enantioenriched merrilactone A could be
implemented by following the earlier established protocols. This modified synthetic route
not only allows access to either enantiomer of the natural product, but also eradicates the
regio- and stereoselectivity issues suffered in previous efforts.

1.3.3 Inoue and Hirama's total synthesis of merrilactone A

Inoue and Hirama' s novel strategy in 200315 also suffered from some stereoselectivity
problems, affording merrilactone A in twenty-seven steps and in a 1% overall yield. Figure
1-4 shows the retrosynthetic approach adopted by Inoue and Hirama.

1,

OH

Q

H

0

0

HO",,

4

z !
C

0

5

HO

OBn
OBn

44

I

II

desymmetrisation
0

CI
CI

48

X
19

CI

HO

CI

::

<- (\-OBn

46

47

OBn

:::
0

45

Figure 1-4. Inoue and Hirama's retrosynthesis of merrilactone A.

Introduction of the oxetane ring would be achieved by the well known

homo-Payne

rearrangement of 9, which would arise via a multi-step sequence from bicycle 44. The key
step in their synthesis involved a desymmetrisation of the meso-diketone 45 through an
intramolecular aldol reaction for the construction of the cis-bicyclo[3.3.0]octane 44. The
relative stereochemistry of carbons C4, C5 and C6 would also be established in this step.
Oxidation of the diol, a double allylation, followed by ring-closing metathesis and ring
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expansion from cyclobutane 46 would provide access to the substrate for the key step.
Cyclobutane 47 would be accessible from the [2+2] photocycloaddition of 19 and 48.

Initial [2+2] photocycloaddition reaction between 19 and 48 allowed for the successful
instalment of the C5 and C6 quaternary carbons. Reductive dechlorination followed by
LiA1H4 reduction of the anhydride afforded meso-diol 49, which was subjected to benzyl
protection of the alcohols followed by dihydroxylation (Scheme 1-8).

Scheme 1-8. Synthesis of desymmetnsation substrate

o

cI ____.

I Cl

+

0

Cl

-

0

=

'I

--

:JOH

LII

(47%
0

o

3 steps)

OH

49

47

19

48

45

I

d-f

I (78%,

3 steps)

0
OH:
QBnl

OBn
OBn

CL_

OBn

g

(95% )

OB n

OBn

-

45
a

50-aa

51

(a) Benzophenone, acetone, hv, rt. (b) Zn, TMSC1, Ac 20, toluene, 85 °C. (c) LiAII-1 4, THF,

rt. (d) BnBr, NaH, THF/DMF (10:1), rt. (e) 0s0 4, NMO, t-BuOMe/t-BuOHIH20 (1:1:1), rt. (f)
(COd)2 , DMSO, Et3N, C112C12 ,

— 78

°C; then allylmagnesium bromide, —78 °C. (g)

P(Cy3 ) 2 CL2Ru=CHPh, CH2 0 2, reflux; then Pb(OAc) 4, rt.

A one-pot Swern oxidation-allylation sequence provided 50-aa as the major isomer, in
which both allyl groups had been introduced from the a-face. The cis arrangement of the
olefins favoured the ring-closing metathesis reaction, which followed by a
Pb(OAc)4-mediated oxidation gave access to the substrate for the crucial transannular aldol
reaction (Scheme 1-9).
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Scheme 1-9. Key desymmetrisation step°

(111111:

+

(85%r

45
a

OBn
44

dr=3.1:1

52

(a) LiN(TMS) 2 , THF, —100 °C

Diketone 45 was submitted the base-promoted desymmetrisation conditions yielding the
desired aldol product in a high 85% yield but with low diastereoselectivity. Various bases
were investigated in order to improve this diastereoselectivity, however, the highest achieved
was a 3.1:1 in favour of the desired isomer 44 when LiN(TMS) 2 in THF was used.

Treatment of 44 with m-CPBA produced the corresponding a-epoxide which was opened
with DBU and the formed alcohol subsequently oxidised with IBX (Scheme 1-10). The
tertiary alcohol in 53 was then reacted with 1 ,2-dibromo- 1 -ethoxy-ethane to afford 54 as a
4:1 mixture of diastereomers in 38% yield over four steps. Radical cyclisation using Bu 3SnH
and BEt3 favoured 5-exo cyclised product 55 (fl/a 3.5:1) in 73% yield. Minor 55-a was
transformed into 55-fl upon treatment with acidic ethanol.
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Scheme 1-10. Completion of merrilactone A synthesis"
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(62%)

0
OEt 54

d4:1 Br

53

44

OBn
OBn

J

1(73%)
1:3.5
0

OH

0
10 steps

Bn
9

Eta

a

g-i
(70%,
3 steps)

56

f

0
R

'°

1 Z'OBn
OBn

1R2
55-aR1 =H,R2 0H

(86%)L. 55-fl R1=OH, R2=H

° (a) m-CPBA, CH 2 2, rt. (b) DBU, CH 2C12, —40 ° C. (c) IBX, DMSO, rt. (d)
0
BrCH2CHBr(OEt), PhNMe 2, CH2 02, —78 °C—+rt. (e) Bu3SnH, BEt3/02, toluene, rt. (f) CSA, EtOH, rt.
(g)

TMSOTf, EtN(i-Pr) 2, CH2C12, —20 °C. (h) Me2N=CH2 1- , CH2 0 2, rt. (i) m-CPBA, CH 2 02, rt.

Reaction with Eschenmoser reagent followed by treatment with m-CPBA 24 delivered
compound 56, which has all the atoms in place for the construction of memlactone A.
Subsequent functional group manipulation afforded the natural product in a further ten steps.

Inoue and Hirama's total synthesis of merrilactone A uses an impressive desymmetrisation
reaction for constructing two of the central five-membered rings. However the lack of
selectivity renders this synthetic approach ineffective and further optimisation of the
selectivity in the key step would be crucial if it was to be applied to the synthesis of
enantiomerically pure merrilactone A.

1.3 . 4

Inoue and 1-Urama's asymmetr i c totaD synthes i s

Three years after their total synthesis, Inoue and Hirama reported the asymmetric total
synthesis of natural (—)-merrilactone A. 25 Their preparation of enantiomerically pure I relied
on the transannular aldol chemistry based methodology they previously developed for the
racemic' 5 synthesis of merrilactone A (vide Figure 14).
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Scheme 1-11. Diastereoselective transannular aldol reaction of the meso diketone 45 in the
total synthesis of (±)1a
OLi

OBn

(at ,
o

(±)44I(±)52 3.1:1

[ft:

OBn
OBn

+

OLi
(±)-57

H

OBn
HO

&rO B n
-

(4R,5S, 6R, 9R)-44

F)

H

OB
OBn

n

a

OBn

(4S, 5R, 6S, 9S)-44

~~C
(4S, 5S, 6R, 9S)-52

OBn

+

HO

0
OBn
OBn

(4R, 5R, 6S, 9R)-52

(a) LiN(TMS)2, THF, 100 °C.
—

In the key desynmietrisation reaction, exclusive deprotonation at C9 in diketone 45 would
lead to the bicylclo[3 .3 .0]octane system (4R, 5S, 6R, 9R)-44, with the absolute configuration
found in the natural product. A different deprotonation rate at C3 and C9 in pseudo-meso
substrate 58 could be achieved by shielding the proton at C3 through long-range steric
26
interaction (Scheme 1-12).
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Scheme 1-12. Strategy for the asymmetric synthesis of the core bicycle[3.3.0]octane
framework of (—)-memlactone A from pseudo-meso diketone 58
TMS)2 ?

0

OU

"
(
F3C)CF3

(1

C

(

59

H6 -:

--. &
r

60

N(TMS)2
58 pseudo-meso

Their strategy involved the synthesis of cyclooctane 58 bearing a bulky protecting group at
C14 which had to fulfil two requirements: (i) had to be as stable as the benzyl group in some
transformations; (ii) had to be removed in the final stage of the synthesis together with the
benzyl group. They designed a new benzyl ether: 2,6-bis(trifluoromethyl)benzyl (BTB)
ether.

The synthetic route is shown in Scheme 1-13 and it started with the [2+2]
photocycloaddition reaction between chiral tetrasubstituted olefin 61, available in four steps
from 19 and (Z)-1,2-dichloroethylene. The reaction proceeded with excellent facial
diastereoselectivity (9.8:1) affording 62, in which the absolute configuration of the two
quaternary carbon atoms at C5 and C6 had been successfully established. Compound 62 was
advanced to cyclobutene 63, in which the two protecting groups had been incorporated.
Conversion to the substrate for the key transannular step was carried out as in their racemic
sequence. 15
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Scheme 1-13. Synthesis of pseudo-meso diketone 58°

4 steps

XO )~O
0

Steg10

a.b
.

OPiv

OPiv

-

-

-

58

° (a) (Z) Dichloroethylene, hv (400 W Hg lamp), MeCN,
-

-

OBTB

:

63

62

61

19

QBfl

—

20 °C. (b) Zn, Ac 20, toluene,

120 °C.

Cyclooctane 58 was then subjected to the desymmetrisation conditions and upon treament
with NaN(TMS)2 the transannular reaction exhibited both site-selective deprotonation and
diastereoselective C—C bond formation to give the desired bicycle[3.3.0]octane system 60 in

75% yield (Scheme 1-14).

Scheme 1-14. Diastereoselective transannular aldol reaction of pseudo-meso diketone 58 °
0

0

('"OBn
OBTB

(75%)
HO
60
dr=17:1

58
a

OBTB

(a) NaN(TMS)2, THF, —100 °C.

The steric effect of the BTB group in the transformation in explained as shown in Scheme

1-15. The eight membered ring exists as a mixture of two pseudo-enantiomenc conformers
58 and 58'. Since formation of the cis-enolate is energetically favoured over the formation of
the trans-enolate, only one of the protons orthogonal to the CO bond in C9 is thought to be
abstracted by the base. The selective deprotonation to generate the cis-enolate 64 can be
explained by the effective insulation of C9 in 58' by the bulky BTB group.
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Scheme 1-15. Plausible mechanism for the diastereoselective transannular reaction
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From compound 60 (—)-merrilactone A was synthesised in fifteen steps and in 5% yield
following a very similar route to the one developed for the racemic synthesis (Scheme 1-16).

Scheme 1-16. Conversion of key intermediate 60 to enantiopure merrilactone A

3eps

H0

5eps

Et0° 6

Br

60

OEt 65
3 steps
HO

0
3 steps

_-

H-11
'

67

9

(a) TsOHH20, CH2 0 2 rt.
,
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Inoue and co-workers have achieved the asymmetric total synthesis of (—)-merrilactone A in
1% overall yield over thirty-one steps. The key transformation in the synthesis involves a
diastereoselective transannular aldol reaction for the construction of the bicycle[3.3.0]octane
developed in their racemic synthesis of the natural product. The introduction of the bulky
BTB protecting group in the substrate for the desymmetrisation crucial step resulted in a
highly regio- and stereoselective transformation, affording the key intermediate

60 in an

improved 17:1 ratio over the undesired isomer.

1.3.5 Mehta's approach to the synthesis of merrilactone A

Mehta and co-workers' model studies for the synthesis of the core of merrilactone A have
16
been applied for the total synthesis of the natural product. The stereo- and regioselective
diversity-orientated approach towards the synthesis of merrilactone A follows a different
conceptual design from those previously reported, and is amenable to access both
enantiomers of the natural product. However, it also relies on the known homo-Payne
rearrangement of epoxide 9 for the introduction of the oxetane motif. The retrosynthetic
approach is outlined in Figure 1-5. The substrate for the homo-Payne rearrangement, 9 would
be accessible from 68 via ozonolysis. A [2+21 photocycloaddition reaction of 70 with (E)I ,2-dichloroethylene would lead to the installation of the C5 and C6 quaternary carbon
centres. The construction of the [3.3 .O]propellane framework was envisioned to involve a
ring-closing metathesis (71—*70). Diene 71 would arise from 72

via an acetomde

deprotection-protection sequence. The symmetry of 73 made it the suitable starting point for
the synthetic route.
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I
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0

.oO
H0\
72

0
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Figure 1-5. Mehta and co-workers' retrosynthetic approach for merrilactone A.

Double hydroxymethylation of the readily available 2,3 -dimethyl-2-cyclopentene- 1 ,4-dione
73 mediated by DBU followed by acetonide protection furnished 74 in 87% yield (Scheme
1-17). Regioespecific Luche reduction, subsequent addition of allylcerium to the ketone and
re-oxidation of the secondary alcohol produced 72 as a single isomer in 73% yield over three
steps. A careful deprotection-protection sequence of the acetonide led to 75, which was
converted to 71 in four steps.
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Scheme 1-17. Synthesis of the RCM substrate and key metathesis step'
0

(87%)

(73%,

0—

3 steps)

0

0

72

74

73

I

f9
1(85%,
!2 steps)

0

0

/

/

4

/'•

h

/

4 steps

(76%)

x

01

71

70
a

HO_
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(a) DBU, HCHO (40% aq), TifF, 0 T. (b) Acetone, MS (4 A), Amberlyst-15. (c) NaBH 4

,

CeC13 7H2O, 0 °C. (d) CeC1 3, allylmagnesium chloride, –78 °C. (e) Mn02, CH2C12 f) THFIH20 (5:1),
HC1 (2 N). (g) Acetone, MS (4 A), Amberlyst-15. (h) Grubbs' catalyst (CH 65Cl2N2PRu) (25 mol%),
. (

CH2 0 2, reflux.
The cis arrangement of the olefins in 71 effectively facilitated the crucial ring-closing
metathesis reaction, affording diquiniane 70 in a satisfactory 76% yield upon exposure to
Grubb's first generation catalyst

.27

A moderate degree of /3-facial selectivity in the key [2+2] photoaddition of the

a,,8-

unsaturated enone and (E)-1 ,2-dichloroethylene favoured the formation of the desired
diastereomer 69, affording a 2:1 mixture of separable diastereomers in 65% yield (Scheme
1-18). Eliminative dechlorination afforded cyclobutene containing derivative

76.

DIBAL-H-mediated reduction of the ketone proceeded with remarkable stereoselectivity,
exclusively furnishing the desired 8-hydroxy epimer. TBS protection of the alcohol
subsequently afforded 78 in 82% yield over two steps.

21

Introduction

Scheme

1-18. Key [2+2] photocycl oaddition

a

OR

Os
Cl
0_
I

I/r

69 dr= 2:1
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0
"
_
77 R=H
d i
(86%)L78 RTBS

76

° (a) (E)-1 ,2-Dichloroethylene, hv (400-W), Pyrex. (b) Sodium naphthalenide, —60 °C. (c)
DIBAL-H, —78 °C. (d) TBSOTf, CH2 0 2 , Et3N.

The introduction of the y-lactone-bearing ring A was next examined (Scheme 1-19). A
sequence of acetomde deprotection, TPAP-mediated oxidation to furnish the aldehyde and a
Wittig reaction successfully furnished the enol ether 79 in 51% yield over three steps.
Acid-mediated hydrolysis followed by hemiacetal formation and PCC oxidation led to
lactone 68. Ozonolysis and in situ reduction of the double bond in the cyclobutene ring
regioselectively led to lactol 80 which was transformed into the y-lactone moiety by
oxidation with PCC. The final stages in the synthesis of the natural product were realised by
following the earlier established protocols.

Scheme

13

1-19. Final steps for the completion of the synthesis°
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(a) THFIH2 0 (5:1), HC1 (2 N). (b) TPAP, CH 2 0 2 . ( c) Ph3 PCH2 0CH3 , t-BuOK, THE (d)

CH2 C12/THF (10:1), HC104 . ( e) PCC, CH 2C12 .

(

0 03 , MeOH, —78 °C; then NaBH4 , MeOH, —78 °C.

(g) PCC, CH2 C12 . ( h) p-TsOH, CH2 0 2 .
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The synthesis of the neurotrophic sesquiterpenoid merrilactone A was achieved in twentyseven steps and 0.4% overall yield. While the synthetic route could be applied to an
asymmetric synthesis of merrilactone A, selectivity issues in the key steps need to be
addressed.

1.3.6 Fukuyama's model studies

Shortly after their isolation and determination of the absolute structure of memlactone A,
Fukuyama and co-workers reported their model studies towards the construction of the BC
motif of the natural product.' 7 Bicyclic lactone 82 was identified as a suitable intermediate,
as it contains appropriate functionalities for its conversion to merrilactone A (Figure 1-6).
The key intermediate was disconnected by means of two key transformations. Firstly, a
regioselective reduction of anhydride 86 would lead to 85. Secondly, successive Stille-Heck
reactions of dibromo-alkene 84 would give access to compound 83.

HO&i

°

I merrilactone A

> HO2CIJijO

>
Me02C

Me02C

83

82

ii
Brj

TBSO.çj
0

0jj

OMe 0

Br
CO2Me

85

86

84

Figure 1-6. Fukuyama's synthetic plan for merrilactone A.

The slightly modified Diels-Alder reaction

21

of the Damshefsky's diene 87 with 2,3-maleic

anhydride afforded silyl enol ether 86 in 63% yield (Scheme 1-20). Their next efforts were
directed towards the regioselective reduction of the anhydride, a transformation that had
proven particularly troublesome in previous syntheses of the natural product.' 3

23

Introduction

Scheme 1-20. Diets-Alder reaction and regioselective reduction of anhydride 85°
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(a) Toluene, 150 °C. (b) Super-Hydride, THF, rt.

The use of Super-Hydride proved adequate yielding exclusively lactone 85 in 74% yield.
The high regioselectivity achieved was understood to arise as a consequence of the steric
hindrance caused by the methylene group /3 to the carbonyl that remains intact (Scheme
1-21).

Scheme 1-21. Plausible mechanism of regioselective reduction of 86
ft
TMS0ç1

f

We 0
86

-

H HX0

°4$

0

H-

85

88

Treatment of lactone 85 with Pb(OAc) 4 followed by acidic hydrolysis delivered alcohol 89 in
good yield (Scheme 1-22). Oxidative cleavage of the a-hydroxy ketone moiety yielded the
corresponding aldehyde, which was transformed according to the Corey-Fuchs protoc01 29
into 1,1-dibromo-1-alkene 84 in 56% yield over two steps. They then examined the
feasibility of the crucial Stille-Heck key step. Since both the Stille and then the
intramolecular Heck reactions are performed in the presence of palladium(0), they developed
a one-pot cascade reaction. Addition of DMF and triethylamine for the initiation of the Heck
reaction after the Stille coupling was the only requirement, and under such conditions
bicyclic lactone 83 was obtained in 78% yield. Further functionalisation of 83 to the key
intermediate 82 was straightforward via hydroboration, oxidation and epoxidation reactions.
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Scheme 1-22. Successive Stille and Heck reactions for the synthesis of key intermediate 81
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(a) Pb(OAc) 4, C61-16 , reflux. (b) p-TsOH, MeOH, H 20, 100 °C. (c) Pb(OAc) 4, C6H6, MeOH,

rt. (d) CBr 4, PPh3 , CH2C12 . ( e) VinylSnBu3 , Pd2dba3 CHC13 (10 mol%), triftirylphosphine (20 mol%),
toluene, 100 °C. (1) Pd(OAc) 2 , (04003P (20 mol%), Et 3N, DMIF, 100 °C. (g) Sia2BH, Et20, H202 . ( h)
PDC, DMF. (i) m-CPBA, CH 2C12 .

In conclusion, Fukuyama and co-workers have established an efficient route to the BC ring
motif of merrilactone A. The regioselective reduction of cyclic anhydride 86 to the
corresponding y-lactone moiety and the successive Stille and Heck reaction key steps have
been successfully demonstrated leading to the key bicyclic lactone in 1.5% yield over eleven
steps.
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1.4 Objectives
The outstanding biological activity of merrilactone A coupled with the challenge of
synthesising the densely oxygenated and highly compact architecture prompted us to
investigate a synthetic route for constructing its unique structure.
The principal aim was to devise a new approach for the assembly of such a complex
structure. This new route should be short and involve the use of novel methodologies that
would lead to the efficient and elegant construction of the natural product.

To date, all successful syntheses of memlactone A rely on a biomimetic homo-Payne
rearrangement of the pentacyclic alcohol 9 for the introduction of the oxetane ring at the very
end of the synthesis (Scheme 1-23).

Scheme 1-23. Biomimetic homo-Payne rearrangement

p-TsOH

0

jo

~

We were interested in developing an alternative strategy, in which the key oxetane ring
would be introduced via an intramolecular Paternô-Büchi photocycloaddition. Such a
strategy aims to take advantage of the proven ability of photochemical [2+2] cyclisations to
introduce quaternary stereocentres in sterically congested environments with high levels of
stereocontrol. Figure 1-7 outlines our retrosynthetic plan. Irradiation of diketo-olefin 92
would afford the tetracyclic oxetane 91, which has the characteristic oxa[3.3.3]propellane
structure. The ketone would then provide a handle for the annulation of the remaining
lactone ring and completion of the synthesis.

>

H0 ,,-

Q

.>

EtO

1

O

HO,
92

91
Figure 1-7. Retrosynthetic approach for the synthesis of merrilactone A.
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The synthesis may be divided into four clearly defined objectives:

First of all, the construction of photo-substrate 92 that would allow us to investigate the
feasibility of the key Paternô-BUchi reaction (Scheme 1-24). We envisaged different routes
for the synthesis of the required keto-enone 92.
The Ireland-Claisen rearrangement of oxabicyclo[3.3.0]octane 94 was anticipated to afford
the corresponding acid 93 in a single step (Figure 1-8). Further functional group
modifications in the side-chain would lead to the photo-substrate.
OAc

DO '"( I
o'f-7

0

DO

HO

94

93

Figure 1-8. Construction of bicyclic 93 via the Ireland-Claisen rearrangement.

Alternatively, photo-substrate 92 could be disconnected to the corresponding cyclic allylic
alcohol via a Pd(H)-mediated oxy-/carbopalladation reaction. fl-Hydroxy-cyclopentenone 95
could arise from the 1,2-addition of a suitable nucleophile 96 to cyclopentenedione 97 as
shown in Figure 1-9.

x
PdU>

HO'L/

•"OH 0L.,/ °

OH

OH
EtODO
92

° 1,2-addition

\

96

95

97

Figure 1-9. 1 ,2-Addition—oxy-/carbopalladation strategy for the construction of the photosubstrate 92.

Additionally, enone 95 could also arise from the Piancatelli rearrangement of furan 98 in a
single step (Figure 1-10).

27

Introduction

OH

0

Ho

Piancatell,

98

95

Figure 1-10. Piancatelli rearrangement of furan derivative 98 is expected to provide enone
95.

With the requisite photo-substrate 92 in hand, the next objective would imply demonstrating
the viability of the Paternô-BUchi reaction. Irradiation of compound 92 is anticipated to
provide the A and D rings of merrilactone A with complete stereo- and regiocontrol leading
to the complete core of the natural product (Scheme 1-24).

Scheme 1-24. Paternô-Büchi photocycloaddition on the simple model

EtO

O

hv

Ho

91

A synthetic methodology for the annulation of the remaining y-lactone and incorporation of
the two angular methyl groups should also be developed (Scheme 1-25).

Scheme 1-25. Annulation of the remaining lactone and completion of the synthesis

HOç
-=

HO , 0

91

Ultimately, in order to achieve the synthesis of the natural product, adaptation of the
developed synthetic route towards an asymmetric synthesis would be desirable.
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1.5 Photocycloaddition reactions as key steps in natural product synthesis

During the last four decades photochemistry has become increasingly important in the field
of organic chemistry and this is reflected in the number of synthetic routes that currently
involve a photochemical reaction as a key step. Novel transformations and recent
developments in the reaction of a triplet excited state have considerably widened the scope
of light-induced synthetic transformations. Important features of such processes include the
ability to access strained molecules that are difficult or impossible to obtain by other means
and the high degree of control on the chemo-, regio- and stereoselectivity that can be
achieved. Photochemical processes are therefore especially promising for the synthesis of
complex polycyclic molecules.

In recent years photochemical transformations have been extensively reviewed

10-12 and this

section will therefore focus only on the most significant recent developments of
photocycloaddition reactions and their use as key steps in the synthesis of natural products.

1.5.1 [2+2] photocycloaddition

The [2+2] photocycloaddition reaction, which involves the union of two sites of unsaturation
giving rise to four-membered rings in a single step, is by far one of the most important
contributions of photochemistry to organic synthesis.

The first example of a [2+2] photocycloaddition dates back to 1908, when Ciamician
discovered that exposure of carvone to sunlight for one year resulted in the formation of the
10033 (Scheme 1-26).
highly strained carvonecamphor

Scheme 1-26. First reported [2+2] photocycloaddition reaction

I

to_

h

100

99

If the 2n-electron-contairnng entities involved in the [2+2] photocycloaddition are two
alkenes, the formation of two new C—C bonds will lead to the construction of cyclobutanes
and up to four new stereogenic centres will be introduced. Many natural products contain the
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cyclobutane ring motif and it is therefore not surprising that the photocycloaddition of two
alkenes has been widely employed to access such targets.

Grandisol (101, Figure 1-11), an important component in the sexual attracting insect
pheromone and a naturally occurring cyclobutane has attracted considerable interest in the
synthetic community. Most of the photochemical approaches directed towards its synthesis
focus on the construction of the cyclobutane ring using an intermolecular photocycloaddition
of an alkenone to ethene.

:1
1IH
=

or

or

HO--:
O (+)-fOf

Figure 1-11. Photochemical approaches towards grandisol.

ZurflUh's first synthesis of racemic grandisol used a pivotal [2+2] photocycloaddition bond
construction step which sets up the relative configuration of the two stereogenic centres

.34

Early efforts towards an asymmetric synthesis of grandisol relied on optical resolution. 35
More recently the use of chiral alkenones and furanones has given access to the
enantiomerically pure pheromone by inducing facial diastereoselection in the key
photocycloaddition step.

Fleming and co-workers achieved a 12:1 mixture in favour of the exo-cyclobutane product
103 on irradiating the chiral a, 18-unsaturated lactam 102.36 The auxiliary directing the

cycloaddition was readily disconnected, leaving only the chiral cyclobutane that was
converted to (—)-grandisol (Scheme 1-27).
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Scheme 1-27. Photocycloaddition on a chiral enone and subsequent detachment °
0
a,,CN
(57 %,
3 steps)

4ON

o

o
102

d

+ o'

1

o

(56%)
45:55 MeO2C

Me02C
105

104

103

HO'

'k

4

(-)-101

e
45:55

(a) s-BuLi (1.1 equiv), THF, —78 ° C; MeLi (1.2 equiv). (b) 1.1 equiv s-BuLi, THF, —78 °C;
Ph2Se2 (1.2 equiv), 2 hr; H 202 (6.0 equiv), Pyr, 3 hr. (c) CH 2 02 saturated with ethylene, acetophenone
(5 equiv), —78'C, hv (1000-W Hg lamp), 5 hr. (d) H2SO4 (5%) in MeOH, 60'C, 36 hr. (e) Ph 3PCH3Br
(1.0 equiv), n-BuLi (1.0 equiv), THF, 25 °C, 2 hr.

The use of chiral furanones that would ensure the creation of new chiral centres by internal
asymmetric induction of the original stereogemc centre was introduced by Font and coworkers37 (Scheme 1-28). Their approach towards both enantiomers of grandisol included a
[2+2] photocycloaddition of ethylene to a homochiral a,fl-butenolide 106 in which the two
diastereomers 108 and 109 were obtained in a 62:38 ratio in favour of 108 in an almost
quantitative yield.
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Scheme 1-28. Facial diastereoselection induced by chiral furanone'
0

+

II

+

(100%)

dr= 6238

(H3C)3000
106

107

(H3C)3COCO

108

9

(H3C)3COCO
(96%4

()

HO

HO

HO

OH
110

HO

HO

OH
111

HO"
(-)-101

(+)-101

(a) hv (125-W), acetone, 45 T. (b) MeLi excess, THF, —78 T.

Further investigations by Font and co-workers led to improved diastereoselectivities when
bis(aj3-butenolide) 112 available from D-mannitol was employed in the key [2+2]
photocycloaddition38 (Scheme 1-29).

Scheme 1-29. Key photocycloaddition step in Font's approach towards (+)-grandisol°

(65%)
TMSO OTMS
112

HOó'
HO OH
113

(+)-101

"(a) C2H4, hv (125-W Hg lamp), acetone, —78 °C, 6 hr. (b) n-Bu4NF, THF, rt, 16 hr.

General features for the high diastereofacial discrimination during the cycloaddition process
include the C2 symmetry of the substrate, which considerably improves the asymmetric
induction and the appropriate protection of the central diol unit. Derivative 112 bearing two
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trimethylsilyl protecting groups proved to be the most effective with an overall antifacial
selectivity greater than 98%.

Alternative photochemical approaches to grandisol include the intramolecular [2+2]
photocycloadditions of 1 ,6-dienes. Salomon and co-workers investigated the copper(I)catalysed [2+2] photocycloaddition of 1,6-diene derivatives for the preparation of
bicyclo[3 .2.0]heptane motif. 39 The reaction proceeded in high yields and the transformation
was reported to be regioselective for 1,6-dienes. Rosini and co-workers' route towards
racemic grandisol takes advantage of Salomon's procedure for the stereoselective synthesis
of the cyclobutane ring 40 (Scheme 1-30). The intramolecular photocyclisation of 3,6dimethylhepta-1,6-dien-3-ol

114

in presence of copper(I) trifluoromethanesulfonate

generated cis-(±)-2,5-dimethylbicyclo[3 .2.0]heptan-endo-2-ol 115 in an efficient 95% yield
as a single diastereomer. A further seven steps led to racemic grandisol.

Scheme 1-30. Stereoselective CuOTf-catalysed photocycloaddition"
HO,

HQ H

HOI1III1

a
(95%)

114

115

(±)-101

'(a) hv (450-W Hg lamp), CuOTf (cat), Et 20, 12 hr.

Mattay and co-workers' strategy for the synthesis of (-)-grandisol also relied on the
copper(1)-catalysed [2+2] photocycloaddition of 1,6-diene derivatives 4

' (

Scheme 1-3 1). They

investigated the use of chiral catalysts, chiral auxiliaries and enantiomerically pure diene
starting materials that would generate the bridgehead carbons at Cl and C5 stereoselectively.
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Scheme 1-31. Stereoselective CuOTf-catalysed [2+2] photocycloaddition of a chiral
spiroketal°

r~o

a ;°
(25%)
116

0

0
b
(55%)
dr 80:20

(69%)

117

119 60%ee

118

(a) D-(-)-2,3-butanedio1 (3.0 equiv), p-TsOH, cyclohexane, Dean-Stark, 14 hr. (b) hv,
CuOTf (cat), E120. (c) hv, CuOTf (cat), Et 20; thenp-TsOH, H 20/THF (2:1), 72 hr.
The best results obtained involved the use of a chiral ketal 117, which upon copper(1)catalysed photocycloaddition yielded two diastereomeric ketals 118 in an 80:20 ratio. Acidic
cleavage of these spiroketals gave ketone 119 with an enantiomeric excess of 60%.

The [2+2] photocycloaddition of alkenes has been successfully applied for the incorporation
of the cyclobutane ring in more congested environments, creating strained polycyclic
structures that would be difficult to obtain by other means.

A recent approach to the bicyclo[2. 1. 1]hexane substructure of solanoeclepin A, features an
intramolecular [2+2] photocyclisation of rigid dioxenone 122 to access key intermediate
121 42 (Figure 1-12).

HO
0

[2+21
-9

c..
0

-

120 solanoeclepin A

0

A
1 0

122

121

Figure 1-12. Retrosynthetic approach for the synthesis of Solanoeclepin A.

Irradiation of the rigid lactone 122 afforded photo-adduct 121 as a single diastereomer in
95% yield (Scheme 1-32). The substitution pattern of the pendant alkenes in CS dictates the
regiochemical outcome of the photocycloaddition. In this particular case, the exclusive
formation of the crossed adduct followed the so-called empirical rule of five, 43 which
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explains the regiochemistry by the preferential 1,5-closure during the first step of the
cyclisation process.

Scheme 1-32. Stereoselective photocycloaddition for the synthesis of intermediate 123°
0

Aok

a

b

(95

(55
"

OH

-0

HO
121

122
a

HO
IOH

0

123

(a) hv, MeCN/acetone (9:1 v/v), rt, 2 hr. (b) LiA1H 4, THF, rt, 5 mm.

Reduction of the highly compact and complex pentacyclic cyclo-adduct 121 afforded 123,
which contains the appropriate substitution pattern and stereochemistry for elaboration
towards the right hand substructure of solanoeclepin A.

Mehta and co-workers have developed a novel route towards the synthesis of various
terpenoid natural products bearing the novel tricyclo[6.2.0.0 2 ]decane core. Some examples
'6

include (+)- and (-)- kelsoene (124)

and (-)-sulcatme G (125) 41(Figure 1-13).

-

HOHOOH

(+)-124

(-)-124

(-)-125

Figure 1-13. Structures of (+)-kelsoene, (-)-kelsoene and (-)-sulcatine G.

The approach involves a [2+2] photocyclisation as a pivotal step to append the cyclobutane
ring and therefore generate the desired 4-5-5 fused tricyclic framework. Photocycloaddition
of (L)- 1 ,2-dichloroethylene to the required diquiniane precursor generally happens from the
exo-face furnishing the desired cis, anti, cis-fused tricyclic motif. Scheme 1-33 shows the
key [2+2] photocycloaddition step in their route towards (-)-sulcatine G. Irradiation of
ketone 126 afforded tricycle 127 in 94% yield, which contains the complete carbon skeleton
of the natural product.
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Scheme 1-33. [2+2] photocycloaddition as a pivotal step in the synthesis of (-)-sulcatine G°
P°OH

X

/CO2Me

126
a

127

(-)-125

128

(a) (E)- 1 ,2-Dichloroethylene, C 6H 12 , hv, Pyrex, rt, 6 hr.

The construction of the tricyclo[5.4.0.0 2 ]undecane skeleton present in (-)-italicene 129 and
'5

(+)-iso-italjcene 130 involved a [2+2] photocycloaddition as the key step 46 (Figure 1-14).
The approach made use of (5)-lactic acid segment present in 132 as a chiral removable tether
group, which determined the excellent facial selectivity achieved in the crucial step.

I
(-)-129

iii(- [2+2]

c°

0

0
131

0

132

0H
0
133

o(
(+)-130

0

Figure 1-14. Key [2+2] photocycloaddition for the synthesis of (-)-italicene.

Irradiation of oxoester 132 led to the formation of the straight photo-adduct 131 iii a good
81% yield with excellent stereoselectivity (97:3 in favour of the desired diastereomer).
Removal of the chiral tether group was achieved upon treating 131 with sodium methoxide
followed by acid-promoted lactonisation to afford 134. A further four steps yielded
iodo-derivative 135 which upon standard radical cyclisation conditions furnished 136 and
137, potential precursors of (-)-italicene and (+)-iso-italicene respectively (Scheme 1-34).
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Scheme 1-34. Synthetic approach to (-)-italicene and (+)isoitaIicenea

_ cç
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134 0
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132
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0
0

0

0

H

H

H

(84%)

a

(a) hv (366 nm), CH2 02 ,

rt.

135 1

137

136 19:8

(b) CH3 0Na, MeOH, heat; then (+)-CSA, toluene, heat.

(c) n-Bu3 SnH (1.4 equiv), Mel (2 equiv), THF, 0 °C— --20 °C.
~

Sulikowski and co-workers identified 139 as the key intermediate in the synthesis towards

HokzOH

the diterpene bielschowskysin 138 and they recently described a concise and
stereocontrolled assembly of the tetracyclic core involving a [2+2] photocycloaddition of
bislactone 140 (Figure 1-15).

S?I

HO,

H

0 [2+2]

->
o•'0

Ac

139

138

"~
oz
140

Figure 1-15. Sulikowski and co-workers' approach towards the synthesis of bielschowskysin.

The key photocycloaddition step was dependant on the photo-substrate double bond
geometry and upon irradiation, compound 140 underwent and equilibration-cyclisation
sequence affording a 5:1 mixture of [2+2] photo-adducts in favour of the desired
diastereomer. The preference for the formation of 139 was explained by the development of
an unlavourable dipole and/or electrostatic interaction in the alternative closure of the
intermediate 1 ,4-biradical 142 (Scheme 1-35).
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Scheme 1-35. Model for observed diastereoselectivity of the [2+2] photocycloaddition°
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(a) hv (sun lamp), acetone, 2 hr.

Efforts directed toward completion of the total synthesis of the marine diterpene are reported
to be currently ongoing.

Cyclobutanes are very strained ring systems and hence are susceptible to fragmentation. If
the cyclobutane ring is fused to one or more rings, this process gives rise to ring expansion
products. For the synthesis of medium sized rings when typical annulation reactions are
often problematic, the tandem [2+2] photocycloaddition-fragmentation sequence becomes a
powerful alternative.

Since Williams 48 and Wender49 demonstrated in the early 80's the use of thermal
fragmentations of fused cyclobutyl systems for the synthesis of medium sized rings, this
strategy has been extensively studied and applied to the syntheses of various natural
products.
White5° recently applied a photoaddition-cycloreversion strategy to access the ninemembered central ring of (+)-byssochlamic acid 144. The retrosynthetic analysis in Figure
1-16 outlines the [2+2] photocycloaddition and the fragmentation key steps.
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144 (+)-byssochlamic acid
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0
OH

(Q +
TBSI1L/
147 SMe
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Figure 1-16. [2+2] photocycloaddition and fragmentation reaction key steps for the synthesis
of (+)-byssochlamic acid.

Coupling of 147 and 148, followed by deprotection and subsequent lactonisation generated
ester 146 (Scheme 1-36). Irradiation of 146 in CH2 C12 with a Pyrex filter yielded a 1:1 ratio
of the stereoisomeric products 145 and 149. A quantitative thermolysis of the strained central
cyclobutene afforded cyclononadienes 150 and 151, which were further elaborated to (+)byssochlamic acid 144 in three steps. Epimerisation of the isopropyl substituent led to the
formation of the enantiomerically pure natural product.
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Scheme 1-36. Synthetic sequence towards (+)-byssochlamic acid'
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'
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149

(a) hv (450-W Hg lamp), Pyrex, CH 2 0 2, 6 hr. (b) Toluene, reflux, 7 hr.

Snapper and co-workers studied the [2+2] photocycloaddition-thermal fragmentation
strategy for the construction of the 5-8-5 ring systems, a motif found in several naturally
occurring diterpene and sesquiterterpene natural products . 5 ' They demonstrated that
functionalised cyclobutanes undergo inter- and intramolecular [2+2] photocycloaddition
reaction with cyclopentenones to provide a highly strained photo-adduct, which, upon
fragmentation, affords a dicyclopenta[a,d]cyclooctene ring framework 155 (Scheme 1-37).

Scheme 1-37. Application of functionalised cyclobutenes in the construction of 5-8-5 ring
systems'
MeO2C

0

H
+j'

-O

Me02C Fl
(51%)
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b MeO2C

hhIj
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OH
152
a

153

154

OH

155

(a) hv (450-W), Pyrex, 0 °C, 82 hr. (b) Dodecane (0.3 equiv), BHT (cat), C 6H6, 235 °C, 4.3

hr

In comparison to thermal reactions, free-radical reactions frecuently offer a higher functional
group tolerance and better regio- and stereoselectivities under milder reaction conditions.
Free radicals have also been used successfully in the fragmentation of small rings, and
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specifically cyclobutyl-carbmyl radicals have been described in some of the earliest reports
of radical fragmentations and since then have found a broad application in synthesis.

0

OH

I5

AcO_

Ac

O9

OH

157 guanacastepene E

156 guanacasteperie A

Figure 1-17. Members of the guanacastepene family of natural products.

Sorensen and co-workers' approach towards the guanacaste diterpenes used an
intramolecular [2+2] photocycloaddition and a stereoelectronically controlled reductive
fragmentation of a conjugated cyclobutuyl ketone for the enantioselective and convergent
synthesis of the natural products 52 (Figure 1-18).
P
0

159

158

I [2+2]

0
SnMe3

0

161

PM P

+

o

Oy PMP

o
OAc

160

162
Figure 1-18. Sorensen and co-workers' approach towards guanacaste diterpenes.

Stille coupling of optically active 161 and 162 afforded 160 in 78% yield. Irradiation of 160
promoted a [2+2] photocycloaddition with complete diastereofacial selectivity to afford 159

41

Introduction

in 82% yield. This transformation was followed by the reductive cyclobutane cleavage, upon
treatment of photo-adduct 159 with Sm12 (Scheme 1-38).

Scheme 1-38. Synthesis of dienone 158 °
OyPMP

0

0

°\rPMP

a

(82%)
159

160
l

b
(50%)

- C

(86%)

158
a

163

(a) hv, i-Pr2NEt (0.5 equiv), Et 20, 3 hr. (b) Sm1 2 (2.5 equiv), HMIPA (10 equiv), TI-IF, rt, 15

mm; then PhSeBr. (c) m-CPBA, CH 2 0 2 , — 78 °C, 10 mm.

The cyclobutane bond exo-cyclic to the five-membered ring is predisposed to fragment due
to its parallel relationship of the ir-orbital system of the carbonyl group, therefore possessing
the maximum overlap. Trapping of the samarium enolate with phenyl-selenyl bromide
afforded organoselenide 163 as a mixture of diastereomers which upon treatment with mCPBA gave rise to the elimination product 158, the latter containing the complete tricyclic 57-6 skeleton of the guanacastepenes. Compound 158 was further elaborated to achieve the
syntheses of (+)-guanacastepene E and (+)-guanacastepene A.

Recently, Crimmins and co-workers developed a method that allows selective access to
either the "straight" or the "crossed" product in the [2+2] photocycloaddition of enones as
shown in Scheme 1-39. The methodology has been applied to the synthesis of the core of
CP263,1 14

170 and ginkgolide B 54 174.
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Scheme 1-39. Regioselective photocycloaddition for the exclusive formation of the straight

photo-adduct

6~7%

°CO2 Me
hv
'H

tj

+

165

164

166

"straight" 100:0 "crossed"

The regioselectivity observed in intramolecular photocycloadditions is usually a result of the
geometric constraints and the conformation imposed by the substituents on the tether
between the two 2r-bonds involved in the transformation . 32'55 The formation of the straight
photo-adduct is favoured as a result of the preference in the initial cyclisation of the triplet
excited state to form a five-membered biradical intermediate. On the other hand, the
formation of the crossed adduct is disfavoured, as it involves initial cyclisation to form either
a six- or seven-membered ring.

Crimmins investigated the incorporation of a temporary tether that would allow the
cyclisation to proceed through the formation of a five-membered ring for the production of
either the straight 168 or the crossed adduct 169 (Scheme 140). Manipulating various
structural features like steric interactions, bond lengths and bond angles in such a tether
should therefore enable a reversal in the regioselectivity of the process.

Scheme 1-40. Selective formation of the crossed adduct
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CO 2 Me

CO 2 Me
168
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dr=94:6

169

In their route towards CP263, 114, compound 171 was identified as a potential precursor of
the natural product (Figure 1-19). They envisaged that ketone 171 could arise from the [2+2]
photocycloaddition of 167 to afford the "crossed" adduct 168 followed by selective
fragmentation of the cyclobutane ring.
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Figure 1-19. Crimmins and co-workers' retrosynthetic plan towards CP263,1 14.

For such purpose, they synthesised cyclic ether 167 which upon irradiation successfully
afforded a 94:6 mixture of two regioisomers in favour of the crossed photo-adduct

168

(Scheme 1-41).

Scheme 1-41. Key photocycloaddition and fragmentation steps'
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(a) hv (450-W), Uranium glass, CH 2 C12/hexanes, 17 hr (1:4). (b) Bu 3 Sn}I, AIBN, C6H6
80 °C.

This compound was derivatised to thiocarbamate 173. Fragmentation of the cyclobutane ring
proceeded via the cyclobutyl carbinyl radical and afforded the bridged nine-membered ring
structure 171, which contains much of the required functionality and all the carbon
framework of the core of the CP263, 114 natural product.

The key step in the proposed sequence for the synthesis of ginkgolide B, a double
diastereoselective [2+2] photocycloaddition of 177 would serve to construct the B ring and
to establish the stereochemistry of the two quaternary centres at C5 and C9.
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Figure 1-20. Retrosynthetic analysis for ginkgolide B.

In the event, irradiation of cyclopentenone 1 77a afforded straight photo-adduct 1 76a as a
single diastereomer in quantitative yield (Scheme 1-42).

Scheme 1-42. [2+2] photocycloaddition stepa
OEt

(100%)

OR

t-Bu

[RO..
t-Bu

177a R= TES

j CU.

/

178a R= TES

RO°

176a R= TES

a (a) hv (450-W Hg lamp), uranium filter, hexane, 17 hr.

The photocycloaddition presumably happened through a chair-like transition state 1 78a in
which both the trialkylsilyl ether and the tert-butyl group are in pseudo-equatorial
orientations, accounting for the stereoselectivity of the transformation.

Photo-adduct 176a was further elaborated to vinyl ether 179 which upon treatment with
DMDO underwent selective epoxidation to deliver epoxide 180. Hydrolysis of the epoxide
using p-toluenesulfomc acid and water led to the corresponding hemiacetal which underwent
retroaldol fragmentation of the cyclobutane completing the synthesis of the tricyclic core of
ginkgolide B (Scheme 1-43).
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Scheme 1-43. Retroaldol fragmentation of the cycl obutanea
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(a) DMIDO, H20, acetone; then p-TsOH. (b) HC(OMe) 3 p-TsOH, MeOH. (c) HC1 (6 N),
,

acetone.

Comms' synthesis of qumolizidene 183 represents another example of the use of the
photocycloaddition-fragmentation sequence 56 (Figure 1-21).
0
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OH

[2+2
4
]

'0.
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f

SN
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184

Figure 1-21. Retrosynthetic plan for the synthesis of quinolizidene 183.

The key [2+2] intramolecular photocycloaddition of 185 proceeded with remarkable
stereoselectivity to generate exclusively cyclo-adduct 186 in 90% yield (Scheme 1-44).
Facial selectivity is attributed to the axial orientation of the isopropyl group in C2. This
crucial step gave access to the construction of the quinolizidine ring as well as setting three
of the five stereocentres present in the natural product.
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Scheme 1-44. Photocycloaddition-cyclobutane ring-opening sequence for the
stereocontrolled synthesis of the quinolizidine skeleton in 183
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(90°
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(400,O)

Y'N
187

186

185

Ic
(9O%)

H
N

isteps
N

•"

H
•""

(55%)

)"' 'N
184

188

183
a

0

0

OH

(a) hv (460-W Hg lamp), acetone. (b) PhSeC1, EtOAc; then H 2 02 . ( c) H2 , Pd/C, EtOAc,

0 °C. (d) Sth1 2, THF/DMPU.

Fission of the cyclobutane ring occurred when 184 was treated with Sin12, affording ketone
188 in 55% yield. A further seven steps led to the completion of the synthesis.

A three-component coupling and an intramolecular enone-olefin [2+2] photocycloaddition
followed by a Sm112 -induced cyclobutane ring-opening reaction constituted the key steps in
57
the enantioselective synthesis of (-)-incarvilline (Figure 1-22) .

HO

KIIN
189 (-)-incarvilline

-> O=<JN

> O="N
Ts

Ts

191

190

192

Figure 1-22. Key steps in the synthesis of (-)-incarvilline 189.

Enantiomerically pure N-allyl enone 192 underwent an intramolecular enone-olefin
photocycloaddition affording a single diastereomer of decahydro-5-azacyclobuta[cd]indene
skeleton 191 in 53% yield, as well as setting three contiguous stereogenic centres with the
correct stereochemical relationship in a single step (Scheme 1-45).
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Scheme 1-45. Construction of the decahydro-5-azacyclobuta[cd]indene ring system 191

followed by radical ring-opening reaction of the cyclobutyl ketone'
H

N(:3%)
T
192

'H
N1 HOTs

°
191

190(62%)

193(21%)

(93%)

HO

(+189

(a) hv, acetone. (b) Sm1 2 , THF/DMPU. (c) PCC, CH 2 0 2

.

As many of the above examples illustrate, the value of the [2+2] photocycloaddition of
alkenes goes beyond the straightforward formation of cyclobutane rings. In many cases
subsequent cleavage of the four-membered ring provides access to compounds that are
difficult to access otherwise. The introduction of multiple stereocentres in a stereocontrolled
manner in a single step constitutes another important feature of the [2+2]
photocycloaddition.

1.5.1.1 The De Mayo reaction

De Mayo and co-workers demonstrated in 1960's that photocycloaddition of fl-diketones and
atkenes afford 1,5-diketones 58 (Scheme 1-46). Tautomerisation of the 1,3-diketone affords
the corresponding keto-enol which is held in a six-membered ring through intramolecular
H-bonding. The keto-enol can undergo a [2+2] photocycloaddition to an alkene to afford a
fl-acylcyclobutanol 196. Subsequent retro-aldolisation under the reaction conditions will
afford the corresponding 1 ,5-diketone 197.
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Scheme 1-46. The De Mayo reaction

hv

.

+
195

194

___
196

Ol

When the 1,3-diketone moiety is held in a cycle, the De Mayo reaction gives access to ring
expansion products.
Early examples on the application of such sequence involve the synthesis of y-tropolone, 59
fl-himachalene 6° and loganin. 61

More recently Minter and co-workers developed an approach towards the galanthan skeleton
198 found in lycorine type Amaryllidaceae alkaloids involving an unusual De Mayo reaction

for the synthesis of intermediate 20062 (Figure 1-23).

0

GC

H H
B

N

D

O

6
N

198

200

1 UU

Figure 1-23. Application of the De Mayo reaction for the synthesis of the galanthan skeleton
198.

The [2+2] photocycloaddition of iso-carbostyril

201

proceeded with remarkable

regiochemistry to afford the corresponding cyclobutane 202 which upon retro-aldol
fragmentation gave 200 in 70% yield (Scheme 1-47). The preference for the formation of the
"straight" photo-product over the "crossed" photo-product led to the exclusive formation of
dione 200 with cis stereochemistry of the vicinal tertiary ring protons. Aldol cyclisation of
200 furnished the galanthan derivative 199 in 78% yield. The stereoselective formation of
199 can be attributed to the limited accessibility to the carbonyl carbon at Cl from the endo-

face.
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Scheme 1-4 7. De Mayo approach to the galanthan skeleton
1

H

a C

(72%) [A..yN/ j
N_[

201
a

200

202

199

(a) by (500-W Hg lamp), MeCN, 1.5 hr. (b) Piperidine, C 6H6 , reflux, 21 hr.

An important disadvantage associated with the classic De Mayo reaction is the lack of
regioselectivity during the enolisation of the starting fl-diketone. The use of a fl-keto ester
would overcome this regiochemical ambiguity, 63 but in the presence of an alkene the
photocycloaddition of a fl-keto ester would produce an oxetane via the ketone carbonyl
instead of the desired cyclobutane. 64 A solution to this problem was reported by Baldwin in
1980 when he described the use of dioxmone heterocycles as covalently locked enol
tautomers of fl-keto esters .65 Winkler and co-workers have greatly extended the use of
dioxinones in the De Mayo reaction and applied it to the synthesis of many natural
products . 31 '66'67 They also demonstrated that the intramolecular version leads to the formation
of six-, seven- and eight-membered ring keto-esters in excellent yields with exceedingly high
levels of regiochemical control.

Figure 1-24 outlines the retrosynthetic analysis that Winkler and co-workers employed for
the construction of saudin 68 203. Lactone 203 could arise from diketone 204, which could
result from the photocycloaddition of the dioxenone photo-substrate 206 and fragmentation
of the resulting cyclobutane photo-adduct 205.

CO H

203 saudin

204

205

Figure 1-24. Retrosynthetic approach to saudin.
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In order to test the feasibility of the photocycloaddition methodology, model substrate 207
was synthesised (Scheme 1-48). Irradiation of dioxenone 207 afforded a 2.5:1 mixture of
diastereomeric products in 97% yield. The trans relative stereochemistry of the methyl
groups in C13 and C16 (saudin numbering) and the formation of the cis fusion between rings
B and C was attributed to the boat-like orientation of the dioxenone photo-substrate 208.
Subjecting epimeric photo-products 209 and 210 to fragmentation conditions generated the
bicyclic ring system 213.

Scheme 1-48. Model studies for the synthesis of saudina
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16H

0

+

0
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dr=2.5:1
0

207

0

208

209

b (54%)

210
b (61%)

MeO2C j-I
iCO2Me

HO
2 steps)
211

213

212

' (a) hv (450-W Hg lamp), acetone! MeCN (1:9), 0 °C, 2 hr. (b) MeOH, p-TsOH, reflux. (c)
KOHIMeOH. (d) CH 2N2 .

During some model studies for the synthesis of taxane natural products in which the
photocycloaddition-fragmentation sequence would involve the key step they found out that
irradiation of compound 214 affords a cyclobutane containing compound 215, which on
treatment with acidic conditions fragments to afford 216, showing the highly unusual trans
intrabndgehead stereochemical relationship 69 (Scheme 149).

---
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Scheme 1-49. Bicyclic taxane model system 216°
OO

—

H

0
I

I
k

214

b
I(80%,
2 steps)

CO2H

C3
216

215

(a) hv, acetone! MeCN (1:9), 0 °C, 4 hr. (b) p-TsOH, MeOH, reflux, 18 hr.

The scope of this methodology was further explored for the synthesis of natural products
containing this highly unusual trans-bridged bicyclic ring system.

The dioxenone photocycloaddition-fragmentation methodology was next applied to the first
synthesis of racemic ingenol as shown in Figure 1-25 •66

was anticipated that the unusual

C8/C1O "inside-outside" conformation containing 218 could arise from 219 via the
methodology developed within the group.

x

X
H
"'•
10

H ===

HO H
O2R
217 ingenol

218

HO H

219

220

Figure 1-25. Winkler and co-workers' retrosynthetic plan for the synthesis of ingenol.

In the event, irradiation of compound 219a proceeded in 60% yield affording photo-adduct
221a and the C13 chioro isomer in a 5:2 ratio (Scheme 1-50). Treatment of 221a with

methanolic potassium carbonate promoted cyclobutane fragmentation. Subsequent LiA1H 4
reduction of the derived ester, DBU-mediated elimination of the chloride and silylation of
the primary alcohol yielded 222 in 35% yield over four steps as a 7:1 ratio of C6 a/fl
epirners.

52

Introduction

Scheme 1-50. Application of the photocycloaddition/fragmentation methodology in the route
towards (±)ingenola
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0
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a
(60%)

X
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b-e
çH
(35%,
4 steps)

0

219aX=Cl

H

' — OTBS

HO
HO

/

01

(±)-217

222 a/fl=7:1

221aXCl

'H
H

/

(a) hv (450-W Hg lamp), MeCN/acetone (9:1), 0 °C, 16 hr. (b) K2CO3, MeOH, 16 hr. (c)
LiA1H4 , Et20, rt, 15 mm. (d) DBU, 200 °C, 22 hr. (e) TBSC1, im, DMAP, C112 C12 , rt, 12 hr.

The elegant synthesis of mgenol was achieved in forty three steps using an intramolecular
dioxenone photoaddition-fragmentation reaction as the key step. This approach has
successfully demonstrated the utility of the De Mayo reaction for the construction of highly
substituted, stereochemically dense carbocyclic ring systems.

When a vinylogous amide or imide is used instead of a 1,3 -diketone, a photocycloadditionretro-Mannich fragmentation sequence leads to the formation of N-containing ring systems.
This process was first observed by Tamura 70 and has been further studied and applied to the
7
synthesis of various natural products. 'A few examples are shown herein.

Swindell's synthetic studies towards taxane diterpene natural products constitutes an elegant
example of the utility of the photocycloaddition-retro-Manrnch fragmentation of a
vinylogous imide. 72

0 Ph 0 \
Nj

14

"

AO-

AcO 0 OH

>EI?

-

0
-- H
HO :H
PhOCO AcO
223 taxol

224

Figure 1-26. Taxol 223 and taxane BC substructure 224.
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The construction of the pivotal BC taxane system 225 was envisioned to involve the key
[2+2] photocycloaddition-retro-Mannich fragmentation of vinylogous irnide 227 followed by
hydrolysis of 226 to stereospecifically afford the bicyclic taxane core (Figure 1-27).

<P 0

~

_A11 10

- 1t
~

227

226

225

Figure 1-27. A [2+2] photocycloaddition-retro-Mannich fragmentation strategy for the
construction of the taxane BC substructure 225.

Irradiation of 228 produced 229 which was converted to 230 via Rubottom oxidation, ketone
reduction and Grob fragmentation. Hydrolysis of imine 230 yielded the taxane BC system,
implementing this way the viability of the photoaddition-fragmentation strategy as a general
method for the construction of the BC ring system of taxanes.

Scheme 1-51. Swindell's synthesis of the taxane BC motif 231

0
_)

NHCHO
a
(71%)

I

602CH2CCI3
228
a

H
CO 2CH2CCI 3
229

TBSO9JO bTBSO
N
(62%,
2steps)
k
230

0
231

(a) hv, C 6H6, rt, 4 hr. (b) AcOH, H 20; then HC1, H20. (c) Mn0 2.

Taking a step further, Winkler and co-workers developed a photocycloaddition-retroMannich fragmentation-Mannich closure cascade strategy for the stereoselective
construction of complex ring systems including mesembrine and aspidosperma alkaloids 73
and more recently manzamine and hetisine alkaloids. 7375

Figure 1-28 outlines the retrosynthetic analysis for their approach to the synthesis of
manzamine A. 74 The tetracyclic key intermediate 233 would result from the Manrnch
reaction of ketoiminium 234, which is constructed via retro-Mannich fragmentation of 235,
the product of intramolecular photocycloaddition of 236, the latter containing a single
stereogenic centre.
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H

Hf

BocN
HO

232 manzamine A

H'/

> BocN
HO

N
\

233

Hf

234

0

BocN,7

236

235

Figure 1-28. Winkler and co-workers' retrosynthetic approach towards manzamine A.

Irradiation of the vinylogous amide photo-substrate 236 yielded cyclobutane containing
intermediate 235 (Scheme 1-52). Retro-Manmch fragmentation and subsequent 0-closure of
the ketoiminium intermediate 237 led to aminal 238, which upon isomerisation was
converted to the manzamine tetracycle 233. The remarkable stereochemical control achieved
in the photochemical cascade allows for the establishment of all the stereochemical
relationships in 233 from a single stereogemc centre.
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Scheme 1-52. Synthesis of the tetracyclic intermediate 233
HO
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7BocN
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(20%,
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H)
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233

(a) by (450-W Hg lamp), Pyrex, MeCN, 15 °C, 6 hr. (b) Pyr, AcOH, MeCN, reflux, 4 hr.

Winkler and co-workers' synthesis of the tricyclic core of the hetisine alkaloids underscored
.75
the efficiency of the photocycloaddition-retro-Mannich-Mannich ring closure sequence It
244

was envisioned that 1,5-diene

would lead to the construction of

azabicyclo[3.2. 1]octanone via the "crossed" photo-adduct 243 (Figure 1-29). Subsequent
fragmentation of the cyclobutane followed by Mannich ring closure would afford the
tricyclic skeleton.
HO

HO,.

0
BocH
240

239

R

RN
241

'

242

RN

RIN

243

244

Figure 1-29. Winkler and co-workers' strategy for the synthesis of hetisine alkaloids.
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Photocycloaddition of 245 afforded tricyclic 246 in 86% yield (Scheme 1-53). The exclusive
formation of the "crossed" regioisomer is in accord with the empirical rule of five 43 observed
in the intramolecular photocycloaddition of 1 ,5-dienes. Retro-Mannich fragmentation of
compound 246 yielded 247, which upon treatment with PPTS gave the Mannich product 240
in a high 84% yield and as a single diastereomer. The kinetic protonation from the sterically
less hindered convex face of enamine 247, which leads to the formation of the ketoimmium
intermediate 247A is the reason for the exclusive formation of 240 in excellent overall yield.

Scheme 1-53. The photocycloaddition-retro-Mannich-Mannich ring closure sequence affords

240
l

0
a
cIj1NBoc (86%)

245

Boc

______

(/r

246

0

[C]
NBO

240 H

247

LfNBoc

H
247A
a

(a) hv (450-W Hg lamp), Pyrex, MeCN, ii, 2 hr. (b) EtOH, reflux, 1 hr; then PPTS (cat),

EtOH, reflux.

As outlined in this section, the [2+2] photocycloaddition-fragmentation of dioxinones and
vinylogous amides and imides leads to the highly efficient construction of diverse structural
types. This methodology has been applied to the stereoselective construction of complex ring
systems as evidenced by the efficient syntheses of the taxane diterpene core, the trans
intrabridgehead motif containing ingenol, manzamime alkaloids and the tricyclic core of
hetisine alkaloids.

1.5.1.2 The Paternô-Buchi reaction
The Patemô-Buchi photocycloaddition constitutes another very important example of [2+2]
photochemical reaction, in which an aldehyde or ketone react with an alkene to form an
oxetane or four-membered cyclic ether.
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Soon after Ciamician's discovery of the [2+2] photocycloaddition in 1908, Paternô
disclosed the first example of a [2+2] photocycloaddition of an aldehyde to an alkene to give
an oxetane76(Scheme 1-54).

Scheme 1-54. Patemô's first example of a [2+2] photocycloaddition
0

__ C_

H + " (

I

248

Ph
250

249

Years later in 1950's, BUchi and co-workers' studies confirmed the impressive structural
transformations that could be achieved in a single step through irradiation of a suitably
77
unsaturated molecule. Oxetane rings are present in several natural products, however the
use of the Paternè-BUchi reaction to install these structural motifs in a controlled manner has
.78
to date not been widely exploited It was in the mid 80's with Schreiber's work that
chemists came to recognise the photochemical cycloaddition for the synthesis of complex
molecules. The following section will present the most representative examples of PatemôBUchi reactions used as key steps for the synthesis of natural products, starting from
Schreiber's asteltoxin and up to Rawal's work in the area in the last few years.

The feasibility of conducting Paternô-BUchi photocycloaddition reactions between furans
and aldehydes was first demonstrated by Sakurai in the 1960's. 79

Scheme 1-55. PaternO-BUchi reaction between dimethyl furan and benzaldehyde affords
dioxabicyclo[3 .2.0]heptene 252
H

0

H

--

+
251

Ph

hv
o

0

252

248

The photo-induced union of simple, achiral furan and aldehydes furnishes exo-substituted
photo-adducts with a high degree of regio- and stereocontrol. The formation of cis-fused
dioxabicyclo[3 .2 .0]heptene photo-adducts is a natural consequence of the suprafacial nature
of the furan-aldehyde [2+2] cycloaddition and it possesses a folded molecular framework to
which access is obstructed on the concave face. This valuable structural feature permits
highly diastereoselective operations to be carried out on the remaining site of unsaturation.
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Just and co-workers' strategy for the synthesis of oxetanocin relies on the aforementioned
stereoselectivity of the Paternà-BUchi photoaddition of furans with aldehydes, which
provides exclusively the exo-oxetane. 8°
H2N

ri
N

OCOMe

HO"-OH

BzO

BzO".-OCOR

253 oxetanocin

255

254

Figure 1-30. Just and co-workers' retrosynthetic approach towards oxetanocin 253.

Photocycloaddition of 2-methylfuran with acetyloxyacetaldehyde afforded a mixture of 255
and 258 regioisomers. Undesired regioisomer 258 decomposed on purification and photoadduct 255 could be isolated in 25-30% yield. The required trans arrangement for
substituents at C3 and C4 was successfully achieved. Ozonolysis, reduction of the aldehyde
and subsequent acylation of the alcohol function gave 254a, 254b and 254c in moderate
yields. Conversion of the acetates to oxetanocin and epi-oxetanocm (Scheme 1-56)
proceeded as previously described in the literature

.81

Scheme 1-56. Synthesis of antiviral nucleoside oxetanocina
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(a) hv, C6H6 . (b) 03 , CH2 0 2 ; then Me2 S. (c) NaBH4 on alumina, CH2C12 . ( d) CH2COCOC1,

Et3N, DMAP, CH2 0 2 .
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The synthesis of the 2,6-dioxabicyclo[3.1.1 ]heptane system 260 of thromboxane A2 has
proven to be a challenging task .82 Carless and co-workers suggested a photochemical
approach for the synthesis of 2-alkoxyoxetane core analogue of thromboxane A2 83 (Figure
1-31). They envisioned a tandem photochemical approach based on cycloaddition and
hydrogen abstraction for the efficient construction of the bicyclic ring.

cX'

0

2H

259 thromboxane A2

0
\ OH
hv
+

261

260

263

262

Figure 1-31. Carless' retrosynthesis for thromboxane A2.

A regioselective and stereoselective photocycloaddition of biacetyl 263 to methyl substituted
allyl vinyl ether 262 yielded 2-alkoxyoxetane 261 in 26% in a 4:1 ratio in favour of the cis
isomer, demonstrating the feasibility of the first key step of the route (Scheme 1-57).

Scheme 1-57. [2+2] photocycloaddition key step towards the synthesis of thromboxane A2
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cisltrans 4:1
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(a) hv, C6H6 .

The cis arrangement of the 2-acetyl and allyloxy chain was believed to favour the hydrogen
abstraction and radical cyclisation. Unfortunately, under cyclisation conditions oxetane 261
underwent unexpected rearrangements and the desired bicyclic core
identified.

260 was never
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Very recently a six-step approach to the tetracyclic core of merrilactone A was described
within the Greaney group. The strategy uses an intramolecular Patemè-Buchi photoaddition
to install the key oxetane ring' (Figure 1-32).
EtO_
HO")-

)1

O

hv>

EtO'
265

264

I merrilactone A

Figure 1-32. A Paternô-Büchi approach towards the synthesis of merrilactone A 1.

Irradiation of bicyclic enone 265 produced the tetracyclic oxetane 264 in an excellent 93%
yield with complete stereo- and regiocontrol, having the core carbon skeleton of the target
compound merrilactone A.

Scheme 1-58. Paternô-Büchi of ketone 265 affords the tetracyclic oxetane 264 in excellent

yield"
EtO"<
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0',

i0

hv

(93%)

EtO
264
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'

(a) hv (400-W Hg lamp), Pyrex, MeCN, 0 °C, 3 hr.

This approach will be discussed in detail in section 3.6.

Oxetanes constitute extremely useful and versatile building blocks in which the selectivity of
the ring formation can be exploited in consecutive ring opening reactions. This concept has
been often applied to the synthesis of several complex natural products and a few examples
are discussed below.

Schreiber and co-workers dramatically extended the utility of the Paternô-BUchi reaction
between furans and aldehydes first reported by Sakurai 79 by applying it to the synthesis of
natural products such as asteltoxin 266 and avenaciolide 275.

A very important feature of this reaction is that the furan can be considered an equivalent to
a Z-enolate. On the other hand, the photo-adduct serves as a type of protected aldol.
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Hydrolysis of the photo-adduct yields aldol products with threo configuration. This reaction
is therefore related to the stereoselective aldol condensation and has been used by many
groups for the synthesis of naturally occurring products.

Schreiber's synthetic route towards asteltoxrn 85 266

involved a Patemô-BUchi

photocycloaddition of dimethyl furan and aldehyde 269 as the key step (Figure 1-33). The
strategy aims to take advantage of the cup-shaped geometry of the resultant photo-adduct
268, in which the remaining stereocentres can be easily intoduced.

',,,OH

OH
OH CHO

266 asteltoxin

\ /
267

OMe

ii
OBn
H y.OBn

hv

<--- 4
/0--0(

270

268

269

Figure 1-33. Schreiber and co-workers' strategy towards asteltoxin 266.

Irradiation of a solution of 3,4-dimethyl-furan 270 and JJ-(benzyloxy)-propanal 269 resulted
in the exclusive formation of head-to-head, exo photo-adduct 268 in 63% yield (Scheme

1-59). Due to the inherent acetal structure the bicycle could be readily cleaved under acidic
conditions to allow access to a threo-aldol product. Indeed, in the presence of m-CPBA, the
enol ether double bond of the cis-fused dioxabicyclo[3.2.0]heptene system was oxidised in a
completely diastereoselective fashion from the less hindered convex face, affording
intermediate 272 in 80% yield after regioselective opening of the oxirane ring with mchlorobenzoate. Hydrolysis yielded the desired threo-aldol and protection of the aldehyde
afforded hydrazone 273. The hemiacetal hydroxyl group directed the introduction of the
ethyl side chain to produce acetomde 274, which had all the carbons and the right
stereochemistry in place for the completion of the synthesis.
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Scheme 1-59. Irradiation of 269 and 270 affords exclusively the exo photo-adduct 271'
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(a) hv, Vycor, C6H6, Et20, 6 hr. (b) m CPBA, NaHCO 3, CH2C12. (c) HC1 (3 N)/TI{F (3:1).
(d) Me 2NN}12, CH2 0 2, MgSO4. (e) EtMgBr, TI-IF, rt, 48 hr. (f) Acetone, CuSO4, CSA.
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An impressive feature of the synthesis is the rapidity with which the stereochemical
information is incorporated from the outset.

In 1984 Schreiber and Hoveyda reported the preparation of the antifungal metabolite
avenaciolide 86 275 (Figure 1-34). Their strategy also relays on the furan-carbonyl
photocycloaddition reaction as the key step for the synthesis.

CC81117

\ H
HO

0

t
H
OH

H

C8H 17

10
W
H
276

275 avenaciolide

277

Figure 1-34. cis-Fused dioxabicyclo[3.2.0]heptene 277 is the key intermediate in the
synthesis towards avenaciolide.

Photocycloaddition of nonanal in furan provided the single exo-substituted Patemô-BUchi
oxetane 277 in quantitative yield. Two of the three stereocentres in the target molecule were
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also created in the pivotal [2+2] photocycloaddition. Subsequent hydrogenation, hydrolysis
of the acetal and Grignard addition of vinyl magnesium bromide to the corresponding
aldehyde provided threo-aldol 276, which was converted to avenaciolide in a further six
steps.

Scheme 1-60. Photocycloaddition key step in the synthesis of avenaciolidea
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The Patemô-BUchi reaction between furans and aldehydes does suffer from one
disadvantage. If un unsymmetrical furan is used, the reaction shows little regioselectivity.
Schreiber overcame the problem by employing bulky trialkylsilyl or trialkyistannyl group at
the 2-position of the furan ring, when improved selectivities of up to 20:1 could be obtained
for attack at the unsubstituted double bond of the furan. The feasibility of this methodology
was demonstrated in the synthesis of a kadsurenone-ginkgolide

hybrid .87

Schreiber and co-

workers' strategy towards 280 is shown in Figure 1-35.
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Figure 1-35. Schreiber and co-workers' strategy towards ginkgolide 280.
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As shown in Scheme 1-61 the synthesis of the target hybrid began with the photoaddition of
2-tributylstannyl furan and butyl glyoxalate resulting in the stannyl substituted photo-adduct
285. Despite the modest yield of this transformation, the highly selective (addition in the

least hindered double bond of furan) formation of the complex oxetane is noteworthy and
central to the short synthesis of 286. A further four steps involving a Stille coupling of 285
and veratrole bromide, hydrolysis of the bicycle, Luche reduction of the aryl ketone and
88
treatment of the lactol with Otera's transesterification catalyst afforded a 1:1 mixture of
separable 286 and 287 that were isomeric at the benzylic carbon.

Highly regioselective between 2-tributyistannyl furan 284 and butyl

Scheme 1-61.
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Hoye 's strategy towards the synthesis of sarracenin 89 (Figure 1-36) relys on the conformation
of the bicyclic Paternô-Buchi product for the early installation of the required stereocentres.
H
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H
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0
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sarracenin

289

Figure 1-36. Retrosynthetic analysis for sarracenin.
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The [2+2] photocycloaddition reaction of acetaldehyde and cyclopentadiene afforded exooxetane 290 which was consequently opened with methanol with inversion of configuration.
Intermediate 289 was converted to sarracenin in a further seven steps (Scheme 1-62).

Scheme 1-62. The Patemô-Buchi reaction allows for the early installation of two
stereocentres'1
HO,,
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___

+EQ

291
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(510%),I1

292

7 steps

b
(55%)

' iLCO2Me

0

OMe
289
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' (a) hv (450-W Hg lamp), CH 2 C12 , < 10 °C, 7 hr. (b) CSA, MeOH, rt, 7 d.

Bach and co-workers' total synthesis of the pyrrolidinol alkaloid (+)-preussin 9° was achieved
in nine steps from L-pyroglutaminol in an 11% yield (Scheme 1-63). The key steps of the
route included a Patemà-Büchi reaction of benzaldehyde to dihydropyrrole 294 followed by
hydrogenolysis for the efficient carbohydroxylation of the olefin. The strategy takes
advantage of the facial diastereoselectivity of the [2+2] reaction, in which benzaldehyde adds
to dihydropyrrole 294 in a syn fashion. Reduction of oxetane 295 will afford key
intermediate 296 which contains the required cis orientation of the benzyl group at C2 and
the hydroxyl group at C3.

Scheme 1-63. The total synthesis of alkaloid (+)-preussin 297
H
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(a) hv, PhCHO, MeCN, 6 hr. (b) H2, Pd(OH)2/C, MeOH, 3 hr. (c) LiA1H4 , THF, reflux,

Introduction

Rawal and co-workers developed a new general route to various functionalised di- and
triquinanes. 9 ' The key features of the strategy are a Diets-Alder and Patemô-BUchi
cycloadditions to build a highly strained cage compound, regioselective cleavage of the
oxetane followed by oxidation of the resulting alcohol and reductive cleavage of strategic
C-C bonds to reveal the bi- and tricyclic skeleton (Scheme 1-64). This expeditious assembly
of a [3.3.0] bicyclic array is well suited for the synthesis of many members of the
polyquinante class of natural products, as is exemplified by the total syntheses of
isocomene92 (308 and 309), hirsutene93 310, (±)-modhephene 94 323 and (±)-silphiperfol-6ene95 330. Scheme 1-64 shows the key features of Rawal's novel route for the synthesis of
polyquinanes.

Scheme 1-64. Rawal and co-workers' general strategy for the synthesis of polyquinanes
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299

300
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Rawal's strategy towards isocomenes required the construction of bicycle 307 which was
achieved from photo-substrate 304 via the three step sequence developed withing the group
(Scheme 1-65). Conversion of the diquinane into the corresponding bromide followed by 5exo-trig radical cyclisation and Wittig methylenation led to (±)-fl-isocomene 308. On the
other hand, carbamon-mediated cyclisation in the iodide derived from 307, trapping of the
enolate as the enol triflate and coupling with lithium dimethyl cuprate led to (±)-aisocomene 309.
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Scheme 1-65. Total synthesis of (±)-f3-isocomene 308 and (±)-a-isocomene 309 °
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i-Pr2NMgI (4-5 equiv), THF, 50 °C. (e) DMSO, (Cod) 2, Et3N. (f) LDBB THF, —78 °C.

The synthesis of both hirsutene and endo-hirsutene 93 (Figure 1-37) required the construction
of 313, which upon fragmentation of the back-bond of the norbomene moiety afforded the
tricyclic enone 312. The key precursor to compound 313 was the highly strained policyclic
oxetane 314, containing the cis arrangement of the diquimane and also the third C ring
connected through the required anti-cis relationship.
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Figure 1-37. Retrosynthetic analysis for the construction of hirsutene and endo-hirsutene.

Using a slightly modified version of Stembach's route

96 for the synthesis of Diels-Alder

adduct, fulvene 316 was converted to norbomene 315 in 66% yield. Patemô-BUchi reaction
of 315 successfully yielded oxetane 314, with all the carbons in place for the synthesis of the
linear triquinane 312.

The synthesis of (±)-modphene 94 323 (Scheme 1-66) was accomplished in eleven steps from
cyclopentadiene, with an overall yield of 21%. A direct fragmentation of the strained oxetane
318 liberated the diquinane unit, shortening the sequence by one step. Treatment of the

oxetane with two equivalents of LDBB in the presence of Et 3Al promoted the fragmentation
of both the oxetane C-O bond and the back bond of norbomene squeleton simultaneously,
affording 319 in 86% yield. Oxidation of the alcohol and selenation of the kinetic enolate of
320 yielded the desired selemde. The bridgehead radical derived from 321 underwent a 5-

exo-trig cyclisation onto the butenyl side-chain and allowed the formation of the propellane
skeleton. The reaction proceeded stereoselectively affording a 6:1 ratio of inseparable
diastereomers. Compound 322 was advanced to modhephene in a very straightforward
manner.

Introduction

--

Scheme 1-66. Rawal and co-workers' total synthesis of (±)-modphene 323 °
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The syntheses of (±)-5-oxosilphirperfol-6-ene and (±)-silphirperfol-6-ene 95 (Scheme 1-67)
provide a compelling demonstration of the Patemô-Buchi-reductive fragmentation strategy
for complex molecule synthesis. Triquinane natural products 329 and 330 were synthesised
by a convergent strategy from the readily available enone 325 in four and five steps
respectively and high yields as shown in Scheme 1-67.

70

Introduction

Scheme 1-67. Paternô-Buchi/reductive fragmentation strategy for the synthesis of (±)-5-

oxosilphirperfol-6-ene and (±)siIphirperfoI6enea
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In conclusion, Rawal and co-workers have demonstrated the broad scope of the
photocycloaddition-reductive fragmentation strategy by completing concise, high-yielding
syntheses of natural products having both linear and angular triquinane frameworks.

1.5.2 Conclusions
The construction of complex organic molecules in the minimum number of steps and in high
yields has become one of the most important objectives in organic synthesis. This in part is
due to the challenge presented by a variety of fascinating structures found in nature and is
also associated to the development of key reactions that provide most of the required
molecular complexity efficiently with predictable and high stereo- and regiocontrol. In this
respect, the photochemically-mediated [2+2] cycloaddition reaction has become very
important in the past five decades. It was first reported by Ciamician in 1908, however, it
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was not until the early 60's that both synthetic and mechanistic studies were directed towards
both inter- and intramolecular [2+2] photocycloaddition reactions.

The growing popularity of the reaction among chemists in the last years is due to several
factors. First of all, the four-membered ring products are found to occur in natural products.
The synthesis of grandisol, thromboxane A2, and more recent bielschowskysin and
byssochlamic acid have been reviewed in this respect. Secondly, the four-membered ring
cyclobutane can also serve as a vehicle for subsequent chemical manipulations.
Cyclobutanes are very strained molecules prone to fragmentation. Williams and Wender
demonstrated in the early 80's the use of thermal fragmentations of fused cyclobutyl systems
for the synthesis of medium sized rings, which are usually difficult to obtain using typical
annulation reactions. Since then, many groups have employed the photocycloadditionthermal fragmentation sequence as a springboard for the synthesis of naturally occurring
substances and elegant total syntheses have been published that use this strategy. (+)Byssochlamic acid, guanacastepene diterpenes and ginkgolide B are just a few examples.

The De Mayo reaction is another very important transformation involving the [2+2]
photocycloaddition-fragmentation sequence. It was first discovered in 1960 but application
of this transformation towards the synthesis of organic targets was initially limited due to the
regioselectivity problem associated to it. However, since Baldwin in 1980 reported the use of
dioxinones as covalently locked enol ethers the use of the De Mayo reaction for the synthesis
of natural products has been greatly extended. A very important examples include the
spectacular synthesis of ingenol recently reported by Winkler and co-workers.

The Paternô-BUchi reaction stands as another significant example of a [2+2]
photocycloaddition involving the light induced cycloaddition between a carbonyl group and
an alkene. Sakurai reported in 1960 the feasibility of conducting a Paternô-BUchi between
simple, achiral furans and aldehydes, which furnishes a cis-fused dioxabicyclo[3 .2.0]heptene
photo-adduct. This system contains a folded molecular framework to which access is only
possible from the convex face. This molecular feature allows for highly diastereoselective
operations to be carried out in the molecule, a remarkable quality that has been exploited for
the stereocontrolled synthesis of natural products, both containing the oxetane motif and the
ones in which ring opening of the four-membered ether has served as a powerful vehicle for
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subsequent chemical transformations. Schreiber, Bach and Rawal have extensively applied
the Patemè-BUchi reaction towards the synthesis of many synthetic targets.

This section highlights some of the most relevant examples available in the literature that
employ a [2+2] photocycloaddition reaction as the key step to access natural products. Since
its modest beginnings nearly a hundred years ago, the growing relevance of photochemistry
in modem organic synthesis is reflected by the number of natural products that are
constructed by means of photochemical key steps in recent years.
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2 A Nazarov-Claisen approach towards the Paternô-BUchi
photo-substrate
2.1 Aims

Our initial efforts focused on the construction of a simple photo-substrate in order to test the
feasibility of the key Patemô-BUchi step. Bicycle 332 was identified as a suitable substrate
for such purpose as irradiation of such a compound would provide access to the tetracyclic
core of merrilactone A. Diketone-olefin 332 could arise from carboxylic acid 333 through a
palladium-mediated cross-coupling reaction. The Claisen rearrangement of a suitable alcohol
334 would afford this intermediate. This furano-Claisen rearrangement is the second key

transformation in the synthesis. Finally, alcohol 334 could be synthesised from reduction and
methanolysis of heterocycle 335. Figure 2-1 outlines the key steps in the proposed route.

MeO
hv

HO

",
T332

331

I merrilactone A

.1
OH

MeOTo
Claisen

MeOcJj

0

___

334

335

HO 333

Figure 2-1. Proposed retrosynthesis for the construction of model system 332.

To examine the Claisen approach simple models could be used, such as the ones shown in
Figure 2-2, with the basic structure required being that of ketone 335.
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Figure 2-2. Model bicycles for the investigation of the Claisen approach.

At the time our study was being carried out, none of the compounds had been described in
the literature, and the routes for the synthesis of such compounds were somewhat
underdeveloped. Very recently, Iwasawa and co-workers have reported a very efficient
method for the construction of oxa[3 .3 .0]bicycles containing an aromatic ring. 97 Scheme 2-1
illustrates the application of Iwasawa' s methodology for the assembly of 335.

Scheme 2-1. Catalytic cyclisation of furyl-prop-2-yn-1-ol
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10 mol%), (p-tol) 3 P (40 mol%), TMP (100 mol%), toluene, 90 °C.

Treatment of 1 -arylprop-2-yn- 1 -ols, which are easily accessible via an addition of acetylides
to the corresponding aryl aldehydes, with a catalytic amount of [Rh(cod) 2](BF4) and
P(p-tolyl) 3 in the presence of a base gives cyclopentanone derivatives in moderate to good
yields.

We envisaged two different routes for the construction of the required
oxabicyclo[3.3.0]octane model systems (Scheme 2-2). Firstly the Nazarov cyclisation of 1furan-3-yl propenone 340 to give the corresponding cyclopentenone 335 followed by a
reduction to get the alcohol 341. Secondly, an oxidative cyclisation of cyclopentane- 1,3 dione 342 onto a vinyl ether also followed by reduction to get the alcohol 343.

FBI

Nazarov-Claisen

Scheme 2-2. Different routes towards the oxabicyclo[3.3.0]octane motif

~
/

OH

0

0

NaBH4

(III

Lewis
a cid

0

341

M1

340

C-16
OH

0

0
CAN
,.OEt

0

NaBH4 EtOw<jj

EtOwj1

0
343

336

342

The preparation of compounds 341 and 343 was thus the initial objective of the project, as it
would permit us to compare the inclination of these systems to Claisen rearrangement.

The Claisen rearrangement in systems in which the allyl double bond is substituted with a
heteroatom has received relatively little attention in the literature. There have been only two
reports on the rearrangement of 2-substituted furans 98'99 (vide infra), while the 3-substituted
ones have never been investigated. The rearrangement in molecules of the type of 344 would
permit the stereocontrolled creation of ethers in a congested environment and concurrently
the formation of the challenging C4 stereocentre of merrilactone A. The Ireland variant of
the Claisen rearrangement would be the method of choice so treating acetate 344 with a
strong base and a silylating agent would provide the corresponding silyl ketene acetal that
could rearrange under mild conditions to afford acid 345 (Scheme 2-3).

Scheme 2-3. Ireland-Claisen rearrangement of acetate 344
0
OH
Ac20

i. Base
ii.TBSCI

0

0
341

345

344
OH

Acid 345 could be taken on to investigate the [2+2] photoaddition by converting it to the 1,2diketone 346 by a palladium-mediated cross-coupling of (a-ethoxyvinyl)-tributyltin with the
acid chloride (Scheme 2-4). Irradiation of diketone 346 is anticipated to provide the A and D
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rings of merrilactone A in a single step with complete stereo- and regio- control. The cupped
structure 347 that is formed has two very clearly distinguishable concave and convex faces
making it possible to manipulate the ketone of C2 with stereocontrol. This is also something
that may be investigated in the model system.

Scheme 2-4. Patemô-Büchi reaction of diketone 346
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345

=2
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347
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OH

We will now briefly review the Ireland—Claisen and Nazarov reactions in the context of
merrilactone A.

2.2 Nazarov cycDsaton
The Nazarov cyclisation is the acid induced electrocyclic reaction of allyl vinyl and divinyl
ketones to form substituted cyclopentenones' °° (Scheme 2-5). Protonation of the dienone
affords the hydroxypentadienyl cation 349, having a 47r electron system. The thermal
electrocyclic reaction should therefore be conrotatory to give the oxyallyl cation

350.

Elimination of the proton, followed by tautomerisation of the enol affords cyclopentenone
352. The double bond will usually reside in the thermodynamically most stable position, i.e.,

that with the highest degree of substitution.

Since the disrotatory closure is electronically forbidden the bond formation is stereospecific,
and accounts for the anti relationship between R 1 and R2 . This means that the cyclisation has
the potential to transform an achiral molecule into a single stereoisomeric product.
Additionally, where the Nazarov substrate is chiral the diastereoselectivity of the reaction
can be influenced by stereocentres in the substrate (torquoselectivity).
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Scheme 2-5. Mechanism of the Nazarov reaction
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The use and synthetic applications of the Nazarov reaction have classically been limited by
serious reactivity and selectivity problems that include the harsh reaction conditions often
neccesary (the need to use strong protic or Lewis acids); multiple equivalents of promoter
are usually required; and the poor selectivity in the elimination of the proton frequently leads
to a mixture of cyclopentenones.

In 1980, Magnus and co-workers described a particularly useful cyclopentenone annulation
sequence involving a Friedel-Crafts acylation of a vinylsilane with zfl-unsaturated acyl
chlorides, esters or acids, followed by the Nazarov cyclisation' ° ' (Scheme 2-6).

Scheme 2-6. 'One-pot' Friedel-Crafts
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A significant improvement in the utility of this approach is the employment of vinylsilanes
for the preparation of divinyl ketones. Vinylsilanes find extensive use in organic synthesis
02
due to their electrophilic chemistry.' As seen in Scheme 2-6, trimethylvinylsilane serves as
an ethylene equivalent when reacted with the acyl chloride in the presence of a Lewis acid
and is recognised to powerfully activate and direct the Friede 1-Crafts acylation.' °3
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The reason for this is that the addition of an electrophile to a vmylsilane results in the
buildup of electrophilic character

fi to the C-Si bond. 104 Species

355 is said to be

hyperconjugatively stabilised by the silicon-fl effect. This reaction should then lead to a
dienone 356, which could enter the Nazarov reaction and provide the synthesis of the
cyclopentenone 360.

Another important modification to the classical Nazarov cyclisation reaction was introduced
by Denmark and co-workers in 1982.' 0 The key to the modification lies in the employment
offl-silyl- or a'-silyldivinyl ketones as precursors (Scheme 2-7).

Scheme 2-7. Silicon-directed Nazarov cycIisation'
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The trialkylsilyl groups control the collapse of the intermediate cyclopentenylic cations (363
and 364), providing the important benefit that the final position of the cyclopentenone
double bond is controlled. This is significant in cyclopentenone annulations with monocyclic
precursors because the double bond can be placed in the thermodynamically less stable
position, therefore preserving the stereocenters created at the ring fusion.

Noteworthy Nazarov approaches towards triquinane natural products were accomplished by
Stille and co-workers in the synthesis of (±)-A 9(12) -capnellene 106 and by Neumann and coworkers in the synthesis of (±)-silphinene.' °7 Scheme 2-8 shows the application of the
silicon-directed Nazarov cyclisation in Stille' s synthesis of (±)-A 9(12) -capnellene.

.111

Nazarov-Claisen

Scheme 2-8. Silicon-directed Nazarov cyclisation in the synthesis of (±)L 92 -CapneIIene'
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2.3 Ireland-claisen rearrangement

Ludwig Claisen reported in 1912 the [3,3] sigmatropic rearrangement of allyl vinyl ethers for
the preparation of y,6-unsaturated carbonyl compounds' 08 (Scheme 2-9).

Scheme 2-9. The Claisen rearrangement of allyl vinyl ethers afford y,6-unsaturated carbonyl

compounds
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When the sp 2 -hybridised Cl and C6 positions of the allyl vinyl ether are substituted to
provide enantiotopic faces, this suprafacial pericyclic process can proceed through two pairs
of achiral transition states to provide two racemic diastereomers bearing newly created
centres of asymmetry at Cl and C6 of the product (Scheme 2-10).

Scheme 2-10. The Claisen rearrangement can lead to the creation of two new stereogenic

centres
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In 1972 Ireland reported the rearrangement of allyl trimethylsilyl ketene acetals prepared by
reaction of allylic ester eno!ates with trimethylsilyl chloride, to yield y,6-unsaturated
carboxylic acids.' 09 As compared with other reported rearrangements, this reaction proceeds
under mild basic or neutral conditions (Scheme 2-11).
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Scheme 2-11. The Ireland variant of the Claisen rearrangement
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Furthermore, it is possible to control the E/Z geometry of the ester enolate and therefore also
the relative stereochemistry between C and C6 in the pentenoic acid product. An example is
illustrated in Scheme 2-12.

Scheme 2-12. Controlling the E/Z geometry of the ester enolate allows for the control of the

relative stereochemistry of the newly formed Cl and C6 stereocentres
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The high fidelity of chirality transfer between the allylic stereocentre of the allyl ketene
acetal and the newly formed stereocentres at Cl and C6 of the pentenoic acid make the
Ireland-Claisen rearrangement a very powerful method for the instalment of quaternary
centres within cyclic or congested systems.

However and despite all those advantages there has been only one report on the IrelandClaisen rearrangement of 2-substitued furans 99 (Scheme 2-13) and the 3-substituted ones
have never been studied before.

Fukumoto reported in 1985 the Ireland-Claisen rearrangement on various furanyl esters as
the one shown in Scheme 2-13. 99
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Scheme 2-13. Ireland-Claisen rearrangement on 2-substituted furans'
OTMS

L,OTMS
a
382

381
a

d

c.

b
383

OH

OTMS

384

32% 385

(a) LDA, TMSCI, THF, —78 °C. (b) THF, rt, 17 hr. (c) heat. (d) HC1 (10%), THF, rt, 5 mm.

In this example, the ester 381 was firstly converted into the silyl ketene acetal 382 using
standard conditions and then subjected to rearrangement. After hydrolysis of the resulted
silyl ester 384, the corresponding acid 385 was afforded in 32% yield. Although the reported
yields were quite modest for every case (20-32%) this aromatic version of Ireland's allylic
ester enolate rearrangement provides a mild and effective method for the synthesis of 2,3 substituted furans compared to classical Claisen rearrangements for comparable substitution.

2.4 Results and discussion

The starting point of the project was the preparation of model systems 335-338 (vide Figure
2-2) for the study of the Claisen rearrangement. The initial strategy for that purpose was the
use of a novel Nazarov reaction.

2.4.1 Nazarov cyclisation

The first approach for the synthesis of the cyclopentenone involved the one-pot FriedelCrafts - Nazarov cyclisation of furan-3 -carbonyl chloride with trimethylvinylsilane using a
Lewis acid as a catalyst (Scheme 2-14).

Furan-3-carbonyl chloride was synthesised from furan-3-carboxylic acid in 89% yield. In our
first attempt, furan-3-carbonyl chloride was reacted with trimethylvinylsilane, and stannic
tetrachloride was used as a Lewis acid. The reaction failed, yielding a mixture from which a
compound tentatively characterised as chloride 388 could be isolated in very low yield
(crude 'H NMR displayed two triplet signals at ö= 3.82 and 3.16 ppm with J= 6.6 Hz). When
the reaction mixture was kept at lower temperatures (< -10 °C) and for shorter reaction times
only traces of the 1,4-addition of the stannic tetrachloride counterion could be identified.
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Scheme 2-14. Failed attempt for the 'one-pot' Friedel-Crafts - N azarova
0
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0

0

(a) SOC1 2 , C6H6, reflux, 4 hr. (b) Trimethylvinylsilane, SnC14, CH2 02

, —

78 °C-25 °C,

7 hr.

In the following attempts, aluminium trichlonde was used instead, and again the reactions
failed to produce the desired [3.3.0] system 335 (Scheme 2-15). Instead, 1-furan-3-ylpropenone 340 could be isolated in moderate yields. Aluminium trichloride has been
reported to be a superior catalyst for the acylation of trimethylvinylsilane, with minimal
103
formation of chlorinated by-products. In our hands, when furan-3-carbonyl chloride was
treated with one equivalent of trimethylvinylsilane at temperatures ranging from —78 °C to
reflux 1 -furan-3 -yl-propenone 340 and 3 -chloro- 1 -furan-3-yl-propan- 1-one 388 were formed
in a Ca. 3:1 mixture. Increasing the amount of trimethylvinylsilane however led to a more
improved 8:1 ratio.

Scheme 2-15. Formation of furanyl propenone 340°
0

0

01 —11

a
(42%)

01

340

387
a

//

(a) Trimethylvinylsilane, Aid 3 , CH2 02 , 50 °C, 30 mm.

The failure of the one-step procedure prompted us to examine the stepwise approach, and we
began by optimising the production of 340.

We treated furan-3-carbonyl chloride with five equivalents of tnmethylvinylsilane and A1C1 3
at —78 ° C. The temperature was slowly increased and the reaction monitored by taking 'H
NIMRs and aliquots. The yield of the reaction was found to be maximum when the
temperature of the reaction was kept below —25 T. The side products were also minimised,
and crude 1 -furan-3 -yl-propenone 340 was isolated in quantitative yield. This material was
Ca. 90% pure by 'H NMR, and used in the next step without further purification.
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The next step in our approach involved the Nazarov cyclisation of propenone 340 (Scheme
2-16).

Scheme 2-16. Attempted Nazarov cyclisation of 340
0

0

Qx

335

340

Different attempts were carried out using Lewis acids typically employed in Nazarov
reactions but all of them met with failure and no pure products could be isolated from the
reactions. Table 2-1 shows the different conditions we tried for the cyclisation.

Table 2-1. Different reaction conditions for the Nazarov cyclisation

product

entry Lewis acid (equiv) conditions
1

A1C13 (1)

90 mm, reflux, dry dichloroethane 340+388

2

A1C13 (1)

8 hr, reflux, dry dichloroethane

388

3

SnCL (2)

48 hr, rt, dry CH 2C12

340+traces of 388

4

FeCl3 (2)

3 hr reflux, 8 hr rt

388

5

BF3 OEt2 (2)

24 hr, rt

degradation

When 1 -furan-3 -yl-propenone was treated with Aid 3 for 90 minutes under reflux a small
amount of the chlorinated by-product formed. Longer reaction times failed to induce the
cyclisation, and instead the starting material was converted to 3-chloro-1 -furan-3-yl-propan1-one 388. In presence of stannic tetrachloride a very slow reaction afforded traces of 388.
Likewise, iron chloride promoted the 1,4-addition of the chloride and when BF 3 OEt2 was
used as a Lewis acid a degradation of the starting material occurred.

We can conclude from these results that reaction at the low temperature results in fewer side
reactions. When the temperature is kept below -25 ° C acylation of furan-3-carbonyl chloride
was complete within eight hours; however, no cyclisation occurred under these conditions.
At higher temperatures large amounts of undesirable 1,4-addition of chloride ion were seen
and in many cases a doublet of doublet at ô= 3.71 ppm (J= 10.9 and 3.4 Hz) and an AB
system with peaks at ö= 3.02 ppm (J= 16.5 and 10.9 ppm) and 6= 2.77 ppm (J= 16.5 and 3.4
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Hz) suggested that silyl derivative 389 was also formed as a side-product (Scheme 2-17).
1,4-Addition of the Lewis acid counterion is a well known side-reaction in Nazarov
cyclisations especially when tin and iron chlorides are used as Lewis acids. 103 Yet in our
studies, the choice of Lewis acid did not make any significant difference. Generally the
isolation of the products proved problematic and no pure compounds could be obtained from
the reaction.

Scheme 2-17. Compound 389 is also formed in the attempted cyclisation of divinyl ketone
340

0

0

0

(J>_TMS
389 CI

340

Both position and nature of substituents on the substrate are important factors influencing the
reacivity of divinyl ketones in the Lewis acid-promoted Nazarov cyclisation.' °° Denmark and
co-workers carried out some pioneering studies on the silicon-directed Nazarov cyclisation
on substrates incorporating alkyl, alkenyl, aryl and heteroatomic groups and they found out
that a- and a,,8-substituted systems react much more rapidly than those with only ,I3substitution. 0 This finding led them to the conclusion that the rate-determining step of the
reaction is the electrocyclisation (Scheme 2-18).

Scheme

2-18. Rate-determining step in the Nazarov cyclisation
OMXn

OMXn

R4R 1

R1

R2

R3

pentadienyl
cation

R4
R2

R3

oyaIlyI
cation

They examined a number of substrates containing ether functions in various positions to
evaluate their general compatibility with the cyclisation conditions and they observed that
electron donating substitutents in the a-position of the ketone, such as alkoxy substituents
stabilise the oxyallyl cation product therefore lowering the activation barrier for the
cyclisation reaction (Scheme 2-19).
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Scheme 2-19. Alkoxy substituents in the rate-determining step
f3-electron donating substituents:

a-electron donating substituents:
OMXn

OMXn

OMXn

OMXn

ROö

RO

RO

RO
392

391

390

393

Electron donating substituents at the /3-position on the other hand stabilise the pentadienyl
cation precursor, therefore discouraging the cyclisation process.

In the case of furan rings, the lone pair of electrons is delocalised round the ring. Even if the
delocalisation of the pair can be drawn equally well to any ring atom, many reactions of
furan compounds with electrophiles (a good example is the Mannich reaction) show
preference for the 2- or 5-position rather than for the 3- or 4-. The reason for this behaviour
has been related to a larger coefficient of the HOMO in the 2-position"' (Figure 2-3).

Accordingly, the furan ring in our system would be equivalent to a cation stabilising
substituent in the R 2 position which would therefore stabilise the pentadienyl cation, raising
the activation energy of the process.
1

Q

L

278

+

]

Figure 2-3. Positions 2- and 5- show larger coefficient of the HOMO.

The disappointing results bear this analysis out, and we have concluded from this study that
the Nazarov cyclisation reaction is not an appropiate methodology to apply to a ring system
having this functional group pattern.

2.4.2 Ireland-Claisen rearrangement

As previously stated, the Ireland-Claisen rearrangement constitutes one of the key steps of
the proposed route to merrilactone A. The initial idea was to apply and study the
rearrangement on the 335-338 [3.3.0] systems (Figure 2-2). However, as their synthesis
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could not be achieved, we focused our attention to the analogous [3.4.0] systems (394-396)
12-114

shown in Figure 2-4, the synthesis of which is very well described in the literature.'

(T'5

(JI5

EtOW(Tj5

394

Me02C -\

396

395

Figure 2-4. [3.4.0] systems to test the viability of the Ireland-Claisen key reaction.

Although they are not directly relevant to the ring systems of merrilactone A they would still
provide us useful information on the feasibility of the proposed Claisen rearrangement
(Scheme 2-20).

Scheme 2-20. Ireland-Claisen on the alternative [3.4.0] system 397

AO
0:1

6

0

397

398

OH

5,6-Dihydro-5H-benzofuran-4-one 394 was synthesised through the condensation between
cyclohexa-1,3-dione and chloroacetaldehyde in 68% yield. The crude material was clean
enough to be used in further steps. Reduction using NaBH 4 in MeOH gave 4,5,6,7tetrahydro-benzofuran-4-ol 401 in 66% yield, which upon acetylation afforded the Claisen
substrate 397 in 70% yield (Scheme 2-2 1).

Scheme 2-21. Construction of Ireland-Claisen substrate 397
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(68%)

HCI +
399
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400

c-ii-'-j
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394

b
(66%) 0,

(1Ill:I::J
401

b

AO

OH

0

0

0_
(70%)

397

(a) NaHCO 3 , rt, o/n. (b) NaBH 4 , MeOH, rt, 2 hr. (c) Ac 2 0, Pyr, Et20, reflux, o/n.
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395

2-Ethoxy-3 ,5,6,7-tetrahydro-2H-benzofuran-4-one

was synthesised from the

silver(1)-promoted oxidative addition of cyclohexa-1 ,3-dione to ethyl vinyl ether. This
heterogeneous reaction was carried out by refluxing the solution of the dicarbonyl compound
with five equivalents of the alkene in an anhydrous solvent and two equivalents of silver(I)
oxide were used for the completion of the reaction. Isolation of the product involved a very
simple filtration to remove the reduced silver(0) metal followed by evaporation of the
solvent. This procedure afforded 395 in a 98% yield in a very clean state and could be used
in subsequent steps without any further purification (Scheme 2-22). Cerium ammonium
nitrate had been reported to be a much superior reagent for oxidative addition, however, in
our hands this protocol produced dihydrofuran 395 in a poor 5% yield.

It is worth pointing out that the difficulty in preparing the [3.3.0] system is illustrated by the
failure of both of the above methods when applied to the analogous cyclopenta-1 ,3-dione
substrate. Reaction between cyclopenta-1,3-dione and chloroacetaldehyde afforded a
multitude of products from which no 335 (page 74) could be isolated. A similar result was
obtained when cyclopenta- 1 ,3-dione was treated with ethyl vinyl ether in presence of cerium
ammonium nitrate.

Scheme 2-22. Silver-promoted oxidative addition of cyclohexa-1 ,3-dione to ethyl vinyl ether°
0

0

EtO

402
'

a

I' +
0

(98%)

EtO

OH

- - - - EtOW<'TjJ
395

400
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(a) A92 0, MeCN, reflux, 4 hr.

The next step involved the reduction of the carbonyl group to obtain 2-ethoxy-2,3,4,5,6,7hexahydro-benzofuran-4-ol 403. We were disappointed to find that 1,2-reduction using
LiA1H4, NaBH4 , Luche conditions and DIBAL-H were all unsuccesful, getting either no
reaction at all or in most cases aldehyde 404. The results are summarised in Table 2-2.
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Table 2-2. Attempts for the reduction of the carbonyl group

EtOW(j5

H

H_(jj
404

395

entry reducing agent (equiv)
1

LiA1H4 (1)

2 NaBH4(2)
3

conditions

product

0 °C, THF, 1 hr

404

rt, MeOH, 2 hr

395 recovered

NaBH4ICeC13 7H20 (1:1.1) —78 °C-0 °C, CH2C12,'EtOH 1:1, 20 404
mm
mixture

4 NaBH4/CeC13 7H20 (1:1.05) 0 °C, MeOH, 1 hr
5 DIBAL-H (1)

—78 °C, CH2 0 2, 2.5 hr

404

6 DIBAL-H (1.9)

0 °C, toluene, 135 min

404

It is thought that 404 is formed via 1,4- conjugate addition of hydride, followed by
subsequent ring opening to regenerate the enone. Loss of ethoxide gives the aldehyde
product observed (Scheme 2-23).

Scheme 2-23. Proposed mechanism for the formation of 404
Na

Na
+

H

Eto

EtO
395 (.

405

404

BH3

Dihydrofuran 396 was synthesised in a 91% yield following the same approach. Again the
attempt for the reduction of the carbonyl group using Luche conditions was unsuccessful,
and a ring opening occurred leading to compound 407 in 25% yield (Scheme 2-24).
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Scheme 2-24. Attempts for the reduction of the ketone in 396 led to opening of the ring'
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Me02C

OH

396

400
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(a) A920, MeCN, reflux, 4 hr. (b) NaBH4, CeC13 7 H20, MeOH, 0 °C, 12 hr.

We have been unable to solve this problem of ring opening, as yet preventing access to the
relevant Claisen substrate.

We next turned our attention to the Claisen rearrangement on the furan substrate. It was
expected that substrate 397 would rearrange under Claisen conditions to afford adduct 398.
The initial step in the reaction was to form the silyl ketene acetal 408 with a lithium amide
base and a silylating agent.

" 5

Table 2-3 outlines the different conditions we tried for the

rearrangement.

91

Nazarov-Claisen

Table 2-3. Attempted conditions for the Ireland-Claisen rearrangemet
0

:16

0

OTBS

-------- (I

397

408

01

398
OH
product

entry conditions
1 LHMDS, TBSC1, rt—reflux

AO

397

2 LDA, TBSC1, rt—reflux

0
)L

oH

(/
0:
397

6
1
401

3 LDA, THF/DMPU
OH

AO
(/
0:
397

4

LDA (1.1 equiv), TMSC1 (1.1 equiv), BF 3 OEt2 (10%),

6
1
401

0

150 mm

397

5

LHMDS

(1.5

equiv), TMSC1 (1.5 equiv), BF 3 OEt2 (10%),

72 hr

AO

397

Different attempts were carried out, using different bases. The ester solutions were treated
with either LDA or LH1MDS at —78 °C, followed by the silylating agent TBSC1 (Table 2-3,
entries 1 and 2). The reaction mixture was allowed to react at room temperature and then at
reflux. Both attempts failed, with the products of the reaction being either the starting ester
397 or the corresponding alcohol 401.

Nazarov- Claisen

The presence of additives such as HMPA, TMEDA or DMPU have been reported to affect
not only the control of the enolate stereochemistry, but also the solvation of the Li cation.
This has an important consequence on the Litcarbonyl oxygen interaction and thus on the aC,H-bond. When the reaction was carried out using a THIF/DMPU solvent system the
starting ester and the alcohol were recovered (24% and 17% respectively) (Table 2-3, entry
3).

We next investigated the effects of adding a Lewis acid. Koch and co-workers explored the
Ireland variant of the Claisen rearrangement on different allylic esters.

' 16

They found that for

allylic esters of phenyl acetic acids long reaction times and high temperatures are required to
achieve full conversion. As a result low yields are observed, which could be due to heatpromoted decomposition of the silyl ketene acetal. In order to optimise the Claisen-Ireland
rearrangement they investigated the application of Lewis acid catalysts and they found that
in general their addition turned out to be beneficial in terms of both yield and selectivity.

These conditions were tried in our system. When the ester was treated with LDA, TMSC1 as
the silylating agent and 10% mol of BF 3 OEt2 , the starting material was recovered. Even
when the reaction was kept refluxing overnight and further Lewis acid amounts were added
no change ocurred in the TLC. Different reaction conditions involving base stoichiometry

(1.5 equivalents of LDA), different base (LHMDS) or larger reaction times (more than 48 hr)
were tried but in all the cases starting material was recovered (Table 2-3, entries 4 and 5).
The failure of the standard Ireland conditions led us to prepare substrate 413, which we
anticipated would undergo the Carroll variant of the Claisen rearrangement.* The Carroll
reaction is a thermal rearrangement of allylic 18-ketoesters followed by decarboxylation to
yield y,6-unsaturated ketones' 7 (Scheme 2-25).

Scheme 2-25. Carroll variant of the Claisen rearrangement
O 0

0 OH

0 OH

0

[3:3]
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Synthesis of 413 and work on the Carroll rearrangement was carried out by Dr. M. F. Greaney.
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It has also been reported that dianions derived from allylic acetoacetates prepared by
treatment of acetoacetates with two equivalents of LDA, rearrange under milder thermal
conditions to give fl-ketoacids." 8

However, all efforts to induce the sigmatropic shift were unsuccessful. Refluxing in toluene
or mesitylene in the presence of KOAc resulted in slow formation of the acetate 397.
Treatment with excess LHMDS first at low temperature, then at incrementally higher
temperatures failed to produce any reaction, with starting material being recovered (Scheme
2-26).

Scheme 2-26. Attempted Carrol rearrangement on substrate 413
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The ultimate attempt for the construction of the rearranged product implied the use of the
Johnson ortho-ester variant of the Claisen rearrangement. Alcohol 401 was reacted with
triethyl orthoacetate and hexanoic acid under reflux for several hours. The harsh reaction
conditions led to a mixture of products from which no evidence for the formation of the
desired carboxylate could be found.

Given these results we conclude that this ring system may be reluctant to rearrange. This led
us to have a closer look at electronic and steric features in the system.

The loss of the aromatic character of the furan ring as a result of the rearrangement would
suggest a potential electronic problem. However, as discussed before an aromatic IrelandClaisen rearrangement has been reported with, low yields going from 21 to 32% (Scheme
2-13).99 A Johnson ortho-ester Claisen rearrangement of ethyl 2-furanglycolate 416 to
98
provide 2,3-disubstituted furan 417 has also been reported (Scheme 2-27).
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Scheme 2-27. Johnson ortho-ester Claisen rearrangement of furfuryl alcohol 416 °

a_1CO2Et
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CO 2 Et

416
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(a) CH3 CH2C(OEt)3 (20 equiv), hexanoic acid (0.1 equiv), reflux, 12 hr; then 185 °C, 6 hr.

In both examples the substrates were 2-substituted furans, whereas in our system the
substitution was at the 3 position. However, there is no consensus in the literature regarding
substituent effects in the Ireland Claisen rearrangement, and the potentially deleterious effect
of the 3-oxy substituent is as yet unclear.

2.5 Conclusions
Our initial strategy was to use a novel Nazarov reaction of a furan-containing ketone as a
synthetic route to the required model systems. Hovewer, we have concluded from our work
that the Nazarov reaction is not an appropriate methodology to apply to a ring system such as
furan.
We turned our attention to the analogous [3.4.0] systems, the synthesis of which is welldescribed in the literature. Although these substrates were not directly relevant to the ring
systems of merrilactone A, they could still give useful information on the feasibility of the
proposed Claisen rearrangement. Whilst, the furan substrate was successfully synthesised
from the condensation of cyclohexa-1 ,3-dione with chloroacetaldehyde and subsequent
reduction and acetylation in good yield, the attempts for the synthesis of the requisite
dihydrofuran substrates were unsuccsessful.
We then investigated the Ireland-Claisen rearrangement of the furan substrate. Different
reaction conditions were studied and results indicated that this substrate is reluctant to
rearrange, with recovered starting material being the only product of the reaction.
Although disappointing, these negative results had important consequences on the design of
our route towards the natural product.

Oxy-/carbopalladation-Paternô-Büchi

3 Oxy-/carbopalladation-Paterflô-BUChi approach
The Nazarov-Claisen approach we initially investigated towards the synthesis of
merrilactone A involving the construction of the natural product from the heterocyclic ring E
proved troublesome. The following chapter will concentrate on the route we adopted next,
which differs from the previous one in that the assembly of the natural product takes
carbocycle B as the starting point. Figure 3-1 outlines the retrosynthetic plan adopted.

3.1 Retrosynthetic analysis

First of all, memlactone A is disconnected to the tetracyclic core 418. A late stage
annulation from the ketone and adjustment of the oxidation state would give access to the
natural product. The Patemô-Büchi [2+2] photocycloaddition remains pivotal to the
synthesis, for the construction of the oxa[3 .3 .3]propellane motif of merrilactone A in a single
step. Keto-enone 419 would be available from a domino oxy-/carbopalladation reaction of
hydroxy-enone 420 and ethyl vinyl ether, where the tertiary allylic alcohol undergoes oxypalladation with ethyl vinyl ether followed by a Heck cyclisation. Finally, fl-hydroxycyclopentenone 420 could arise from the mono-alkylation of cyclopent-4-ene-1,3-dione with
butane-2,3-dione.

EtO'

>
1

O

h
EtO'
419

418

f4200

Figure 3-1. The retrosynthetic analysis disconnects merrilactone A to cyclopentenone 420.

3.2 Construction of f3-hydroxy-cyclopentenone 420

Early attempts for the construction of cyclic intermediate 420 involved the direct alkylation
of cyclopent-4-ene- 1,3-dione with the bis-enolate of butane-2,3 -dione, previously formed by
treating the diketone with two equivalents of LDA. Deprotonation of butane-2,3-dione at
both ends is anticipated to inhibit the self-addition reaction. The enolate solution was then
added dropwise to a solution containing excess cyclopent-4-ene- 1,3-dione at —78 °C.
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The reaction met with failure affording a complex mixture of products from which
compounds 422 and 423 could be isolated in low 25% and 28% yields respectively (Scheme
3-1).

Scheme 3-1. Attempt for the direct alkylation of cyclopent-4-ene-1 ,4-dione'
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(a) i-Pr2NIH (2 equiv), n-BuLi (2 equiv), THF, —78 °C.

The formation of the by-products led us to conclude that butane-2,3-dione is a very reactive
species. An additional problem in the transformation might have been the base-promoted
enolisation of fl-diketone 97 which can lead to the complicated mixture of products
observed. In order to decrease the number of reactive sites we considered synthetising
compounds 424 and 426, in which one of the carbonyl groups remains masked.

Refluxing butane-2,3-dione with trimethyl orthoformate in presence of concentrated sulfuric
acid overnight afforded 3 ,3-dimethoxy-butan-2-one 424 in 61% yield" 9 (Scheme 3-2).

Scheme 3-2. Synthesis of butane-2,3-dione equivalents'
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(a) Trimethyl orthoformate (1 equiv), H2SO4 (conc.), reflux, o/n. (b) Ethyl vinyl ether (2.6

equiv), s-BuLi (2.55 equiv), THIF, —78 °C.
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For the synthesis of 3-ethoxy-but-3-en-2-one, ethyl vinyl ether was treated with s-BuLi at
low temperature and to this solution morpholine acetamide was added. Distillation of the
crude material afforded 426 in a very good 95% yield.

Unfortunately, alkylation of cyclopent-4-ene- 1,3 -dione with each of the diketone equivalents
proved problematic.

Treatment of cyclopent-4-ene-1,3-dione with one equivalent of 3-ethoxy-but-3-en-2-one
enolate 427 at —78 ° C led to a complex mixture of products. Doublet peaks at 6=7.35 and
6.14 ppm in the crude 'H NMR gave clear evidence that the addition did occur, however, no
pure product could be isolated from the reaction due to a poor mass-balance and difficult
isolation of the hydroxyl cyclopentenone product 428 (Scheme 3-3).

Scheme 3-3. Attempted enolate formation for the alkylation of cyclopent-4-ene-1 ,3-dione'
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'(a) i-Pr2 NB (1.1 equiv), n-BuLi (1.1 equiv), THF, —78 °C, 1 hr.

We next examined the alkylation of the TBS protected fl-hydroxy cyclopentenone analogue
using the same 3-ethoxy-but-3-en-2-one enolate 427. No reaction took place, even when the
mixture was allowed to stir at gradually higher temperatures and for longer reaction times.

When 3,3-dimethoxy-butan-2-one 424 was used instead, the same reaction conditions
yielded the corresponding 1,2-addition product 430 in a very low 13% yield. Potential
problems included the low reactivity of the nucleophile (starting material was recovered and
the reaction would not go to completion even with long reaction times and at room
temperature) together with the high polarity of the product formed (extraction from aqueous
phase proved difficult).

all

Scheme 3-4. Attempted alkylation of cyclopent-4-ene-1 ,3-dione with 3,3-dimethoxy-butan-2one '
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(a) i-Pr2NH (1.1 equiv), n-BuLi (1.1 equiv), TUT, -78 °C, 1 hr.

In the case of reacting it with the silylated fl-hydroxy-cyclopentenone, no reaction happened
and the starting material was fully recovered.

Sayre and co-workers reported their results on the monoalkylation of symmetrical
diketones.' 2° Attempts to alkylate butane-2,3-dione directly by converting it into either the
corresponding monoanion or dianion (by one or two equivalents of LDA) failed to furnish
any desired product. They developed a new approach in which butane-2,3-dione was
converted to the corresponding dihydropyrazine 431 and was selectively monodeprotonated
in the least sterically hindered position. Hydrolysis straight after the alkylation successfully
afforded the desired monoalkylated diketone 433 (Scheme 3-5).

Scheme 3-5. Sayre and co-workers' approach for the selective monoalkylation of diketones°

::tNf a ,
431
a

N

~_
R433

432

(a) LDA (1 equiv), THF, -78 °C, 5 mm. (b) Alkyl halide (2 equiv), -78 °C--50 °C, 1 hr;

then HC1 (1 N), rt, 1 hr.

We anticipated that addition of dihydropyrazine 431 to cyclopent-4-ene-1 ,3-dione followed
by hydrolysis would provide access to the desired cyclopentenone 420. Condensation of
butane-2,3 -dione and 2-methyl-propane-1 ,2-diamine in the presence of p-toluenesulfonic
acid provided the required tetramethyl-2,3-dihydro-pyrazine in 66% yield (Scheme 3-6).
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Scheme 3-6. Condensation between butane-2,3-dione and 2-methyl-propane-1 ,2-diamine°

___Y (66%r
0

0

431

263
a

(a) 2-methyl-propane-1 ,2-diamine, p-TsOH, C 6H6 , reflux.

Treatment of the dihydropyrazine with one equivalent of LDA followed by addition of
cyclopent-4-ene- 1,3 -dione failed to produce any alkylated product and the starting material
was recovered.

Natural products containing the cyclopentanoid motif are very abundant and generally show
121
significant biological activity (Figure 3-2). Prostaglandins were first isolated in the early
1960's,' 22 and they were shown to be essential human fatty acid hormones that control a
multitude of important physiological processes. Two decades later in the 1980's, a series of
novel marine prostanoids,' 23 the clavulones were isolated, which posses strong antitumor and
antiinflammatory activities.

O0 o2H
3H

Hc5

OH

435

434

0
me

OH
436

Figure 3-2. Structures of l 7 -PGA, 434, PGE 2 435 and chlorovulone 11 436.

These discoveries stimulated much research into the development of effective stereo- and
enantioselective methods for the construction of highly functionalised cyclopentenone rings
and several groups have accomplished the synthesis of cyclopentanoid containing natural
products in both racemic and asymmetric forms. Main classical routes towards
124 the intramolecular Wittig-type
cyclopentenones include the intramolecular aldol reaction,
126
reaction 125 and the Nazarov reaction. Over the last two decades, an important area of
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investigation towards this end has involved transition metal-mediated reactions, 127 and
particularly the Pauson-Khand reaction. 128

Commercially available cyclopent4-ene-1 ,3-dione 97, however, has received very little
attention as a building block for the synthesis of marine prostanoids. To our knowledge,
there is only one report in the literature on the 1,2-addition of an enolate to cyclopent4-ene1 ,3-dione.

Ciufolim and co-workers included the 1,2-addition of ethyl acetate enolate to cyclopent-4ene-1,3-dione as one of the key steps in their synthetic route towards racemic chlorovulone
11.129

They reported that treatment of 97 with one equivalent of ethyl acetate enolate cleanly

yielded enone 438 in 86% yield as a single product. Formation of the bis-addition product
439 would only occur when more than one equivalent of ethyl acetate enolate was used

(Scheme 3-7).

Scheme 3-7. Alkylation of cyclopent-4-ene-1 ,3-dione with the enolate of ethyl acetate'

a
+ )OE

97

(86%)

437

EtO2C)(J

EtO2C

438

HO,

,T=\

H
)CO2 Et

439

' (a) i-Pr2NH (1 equiv), n-BuLi (1 equiv), THF, -78 °C.

Unfortunately, we were unable to reproduce their results using exactly the same conditions
and treatment of cyclopent-4-ene- 1,3 -dione with one equivalent of ethyl acetate enolate
resulted in the formation of the mono- and bis-addition products in 25% and 34% yield
(1:1.3 ratio) respectively.

Scheme 3-8. Alkylation of cyclopent-4-ene-1 ,3-dione using Ciufolini's conditions°

+

97
a

AO
437

a

Et02C)LIJ

+ EtO2CIJcCO2Et

438(25%)

439(34%)

(a) i-Pr2NH (1.2 equiv), n-BuLi (1.2 equiv), THF, -78 °C, 20 mm.

Optimisation of the conditions involving the slow addition of ethyl acetate enolate to a
solution containing 1.4 equivalents of cyclopent-4-ene-1 ,3-dione resulted in the formation of
(1 -hydroxy-4-oxo-cyclopent-2-enyl)-acetic acid ethyl ester 438 in a 61% yield and as a
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single product. The crude material was clean enough and was used in next steps without any
further purification.

When tert-butyl acetate was submitted to the same reaction conditions (1-hydroxy-4-oxocyclopent-2-enyl)-acetic acid tert-butyl ester 441 was produced in a lower 50% yield and as
a single product (Scheme 3-9).

Scheme 3-9. 1,2-addition of tert-butylacetate to cyclopent-4-ene-1 ,3dionea

0
97
'

+

0
II
a
"Ot-Bu (50%)

HO, /\
t-BuO2C(,0
441

440

(a) i-Pr2 NH (1.2 equiv), n-BuLi (1.2 equiv), THF, —78 °C, 20 hr.

Attempts to optimise the moderate yields of the addition reaction proved unsuccessful.
However, due to the early stage in the synthesis we scaled up in order to study the second
C-C bond forming key step, which results in the introduction of the y-lactone E ring of
merrilactone A.

3.3 Domino oxy-/carbopalladation

Oshima and Utimoto reported in 1987 the palladium-mediated one-pot synthesis of
Step 130 (Scheme
tetrahydrofuran derivatives from allylic alcohols and vinyl ethers in a single
3-10).

Scheme 3-10. Palladium(Ii)-mediated one-pot synthesis of tetrahydrofurans from allylic
alcohols and vinyl ethers
PdOAc

+ IL OBu
442

443

Pd (OAc)2
oxyç,
palladation

PdOAc
10
OBu (74%)

OBu palladation
445

444

OBu
446

Oxypalladation followed by coupling of the allylic alcohol affords palladium intermediate
444, which undergoes intramolecular olefin insertion followed by fl-elimination of palladium
hydride to afford the corresponding tetrahydrofuran 446.
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Two years later in 1989, Larock and co-workers extended the methodology for the synthesis
of unsaturated bicyclic lactones and acetals' 3

'

(

Scheme 3-11). Efforts to make the reaction

catalytic in palladium by adding re-oxidants met with limited success and they achieved
catalytic turnovers of only three.

Scheme 3-I1. Application of the Oshima-Utimoto conditions to cyclic allylic alcohols to afford
bicyclic acetals and lactonesa

Pd(OAc)

HOO

EtoW<J

(56%)
448

447
a

Pd(OAc) 2 (1 equiv), ethyl vinyl ether,

II,

4 hr.

We submitted the simplified monocyclic system 449 to the conditions developed by Oshima
and Utimoto for the domino oxy-/carbopalladation reaction. 112 Treatment of 8-hydroxycyclopentenone with one equivalent of Pd(OAc) 2 and excess amounts of ethyl vinyl ether at
room temperature for four hours afforded a 76% yield of a 1:1 diastereomeric mixture of
bicyclic acetals (450, Scheme 3-12).

Scheme 3-12. Domino oxy-/carbopalladation of the simple system containing a secondary
allylic alcohol"

HO

J
449

a

(a)

a
0

(7 6%)

EtOWCTO
H
450

Pd(OAc) 2 (1 equiv), ethyl vinyl ether (40 equiv), rt, 4 hr.

Five-membered oxacycles are common structural features in biologically active natural
products. They are particularly common in sesquiterpenes where they are usually found in
the form of y-lactones. In this regard, the Oshima-Utimoto reaction provides a rapid
assembly of both furans and lactones from very simple precursors.

Encouraged by the success in the secondary allylic alcohol we then moved on to try the
reaction into more complex systems containing a more hindered tertiary allylic alcohol. We
were pleased to observe that treatment of 438 and 441 with one equivalent of Pd(OAc) 2 in
ethyl vinyl ether led to the formation of 451 and 452 in 67% and 54% yields respectively, as
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a 1:1 mixture of a and /3 anomers (Scheme 3-13). The production of a mixture of isomers is
inconsequential to the synthetic goal since both are ultimately converted to the same lactone
and they were therefore carried through the synthesis together.

Scheme 3-13. Oshima-Utimoto reaction of tertiary aflylic alcohols 438 and 441 °

çP0

EtOJ=Q

OR

OR

451 R=Et, 67%
452 R=t-Bu, 54%

438 R=Et
441 R=t-Bu

(a) Pd(OAc) 2 (1 equiv), ethyl vinyl ether (40 equiv), rt, 4 hr.

An important limitation of the oxy-/carbopalladation reaction is the use of stoichiometric
amounts of Pd(OAc) 2 . Morken and co-workers have recently investigated the effect of
33
various parameters on the outcome of the catalytic Oshima-Utimoto reaction' and found
out that the Pd-catalysed coupling of acyclic allylic alcohols with vinyl ethers proceeds with
2.5-10% of catalyst to provide 4-vinyl-2-alkoxytetrahydrofurans stereoselectively and in
good yields even when sterically demanding substrates are used (Scheme 3-14).
Beuzoquinone and Cu(OAc) 2 proved to be the most effective re-oxidants when used in
stoichiometric amounts.

Scheme 3-14. Optimised conditions for the catalytic Oshima-Utimoto reaction'

+

Ph OH
453

a
LOBU (65%)

OBU

Ph"
454

443

>15:1 dr

(a) Pd(OAc) 2 (2.5% mol), Cu(OAc)2 (2.5 equiv), MeCN, 55 °C, 15 hr.

The reaction was found to proceed through the intermediacy of chair-like transition structure
455 accounting for the observed 1 ,2-stereoinduction higher than 15:1 (Figure 3-3).
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-

Ph H
Pd(II)

BuO

455
Figure 3-3. Chairlike transition state in the course of the Oshima-Utimoto reaction.

More recently, Hosokawa and co-workers published further investigations into the catalytic
oxy-/carbopalladation reaction between allylic alcohols and vinyl ethers for the synthesis of
2-alkoxytetrahydrothrans. 134 They reported that the use of catalytic amounts of catechol and
Cu(OAc) 2 under 02 remarkably enhances Pd(II) catalysis of the reaction (Scheme 3-15).

Scheme 3-15. Oxy-/carbopalladation conditions developed by Hosokawa and coworkersa
Ph

Ph -

1+11
0H
456

OEt (86%)

402

Q'OEt

OH

458

C~ OH
457
a

(a) Pd(OAc) 2 (1 mol%), Cu(OAc) 2 0 mol%), catechol 457 (2 mol%), 02 (50 mol%),

MeCN, rt, 24 hr.

In Pd(I1)-catalysed reactions, the catalysis of Pd(111) is understood to be induced by a redox
couple of p-benzoquinones and hydroquinone under 02 with metal complexes such as
Cu(OAc)2. 135 The role of catechol however seems to be in enhancing the catalyst stability by
constructing a Pd-Cu heterometallic species bearing catechol as the ligand of Cu and the
Moiety. 136
effective capture of 02 and its activation by the Cu-catechol

Mechanistically, the stoichiometric oxy /carbopalladation reaction proceeds by addition of
-

the cyclic allylic alcohol 441 to the oxonium ion 459, formed by the oxypalladation of ethyl
vinyl ether with Pd(OAc) 2. Our system differs from the previous literature examples in that
130, 131 , 133 , 137 Consequently, the a-palladium species
the double bond is part of a cyclic
462 formed upon carbopalladation is unable to undergo the requisite syn-fl-hydride
elimination. However, the neighbouring carbonyl group provides a solution to this problem,
as rapid equilibration of palladium to the top face of the bicycle should be feasible through a
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, 3 -al1ylpa1ladium species 463 . 138 Subsequent elimination of PdHOAc then regenerates the

alkene at the ring junction. Scheme 3-16 summarises the proposed mechanism for the
Oshima-Utimoto reaction.

Scheme 3-16. Proposed mechanism for the oxy-/carbopafladation reaction.

EtO
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PdOAc
+ Pd(OAc)
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402

OAc
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Ot-Bu

Ot-Bu

Ot-Bu
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460

441

H PdOAc

H

EtOw
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H PdOAc

PdOAc

O

EtOcjO

Ot-Bu

0$
Ot-Bu

Ot-Bu

Ot-Bu

452

464

463

462

An important characteristic of the reaction is that the 5-exo-trig cyclisation to yield
tetrahydrofurans occurs preferentially to the 6-endo-trig producing dihydropyrans.
This outcome is understood to be due to the conformation adopted by the oxypalladation
adduct when undergoes the cyclisation with the internal alkene.

This mechanism is in accord with the results recently published by Morken and co-workers
on the Oshima-Utimoto reaction. In order to carry out a catalytic version, the Pd-H species
released after the fl-hydride elimination should undergo a re-oxidation to Pd(I1).

Various attempts for a catalytic oxy-/carbopalladation had been carried out within the
Greaney research group with little success, involving the use of re-oxidants such as
32
benzoquinone, or 02 in the presence of Cu(OAc) 2 . Recent results,' however, have found
that application of the conditions developed by Hosokawa and co-workers for the reaction
between our cyclic fl-hydroxy cyclopentenone 449 substrate and butyl vinyl ether in
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presence of catalytic amounts of Pd(OAc) 2 (5 mol%), Cu(OAc) 2 (5 mol%) and catechol (10
mol%) under 02 affords the corresponding bicyclic acetal 465 in 72% yield as a 1:1 mixture
of diastereomeric anomers.

Scheme 3-17. Application of Hosokawa's conditions to the simple /3-tiydroxy cyclopentenone
system"

II
BuO
443

+ HOJD=o

-(72%)

o'

449

H
465

(a) Pd(OAc) 2 (5 mol%), Cu(OAc) 2 (5 mol%), catechol (10 mol%), 02, MeCN (1 M
solution), rt.

The successful instalment of the E ring of merrilactone A led us to examine our next goal,
the introduction of the diketone functionality that would allow us to investigate the crucial
Paternô-BUchi reaction.

We envisaged a palladium catalysed cross coupling reaction of (a-ethoxyvinyl)-tributyltin
with the acid chloride of 93 for the construction of the 1 ,2-diketone, setting the stage for the
[2+2] photocycloaddition (Scheme 3-18).

Scheme 3-18. Proposed pathway towards the key photo-substrate 419

EtOwcJDO
Ot-Bu

EtOwJO - - EOWcO

OH

452

466

93

419

In order to hydrolyse the tert-butyl ester we treated 452 with excess trifluoroacetic acid in
CH2C12 at low temperature (-30 °C). No carboxylic acid 93 was formed in the reaction and
only by-product hydroxy cylopentenone 467 could be isolated in 30% yield as a 1:1 mixture
of E/Z isomers. When the reaction was performed at higher temperatures compound 468
containing the tricyclo[3.3.3.0]undecane structure was formed in a 38% yield as a 1:1
mixture of ketal diastereomers (Scheme 3-19).
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Scheme 3-19. Attempts for the hydrolysis of tert-butyl ester°

EtO
çi/
%)
Ot-Bu

EtOwJcD

467 E/Z=1:1

0 0
EtO')LO

Ot-Bu
452

468

'(a) TFA (10 equiv), CH 2 C12 , — 30 °C, 10 mm. (b) TFA (60 equiv), CH 2 02 , rt.

The last result proves that the desired hydrolysis of the ester did occur. Moreover, an
elimination reaction under basic condition could regenerate the enone functionality leading
to the desired carboxylic acid. The low yield of the reaction and the urge to study the
feasibility of the Paternô-Buchi reaction however, prompted us to consider an alternative
approach.

3.4 Towards the simplified Paternô-BUchi substrate

We turned our attention to the construction of a simpler photo-substrate in which the
carbonyl group at C2 is missing, as it would still allow us to study the viability of the
Paternô-Buchi reaction. Irradiation of substrate 265 was expected to afford the complete
carbon core of memlactone A. The domino oxy-/carbopalladation remains crucial to the
route, for the instalment of the acetal from the allylic alcohol in a single step (Figure 3-4).
The critical feature of the route is that the C3-C 15 side chain is installed from the complete
beginning, obviating the need for difficult homologations on remote substituents.

34
EtO>
2

> EtO'

1L/ 0

265

264

-> HO

I

>0

469

Figure 3-4. Irradiation of 264 is expected to afford the ABIDE tetracyclic carbon core of
merrilactone A.
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Several routes were contemplated for the construction of the required fi-hydroxycyclopentenone. Our first effort pointed towards the assembly of substrate 469 through a
Piancatelli rearrangement of a suitable furfuryl alcohol.

3.4.1

P l ancatefli rearrangement

The Brønsted or Lewis acid-mediated rearrangement of furfurylcarbinols to 2-substituted-3hydroxycyclopent-4-en-1-ones was first described in 1976' 39 and extensively studied by
140,141 (Scheme 3-20).
Piancatelli and co-workers

Scheme 3-20. Piancatelli's first example on the rearrangement of furfurylcarbinols to 2substituted-3-hydroxycyclopent-4-en-1 -ones

H

QR
(
OH

-

HO"
R

471

470aR=Ph
b R= CH 3(CH2)CH2
c R= Me

The formation of hydoxy-cyclopentenones with a trans configuration between the
substituent in the 2-position and the hydroxyl group confirmed the mechanistic proposal
postulated by Piancatelli, in which a 41 conrotatory electrocyclic ring closure of a 5-alkyl1 ,4-dihydroxypentadienyl cation accounts for the stereochemical outcome of the process 139
(Scheme 3-21).

Scheme 3-21. Mechanistic proposal for the Piancatelli rearrangement
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Since Piancatelli and co-workers' discovery this very versatile rearrangement has been
extensively used and applied to the synthesis of natural products containing the substituted
cyclopentenone motif, such as prostaglandins.' 42

We decided to employ the Piancatelli reaction for the construction of cyclopentenone 469.
Treatment of furfuryl alcohol 480 with either a Brønsted or a Lewis acid was expected to
deliver cyclopentenone 481. Protection of the tertiary alcohol followed by decarboxylation
would then give access to the simplified photo-substrate. Scheme 3-22 summarises the
proposed pathway.

Scheme 3-22. Proposed route towards cyclopentenone 469
CO2

LOEt
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H Or-_
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I t=o
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PGO I =O _____ PGO

OH

0

O

;EtO

480

I

48 1

O

EtO

483

482

Michael addition of furan to but-3-en-2-one in presence of borontnfluonde diethyletherate
yielded a 2:1 mixture of 484 and 485 in a poor 35% and 17% yield respectively (Scheme
3-23). Increasing the number of furan equivalents employed in the reaction (from three to
five) led to the formation of the mono-substituted furan 484 as the main product (2.4:1 ratio)
in 30% yield. 4-Furan-2-yl-butan-2-one 484 was next treated with ethyl glyoxalate in
presence of p-toluenesulfonic acid, furnishing the desired 2-substituted furfuryl alcohol in
80% yield (Scheme 3-23).

Scheme 3-23. Synthesis of Piancatelli substrate 480

o
0

278

a}+

(30%)
0

0

484

485

0

2.4:1

b

(80%},

0
a

L OEt

0\

4800H

(a) But-3-en-2-one (1 equiv), BF 3 0Et2 (0.2 equiv), mtromethane, EtOH, —20 °C, 1 hr. (b)

Ethyl glyoxalate (2 equiv), p-TsOH (0.5 mol%), toluene, reflux, 3 hr.
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In an attempt to circumvent the formation of disubstituted furan 485 we tried forming the
unsubstituted furfuryl alcohol first and subsequently alkylating it in the 2-position.
Unfortunately, this route afforded the Piancatelli substrate in a low 4% yield over two steps.

Scheme 3-24. Alternative approach for the synthesis of hydroxy-[5-(3-oxo-butyl)-furan-2-yl]acetic acid ethyl ester 480

Qy
416

278
a

OE

OH

0

Q(OEt
480 OH

(a) Ethyl glyoxalate (1 equiv), p-TsOH (0.5 mol%), toluene, reflux, 4 hr. (b) But-3-en-2-one

(2 equiv), BF3 OEt2 (0.4 equiv), nitromethane, EtOH, —30 °C, o/n.

Despite the low yields, with the desired rearrangement substrate in hand we moved on to
study the crucial Piancatelli reaction of 480. Table 3-1 displays the different conditions
attempted.

Table 3-1. Reaction conditions for the attempted Piancatelli rearrangement of 480

entry Acid (equiv) Temperature (°C) Reaction time Product
1

p-TsOH

70

48 hr

480

2

H2SO4

rt

20 hr

480

3

PPA

reflux

24 hr

480

4

ZnC12

reflux

72 hr

480

5

FeC12

reflux

72 hr

480

6

PbC12

reflux

72 hr

480

Treatment of compound 480 with Brønsted acids at room temperature and gradually at
higher ones failed to furnish the desired cyclopentenone 481 and starting material was
recovered (entries 1-3, Table 3-1).

The presence of electron donating substitutents in the 5-position of the furfuryl alcohol has
been reported to be unfavourable for the rearrangement under acidic conditions. Piancatelli
proposed the use of Lewis acids such as ZnC1 2 that would not act as proton donors under the
141
reaction conditios as a possible solution. However, in our hands, the employment of Lewis
acids such as ZnC1 2 , FeCl2 and PbCl 2 gave no reaction at all (entries 4-6, Table 3-1).
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In order to determine wether the butanone side chain was impeding the reaction, we
submitted compound 416 to the Piancatelli conditions. Treatment of furfuryl 416 with PPA
at high temperatures for twenty-four hours failed to rearrange.

Scheme 3-25. Treatment of 416 with PPA failed to produce cyclopentenone 486

-I
OH

*- H O'.. LP °

CO2Et

4.86

416
'(a) PPA, reflux.

From this extensive study we conclude that the acid-mediated Piancatelli rearrangement is
not viable on the substrates investigated.

Piancatelli and co-workers also described the presence of a phenyl group adjacent to the
hydroxy containing methylene group as beneficial. ' They suggested that the formation of
' 4

473a and its relative stability seems to be the key step towards the rearrangement. With an
aromatic substitutent the positive charge is stabilised and this step is therefore energetically
favoured and the intermediate 473a is stable enough to undergo the attack of water on C5
(Scheme 3-26).

Scheme 3-26. Stabilisation of the carbocation in 473a favours the Piancatelli rearrangement

I

L

Ph

()Ph_920 H20'

475a H

473a

Considering Piancatelli's findings, we next turned our attention towards the synthesis of 487,
as it would still allow us to test the photocycloaddition key step for the simultaneous
construction of the A and D rings of merrilactone A and the introduction of three new
stereogemc centres (Scheme 3-27). The phenyl ring could be converted to the corresponding
carboxylic acid with Ru0 4 , which would subsecuently be decarboxylated.

113

Qy-/carbopalladation-Paternô-Büchi

Scheme 3-27. Synthetic plan to study the viability of the Paternô-Buchi reaction in the
monocyclic substrate 488

O
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HO
278
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488

487

Ph

484

Condensation between benzaldehyde and furan afforded 470a in 66% yield wich was
subsequently treated with but-3-en-2-one in presence of BF 3 OEt2. The reaction led to a
complicated mixture of products from which disubstituted furan 487 could not be identified
(Scheme 3-28).

Scheme 3-28. Addition of furfuryl alcohol 470a to but-3-en-2-one proved unsuccessful'

Q
278

H Ph a
(66%)
248

y

cdx
470a OH

Y--0

0~
1

487 OH

(a) TMEDA (1.54 equiv), n-BuLi (1.86 equiv), hexane, THF, reflux—rt, 1 hr. (b) But-3-en2-one (1 equiv), BF 3 OEt2 (0.2 equiv), nitromethane, EtOH, -20 °C—rt, o/n.

We considered a slightly different route for the introduction of the butanone side chain
which involved the condensation between 2-(2-bromo-ethyl)-2-methyl-[1 ,3]dioxolane and
silylated furan-2-yl-phenyl-methanol (Scheme 3-29). TBS protection of the secondary
alcohol in 470a yielded 493 in 80% yield. 2-(2-Bromo-ethyl)-2-methyl-[1 ,3]dioxolane was
143
prepared in two steps from 4-hydroxy-butan-2-one in 65% yield. Furan 470a was treated
with n-butyl lithium and to this, bromo-ketal 492 was added. The reaction mixture was kept
stirring at room temperature overnight, followed by eight hours of reflux. Unfortunately the
reaction failed to afford any product and the starting material was recovered.
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Scheme 3-29. Second attempt for the instalment of the butanone side chain'
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0

aO
OH (85%)

0
-'OH
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QPh (80%)
)OH

Ph

10

OTBS
493

470a
o

r_\

bO
(76%)

(a) Ethylene glycol (1.72 equiv), MgSO 4 (0.16 equiv), EtOAc, reflux, o/n. (b) Br 2 (1.3

equiv), PPh 3 (1.3 equiv), Pyr (1.5 equiv), rt, 1.5 hr. (c) TBSC1 (2 equiv), Et 3N (4 equiv), DMAP (cat),
CH2C12 , rt, o/n. (d) n-BuLi (0.95 equiv), TI-IF, —25 °C—'rt, 0/n; then reflux, 1 d.

The alternative route in which the the butanone side chain is incorporated first also proved
problematic. Condensation of the silylated 4-furan-2-yl-butan-2-ol 495, synthesised from 4furan-2-yl-butan-2-one 484 in 61% yield over two steps, with benzaldehyde gave no product.
88% of the starting material was recovered together with phenyl-methanol in 30% yield
which suggested that the Canrnzaro reaction had occurred (Scheme 3-30).

Scheme 3-30. Condensation between 495 and brnzaldehyde failed and the Cannizaro
reaction happened'
__

C

--I'0

ii
a

OH

494

OTBS 495

+
OTBS 495
(88%)

PhOH
496

(a) NaBH4 (2 equiv), MeOH, rt, 1 hr. (b) TBSC1 (2 equiv), Et 3N (4 equiv), DMAP (cat), rt,

72 hr. (c) Benzaldehyde (1.1 equiv), TMEDA (3 equiv), n-BuLi (1.86 equiv), hexane, THF,
reflux—rt, 5 hr.

The next alternative we contemplated implied the base-mediated closure of 2,5-diketone 503
to afford cyclopentenone 505 (vide Scheme 3-32). Whitehead and co-workers recently
described a "one-pot" conversion of cyclopentenone 498 to manzamenone
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H3CO2C
H33Ci6

ii

HQc16H33

P16
I

\,,CO2CH3

'— 00CH3

H

\\

0

OOH
497 manzamenone A

498

Figure 3-5. Whitehead and co-worker's synthesised manzamenone A from cyclopentenone

498.

Their synthesis of cyclopentenone 498 from readily available furan-2-ylacetonitrile 499 is
shown in Scheme 3-31. Friedel-Crafts acylation of 499, reduction of the ketone with
concominant hydrolysis of the nitrile followed by esterification gave plakorsm A 500. The
furan ring was further oxidised to the corresponding bis-acetal, which upon exposure to
mildly acidic conditions yielded I ,4-dicarbonyl intermediate 502. Base treatment of 502
promoted a ring closure producing untenone A.

Scheme 3-31. Whitehead and co-workers' synthetic sequence for the construction of
untenone A
C0CH3

C1 5H 31

C1 5
H31 H3CO ° OCH3
501

500

499

e(62%)
HO C1 6H33
CO2CH3 OHO

0

502

498
a

(a) C 15 H31 C0C1, SnC14, CH2 0 2

.1

,

-

5 °C. (b) H2NNIH2 NaOH, HOCH2CH20H, heat. (c)
,

CH2CN, Et2 0 or TMSC}1N2, MeOH, rt. (d) Br 2, MeOH, Na2CO3

,

-

5 °C—+rt. (e) Dilute H2SO4 (aq),

dioxane, rt; then NaHCO 3 0 M).

We anticipated that treating 2,5-dione 503 with a base would furnish cyclopentenone 505 as
shown in Scheme 3-32.
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Scheme 3-32. Application of Whitehead's strategy towards the synthesis of cyclopentenone
505
1

ol
I---(9

0

0
503

0

HO,,.. 1 1-0

]

504

505

0

Compound 503 was prepared from readily available 2-methyl furan as shown in Scheme
3-33. Reaction of 2-methyl furan with but-3-en-2-one under the conditions previously
mentioned afforded disubstituted furan 506 in quantitative yield. Protection of the ketone as
the ketal afforded 507 in 70% yield. Oxidative ring opening of the furan proceeded
quantitatively with m-CPBA, providing acces to the crucial 2,5-dicarbonyl intermediate.

Scheme 3-33. Synthesis of 2,5dienonea

_—

b
(70%)

a
2 (1004
°

(100°7

0

0

0
507

506 0

256

503

"—"

(a) But-3-en-2-one (1 equiv), BF 3 0Et2 (0.2 equiv), mtromethane, EtOH, -20 °C, 1 hr. (b)

Ethylene glycol (excess), p-TsOH (0.03 equiv), C 6H6 , reflux, 8 hr. (c) NaHCO 3 (1 equiv), m-CPBA (1
equiv), CH2 C12, 0 °C, 30 mm.

Diketone 503 was treated with 1% aqueous Na 2 CO3 at room temperature and a very slow
reaction afforded 508 as a mixture of 1:1 diastereomers in a very low 11% yield.

Scheme 3-34. Deprotonation in the least hindered position led to undesired 508
HO,.

- 504A

Y=Y
00

çO 505

HO,,..

0

503
504B -
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We carried out several attempts in which different bases were used, such as LDA, LH1MDS,
DIPEA, DBU, and proton sponge. The reaction temperature was also varied from low to
higher. In every case, deprotonation would only occur in the more hindered methylene
affording the undesired compound 508 as trace or in very low yield (path B, Scheme 3-34).
The presence of the ketal ring possibly favors the approach of lithiated bases to the C7
protons through chelation. Together with the cyclisation, appearance of a singlet for the
double bond protons of the starting material at 6= 6.81 ppm in the crude 'H NMR of the
reaction suggested that double bond photo-isomensation occurred leading to the undesired
145 (Scheme 3-35).
(E)-7-(2-methyl-[ 1 ,3]dioxolan-2-yl)-hept-3 -ene-2,5-dione by-product

Scheme 3-35. Light-promoted cis-trans isomerisation of 503

0

0
(Z)-503

0
(E)-503

This is presumably due to steric and repulsive electronic interactions in the (Z)-503
compound. Considering that the cyclisation will only occur from the

(Z)-2,5-dione

compound, reactions were conducted in the absence of light and at low temperatures in order
to avoid the isomensation process. Unfortunately even if no formation of (E)-2,5-diketone
could be detected the reaction would not go to completion and only traces of the undesired
508 would form.

The disappointing results led us to slightly modify our approach for the construction of the
model Paternô-BUchi substrate and incorporate the carbonyl group in the side chain at a later
stage.

3.4.2 OrganometsODic approach towards the simpOe photo-substrate
It was envisioned that construction of model 265 could be achieved by oxidising the terminal
146
olefin in 509 or 510. Wacker oxidation of the butene containing bicycle was expected to
yield ketone 265. On the other hand, oxidative cleavage of the terminal alkene in 510 would
also afford the target simplified photo-substrate. We anticipated that the nucleophilic 1,2addition of an organometallic derived from atkene 513 or 514 on cyclopent-4-ene-1,3-dione
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would give access to hydroxyl-cyclopentenone 511 or 512 as shown in Figure 3-6.
Nevertheless, the slightly different approach still relies on the oxy-/carbopalladation reaction
for the introduction of the heterocyclic E ring of merrilactone A.

EtO °'

J7=O

—

, EtO

o

->

00,

>
R

R

(

509 R= H
510 R= Me

265

F
511 H
512 R= Me

513R=H
514 R= Me

Figure 3-6. Retrosynthetic plan for the synthesis of model photo-substrate 265.

Early attempts involved the use of organometallics derived from 4-bromo-but- I -ene with
cyclopent-4-ene-1 ,3-dione, the corresponding fl-hydroxy-cyclopentenone or the silylated
analogue 515 as electrophiles (Figure 3-7).

OI1O
97

OIJOH OIOTBS
449

515

Figure 3-7. Electrophiles for the organometallic addition.

When cyclopent-4-ene-I,3-dione 97 was treated with the Grignard reagent derived from 4bromo-but- 1 -ene the transformation led to the formation of the corresponding alcohol 511 in
a low 11% yield. Lithiation of the bromide with tert-butyl lithium followed by addition of
the cycloalkenone afforded 511 in an even lower 3% yield (Scheme 3-36).

Scheme 3-36. Addition of the organometallic derived from 4-bromo-but-1-ene to cyclopent-

4-ene-1 ,3-dione afforded the corresponding product in low yields"

Br a or
516

M 0)

b

511

11%(Mg)
3% (t-BuLi)

I
a

(a) Mg turnings (1.6-2 equiv), THF, rt, 1 hr. (b) t-BuLi (1.2 equiv), THF, -78 °C, 2 hr.
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When fl-hydroxy-cyclopentenone 449 was used instead addition of the magnesium bromide

derived from 4-bromo-but- I -ene at both -78 °C and at room temperature gave complicated
mixture of products from which the diol product could only be isolated in 7% and 10%
yields respectively (Scheme 3-37).

Scheme 3-37. Use of f3-hydroxy-cyclopentenone led to 517 in low yields'

Br
516

__or
a __
b

M

OH

HO,.

HO

517

97

10% (rt)
( -78 °C)

(a) Mg turnings (2.3 equiv), THF, rt, 1 hr. (b) Mg turnings (2.3 equiv), THF, -78 °C, 1 hr.

Organocerium reagents have been reported

147 to react more cleanly with easily enolisable

ketones to afford the corresponding addition products in good yields. The organocerium
reagent derived from of 4-bromo-but-1-ene was allowed to react with ,13-hydroxycyclopentenone both at very low temperatures and then at increasingly higher ones, however,
under these conditions no reaction happened at all.

In general, 1,2-addition of the organometallic derived from 4-bromo-but- 1 -ene to either
cyclopentanedione or the corresponding fl-hydroxy-cyclopentenone led to the desired
products, however in very disappointing yields. It is believed that the occurrence of side
reactions and the high polarity of the products leading to bad mass balances contributed to
the poor isolation of the products.

We therefore directed our attention towards the more stable TBS-protected hydroxycyclopentenone analogue 515 (Scheme 3-38). The reaction afforded the desired addition
product 518 in a 40% yield when the Grignard reagent was formed in situ under Barbier
conditions 148 and the mixture was stirred at room temperature. Unfortunately we were not
capable of reproducing these results when the reaction was performed in larger scale. We
next examined the addition of the organolithium compound formed from treating 4-bromobut-i -ene with tert-butyl lithium. Addition of the lithiated bromide to TBS-protected 8hydroxy-cyclopentenone afforded the desired alcohol in a 35% yield and 13% of the starting
material was recovered from the reaction.
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Scheme 3-38. The yields for the addition product increased when 515 was used as an
electrophile'

Br

aOL

-'M

515

516

a

° HP5118 'OTBS

TBSO

40% (Mg)
35%

(a) Mg turnings (2.3 equiv), THIF, rt, 2 hr. (b) t-BuLi (1.5 equiv), THF, —78 °C, 30 mm.

Encouraged by the results we decided to look into the use of the sylilated cyclopentenone in
more detail.

Negishi' 49 and Bailey

150 reported in 1990 that the success of the halogen-metal interchange

reaction depends critically on the choice of halide and that alkyl iodides rather than bromides
should be used in the exchange reaction for the preparation of primary alkyllithiums. They
described a general method for the preparation of such primary alkyllithiums by a lithiumiodine exchange. Treatment of a primary alkyl iodide in Et 20/pentane at low temperature
with two equivalents of tert-butyl lithium results in the formation of the corresponding
alkyllithium cleanly and in high yields.
Iodide 521 and 522 were synthesised by treating the corresponding alcohols with iodine in
the presence of triphenylphosphine and imidazole in 98% and 82% yields respectively. We
next lithiated both 4-iodo-2-methyl-but- 1 -ene and 4-iodo-but-1 -ene following Negishi's
protocol and in the presence of 4-lithio-2-methyl-but- 1 -ene and 4-lithio-but- 1 -ene, TBS
protected fl-hydroxy-cyclopentenone 515 underwent a highly diastereoselective carbonyl
addition to afford adducts 518 and 523 in excellent 87% and 89% yields respectively
(Scheme 3-39).
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Scheme 3-39. Use of Negishi's conditions led to clean and high yielding transformations'

OTBS

R

R

515

r\6

HOJ) 'OTBS

OH
519 R=H
520 R=Me

521 R=H
522 R=Me

R) 518 R=H
523 R=Me
cisltrans 4:1

(a) 12 (1.2 equiv), Ph 3P (1.2 equiv), im (1.2 equiv), CI{ 2C12, rt, 3 hr. (b) t-BuLi (4.2 equiv),
Et20, —78 °C, 30 mm.

The diastereoselectivity of the reaction is substrate controlled affording a 4:1 mixture of two
diastereomers. The newly produced hydroxy group was assigned to be oriented cis in the
major isomer by comparison with the literature.

' 5

' Thus, the configuration at C6 should be as

indicated in the formulae above. This does not constitute a problem in the current approach,
as the TBSO group bearing centre would disappear later on in the synthesis. In the
asymmetric version of merrilactone A synthesis (vide infra) a bulkier protecting group is
anticipated to result in a higher diastereoselectivity. The reaction was also carried out with
hydroxy-ketone 449 and cyclopent-4-ene-1 ,3-dione 97, however, low yields suggested that
the electrophile might be too reactive or unstable under the reaction conditions.

fl-Hydroxy-cyclopentenone 449 was synthesised in one step from the Piancatelli
rearrangement of commercially available furfuryl alcohol 152 (Scheme 3-40). Treatment of
524 with sodium hydrogen orthophosphate afforded hydroxy cyclopentenone 449 in
moderate 56% yield. TBS protection of the secondary alcohol yielded 515 in 50% yield over
two steps. The modest yield of the Piancatelli reaction does not represent a problem at this
stage as it would be the first step in the synthesis and moreover, it is amenable to a large
scale preparation.
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Scheme 3-40. Piancatelli rearrangement followed by protection and 1,2-addition afford the
key TBS-protected hydroxy-cyclopentenone 515'

a,b
524

a

(50%
OH
2 steps)

I
OOTBDMS

HO
"OTBDMS

C

(89%)

515

518 R= H
523R=
Me

(a) Hydroquinone (0.01 equiv), NaH 2 PO4 (0.03 equiv), H 20, reflux, 17 hr; then, 1,4-

dioxane, 24 hr. (b) TBSC1 (2 equiv), Et 3N (4 equiv), DMAP (cat), CH 2 0 2, rt, 72 hr. (c) t-BuLi (4.2
equiv w.r.t 515), Et2 0, —78 °C, 30 min.

After the successful introduction of the side chain via a high yielding and selective reaction
we focused on advancing the alkylated substrates 518 and 523 towards the Paternó-Buchi
photocycloaddition reaction.

TES protection of the but-3-enyl containing cyclopentene afforded the corresponding bisprotected substrate in quantitative yield. Attempts for the conversion of the terminal olefin to
146
the ketone via a Wacker oxidation met with failure (Scheme 3-41). Loss of the peaks for
the protons in the terminal olefm in the crude 'H NIMR spectrum was encouraging. However,
infrared spectroscopy didn't show any evidence of carbonyl absorption and neither did the
'H NMR spectrum for the methyl group adjacent to the ketone.

Scheme 3-41. Attempted Wacker oxidation of the terminal olefin towards keto-olefin 526
______
OTBS
(100%r
a TESO?JJOTBS

H

HP518

a

H

525

b

TESO
O

-

"OTBS
6

(a) TESC1 (1.1 equiv), im (2.2 equiv), CH 2 02, 0 °C, 2 hr. (b) PdC1 2 (0.52 equiv),

CuC12 .2H20 (1 equiv), 02, DMIF/H20 (10:1), rt, 24 hr.

In the alternative approach represented in Scheme 3-42, treatment of the hindered tertiary
alcohol 523 with triethyl silyl chloride afforded the corresponding TES protected compound
in a 100% yield. 0s0 4 dihydroxylation afforded the diol in 74% yield which was
subsequently cleaved with Na104 to afford the Patemô-BUchi substrate in 64% yield over
three steps.
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Scheme 3-42. Synthesis of simple photo-substrate 526°
HOJ)

OTBS a

TESO?J.).

-

.

'OTBS b

(%)

523
'

TEsQ J) .iOTBS

-

(100%)

526

527

(a) TESC1 (1.1 equiv), im (2.2 equiv), CH2C12, rt, o/n. (b) 0s04 (1O mol%), NMO (2 equiv),

H20/acetone (1:4), rt, 0/n; then Na10 4 (2 equiv), H20/acetone (1:4), rt, 3 hr.

On the other hand, protection of the tertiary alcohol with EOMC1 yielded 528 in 85% yield.
Dihydroxylation of the terminal olefin using the previous conditions produced the
corresponding diol in a low 37% yield together with compound 530, in which the endocyclic
double bond had also been dihydroxylated. Compared to the previous system containing the
TES protecting group, the more linear and therefore less bulky EOMO group might have
allowed the 0s04 to attack the less hindered double bond. Na10 4-mediated cleavage of the
diol in 529 gave 531 in 51% yield. The secondary alcohol was deprotected using TBAF to
afford alcohol 532 in 60% yield. Oxidation of the hydroxy group with PDC afforded the
keto-enone 533 in a 95% yield (Scheme 3 43).
-

Scheme 3-43. Synthetic route to photo-substrate 533 °

"OTBS

HO, .OTBSaEOMO.

EOMO,.

"OTBS +

OH
Ho' /\
EOMO,.
'OTBS

(85%)
523

528

529(37%)

HOHO

HOHO

530 (53%)

c(51%)

0

EOMOJ. OH

7~

EOMOj. 'OTBS
(60%) O:t)
---

(95
533

a

0 1

532

531

(a) EOMC1 (2 equiv), DIPEA (4 equiv), DMAP (cat), CH 2 0 2, rt, 6 hr. (b) 0s04 (5 mol%),

NMO (2 equiv), H 20/acetone (1:4), rt, 36 hr. (c) Na10 4, H20/acetone, rt, 2 hr. (d) TBAF (2 equiv),

TI-IF, rt, 1 hr. (e) PDC (1.5 equiv), MS (4 A) CH2C12, rt, 3 hr.
,
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Both compounds 526 and 533 constitute two Paternô-Buchi substrates. We anticipated that
upon irradiation simple keto-olefin 526 would afford tricyclic oxetane 538. We were also
interested in the photocycloaddition of compound 533 containing the enone, as the PatemôBUchi reaction between a ketone and an electron defficient olefin has not been extensively
studied before.

3.5 Paternô-BUchi reaction

One of the few examples of the Paternô-BUchi reaction between a ketone and an electron
deficient olefin was reported by Johnson and co-workers in 1997.153 Upon exposure to
sunlight compound 534 underwent a rapid conversion to bis-oxetane 535. This compound
was further advanced to some Taxol analogue molecules.

Scheme 3-44. Paternô-Buchi photocycloaddition between a ketone and an electron deficient

olefin

hv
Eli

Mercury vapor lamps are the most useful UV sources for photochemical reactions due to
their high intensity and long life (up to five years). Medium-pressure lamps can operate
down to 300 nm (shows a peak wavelength of 365 nm), and low-pressure ones, down to 254
run. These sources emit radiation energy at various discrete wavelengths at a high-energy
level. The wavelengths that are not desired are filtered, leaving only the wavelength of
interest. However, the gas discharge lamps are limited to the spectral emissions of mercury,
cadmium, zinc and thallium therefore, all wavelengths are not available.

The excited state of a carbonyl group participating in the Patemô-Büchi reaction is achieved
via a n--r4 transition, which occurs in the range of 280-300 nm; we therefore carried out the
photochemical reactions with a 400-W medium pressure mercury lamp. In certain cases the
reactions were carried out using a Pyrex filter, which cuts out the emission wavelengths
below 280 nm.
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Irradiation of compound 526 afforded a 1:1 mixture of two diastereomers in 50% yield
(based on 42% of starting material recovered). The reaction was interrupted before the
starting material was consumed, as clear signs of degradation could be detected on the TLC
plate. The transformation proceeded with remarkable regioselectivity as both products arose
from the straight photocycloaddition. However, the reaction showed no face selectivity and
while photo-product 538 derived from the addition of the ketone to the top face of the
cyclopentene ring, folding of the side chain to the bottom face of the cyclopentene ring
yielded compound 539.

Scheme 3-45. Paternô-Buchi photocycloaddition of the model substrate 526

H'. 'H
TESO OTBDMS

TESO OTBS
TESO, O6

['

538
(50%)
(42%SM recovered)

536
OTBK

H

H

H

~M_ 110TBS

H

~
z

-

OTES

OTES

537

539

"

IOTBS

The COSY NMR of the product mixture provided evidence against the formation of the
crossed photo-adduct. While the proton in C9 (merrilactone A numbering) couples to the
proton adjacent to the oxetane oxygen, if the crossed adduct had been formed the proton in
the C atom 8 to the oxetane oxygen would also couple to the proton next to the silylated
oxygen.

0
H'
TESO OTBDMS
538 straight adduct

'H

H

TESO OTBDMS
540 crossed adduct

Figure 3-8. COSY of the product ruled out the formation of crossed adduct 540.
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Despite the fact that the n—*ir absorption leads to the corresponding singlet state, the
majority of Paternô-BUchi reactions between an aliphatic ketone and an olefin are generally
initiated by the attack of the electron deficient oxygen atom of the triplet 3(n,7t*) state of the
carbonyl compound which is accessed via an intersystem crossing 154 (Scheme 3-46). The
reaction usually involves the intermediacy of a 1 ,4-biradical, which subsequently ring closes
to form the oxetane. The regioselectivity of the process will therefore be determined by the
stability of such biradical intermediate.

Scheme 3-46. Mechanism of the Paternô-Buchi involving the intermediacy of a I ,4-biradical

)L

hv

SO

RAH
S1

R'H
T1

541

542

543

544

545

R H

R

Attack of the 3(n, 7E *) carbonyl compound on a ground state olefin is not the only allowed
mechanism for oxetane formation. Photocycloaddition reactions between a ketone and an
electron deficient olefin are usually regioselective and stereospecific yielding oxetane
containing products of type 549 in Scheme 347•155156 The high stereospecificity of the
reaction rules out the formation of a biradical intermediate, as in the latter case bond rotation
before the ring closure would lead to two geometric isomers of the oxetane.

Scheme 3-47. Paternô-Buchi between a ketone and an electron deficient olefin
CN)
+ (N hvI(

(10

IAI

546 547 cis/trans 1:1
548 cis/trans 1:0

549 cis/trans 1:1
550 cis/trans 1:0
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More evidence against a biradical mechanism comes from the the high regioselectivity of the
reaction, as the generation of the most stable biradicalary intermediate would lead to
compound 551. In the case of electron deficient olefins a mechanism involving the singlet
excited state of the ketone has been described. 114-116 The lowered electron density of the
olefm makes the attack by the excited ketone highly unfavourable. However, an electron
transfer from the singlet state of the carbonyl to the electron deficient olefin occurs affording
an excited complex in which a concerted approach of the two reacting elements affords the
observed products.
Irradiation of the keto-enone 533 using a Pyrex filter yielded oxetane containing bicycle 553
in a 54% yield and as a single diastereomer. The NMR spectra of the oxetane confirmed
structure 553 rather than the one arising from the alternative crossed orientation of the
cycloaddition. The chemical shift of the hydrogen on the carbon a to the oxygen of an
oxetane ring has been reported 56 to be ô= 5-6 ppm, whereas the hydrogen on the 11 carbon
atom has a shift of ó= 6.4-7.4 ppm. In oxetane 553 the appearance of the proton a to the
oxetane at ö= 4.68 ppm oxygen is in agreement with the above description.

Scheme 3-48. Paternô-Buchi reaction on the keto-enone containing substrate

533

0 hv

EOMOI.

EOM(5 553

0

(54%)

(30%SM recovered)
[

]*

S

EOMd
552
a

(a) hv (400-W Hg lamp), Pyrex, rt, 3 hr.

Those positive results were very encouraging and led us towards the synthesis of the more
ellaborated bicyclic photo-substrate 265.
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3.6 Synthesis of the core of merrilactone A 84

Scheme 3-49 represents the route towards the bicyclic photo-substrate. Deprotection of the
TBS group in 523 with TBAF afforded diol 554 in a high 88% yield. Oxidation of the
secondary alcohol proved troublesome. Several attempts were carried out using different
oxidising agents including Mn02, Jones oxidating agent, Dess-Martin periodinane and PCC
but all of them afforded the product in very low yields (20-40%). Unexpectedly, the best
result was achieved when the chromium based PDC was used, and a very clean
transformation afforded the hydroxy-enone 512 in 70% yield. Our next step involved the
incorporation of the E ring of merrilactone A via the domino oxy-/carbopalladation. Our first
attempts were quite disappointing, as a spot-to-spot transformation by TLC was not reflected
in the yield for the isolated product.

Scheme 3-49. Synthetic route towards bicyclic photo-substrate 265°
HO,,..

OTBS

xcI:3

a
(88%)

HO,, .)OH

;~

;

EtO

b,

HO,I >=O

(70%)

512
Yc
(65%)

554

od EtO
00,

0

(47%)

265
0, r

(a) TBAF (2 equiv), THF, rt, o/n. (b) PDC (1.5 equiv), CH 2 0 2, rt, o/n. (c) Pd(OAc) 2 (1
equiv), ethyl vinyl ether (40 equiv), rt, 3 hr. (d) Os0 4 (2 mol%), Na104 (4 equiv), 2,6-lutidine (2
a

equiv), 1,3-dioxane/H 20 (3:1), rt, 4 hr.
A potential problem in the reaction could be the presence of the olefin in the side chain. Cha
and co-workers very recently developed an approach to isoprostanes and neruroprostanes of

type 556.157 The key step in their route involved an intramolecular Stille cross-coupling
reaction of an alkyl iodide and a tethered alkenylsiloxane for the stereoselective installation
of a functionalised w-side chain (Scheme 3-50). They found out that the presence of an
olefin in the side chain was detrimental to the palladium(II) -mediated cyclisation, as the
product was only formed in a very poor 18% yield.
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Scheme 3-50. Cha's Pd(II)-mediated annulation reaction'
OEt

OEt

(18%)

cI

01

0, OH
Si

,Pr Pr OTBS
555

Pr Pr
556

Si

'

OTBS

(a) Pd(OAc) 2 (0.1 equiv), dppp (0.2 equiv), Et 3N (5 equiv), DMF (0.25 M), H20 (2 equiv),

80 °C.

The purification of compound 510 also proved complicated, leading to the bicycle in low
yields (23-42%). The best results were obtained when a Et 3N saturated chromatography
column was used for purification (43-65%).

A stepwise approach for the oxidative cleavage of the terminal olefin also proved
challenging leading to the formation of the side-chain ketone in poor yields. Again, the spot
to spot transformation by TLC was not reflected in the yield of the reaction after the
purification.

We tried to circumvent these two problems by oxidising the olefin before carrying out the
Oshima-Utimoto reaction (Scheme 3-51). The tertiary hydroxy group in enone 512 was
protected as a silyl ether affording 557 in 93% yield . We then carried out the oxidative
cleavage of the olefin affording 558 in 96% yield. Unfortunately, deprotection of the
hydroxy group was unsuccessful using different conditions. Removal of the ethoxymethyl
group in compound 558 with the same purposes was also attempted with little success.

Scheme 3-51. Alternative approach for oxidising the terminal double bond prior to the
Oshima-Utimoto reaction'
HO,,..

0

-- TESOJ)O

(96%)

512

558

C

-3t'-

HO,,

0

. 469

° (a) TESC1 (1.1 equiv), im (2.2 equiv), CH 2 0 2 , 0 °C, o/n. (b) 0s0 4 (5 mol%), NIMO (2
equiv), H20/acetone (1:4), rt, 36 hr; then, Na10 4, H20/acetone, ii, 2 hr.
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Jin and co-workers 158 reported that the use of 2,6-lutidme in a one-step 0s0 4-Na104 protocol
for the oxidative cleavage of double bonds can dramatically improve the yield of the
reaction, as the presence of a weak base can neutralise the acid generated in the reaction and
prevent the cleavage of acid-labile protecting groups. So treatment of 510 with 0s04 and
Na104 in presence of 2,6-lutidine afforded the desired ketone 265 in an improved 47% yield.
We were very pleased to observe that upon irradiation using a Pyrex filter, bicyclic system
265 afforded the oxa[3.3.3]propellane framework of merrilactone A in 93% yield as a 1:1

mixture of acetal diastereomers. Unlike the previous two Paternô-BUchi examples the
transformation was very clean and went to completion, without any degradation process
being detected.

Scheme 3-52. Paternô-Büchi reaction of bicycle 265 affords tetracyclic core of merrilactone
A'
EtO

hv

(93%)
EtO

264

f265
a

hv (400-W Hg lamp), Pyrex filter, MeCN, 0 °C, 4 hr.

In a single step, the reaction sets three stereocentres and creates two rings simultaneously,
forming the oxetane containing core of merrilactone A.

As in the earlier example, appearance of the proton at C7 at ö 4.66 ppm is diagnostic for the
desired photo-adduct and rules out the formation of any crossed adduct.

Scheme 3-53. A concerted approach leads to the tetracyclic core of merrilactone A

EtOKJ
0"

265

cO

[EtOw

]*
0' ,

559
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3.7 Conclusions
We can conlude at this stage that three of the key carbon-carbon bond forming steps in the
synthesis have been successfully demonstrated. The nucleophilic addition of lithiated 4-iodo2-methyl-but-1-ene to TBS-protected fl-hydroxy ketone affords the corresponding alcohol in
high yields. The compound is then advanced to the allylic alcohol in two steps, setting the
stage for the next key transformation, the domino oxy-/carbopalladation. Application of the
conditions developed by Oshima and Utimoto to our substrate affords the bicyclic acetal in
moderate yield, annulating the dihydrofuran ring onto a tertiary alcohol and generating the
required ring-i untion alkene in a single operation. Oxidative cleavage of the terminal olefin
affords the substrate for the Patemô-Büchi photocycloaddition, which upon irradiation
affords the tetracyclic core of merrilactone A in excellent yield.
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4 Towards the total synthesis of natural merrilactone A
Once three of the key carbon-carbon bond forming steps in the synthesis towards the natural
product had been successfully demonstrated we next concentrated on the functionalisation of
the C2 position (Figure 4-1).

I,, ..

0

HO'2

0
I
Figure 4-1. The next aim involved the fuctionalisation in the C2 position.

4.1

Functionalisation of the C2 position

Irradiation of a diketone-olefin of type 419 would lead to oxetane containing compound 418
in which a stereo- and regioselective reduction of the carbonyl group in the C2 position
would be challenging due to the pseudo-mirror plane symmetry of the tetracycle (Figure
4-2).

EtO"

O hv

EtO '
f419

418

EtO

Figure 4-2. Reduction of the C2 carbonyl group.

The introduction of the hydroxy group would consequently be aimed at a very early stage in
the synthesis.

Ultimately, the route had to be amenable for an asymmetric synthesis leading to the natural
product. The stereoselectivity of the initial C-C bond forming addition reaction and the
substrate controlled selectivity of both the oxy-/carbopalladation step and the Paternô-BUchi
reaction means that starting from suitable enantiopure starting materials is expected to lead
us towards an asymmetric synthesis of merrilactone A. Figure 4-3 outlines the retrosynthetic
plan for an asymmetric synthesis of the natural product.
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EtO

\

O

2 OTBS

O

HO

HO

o=ç.-J

HO/
OTBS
OP
(R)-515

(S)-561

560

Figure 4-3. Retrosynthetic plan for the asymmetric synthesis of natural merrilactone A.

The synthesis of enantiopure (R)-TBS-fl-hydroxy-ketone 515 is very well established in the
literature, consecuently our efforts needed to focus in the construction of a suitable
nucleophile of the type of 561. Considering that the construction of 561 would be quite
challenging we also contemplated the construction of the four carbon nucleophiles 563 and
564 shown in Figure 4-4.

/_____\
Op
(S)-562

0
OH

OP
(S)-563

(S)-564

Figure 4-4. Possible nucleophiles for the first C-C bond forming reaction.

Bacher and co-workers identified compound 571 as the four carbon precursor in the
biosynthesis of riboflavin. 159 The lumazine synthase/riboflavin synthase complex of Bacillus
subtilis

fi subunits catalyse the condensation of 5-amino-6-ribitylamino-2,4(1H,3H)-

pyrimidinedione with (3S)-3,4-dihydroxy-2-butanone under formation of 6,7-dimethyl-8ribityllumazine. This intermediate is converted to riboflavin by the a subunits via an unusual
dismutation yielding 5-amino-6-ribitylamino-2,4( 1 H,3H)-pyrimidinedione as second
product. In order to carry out these studies both (3R)- and (3S)-3,4-dthydroxy-2-butanone 4phosphate were synthesised. Scheme 4-1 depicts the synthetic pathway towards (3S)-3,4dihydroxy-2-butanone 570 from mannitol 565.160
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Scheme 4-1. Synthesis of (3S)-3,4-dihydroxy-2-butanone 570 from mannitola
J-O OH

OH OH

_a 160

0

b 160

H

o-

OH

OH OH
565

(3S)-567

566

C 160

d

e
H

OH

ãH
(3S)-570

(3S)-571

(3S)-569

(3S)-568

(d) Na2 CO3 , Ru02 (cat), CC1 4 , H2 0, 0 °C; then Na10 4 . ( e) AcOH (12%), 75 °C. (f) Dibenzyl
phosphochioridate (from dibenzyl phosphate, NCS, toluene), 2,6-lutidine, 4 °C, o/n.

Although the ultimate goal in our studies would be the synthesis of enantiopure (3S)-3,4dihydroxy-2-butanone, we decided to first test the feasibility of our approach by using
racemic 570. Following the procedure described by Bacher and co-workers' 59 but-3-en-2-one
572 was treated with sodium chlorate and osmium tetroxide to furnish diol 570 in 77% yield.

The primary hydroxy group was subsequently converted to the silyl ether, affording
compound 573 in a 54% yield. Attempts to protect the secondary alcohol as the benzyl or
ethoxymethylether under several conditions failed to furnish the desired bis-protected
compound and gave no reaction at all.

Scheme 4-2. Synthesis of silyl ether
0

573
0

0

a )LJ..OH _b )jOH
I
(54%)
11(77%)
LOTBDPS
OH
573
570
572

a (a) NaC10 2 (0.7 equiv), 0s0 4 (0.13 mol%), H20, 0 °C, 2 hr; then rt, 4 d. (b) TBDPSC1 (1.1
equiv), Et3N (2 equiv), DMAP (cat), C171202, rt, o/n.
We predicted the steric bulk of the TBDPS neighbouring group as a potential problem for the
protection step and thus we decided to look into an alternative approach.
We next decided to work with the ketal protected ketone 578 and synthesised 2-methyl-2161
oxiranyl-1,3-dioxolane 577 following a known procedure (Scheme 4-3). Chioro-ketone
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574 was protected as the corresponding ketal to afford compound 575 wich upon treatment

with KOH in ethylene glycol afforded 576 in 71% yield over two steps. Compound 576 was
treated with m-CPBA to afford the corresponding epoxide in 89% yield.

Scheme 4-3. Synthesis of 2-methyl-2-oxiranyl-[1 ,3]dioxolane 5770

r\

/__\

0
)CIa5<CIb

-

576

575

574

577

OH
5<
578

OH

(a) HOCH2CH20H (1.3 equiv), p-TsOH (0.02 equiv), C6H6 , 20 hr, reflux. (b) KOH (6.44
equiv), HOCH2CH20H (12.96 equiv), 125-130 °C, 5 hr. (c) m-CPBA (5 equiv), NaHCO 3 (5 equiv),
CH2C12, rt, 5 d.

The current route would also be open to the synthesis of natural (-)-merrilactone A, as
enantiopure epoxy-ketal 577 could be obtained via an asymmetric epoxidation of alkene 576.
Unfortunately every attempt to open up the epoxide failed to provide access to ketal-diol
578.

Alternatively, compound 576 was converted to the corresponding iodohydrin derivative 579
162 The secondary alcohol
by following a procedure reported by Governeur and co-workers.
was next protected as the ethoxymethyl ether in 96% yield.

Scheme 4-4. Synthesis of addition substrate 5800

0

/_\
00

/_\
00

576

579

)K JJ..OH

/_\
00
b

)K 0 EOM
580

(a) NIS (1.5 equiv), DME/H 20 (2:1), -20 °C, 3 hr. (b) EOMC1 (1.5 equiv), DIPEA (1.8

equiv), DMAP (cat), CH2 02, rt, o/n.
We next moved on to try the key addition of protected iodohydrin 580 to the TBS protected
fl-hydroxy-cyclopentenone 515. lodo-ketal
was submitted to Negishi's conditions 149 for
580

the formation of the lithiated compound and was treated with a solution of 515 at —78 T.
Unfortunatelly no reaction happened, even when the temperature was increased and the
starting material was recovered.
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Scheme 4-5. Attempt to alkylate TBS protected 6-hydroxy-cyclopentenone

515 with

iodohydrin 580 following Negishi's conditionsa

r\

0 0
)<OEOM a

r

1

Io

0
)K.(OEOM

[
580

H

Li

I'OTB S HO,
.IOTBS
x
515
OEOM
-

0-1

581

582

(a) t-BuLi (4.2 equiv), Et 20, —78 °C, 2 hr; then rt, 2 hr.
It has been reported in the literature that the preparation of organometallic derivatives of
main group elements substituted at the fl-position by heteroatoms is greatly hindered by the
tendency of these systems to undergo fl-elimination reactions which lead to the formation of
olefins (Scheme 4-6). In some cases the fl-elimination occurs so readily that the
organometallic compound cannot be isolated, and this has proved to be useful in the
synthesis of unsaturated compounds. 163

Scheme 4-6. Organometallic derivatives substituted at the /3-position by heteroatoms are
prone to /3-elimination reactions leading to the formation of olefins

j~

m

+

------

MY

::(

-

584

583

M= Li or HgHal
Y= Hal, OR or NR2

Barluenga and co-workers overcame this problem by locating a negative charge on the
164, 165 (Scheme 4-7), so the
heteroatom at the 3-position with respect to the lithium atom
ability of the substituent to act as a leaving group is inhibited at low temperature. 8Substituted organometallic compounds in which the metal is linked to a sp 3 hybridised
carbon atom were prepared by mercury-alkali metal transmetallation at low temperatures
from fl-substituted organomercury compounds. These diamomc intermediates showed high
stability at low temperatures owing to the loss of electronegativity of the heteroatom at the
position with respect to the metal atom, thus hindering the fl-elimination.
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Scheme 4-7. Location of a negative charge in the heteroatom hampers the elimination

process

j

jVD

'Li b

BrHg

BrHg

D

L

588

587

586

585
Y= OH or NI-12
a

(a) PhLi, THF, -78 °C. (b) Li (m), THF, -78 °C, 8 hr. (c) D20, -78 °C.

Taking a step further, Bartmann reported in 1986

166 that treatment of epoxides 589 with

biphenyllithium, naphthylmagnesium, naphthyllithium, or biphenylpotassium in THF gave
the intermediate fi-metalloalcoholates

590

which were subsequently treated with

electrophiles, e.g., 1120, MeSSMe, PhSSPh, Mel, and Br(CH2 Br to give alcohols and ethers
)3

of type 591 (Scheme 4-8).

Scheme 4-8. Reductive epoxide opening with metal biaryls and subsequent reaction with
electrophiles°

O

R1,, /\
Rf"R3

589
a

HO
E
R'—(
R2 R3

1LiO
R'—( _
R2 R3
LiI

I
L

591

590

(a) biphenyllithium, naphthylmagnesium, naphthyllithium or biphenylpotassiurn, THF,

-78 °C.

The reductive metalation by metal naphthalemdes and biphenylides of epoxides to give /3metaloalkoxides has since been extensively studied by Cohen 67 and Yus.' 65

" 68

Epoxides substituted with one alkyl group or with two at the same carbon atom react with
LDBB and open up to produce the most substituted alkoxide (Scheme 4-9). The explanation
for the formation of the less branched radical has to do with the energetic preference for the
more branched carbinol derivative.
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Scheme 4-9. Mechanism of the metal-mediated reductive epoxide opening
I
R1
R2

°\
589

1
[LiO
-R
R2 R3j

1

Li

LiJRy
R3
[R2

R3]

Li

Li
LiO
Ri')—(
R2 R3
591

593

592

One of the attractions of the use of fl-lithio-alkoxides formed from epoxides is that optically
active versions should be readily available by reductive lithiation of epoxides generated by
Sharpless oxidation of allylic alcohols.
Welzel and Hofmann reported in 2000169 the synthesis of an advanced and optically active
forskolin intermediate 601 (Figure 4-5) in which the key step involved the nucleophilic
addition of a suitable fl-lithio-alkoxide nucleophile to racemic drimenal to afford
(Scheme 4-10).

7f

J
HP
0

600

0TBDPS

OH
OH

594

601

595

Figure 4-5. Key intermediate 595 for the synthesis of forskolin 594.

The optically active compound 597 could be prepared from isoprene in five steps as shown
in Scheme 4-10.
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Scheme 4-10. Synthesis of intermediate 601 via reductive opening of epoxide 597Q
5 steps

OMEM_

a.

(69%)

Li Li
Li
598

597

596

CHO

W

599

OH

OH

o
601
a

600

(a) DBB (1 equiv), Li (m) (1 equiv), THF, 0 °C, sonication, 6 hr; then 597 (1 equiv),

0 °C—>-78 °C; then 599 (1.5 equiv), 90 mm.

This reaction represents a very direct and convenient method for the synthesis of 1,3 -diols
since both racemic and enantiopure epoxides are readily available either commercially or by
a variety of procedures. We were interested in applying this methodology to our
ketal-epoxide 577 and to the subsequent addition to the silylated ,8-hydroxy-cyclopentenone
603.

Thus we treated 2-methyl-2-oxiranyl- 1,3 -dioxolane 577 with a solution of LDBB at

—78 °C and a colour change of the LDBB solution from dark-blue to red indicated that the

fi-

alkoxide anion had been formed. Subsequent trapping at low temperature with the ketone
gave a mixture of products from which no addition product could be isolated.

Scheme 4-11. Attempted addition of 2-methyl-2-oxiranyl-1 ,3-dioxolane 578 to TBS protected
/3-hydroxy-cyclopentenone 603 using LDBB

0

o
577

a

Ia o

)OLi

L

lo

OTB7pS HO,

x

"OTBDPS

1''OH

603
602

0
_

Li ]

604

(a) Li (m) (2.4 equiv), DBB (1.2 equiv), THF, 0 °C, sonication, 6 hr; then 578 (1.2 equiv),

0 °C—+--78 °C, 5 mm; then 603 (1 equiv), 1 hr.
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We believe that a reductive opening of the ketal ring can take place resulting in the complex
mixture of products observed.

The example described above for the synthesis of forskolin intermediate in which a MOM
protected oxirane is used, encouraged us to prepare a similarly protected epoxide 607 from
readily available but-3-en-2-ol in 53% yield over two steps. Again, this route would very
conveniently be applied to the synthesis of enantiopure memlactone A, since the asymmetric
epoxidation of allylic alcohols is very well established.

Scheme 4-12. EOM protection and m-CPBA epoxidation afforded 607
OH

OEOM

OEOM

606

607

(99%)
605
a

(a) EOMC1 (2 equiv), DIPEA (3 equiv), DMAP (cat), CH 2 02 , rt, o/n. (b) m-CPBA (3

equiv), NaHCO 3 (3 equiv), CH 2 0 2, rt, 1.5 d.

Initial attempts to reductively open up the epoxide met with failure. Formation of LDBB
proved initially challenging and the success of the reaction was determined by the source of
lithium employed and the strict use of dry materials, as well as an argon rather than nitrogen
atmosphere. Formation of LDBB could be initiated by the use of sonication but the
temperature had to be strictly kept below 0 ° C during the 4-6 hour period in which LDBB
was being formed as quenching of the lithium di-tert-butylbiphenylide radical anion is very
easily promoted by an increase in the temperature. The reaction is easily monitored by colour
changes and formation of LDBB is represented by a dark-blue colour. When the epoxide is
added to the solution, the mixture turns red, which means that the corresponding fl-lithio
alkoxide is formed. When an excess solution of LDBB was prepared (400 mol%)
fl-lithio-alkoxides derived from 2-(1 -(ethoxymethoxy)ethyl)oxirane

607 formed and was

subsequently trapped with the protected fl-hydroxy-cyclopentenone to afford the desired
addition product 609 in a low 22% yield (Scheme 4-13).
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Scheme 4-13. Successful formation of $-lithioalkoxide 608 followed by trapping using 603

,0

OEOM

OEOM

OIJOTBDPS HO,
(22%)

603

,)OLi

607

608

'OTBDPS

EOMOOH

Li ]

609

(a) Li (m) (4 equiv), DBB (2 equiv), THF, —78 °C, 6 hr; then 608 (1 equiv), —78 °C, 30 mm;
then 603 (0.9 equiv), —78 °C, 1 hr.

Unfortunately, attempts to reproduce these results in larger scale failed. Alternative methods
for the generation of lithium fl-lithio-alkoxides involve the deprotonation of fl-halo-alcohols
and subsequent reductive lithiation of the carbon-halogen bond (path C, Figure 4-6.) as well
as deprotonation of thioethers with n-BuLi followed by LDBB catalised sulfur-lithium
exchange 7° (path D, Figure 4-6).
YH
R<J

611

612
YLI

YH

RCI

p

RLi

610
YH

R.SPh

613

614

Figure 4-6. Different pathways for the formation of f3-lithio-alkoxides.

Yus and co-workers described in 1997170,171 that reacting different fl-hydroxy-thioethers 615
with n-butyllithium and an excess of lithium powder and a catalytic amount of DBB in THF
at —78 °C leads to the formation of the corresponding fl-functionalised organolithium
compounds 616 (Scheme 4-14). These dianions can conveniently react with several
electrophiles e.g. D20, t-BuCHO, PhCHO, Me 2CO, (CH2 C0 at temperatures ranging
)5

between —78 °C and 20 °C to yield, after hydrolysis, the expected functionalised alcohols
617 in a regioselective manner.
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Scheme 4-14. f3-Iithio-alkoxides through sulfur-lithium exchange"
b1
Rl.S1 ___
a,__ R1

Li ___
__R1R2
617

616

615
a

OH

OL1

OH

(a) n-BuLi, THF, —78 °C, 2 mm. (b) Li (m), DBB (5 mol%), THF, —78 °C. (c) E= D 2 0,

t-BuCHO, PhCHO, Me 2CO, (CH2)5CO3 —78 °C to 20°C,

Ca.

12 hr. (d) H20.

Treatment of epoxide 607 with thiophenyl afforded the corresponding thioether 618 in 76%
yield. The generation of LDBB proved challenging using Yus' conditions in which catalytic
amounts of DBB were used. Stoichiometric DBB on the other hand led to the successful
formation of LDBB. Successive treatment of thioether 618 with tert-butyl lithium and LDBB
solution afforded the corresponding lithium 18-lithio-alkoxides 608, which was subsequently
trapped with TBDPS protected fl-hydroxy-cyclopentenone 603 to afford the corresponding
1,3-diol in a satisfactory 67% yield (Scheme 4-15) as the major product.

Scheme 4-15. The use of thioether 618 successfully afforded 609
OEOM

__
a
(76%r
607

F

OEOM
01-1

OEOM 1
OLi

go

(67%)
618

SPh b

IN

•'OTBDPS

OTBDPS

603

L

608

Li

EOMO

HF
OH

609

°(a) PhSH (0.9 equiv), K2CO3 (1.05 equiv), EtOH, reflux, 2.5 hr. (b) Li (m), DBB (1 equiv),
TI-IF, —78 °C, 6 hr; then 618 (1.1 equiv), n-BuLi, —78 °C, 2 hr; then 603 (1 equiv), —78 °C, 30 mm.

The successful addition reaction constitutes a landmark in our route for the synthesis of
natural (-)-merrilactone A.

Once the reaction had been effectively demonstrated we decided to prepare both the
enantiopure starting materials in order to carry out the synthesis of the core in an asymmetric

manner.
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4.2 Preparation of (R)-+)--tert-bvityfldimethyIsiIoy-2-cycOopent-1 -one 515 —
Chiral building block 515 has proven to be a very valuable precursor for the synthesis of
cyclopentanoid natural products such as prostaglandins, prostacyclins, thromboxane and
nucleosides. 172,17' As a results numerous methods for the preparation of (R)-515 and other
derivatives have been investigated and developed. The most widely employed procedures
include (i) desymmetrisation of meso-cyclopentenediol or desymmetrisation of mesocyclopent-2-endiacetate 621 using lipases and followed by chemical conversion; ' 72" 74" 75 (ii)
by forming
176 (iii)
diastereomers with enantiomencally pure caronaldehyde followed by separation;
kinetic resolution of 621 using lipases and chiral catalysts; 177 (iv) synthesis from D-tartaric
classical resolution of racemic 4-hydroxy-cyclopent-2-en-1 -one

449

acid. 178

Desymmetrisation methods are attractive and widely studied methods for the production of
enantiopure 449 since a 100% of one of the enantiomers can be obtained theoretically,
compared to kinetic resolutions, where half the material, that is, the unwanted isomer is often
of no use. The most widely employed procedure for the synthesis of (R)-515 is summarised
in Scheme 4-17. This route involves three steps from enantiomerically pure (IR, 4S)-(+)-4hydroxy-2-cyclopentenyl acetate 620.
The preparation of 621 has appeared as an Organic Syntheses procedure 179 and involves the
formation of monoepoxicyclopentene 619 from freshly cracked cyclopentadiene followed by
the palladium(0) catalysed 1,4-addition of acetic acid to afford cis-3 -acetoxy-5-hydroxycyclopent-1-ene 620 (Scheme 4-16). It is noteworthy that in the last step only the cis-1,4adducts are observed, despite the fact that three other stereoisomers are possible. This
remarkable stereo- and regiospecificity is a manifestation of an intermediate palladium
r-allyl complex.

The work detailed in section 4.2 and 4.3 was carried out by Janina Bachmann under my supervision.
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Scheme 4-16. Preparation of

meso-621 °

a/\

c

bj

(76%) HOt' () "OAc (96%) AcO"
"0
619

292
a

O-

OAc

meso-621

620

(a) CH3COOH (0.5 equiv), Na 2 CO3 (1.25 equiv), CH2 0 2 , I hr, rt. (b) Pd(PPh 3 )4 (0.002

equiv), CH3COOH (1 equiv), THF, rt, 5 mm. (c) (CH 3COO)2 (1.1 equiv), im (1.1 equiv), CH 2 0 2, P.

Acetylation of cis-3 -acetoxy-5-hydroxy-cyclopent-1 -ene

620 affords cis-3,5 -diacetoxy-

cyclopentene 621. Enzymatic hydrolysis using electric eel acetyl cholinesterase yields
180
alcohol (1R,4S) -620. In cases where enantiotopic differentiation is desired, prochiral
meso-diesters are more efficient substrates than racemic esters. In the former case it is
possible for all starting material to be converted into a single enantiomer, whereas in the
latter only enzymatic resolution would be possible. From (1R,4S)-620 a three step
sequence"' involving oxidation of the alcohol followed by deacetylation and re-protection as
a silyl ether gives acces to the desired (R)-(+)-4-tert-butyldimethylsiloxi-2-cyclopent-1 -one
515.

Scheme 4-17.

Key desymmetrisation step towards the synthesis of 515'
a __
b
AcO"O"OAC (87%) HOO"0Ac (83°4 O"OAc
199% ee
(R)-622
meso-621
(IR,4S)-620

C

(60%) 0

O'OH

d
(64%)

J=\

O'-'"OTBS
(R)-515

(R)-449
a

(a) Pancreatin (3 wt equiv), Et 3N (0.7 equiv), vinyl acetate (5 equiv), TBME, rt, o/n. (b)

PDC (1.48 equiv), NaOAc (0.07 equiv), MS (4 A), CH2 0 2 , rt, 3 hr. (c) Wheat germ lipase, phosphate
buffer, rt, 7 d. (d) TBSC1 (1.2 equiv), Et 3N (2.6 equiv), DMAP (0.1 equiv), CH 2 0 2 , ii, 3 hr.

We decided to follow the above protocol for the preparation of (R)-515 in multi-gram scale.
Cyclopentadiene monoepoxide was synthesised by treating cyclopentadiene with peracetic
acid and sodium carbonate in dichloromethane. The crude material was then submitted to the
palladium-mediated 1,4-addition of acetic acid. Unfortunately the reaction failed to give any
620 and a very messy reaction led to a complex mixture from which no peaks for the
expected product could be identified.
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Curran and co-workers reported in

1997182 a process to generate optically active

cis-2-cyclopenten-1,4-diol derivatives by means of kinetic resolution. Both resolved materials
could be used to prepare identical carbocyclic isomers. They developed a route for the
stereoselective conversion of furfuryl alcohol 524 into optically active
cis-2--cyclopenten-1,4-diol derivatives involving the (1) diastereoselective reduction of 4-0protected 2-cyclopentenones and (ii) enzyme-promoted stereoselective acylation of the
mono-0-protected-cis-cyclopenten- 1,4-diol as key steps.

We decided to employ this sequence for the preparation of optically active 515.

Piancatelli rearrangement of furfuryl alcohol afforded enone 449 in 33% yield, which was
subsequently protected as the TBS ether 515 in 62% yield.

Scheme 4-18. Piancatelli rearrangement followed by lBS protection affords racemic 515'

(]KOH (33%)
--

o

a

HOI
(±)-449

524

TBSOcIO
(62%)
(±Y515

(a) NaH 2 PO4 (0.005 equiv), H3 PO4 , hydroquinone (0.01 equiv), H 20, pH 4.1, 99 °C, 16.5

hr; then 1,4-dioxane, reflux, 23 hr. (b) TBSC1 (1.2 equiv), Et 3N (2.4 equiv), DMAP (cat), CH 2 0 2, rt,
0/n.

Curran and co-workers performed a reduction study on enone 515 and showed that
LiIILiA1H4 with TBSOH and Red-Al®/NaT in TBMEIPhMe 1:2 gave excellent
stereoselectivities in the conversion of 4-TBS protected cyclopentenones into
monoprotected cis-2-cyclopenten-1,4-diol 623. The role of TBSOH silanol species is as yet
unknown, hovewer, its presence consistently led to improved cis/trans selectivity ratios.

Scheme 4-19. Stereoselective reduction of (±)515a

TBSO

O
(±)-515

a

TBSO"O'OH + TBSO'
cis-(±)-623

dr=35:1

OH
trans-(±)-623

(a) LiA1H4 (0.5 equiv), Lii (0.5 equiv), TBSOH (0.2-0.25 equiv), PhMe/TBME (2:1),

-30 °C, 24 hr.
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Purification of 515 has always proven laborious, as it involved flash column chromatography
and short-path distillation. In this case hovewer, and taking Curran and co-workers' results
into consideration we decided to carry on with the crude material. Treatment of 515 with
LiALH4 and Lii in TBME and toluene solution for 24 hours afforded 623 in 82% yield as a
9:1 mixture of cis/trans diastereomers. The diastereoselectivity ratio was determined from
the intensities of the peaks for the C2 and C3 protons in the 'H-NMR spectrum.

We carried out the resolution of cis-4-0-TBS-2-cyclopenten-1,4-diol 623 following Curran
and co-workers' protocol. Treating 623 with pancreatin in TBME/Et 3N with vinyl acetate as
the acylating agent afforded enantioenriched alcohol (1 R, 4S)-623 and acetate (IR, 4S)-624 in
47% ([a]= _15.70)182 and 46% ([a]D= .40)182 yields respectively.

Scheme 4-20. Pancreatin-mediated resolution of (±)623a

TBSO"O"OH '- TBSO"O'OH + AcO"O"OTBS
(IS,4R)-624
(IR,4S)-623
cis-(±)-623
(47%)
(469/6)
a

(a) Pancreatin (3 equiv wt), vinyl acetate (5 equiv), Et3N (0.7 equiv), TBME, rt, 7 hr.

By well established chemistry'

13,114

compounds 623 and 624 were further advanced to 515 as

depicted in Scheme 4-21 and Scheme 4-22.

Cleavage of the acetate and subsequent oxidation of the secondary alcohol with PDC gave
access to the desired (R)-(+)-4-tert-butyldimethylsiloxi-2-cyclopent- I-one 515 in 90% yield
over two steps ([a]D= +660).175

Scheme 4-21. Deprotection and oxidation sequence for the formation of (R)515a
a,b
O•"OTBS
AcO"J"OTB
S ( 90%,
2 steps) (R)-515
(IS,4R)-624

°(a) K2CO3, MeOH, rt, 1.5 hr. (b) PDC (1.5 equiv), CH2 C12 , rt, o/n.

On the other hand, acylation of alcohol (1R, 4S)-623 with acetic anhydride in presence of
pyridine yielded the corresponding acetylated alcohol in 94% yield. TBAF -mediated
cleavage of the TBS group and PDC oxidation of the alcohol gave acetate (R)-622 in 81%
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yield over two steps. Deprotection of the acetal led to fl-hydroxy-cyclopentenone (R)-449 in
a low 36% yield. We believe the low yield of the reaction is due to the high polarity and
therefore difficult isolation of 449. TBS protection using standard conditions afforded (R)(+)-4-tert-butyldimethylsiloxi-2-cyclopent-1 -one 515 in 13% yield ([a]20D +630). 175

Scheme 4-22. Sequence for the formation of 515

TBSO'O'OH

(IR, 4S)-623
'

a,b
O"OAc (5%,
(76%,
2 steps)
3 steps)
(R)-622

'OTBS

(R)-515

(a) Ac20, Pyr, rt, 18 hr. (b) TBAF (1.2 equiv), THF, rt, 2.5 hr. (c) PDC (1.5 equiv), CH2 02 ,

rt, o/n. (d) K2CO3 (1 equiv), MeOH, rt, 2.5 hr. (e) TBSC1 (1 equiv), Et 3N (1.6 equiv), DMAP (cat),
CH2 0 2, rt,

0/11.

4.3 Preparation of asymmetric epoxide 625
Epoxy alcohols are versatile building blocks of high synthetic utility and are abundantly used
in organic chemistry. 185 They are readily available from allylic alcohols by epoxidation with
peracids, dioxiranes and hydroperoxides among others. The enantioselective version of the
latter, the Sharpless asymmetric epoxidation, is undoubtedly the most valuable tool for this
purpose.
Since Sharpless introduced in 1980186 the use of tert-butyl hydroperoxide in the presence of
Ti(Oi-Pr)4 and diethyl tartrate to form epoxy alcohols of high enantiomeric purity from
allylic alcohols it has become one of the most synthetically usefull transformations for the
synthesis of chiral, polyhydroxylic systems.

Initial attempts for the synthesis of (2S, 3R)- 1 -oxiranyl-ethanol 625 through Sharpless
epoxidation of but-3-en-2-ol 605 failed to yield the desired compound. Treatment of the
allylic alcohol with TBHP in presence of Ti(Oi-Pr) 4 and D-tartrate using molecular sieves
led to a very low conversion in which only traces of the product could be isolated. Longer
reaction time of four days led to the formation of 625 in 12% yield.
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Scheme 4-23. Sharpless asymmetric epoxidation of 605
OH

OH
a

}

I

(12%)
(2S,3R)-625

605
a

(a) TBHP (0.6 equiv), Ti(Oi-Pr) 4 (1 equiv), D-(-)-DIPT (1.2 equiv), MS (4 A), -20 °C, 4 d.

Considering that the Sharpless epoxidation of a secondary allylic alcohol can proceed much
slower than its primary counterpart and also the water solubility and in some cases the
propensity for decomposition usually associated with low molecular weight epoxy alcohols
we opted for constructing the alcohol as shown in Scheme 4-24.

Epoxide (2S,3R)-627 was obtained trough a Sharpless epoxidation strategy from primary
crotyl alcohol and subsequently derivatised in situ. 187 The tosylate was treated with benzyl
alcohol in presence of a Lewis acid to afford the corresponding alcohol. Treatment with a
base furnished epoxide (2S,3R)-628 in 29% yield over two steps. Hydrogenolysis of the
benzyl group using Pd on charcoal proved initially problematic slow reactions only affording
small amounts of the desired product. A more active Pd(OH') 2/C led to very fast and clean
transformations affording the corresponding alcohol in 70% yield ({U120D _16.90).188

Sharpless epoxidationa
Scheme 4-24. Synthesis of enantiopure (2S,3R)-625 via

(83°4

kLTS (29°i

jo

(70°i

OH

(±)-626

(2S,3S)-627

(2S,3R)-628

(2S,3R)-625

° (a) L-(+)-DIPT(0.06 equiv), Ti(i-PrO)4 (0.06 equiv), TBFIP (2 equiv), MS (4 A); then
trimethyl phosphate, Et3N (1.5 equiv), DMAP (cat), p-TsC1 (1 equiv), -30 °C, o/n. (b) BnOH (1.5
equiv), BF3 OEt2 (0.1 equiv), ii, 1.5 hr; then K2CO3 (2 equiv), MeOH, rt, 2 hr. (c) H 2 0 atm),
Pd(014)2/C (10% wt), MeOH, rt, 10 mm.

4.4 Conclusions

The challenging introduction of the hydroxyl group in the C2 position via the addition of a
suitable nucleophile proved initially problematic under the conditions previously optimised.
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LDBB-mediated addition of the ethoxymethoxy-oxirane derived thioether on the other hand
successfully provided the required alcohol in high yield following Yus and co-workers'
protocol.

Both the enantiopure substrates for application of the current route towards (-)-merrilactone
A were also effectively synthesised following literature procedures.

Studies towards the completion of the synthesis were stopped at this stage due to time
constraints.
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5 Conclusions and Future Work
The overall aim of this Ph.D project was to lay the foundations for the synthesis of the
natural product merrilactone A. We designed an approach whereby the central oxetane ring
was envisaged to arise from a Patemô-Buchi reaction. Initial work therefore focused on the
construction of a model photo-substrate that would allow us to investigate the feasibility of
the crucial [2+2] photocycloaddition reaction.

Early studies centred on a Nazarov—Claisen approach to the required bicyclic photosubstrate. The Nazarov cyclisation of 1 -furan-3-yl propenone was assumed to give access to
the oxabicyle[3.3.0]octane motif comprising the BE ring framework of merrilactone A,
which upon reduction of the ketone and subsequent acetylation would afford the Claisen
substrate. However, presumably due to electronic factors under various conditions the
required Nazarov product could not be isolated. We therefore constructed the analogous
oxabicyclo[3.4.0]nonane system which was not directly relevant to the ring system present in
the natural product but it could provide us of useful information on the feasibility of the
proposed Ireland-Claisen reaction. Different reaction conditions were studied and the results
indicated that this substrate was reluctant to rearrange, with recovered starting material being
the only product of the reaction. Although disappointing, these negative results had
important consequences on the design of our route towards the natural product.

In our alternative route towards the natural product carbocycle B constituted the basis for the
assembly of the natural product. The Paternô-Büchi reaction would still remain crucial for
the introduction of the oxetane ring, yet the current route towards the photo-substrate would
involve the construction of the fl-hydroxy-cyclopentenone motif followed by an oxy/carbopalladation reaction for the installment of the acetal ring.

The direct or masked introduction of the four carbon chain containing the diketone
functionality via a 1,2-addition reaction of the appropriate nucleophile to cyclopent-4-ene1 ,3-dione to afford the fl-hydroxy-cyclopentenone substrates proved challenging.
Optimisation of Ciufolini 'S conditions for the addition of the enolate of ethyl acetate to the
cyclic diketone on the other hand afforded the allylic alcohol in moderate yields. We moved
on towards the introduction of the E ring of merrilactone A

via a domino oxy-

/carbopalladation reaction. The cyclic allylic alcohol was submitted to the conditions
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developed by Oshima and Utimoto yielding the corresponding acetal in a successful! 76%
yield. In a single operation a concominant instalment of a lactone ring and regeneration of
the alkene functionality in the ring junction considerably increased the complexity of the
molecule. We next examined the conversion of the ester to the requisite diketone
functionality that would allow us to test the viability of the crucial Patemô-BUchi step. The
hydrolysis of the ester proved problematic, which led us to consider an alternative approach.

The construction of a model photo-substrate in which the carbonyl group in C2 is missing
became our next goal. The Piancatelli rearrangement of various furfuryl alcohols failed to
furnish the desired cyclopentenone. The base-promoted ring closure of a suitable 1,4diketone was also attempted with no success. We opted for introducing the carbonyl
functionality in the side-chain at a later stage in the synthesis and moved on to study the
addition of organometallics derived from 4-bromo-but-1 -ene to cyclopent-4-ene-1 ,3-dione,
the corresponding fl-hydroxy-cyclopentenone and the silylated analogue. Although
preliminary results were discouraging, with Grignard or organocerium reagents producing
low yields of the desired product, lithiation of 1 -iodo-but-3 -ene and 1 -iodo-3 -methyl-but-3 ene using Negishi's protocol followed by addition of the TBS protected fl-hydroxycyclopentenone successfully afforded the corresponding alcohol in high yields and in a
stereocontrolled manner. Desilylation and oxidation gave access to the substrate for the oxy/carbopalladation reaction. We were pleased to see that exposure of the hydroxy-enone to the
same Oshima and Utimoto conditions afforded the bicyclic acetal in a good yield. Oxidative
cleavage of the terminal alkene afforded the substrate for the key [2+2] photocycloaddition.
In the event, irradiation of the photo-substrate gave a very clean cyclisation to the tetracyclic
core of merrilactone A in a very high yield, in which three stereogenic centres had also been
established.

At this stage, a very short synthetic route to access the tetracyclic oxetane containing core of
merrilactone A had been successfully completed, featuring a domino oxy-/carbopalladation
reaction followed by the highly efficient Paternô-BUchi key step.

The next step towards the synthesis of the natural product involved the functionalisation of
the C2 position. Initiall attempts involved the lithiation and subsequent 1,2-addition of a
ketal-containing protected iodohydrin. The reaction failed to afford the desired product and
the presence of the ketal ring was identified as a potential problem. Use of LDBB in the

152

Conclusions and Future Work

alternative ethoxymethoxy-containing oxirane substrate for the formation of a lithiated
alkoxy species on the other hand provided a very convenient method and formation of the
addition product with the oxygen functionalisation was successfully achieved. This route
could be very conveniently applied to the synthesis of enantiopure merrilactone A, since the
asymmetric epoxidation of allylic alcohols is very well established.

That led us to the synthesis of the enantiopure TBS protected fi-hydroxy-cyclopentenone
substrate, which was successfully achieved in multigram scale following literature
procedures. The construction of the enantiopure ethoxymethoxy-containing oxirane was
accomplished via a Sharpless epoxidation of crotyl alcohol and in situ derivatisation
followed by benzyl alcohol and base treatment to afford the required protected epoxide.
Hydrogenation of the benzyl group effectively led to the enantiopure substrate.

Immediate future work should focus on the protection of the secondary hydroxyl group.
LDBB-promoted lithio alkoxide formation followed by trapping with the enantiopure TBS
protected fl-hydroxy-cyclopentenone should then be studied (Scheme 5-1).
Scheme 5-1. Future work should concentrate on the LDBB mediated addition
OP

OH
-

---

'OTBS
HO

(R)-515
(2S,3R)-625

HO,..
'OTBS

lop
630

(2S,3R)-629
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6 Experimental
6.1 General procedures

'H nuclear magnetic resonance (NMR) spectra were recorded at ambient probe temperatures
on either a Varian Gemini 200 (200 MHz), Bthker AC250 (250 MHz), Bruker DPX360 (360
MHz) or Bruker AV400 (400 MHz) instrument and calibrated to residual solvent peaks
(CDC13 7.26 ppm). The data is presented as follows: chemical shift (in ppm on the 8 scale),
integration, multiplicity (s=singlet, d=doublet, t---triplet, q=quartet, quin=quintet,
m=multiplet,), coupling constant (J, in hertz) and the assignment. The ' 3 C NMR spectra were
recorded using an internal deuterium lock for the indicated reference at ambient probe
temperatures on Brüker AC250 (62.9 MHz) or a Bruker DPX360 (90.5 MHz) instrument and
calibrated to residual solvent peaks (CDC1 3 77 ppm). They are reported in ppm on the 8 scale
followed by the interpretation determined from the Distorsionless Enhancement Polarisation
Transfer (DEPT) spectra.
Infra Red spectra were recorded on a JASCO FT/IR-460 plus instrument using 4mm sodium
chloride plates. The wavelengths of the maximum absorbance (v) are quoted in cm'.
Samples were sent to the EPSRC National Mass Spectrometry Service Centre, Swansea for
MS analysis. Accurate mass measurements were obtained on a Finnigan MAT 900 XLT
double focusing mass spectrometer or on a Kratos MS50 instrument in the University of
Edinburgh. The data is recorded as the ionisation method followed by the calculated and
measured masses. Optical rotations were measured on an AA-1000 polanmeter with a path
length of 0.5 dm at the sodium D line (589 nm) and reported as follows:

[UID

concentration

(c in g/100 ml) and solvent. Melting points were determined on a Gallenkamp
Electrothermal melting point apparatus and are uncorrected.
TLC was performed on Merck 60F 254 silica plates and visualised by UV light and/or

anisaldehyde t or potassium p ermanganatet stains. The compounds were purified by wet flash
chromatography using Merck Kieselgel 60 (particle size 35-70) silica under a positive
pressure. The eluent compositions are quoted as a percentage or v/v ratios.

Anisaldehyde stain was prepared as follows: Concentrated sulphuric acid (10 ml) was
added carefully to a stirring solution of ethanol (200 ml) and p-methoxybenzaldehyde (10
ml).
§ Potassium Permanganate stain was prepared as follows: 3g potassium permanganate, 20g
potassium carbonate, 5ml 5% sodium hydroxide, 300ml water.
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Toluene, C112 0 2, THF and methanol were obtained from a SPS-400-7 solvent purification
system supplied by Innovative Technologies Inc. unless otherwise stated. Et 20 was dried
over sodium with benzophenone as an indicator. Reagents were purified by standard means.
Diisopropylamine and pyridine were distilled and stored over potassium hydroxide. "Butyl
lithium ("BuLi) was titrated against diphenyl acetic acid in THF at —78 °C temperature
immediately prior to use. All other chemicals were purchased from a chemical supplier and
used as received except where otherwise stated in the text.

All experiments were performed under an inert atmosphere of nitrogen under anhydrous
conditions using oven dried apparatus cooled in a dessicator prior to use. Standard
techniques for handling air-sensitive materials were employed.
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6.2 Experimental procedures
6.2.1 A Nazarov-Claisen approach towards the Paternô-BUchi photosubstrate

6.2.1.1

Nazarov cyclisation

Furan-3-carbonyl chloride 387
0

0
(ioH - (

JAI

CI

387

386

A mixture of furan-3-carboxylic acid (3.00 g, 26.85 mmol, 1 equiv) and thionyl chloride
(10.02 mL, 82.20 mmol, 3 equiv) in benzene (30 mL) was refluxed under nitrogen for 4
hours. The excess thionyl chloride was removed and the residue distilled under reduced
pressure (80-87 ° C, 30-40 mm Hg) to furnish furan-3-carbonyl chloride (3.12 g, 23.90 mmol,
89% yield) as white crystals. 'H NMR (250 MHz, CDC1 3) 88.22 (1H, dd, J= 1.5, 0.9 Hz,
OCH'CC=OCl), 7.51 (1H, t, J= 1.7 Hz, OCHCHCCO), 6.80 (1H, dd, J= 2.1, 1.5 Hz,
OCHCHCCO); 13C NMR (62.9 MHz, CDC1 3) 8 159.8 (q, C=O), 151.8 (CH,
OCHCCO), 144.9 (CH, OCH=CH), 124.4 (q, OCHCCO), 109.6 (CH, OCH=CH).

The spectroscopic data was in agreement with that previously published.

189

Representative example for 'one-pot' Friedel Crafts-Nazarov cyclisation of
furan-3-carbonyl chloride 190

Qciçr
388 CI

387

Furan-3-carbonyl chloride (0.51 g, 3.88 mmol, 1 equiv) and trimethylvinylsilane (0.68 mL,
4.27 mmol, 1.1 equiv) in dry CH 2 0 2 (10 mL) at —78 ° C and under nitrogen were warmed to
-30 ° C and then treated dropwise with SnC1 4 (4.27 mL, 4.27 mmol, 1.1 equiv). The
temperature was maintained at —30 ° C for 1 hour, allowed to rise to room temperature and
then maintained at 25 ° C for 6 hours, until the reaction was completed by TLC. The reaction
mixture was poured into water (10 mL) and extracted with CH 2C12 (3x15 mL). The
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combined organic layers were washed with saturated aqueous NaHCO 3 (2x50 mL), dried
with Na2SO4, filtered and the solvent evaporated in vacuo to afford a crude yellow oil (60
mg). Purification by flash column chromatography (Si0 2, EtOAc/hexane 9:1) gave 3-chloro1-furan-3-yI-propan-1-one (32.5 mg, 3.88 mmol, 5% yield) as a colourless oil. 'IHI NMR
(400 MHz, CDC13) 88.04 (1H, s, OClEFCCOCH2CH2Cl), 7.44 (1H, s, OC]I=CHCC=O),
6.83 (1H, s, OCH=CIHICC=O), 3.78 (2H, t, J= 6.7 Hz, C1CH2CIHI2C=O), 3.13 (2H, t, J= 6.7
Hz, C1CH2CH2C=O); 13C NMR (100 MHz, CDC13) 8197.3 (C0), 146.5 (OCHCCO),
143.5 (OCH=CHC), 126.3 (CH=CC=O), 108.1 (OCH=CHC), 41.8 (C1CH 2(CH2C=O), 37.4
(C1CH2CH2C=O).

I Furan-3-yO-propenone 340
çci —
387

çy
340

To A1C13 (1.62 g, 12.15 mmol, 1.1 equiv) in dry CH 2 0 2 (20 mL) at —78 °C and under
nitrogen was added furan-3-carbonyl chloride (1.45 g, 11.10 mmol, 1 equiv) with vigorous
stirring. To that mixture, trimethylvinylsilane (4.01 g, 38.85 mmol, 3.5 equiv) was added
dropwise. The reaction was allowed to warm up to -25 °C and carefully kept stirring at this
temperature for further 8 hours. The reaction mixture was then poured into ice-water (20
mL) containing of NIH 4C1 (1 g). The aqueous layer was extracted with CH 2 02 (3x20 mL)
and the combined organic layers were washed once with water (60 mL) and twice with
saturated aqueous NaHCO 3 (60 mL), dried with Na 2SO4 and the solvent evaporated in vacuo
to afford 1 -furan-3 -yl-propenone (1.95 g, quantitative yield) as a crude brown oil. The
compound was used in the next steps without any further purification. 11H1 NMR (250 MHz,
CDC13) 88.04 (1H, s, OC]H[CC0), 7.44 (1H, t, J= 17.1 Hz, C=OCIHI=CH2), 6.83 (1H, s,
OCIHI=CC=O), 6.77 (1H, m, OCHCH), 6.42 (1H, dd, J= 17.1, 1.8 Hz, CH=CIH[2), 5.82 (1H,
dd, J= 10.4, 1.6 Hz, CH=CH2 );

' 3C

NMR (62.9 MHz, CDC1 3) 8 185.8 (C=O), 153.2

(C=OCH=CH2), 147.3 (C=OCH=CH2), 146.9 (OCH=CC=O), 145.8 (OCH=CH), 128.2
(OCH=CC=O), 109.5 (OCH=CH).

The spectroscopic data is in agreement with that previously published.
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General procedure for the attempted Nazarov cyclisation of I -furan-3-ylpropenone 19°

QI
335
340
1-Furan-3-yl-propenone (1 equiv) and the Lewis acid (1.1 equiv) were mixed in
dichioroethane at 85 ° C while stirring and under nitrogen. The reaction mixture was kept
stirring under reflux until the reaction was complete by TLC. After cooling it was hydrolysed
in ice-water containing NH 4CI and extracted with CH 2 0 2 . The combined organic layers were
dried over Na2SO4 and the solvent evaporated in vacuo.

6.2.1.2 Ireland-Claisen rearrangement

6,7-D ihyd ro-5H-benzofu ran -4-one 394
0

0

HCI +
400

399

0XItJ
394

Chloro-acetaldehyde (5 mL of a 40% aqueous solution, 25 mmol, 1 equiv) and NaHCO 3
(2.52 g, 30 mmol, 1.2 equiv) were added into water at 0 ° C. To this mixture an aqueous
solution of cyclohexane- 1 ,3-dione (2.89 g /22.5 mL, 25 mrnol, 1 equiv) was added dropwise
with vigorous stirring. The reaction mixture was further stirred overnight at room
temperature and the acidity of the solution was kept within pH 6-9. EtOAc (25 mL) was
added, and the resulting solution was acidified to pH 1 by the slow addition of a 1 M
aqueous solution of HCI. The mixture was then stirred for 1 hour. The organic layer was
separated and washed with a saturated solution of K2CO3, dried over MgSO4 and the solvent
evaporated in vacuo to afford crude 5,6-dihydro-cyclopenta[b]furan-4-one (2.32 g, 17 mmol,
68% yield) as a yellow oil. The compound was used in the next step without further
purification. 'H NMR (250 MHz, CDCI3) 87.33 (1H, d, J= 1.6 Hz, OCHCH), 6.66 (1H, d,

J= 1.6 Hz, OCHCH), 2.88 (2H, t, J= 6.3 Hz, COCH2), 2.50 (2H, t, J= 6.3 Hz, CCH2CH2),
2.18 (2H, quin, J= 6.3 Hz, CH2CH2CH2

);

'3

C NMR (62.9 MHz, CDC13) 8 166.9 (CO),

144.9 (CH2 C=C), 142.4 (OCH=CH), 120.9 (CC=O), 106.3 (OCH=CH), 37.5 (CH 2C=O),
23.2 (C=CCH2), 22.4 (CH2CH2C=O).
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The spectroscopic data was in agreement with that previously published.' 4
4,5,6,7Tetrahydrobenzofu ran -4-o 401
0

394

OH

401

5,6-Dihydro-cyclopenta[b]furan-4-one (1.75 g, 12.87 mmol, 1 equiv) in MeOH (40 mL) was
treated with NaBH4 (0.96 g, 25.37 mmol, 2 equiv) at 0 T. The reaction mixture was stirred
at room temperature under nitrogen for 2 hours until completion. The solvent was then
removed in vacuo. The residue was dissolved in water (25 mL) and the resulting solution
was extracted with Et 20 (3x25 mL). The combined organic layers were washed with a
saturated aqueous solution of NaCl (305 mL), dried over Na 2SO4 and the solvent
evaporated in vacuo to afford a crude yellow oil (1.19 g). Purification by flash column
chromatography (Si0 2, EtOAc/hexane 1:2) afforded 4,5 ,6,7-tetrahydro-benzofuran-4-ol
(1.16 g, 8.44 mmol, 66% yield) as a colourless oil. 'H NMR (360 MHz, CDC1 3) 87.17 (1H,
d, J= 1.5 Hz, OCIHI=CH), 6.31 (1H, d, J= 1.5 Hz, OCH=CH), 4.61 (1H, m, CIHIOH), 2.622.35 (2H, m, CH2CHOH), 1.99-1.60 (4H, m, CCH 2CH2

).

'3

C NMR (90.5 MHz, CDC1 3) 8

154.2 (C=CCHOH), 141.8 (OCH=CH), 119.8 (C=CCHOH), 110.6 (OCH=CH), 70.3
(CHOH), 31.1 (CH 2CHOH), 24.1 (CH 2CH2CH2CHOH), 20.3 (CH2CH2CH2CHOH).

The spectroscopic data was in agreement with that previously published.' 4

Acetic acid 4,5, 6,7tetrahydro-berizofuran-4yI ester 397

OH

401

AO

397

To a 1:1 mixture of 4,5,6,7-tetrahydro-benzofuran-4-ol (0.18 g, 1.31 mmol, 1 equiv) and dry
pyridine (0.11 mL) in Et 20 (15 mL) was added dropwise with stirring and under nitrogen
acetic anhydride (0.25 mL, 2.62 mmol, 2 equiv) at a rate to mantain gentle reflux. After the
addition was complete refluxing of the stirred reaction was kept overnight. The organic
solution was then quenched with a saturated aqueous solution of NH 4CI (15 mL). The
organic layer was separated and the aqueous phase extracted with Et 20 (3x15 mL). The
combined organic layers were dried over Na 2SO4 and the solvent was removed in vacuo to
afford a crude yellow oil (0.27 g). Purification by flash column chromatography (Si0 2
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Et2 0/hexane 1:2) afforded acetic acid 4,5,6,7-tetrahydro-benzofuran-4-yl ester (0.17 g, 0.92
mmol, 70% yield) as a colourless oil. 'H NMR (250 MHz, CDC13) 87.18 (1H, d, J= 1.8 Hz,
OCH=CH), 6.29 (IH, d, J= 1.8 Hz, OCH=CH), 5.70 (1H, m, CHOC=OCH3 ), 2.67-2.43 (2H,
m, CH2CHOCOCH3 ), 1.98 (3H, s, CH3), 1.97-1.79 (4H, m, CCH2CH2CH2CHO); C
'3

NMR (62.9 MHz, CDCI 3 ) 8170.3 (C00), 153.3 (OCCCHO), 140.3 (OCH=CFI), 115.8
(OC=CCHO), 109.3 (OCH=CH), 65.6 (CHOCCO), 28.3 (CH 2CHOC=O), 22.2 (C=CCH 2),
20.7 (CH3), 18.3 (C=CCH2CH2); IR (thin film/cm) v 3122, 2948, 1733, 1628, 1240;
fiRMS (El) m/z calcd for C 10H1203 [M] 180.0781. Found 180.0781.
2Ethoxy-3,5,6,7-tetrahydro-2H-beflZOfUrafl-4-Ofle 395113

0

0

Et02 0
402

Et0W(JI5
0
395

400

To cyclohexane-1,3-dione (0.26 g, 2.20 mmol, I equiv) in MeCN (20 mL) were added
silver(I) oxide (1.02 g, 4.41 mmol, 2 equiv) and ethyl vinyl ether (1.05 mL, 0.01 mol, 5
equiv). The mixture was refluxed under nitrogen for 4 hours, and then filtered over celite to
remove the reduced silver(0) metal. The solvent and excess conjugated alkene were removed
by evaporation under reduced pressure to afford crude 2-ethoxy-3,5,6,7-tetrahydro-2Hbenzofuran-4-one (0.39 g, 2.16 mmol, 98% yield, 1:1 mixture of acetal diastereomers) as a
brown oil. The compound was used for next step without any further purification. 'H NMR
(250 MHz, CDC13 ) 85.72 (1H, dd, J= 7.4, 3.3 Hz, OCHO), 3.89 (1H, dq, JABA 9.5, 7.1 Hz,
CH3CH20), 3.63 (1H, dq, JABAx = 9.5, 7.1 Hz, CH3CH2 0), 2.92 (1H, ddt, JABAxAx = 15.9, 7.4,
2.3 Hz, OCHCH2 ), 2.66 (1H, dm, JAB 15.9, OCHCH2), 2.48-2.42 (2H, m, COCH 2), 2.33
(2H, t, J= 6.0 Hz, C=CCH2 ), 2.11-2.03 (2H, m, C=CCH 2CH2), 1.18 (3H, t, J= 7.1 Hz,
CH3CH20);

'3

C NMR (62.9 MHz, CDC13 ) 8 195.0 (C=O), 175.6 (C=CCH 2), 127.0

(C=CCH2 ), 108.4 (OCHO), 64.9 (CH 3CH20), 36.2 (OCHCH2), 32.7 (C=OCH2 ), 23.7
(C=CCH2), 21.4 (C=CCH2CH2), 14.8 (CH3CH20).
The spectroscopic data was in agreement with that previously published.' 9

161

'

Experimental

(6-Ono-cyclohez-1 -enyl)-acetaldehyde 404

Etow(TJ)

- H_]j'

J

404

395

To 2-ethoxy-3,5,6,7-tetrahydro-2H-benzofuran-4-one (0.81 g, 4.45 mmol, I equiv) in TFIF
(25 mL) was added LiA111 4 (0.18 g, 4.45 mmol, I equiv) at 0 °C under nitrogen and with
vigorous stirring. After 1 hour saturated aqueous Na 2SO4 (10 mL) was added to destroy the
excess reagent. The organic layer was separated and the solvent evaporated. The residue was
then diluted with water (15 mL), extracted with Et 20 (3x1 5 mL), dried over Na2SO4 and the
solvent was evaporated in vacuo to give a crude brown oil (1.34 g). Purification by flash
column chromatography (S10 2, Et20/hexane 3.5:1) afforded (6-oxo-cyclohex- 1 -enyl)acetaldehyde (0.14 g, 1.01 mmol, 23% yield) as a yellow oil. 'lEE NMR (360 MHz, CDCI 3) S
9.63 (1H, t, J=

1.7 Hz, IHIC=O), 6.86 (1H, t, J= 4.2 Hz, CH=C), 3.25-3.24 (2H, m,

CH2C=OH), 2.49-2.39 (4H, m, C=CHCH 2+C=OCH2CH2), 2.07-1.99 (2H, m, C=OCH 2CIHI2 );
'3

C NMR (62.9 MHz, CDC1 3) 8 198.4 (H(CO), 197.8 (CHC(CO), 149.1 (CHCCO),

131.6 (CH=CC=O), 43.7 (CH 2HC=O), 37.1 (CH 2CH=C), 25.4 (CH 2C=O), 22.2
(CH2CH2CH2C=O); IR (thin film/cm - ') v 2940, 1722, 1669.

The spectroscopic data was in agreement with that previously published.
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2ethyM-oxo-2,3,4,5,6,7-hexahydro-benzofu ran -2-carboxyOic acid methyl
ester 396

Me02C

Me02C

+
406

396

400

To cyclohexane-1,3-dione (0.21 g, 1.84 mmol, 1 equiv) in MeCN (20 mL) was added
silver(I) oxide (0.86 g, 3.68 mmol, 2 equiv) and methyl methacrylate (1 mL, 9.20 mmol, 5
equiv). The mixture was refluxed under nitrogen for 4 hours, and was filtered over celite to
remove the reduced silver(0) metal. The residue was diluted with water (20 mL) and
extracted with EtOAc (3x20 mL). The combined organic layers were washed with brine (75
mL), dried over MgSO4 and the solvent evaporated in vacuo to give 2-methyl-4-oxo2,3,4,5,6,7-hexahydro-benzofuran-2-carboxylic acid methyl ester (0.35 g, 1.67 mmol, 91%
yield) as a brown oil. The compound was used in the next steps without any further
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purification. 'H NMR (250 MHz, CDC13) 53.73 (3H, s, C=OOCH3 ), 3.12 (1H, dt, J= 15. 1,
1.9 Hz, CH3CCH2), 2.68 (1H, dt, J= 15.1, 1.9 Hz, CH3CCH2), 2.42 (2H, m, C=OCH2), 2.30
(2H, t, J= 6.5 Hz, C=CCH2), 1.99 (2H, quin, J= 6.2 Hz, C=CCH2CH2 ), 1.67 (3H, s, CCH3);
'3 C NMR (90.5 MHz, CDC1 3 ) ö 196.4 (CHCHCO), 176.9 (C=OOCH 3), 173.3
(OCH=CHC=O), 126.5 (OCH=CHC=O), 53.9 (C=OOCH3), 38.3 (OCCH2CC=O), 37.4
(CH2CH2CH2C=O), 31.3 (CH3CCH2), 24.8 (CH2CH2CH2 C=O), 22.6 (CH2CH2CH2C=O).
The spectroscopic data was in agreement with that previously published.' 3

2-Hydroxy-2-methyl-3-(6-oxo-cyClOheX-1 -enyl)-propionic acid methyl ester 407

Me02C

Ob

Me02C

_Y
OH
407

396

To an ice-cold 0.05 M solution of 2-methyl-4-oxo-2,3,4,5,6,7-hexahydro-benzofuran-2carboxylic acid methyl ester (0.05 g, 0.23 mmol, 1 equiv) in MeOH (10 mL), were added
first CeC13 7H2 0 (0.09 g, 0.23 mmol, 1 equiv) and then carefully NaBH 4 (0.01 g, 0.24 mmol,
1.05 equiv) under nitrogen with stirring. After 12 hours of stirring at 0 °C the reaction was
concentrated in vacuo. Water (10 mL) was poured into the residue and the resulting solution
was extracted with Et 2 0 (3x10 mL). The combined organic layers were washed with an
aqueous saturated solution of NaCl (300 mL), dried over anhydrous Na 2SO4 and the solvent
removed in vacuo to afford a crude brown oil (0.07 g). Purification by flash column
chromatography (Si0 2 , EtOAc/hexane 2:1) afforded 2-hydroxy-2-methyl-3-(6-oxo-cyclohex1-enyl)-propiomc acid methyl ester (0.01 g, 0.06 mmol, 25% yield) as a yellow oil. 'H NMIR
(250 MHz, CDC13) 5 6.82 (1H, t, J= 4.1 Hz, CHC), 3.86 (1H, bs, OH), 3.63 (3H, s,
CH3000), 2.69 (1H, d, JAB 13.6 Hz, CH2 CCH), 2.43 (1H, d, JAB= 13.6 Hz, CH2CCH),
2.38-2.30 (4H, m, C=CHCH 2+CH2CO), 1.92 (2H, quin, J= 6.7 Hz, CH2CH2CO), 1.35
(3H, s, CI-13C); '3 C NMR (62.9 MHz, CDC13 ) 5200.6 (CHCCO), 176.3 (COOCH 3 ),
150.6 (CH=CC=O), 134.7 (CH=CC=O), 125.4 (C=OOCH 3 ), 74.3 (COH), 52.3 (CCH 3 ),
40.7 (CH2CO), 38.0 (CH2 CCH), 26.2 (CCHCH 2), 22.7 (C=CHCH2CH2 ); JR (thin
film/cm-') v 2922, 1733, 1671; HRMS (FAB) m/z calcd for C 11 H1604 [M-H] 211.0970.
Found 211.0970.
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6.2.2 Oxy-/carbopailadation--Patern&BUchi approach
6.2.2.1 Construction of /3-hydroxy-cyclopentenone 420

3,3-Dimethozybiutarnone 424
0

0
0

\/

263

424

In a 50 ml. round-bottomed flask, provided with a magnetic stirrer and reflux condenser, 2,3butadione (6.09 mL, 69.70 mmol, 1 equiv) and trimethyl orthoformate (7.62 mL, 69.70
mmol, 1 equiv) were placed. Concentrated sulfuric acid (ca. 0.2 mL) was added and the
mixture was refluxed overnight, cooled down to room temperature and neutralised by slow
and careful addition of 10% sodium bicarbonate (10 mL). The reaction mixture was
extracted with CHC1 3 (3x15 mL), the combined organic phases were dried over MgSO 4 ,
filtered and the solvent was evaporated in vacuo. The residue was distilled (50 °C, 30 mbar)
to give 3,3-dimethoxy-butan-2-one (5.62 g, 42.52 mmol, 61% yield) as a pale yellow liquid.
'IHI NMR (200 MHz, CDC1 3 ) 45 3.26 (61-1, s, OCIHI 3), 2.24 (31-1, s, CH3C=O), 1.38 (31-1, s,
CIH[3C);

'3 C

NMR (62.9 MHz, CDC1 3) ö 207.0 (C=O), 105.5 (CH3000CH3), 50.1 (OCH3),

25.7 (CH3C=O), 19.7 (CH 3CC=O).

The spectroscopic data was in agreement with that previously published.' 9

3-Ethoxybut-3-eni2-one 426

00
425

426

To ethyl vinyl ether (2.25 mL, 50.30 mmol, 2.6 equiv) in THY (25 mL) at —78 °C was added
sec-butyl lithium (37.95 mL, 2.5 M, 2.55 equiv) and the reaction mixture was allowed to
warm up to —5 ° C over 1 hour. It was then cooled to —78 °C and morpholine acetamide (2.25
mL, 19.35 mmol, 1 equiv) in THE (25 mL) was added via cannula. The reaction mixture was
stirred at —78 ° C and monitored by TLC until completion. It was then quenched with brine
(15 mL), extracted with Et 20 (3x25 mL), dried over MgSO 4 and the solvent evaporated in
vacuo to afford a crude yellow oil (2.80 g). The residue was distilled (66 mbar, 60 °C to
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120 ° C) to give 3 -ethoxy-but-3 -en-2 -one (2.10 g, 18.42 mmol, 95% yield) as a colourless
oil.1 H NMR (200 MHz, CDCI 3) ô 5.18 (1H, d, J= 2.4 Hz, C=CH2), 4.46 (1H, d, J= 2.4 Hz,
C=CH2), 3.81 (2H, q, J= 7.1 Hz, OCH2 CH3), 2.31 (3H, s, CH 3C=O), 1.39 (3H, t, J= 7.1 Hz,
OCH2CH3); '3 C NMR (62.9 MHz, CDC13) ô 195.5 (CH3 C=O), 158.2 (CH2='CC=O), 91.7
(CH2=CC=O), 64.1 (OCH2CH3 ), 24.3 (CH3C=O), 13.7 (OCH 2CH3).

The spectroscopic data was in agreement with that previously published.
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General procedure for alkylation of cyclopent-4-ene-1 ,3-dione with butane-2,3dione equivalents

A cold (-78 °C) solution of butane-2,3-dione equivalent enolate [performed at —78 °C in
THF, under nitrogen, from n-BuLi (1.1 equiv), diisopropylamine (1.1 equiv), and butane2,3-dione equivalent (1 equiv)] was introduced into a THF solution of 2-cyclopentene-1 ,4dione (1.2 equiv). After 1 hour, the mixture was quenched with a saturated aqueous solution
of NaHCO 3 and extracted with Et 2 0. The combined organic layers were dried over Na 2SO4
and and the solvent evaporated in vacuo.

4-(3, 3Dimethoxy-2-oxo-butyl)-4-hydrOXY-CYcIOpeflt-2-eflofle 430

0

HOI 'O

0--4D--O +
\ /

97

430

424

A cold (-78 ° C) solution of 3,3-dimethoxy-butan-2-one enolate [performed at —78 °C in TI{F
(20 mL), under nitrogen, from n-BuLi (2.5M in hexanes, 3.17 mL, 7.92 mmol, 1.1 equiv),
diisopropylamine (1.11 mL, 7.92 mmol, 1.1 equiv), and 3,3 -dimethoxy-butan-2 -one (0.95 g,
7.20 mmol, 1 equiv)] was introduced into a THF solution (20 mL) of 2-cyclopentene-1 ,4dione (0.83 g, 8.64 mmol, 1.2 equiv). After 1 hour, the mixture was quenched with saturated
aqueous NaHCO3 (15 niL) and extracted with Et 20 (3x20 mL). The combined organic layers
were dried over Na 2SO4 and the solvent was concentrated in vacuo to afford a crude brown
oil (0.87 g). The residue was purified by flash column chromatography (Si0 2

,

CH2Cl2JMeOH 98:2) to afford 4-(3 ,3dimethoxy-2-oxo-butyl)-4-hydroxy-cyc1OPent-2-enO11e
(0.21 g, 0.92 mmol, 13% yield) as a colourless oil. 'H NMR (360 MHz, CDCI3 ) ö 7.05 (1H,
d, J= 5.8 Hz, CH=CHCO), 6.15 (1H, d, J= 5.8 Hz, CH=CHCO), 4.09 (1H, bs, OH), 3.23
(6H, s, 2xOCH3), 3.10 (IH, d, JAB 18.4 Hz, CHCHCOCH 2 ), 3.03 (1H, d, JAB = 18.4 Hz,
CH=CHC=OCH 2 ), 2.62 (1H, d, JAB= 18.4 Hz, CH2CO(OCH3)2CH3 ), 2.45 (111, d, JAB
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18.4 Hz, CIH[2C=OC(OCH3 ) 2 CH3), 1.36 (3H, s, ClUE3);

13

C NMR (90.5 MHz, CDCI 3) ô 210.1

(CH2C=O(OCH3 )2 CH3), 205.7 (CH=CHC=O), 163.5 (CH=CHC=O), 133.8 (CH=CHC=O),
102.2 (CH2C=OC(OCH3 )2 CH3), 49.8 (COH), 49.7 (CH=CHC=OCH2), 49.3 (OCH 3), 46.9
(CH2C=OC(OCH3 )2 CH3), 19.4 (CH2C=OC(OCH3 )2 CH3); IR (thin film/cm') v 3415, 2985,
2948, 1723, 1195; HRMS (ES) m/z calcd for C 11H2005N1 [M+NH4] 246.1336. Found
246.1335.

(1 4-lydroxy..4-oxo-cycOopent-2-enyO)-acetüc add ethyl ester 438
- EtO2C)LIJ

+
97

438

437

A TFIF solution (40 mL) of 4-cyclopentene-1,3-dione (0.50 g, 5.20 mmol, I equiv) was
introduced into a cold (-78 °C) solution of ethyl acetate enolate [performed at —78 °C in THF
(30 inL), under nitrogen, from n-BuLi (2.5 M in hexanes, 2.50 mL, 6.34 mmol, 1.22 equiv),
diisopropylamine (0.87 mL, 6.20 mmol, 1.18 equiv), and ethyl acetate (0.50 mL, 5.20 mmol,
1 equiv)]. After 20 minutes, the mixture was warmed to room temperature, quenched with
saturated aqueous NaHCO 3 (30 mL) and extracted with Et 20 (300 mL). The combined
organic layers were dried over Na 2 SO4 and solvent was evaporated to afford 0.68 g of a 1:1.3
mixture of inseparable (1 -hydroxy-4-oxo-cyclopent-2-enyl)-acetic acid ethyl ester and 1,4bis-( 1 -hydroxy-4-oxo-cyclopent-2-enyl)-butane-2,3 -dione respectively. For 438: 'H NMR
(250 MHz, CDC13) ô 7.42 (1H, d, J= 5.7 Hz, CH=CHC=O), 6.05 (1H, d, J= 5.7 Hz,
CHCHCO), 4.15-4.01 (2H, m, OCH 2CH3 ),

2.72-2.35 (4H, m,

CH=CHCOCIHI2+CH2C00), 1.20-1.13 (3H, m, OCH 2CH3 ); ' 3 C NMR (62.9 MHz, CDC13 )
ô 197.1 (CH=CHC=O), 171.7 (C=OOCH2CH3 ), 163.5 (CH=CHC=O), 133.9 (CH=CHC=O),
81.21 (HOCCH 2), 61.25 (HOCCH2C=OCH), 48.87 (OCH 2CH3), 43.84 (CH2C=OOCH2CH3 )
14.02 (C=OOCH2CH3). For 439: 'H NMR (250 MHz, CDC1 3) ô 5.86 (2H, s, CHCH),
4.15-4.02 (4H, m, 2xOCH 2CH3), 2.62-2.47 (6H, m, OHCCIHI 2COH+2xCH2C00), 1.211.05 (6H, m, 2xOCH 2CIHI3 ); ' 3 C NMR (100 MHz, CDCI 3 ) ) 5 171.8 (COOCH2CH3), 137.8
(CH=CH), 81.3 (COH), 60.8 (OCH 2CH3), 51.8 (CH2C=00), 44.0 (OHCCH2COH), 14.2
(OCH2CH3).

The spectroscopic data was in agreement with that previously published.
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Optimised conditions

A THF solution (40 mL) of 4-cyclopentene-1,3-dione (0.60 g, 6.25 mmol, 1.4 equiv) was
introduced into a cold (-78 ° C) solution of ethyl acetate enolate [performed at -78 °C in THF
(30 mL), under nitrogen, from n-BuLi (2.5 M in hexanes, 2.14 mL, 5.36 mmol, 1.2 equiv),
diisopropylamine (0.75 mL, 5.36 mmol, 1.2 equiv), and ethyl acetate (0.39 mL, 4.46 mmol,
1 equiv)]. After 20 minutes, the mixture was warmed to room temperature, quenched with
saturated aqueous NaHCO 3 (30 mL) and extracted with Et 2 0 (300 mL). The combined
organic layers were dried over Na 2SO4 and solvent was evaporated in vacuo to afford (1hydroxy4-oxo-cyclopent-2-enyl)-acetic acid ethyl ester (0.50 g, 2.72 mmol, 61% yield) as a
brown oil.

(1 -Hydroxy-4-oxo-cyclopent-2-enyl)-acetic acid tert-butyl ester 441

01-

0-1

97

t- BuO2CIIJrj

0 + )LOtB

441

440

A cold (-78 ° C) solution of tert-butyl acetate enolate [performed at -78 °C in THF (40 mL),
under nitrogen, from n-BuLi (2.5 M in hexanes, 3.60 mL, 9.07 mmol, 1.2 equiv),
diisopropylamine (1.28 mL, 9.07 mmol, 1.2 equiv), and tert-butyl acetate (1 mL, 7.56 mmol,
1 equiv)] was introduced via canula and over 15 minutes into a THF solution (50 mL) of 2cyclopentene-1,4-dione (1.01 g, 10.60 mmol, 1.4 equiv). After 90 minutes, the mixture was
quenched with saturated aqueous NaHCO 3 (3 mL), filtered and the precipitate washed with
Et20 (25 mL). The organic solution was dried over Na 2SO4 and the solvent was concentrated

in vacuo to afford (1 -hydroxy-4-oxo-cyclopent-2-enyl)-acetic acid tert-butyl ester (0.8 g,
3.78 mmol, 50% yield) as an orange oil. The material was clean enough and used in the next
steps without any further purification. 'H NMR (250 MHz, CDC13) ö 7.49 (1H, d, J= 5.7 Hz,
CHCHCO), 6.14 (1H, d, J=r 5.7 Hz, CHCHCO), 4.62 (1H, bs, OH), 2.67 (1H, d, J=
16.3 Hz, CH2 C=OOCt-Bu), 2.62 (1H, d, JAB 16.3 Hz, CH2 C=OOCt-Bu), 2.58 (IH, d,

JAB

18.4 Hz, CHCHCOCH2), 2.48 (1H, d, JAB 18.4 Hz, CHCHCOCH 2), 1.47 (9H, s,
C(CH3 ) 3 ); '3 C NMR (62.9 MHz, CDC13 ) ö 205.8 (CHCHCO), 171.3 (C=OOCt-Bu),
163.8 (CH=CHC=O), 133.8 (CH=CHC=O), 82.6 (CCH 2C=O), 48.9 (CCH2C=OCH), 44.4
(CCH2C00), 31.5 (C(CH 3 ) 3 ), 28.0 (C(CH 3 ) 3); IR (thin film/cm') v 3430, 2978, 2934,
1723,1158; HRMS(EI)m/zcalcd for C i1 H i6O4 [M]212.1043. Found 212.1040.
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(2 Ethoxy 5 oxo 2,3, 5,6-tetrahydro-cycOopenta[b]furan-6a-yO)-acetic acid
-

-

-

-

tert-

butyl ester 452130.131

0;)'~I
Ot-Bu
441

EtO'F

O

0

Ot-Bu
452

To a solution of (1 -hydroxy-4-oxo-cyclopent-2-enyl)-acetic acid tert-butyl ester (0.52 g, 2.45
mmol, 1 equiv) in ethyl vinyl ether (7.05 mL, 98 mmol, 40 equiv), Pd(OAc) 2 (0.55 g, 2.45
mmol, 1 equiv) was added and the resulting mixture was stirred at 25 °C overnight. The
mixture was then diluted with hexane (20 mL) and pyridine (0.5 g) was added. After stirring
at 25 °C for additional 10 minutes, the precipitated palladium residue was filtered off and
filtrate was concentrated in vacuo. Purification of the residual orange oil by flash column
chromatography (Si02, Et 20lhexane 4:5) afforded starting alcohol (1 -hydroxy-4-oxocyclopent-2-enyl)-acetic acid tert-butyl ester (0.17 g, 33% recovered) as an orange oil, and
(2-ethoxy-5 -oxo-2,3 ,5,6-tetrahydro-cyclopenta[b]furan-6a-yl)-acetic acid tert-butyl ester
(0.25 g, 0.89 mmol, 54% yield based on reacted starting material, 1:1 mixture of
diastereomenc acetals) as a yellow oil. 'H NMR (250 MHz, CDC13) ö 6.02 (1H, m,
C=CIHIC=O), 5.89 (1H, m, C=CIH[C=O), 5.38 (1H, d, J= 6.0 Hz, OCHO), 5.30 (1H, dd, J
5.6, 3.5 Hz, OCHO), 3.87-3.63 (2H, m, CH3CIHI20),

3.53-3.35

(4H, m,

CH3CH20+OCHCIHI2), 3.18-3.05 (2H, m, OCHCH2), 2.99-2.34 (8H, m, 2xOCCH 2CO

+

2xOCCH2C00), 1.38 (9H, s, C(CH3)3), 1.37 (9H, s, C(CH3)3), 1.22-1.07 (6H, m,
2xOCH2CH3); ' 3C NMR (62.9 MHz, CDC1 3) ô 205.0 (CH=CH(C=O), 204.9 (CH=CHC=O),
178.6 (CH2C=00), 178.0 (CH2C=00), 168.4 (C=CHC=O), 168.2 (C=CHC=O), 127.2
(C=CHC=O), 125.9 (C=CHC=O), 105.3 (OCHO), 103.7 (OCHO), 87.2 (OCC=CH), 86.4
(OCC=CH), 81.5 (C=OOC(CH 3)3), 81.2 (C=OOC(CH 3)3), 64.1 (OCH2CH3), 63.1
(OCH2CH3), 51.9 (CH2C=CHC=O), 50.3 (CH2C=CHC=O), 45.4 (C=CHC=OCH2), 44.2
(C=CHC=OCH 2), 34.7 (CH2C=00), 34.3 (CH 2C=00), 27.8 (C(CH 3)3), 14.9 (OCH2CH3);
KR (thin film/cm) v 2977, 2931, 1722, 1652, 1157; IHIRMS (ES) m/z calcd for C 15H2305
[M+H] 283.1540. Found 283.1542.
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[2-(2-Ethoxy-vinyl)-1 -hydroxy-4-oxo-cyclopent-2-eflyl]-acetic acid tert-butyl
ester 467
EtO"JO

EtO/JiQ

Ot-Bu

Ot-Bu

452

467

To (2-ethoxy-5-oxo-2,3 ,5,6-tetrahydro-cyclopenta[b]furan-6a-yl)-acetic acid tert-butyl ester
(0.04 g, 0.15 mmol, 1 equiv) in CH 2 0 2 (2 mL) at —30 °C was added trifluoroacetic acid (0.12
mL, 1.56 mmol, 10 equiv). The reaction mixture was stirred at -30 °C for 10 minutes. The
solvent was evaporated in vacuo and the resulting oil was purified by flash column
chromatography (Si0 2, Et2 0 100%) to afford [2-(2-ethoxy-vinyl)- 1 -hydroxy-4-oxocyclopent-2-enyl]-acetic acid tert-butyl ester (0.01 g, 0.05 rmnol, 30% yield, 1:1 mixture of

ZIE diastereomers) as a bright yellow oil. 'H NMR (360 MHz, CDC1 3 ) 57.53 (IH, d, Jfra,
12.8 Hz, OCHCH), 6.68 (1H, d, J= 6.7 Hz, OCH=CH), 6.45 (IH, s, C=CHCO), 5.91
(

CCHC=O), 5.70 (1H, d, Jlrans= 12.8 Hz, OCHCH), 5.24 (1H, d, J' 6.7 Hz,
OCH=CH), 4.68 (1H, bs, OH), 4.51 (111, bs, OH), 4.11 (2H, q, J= 7.1 Hz, OCH2CH3), 3.98
(1H,

S,

(2H, q, J= 7.1 Hz, OCH2 CH3 ), 2.94-2.37 (8H, m, 2xHOCCH 2C0+2XHOCCH2C00),
1.48 (9H, s, C(CH3 ) 3 ), 1.47 (9H, s, C(CH3 ) 3), 1.34 (3H, t, J= 7.1 Hz, OCH2CH3), 1.20 (3H, t,

J= 7.1 Hz, OCH2CH3);

13 C

NMR (90.5 MHz, CDC13 ) 6 211.1 (C=CHC=O), 208.7

(C=CHC=O), 177.7 (C=OO), 176.5 (C=OO), 159.2 (CH), 157.1 (CH), 129.5 (CH), 125.13
(CH), 99.8 (CH), 98.0 (CH), 83.5 (C=CHC=O), 82.9 (C=CHC=O), 71.8 (COH), 67.8
(OCH2CH3), 66.9 (OCH2CH3 ), 52.1 (CH2), 50.3 (CH2), 45.6 (CH2), 45.5 (CH2), 31.3
(C(CH3 ) 3 ), 30.7 (C(CH 3 ) 3 ), 29.1 (C(CH 3 )3 ), 16.4 (OCH2CH3 ), 15.7 (OCH 2CH3); IR (thin
film/cm') v 3398, 2978, 1722, 1685, 1623, 1575, 1151; HRMS (ES) m/z calcd for C 15H2305
[M+H] 1 283.1540. Found 283.1537.

7-Ethoxy-2,6-dioxa-tricyclo[3.3.3.0 1 ]ufldeflCafle-3, I 0-dione 468
'5

EtoTO

EtO'

O

Ot-Bu
468

452

acid tert-butyl ester

To

(0.13 g, 0.46 mmol, I equiv) in CH2 0 2 (10 mL) was added trifluoroacetic acid (2.05 mL,
27.64 mmol, 60 equiv). The reaction mixture was stirred at room temperature and monitored

169

Experimental

by TLC until completion (1 hour). The solvent was evaporated in vacuo and the resulting
orange oil was purified by flash column chromatography (Si0 2, EtOAc/hexane 3:2) to afford
1,5
7-ethoxy-2,6-dioxa-tricyclo[3 .3.3.0 ]undencane-3, 1 0-dione (0.04 g, 0.15 mmol, 38% yield)
as a 1:1 mixture of two isolated diastereomers. Diastereomer 1: 'IRE N14liR (250 frll-Iz, CDC1 3)

o 5.29 (1 H, dd, J= 4.1, 1.8 Hz, OCIRIO), 3.69 (1H, dq, .Jx= 9.5,

7.1 Hz, OCIH[2CH3), 3.42

(1H, dq, JAB AX 9.5, 7.1 Hz, OCIH[2CH3), 3.17-2.51 (8H, m 4xC]H[2), 1.13 (3H, t, J= 7.1 Hz,
OCH2CIH[3); 13C NMR (62.9 MHz, CDC1 3) 0 210.4 (CH 2C=OCH2), 173.9 (OC=OCH 2),
104.6 (OCHOCH2), 94.9 (COC=OCH2), 89.6 (CHOCCH2), 63.5 (OCH2CH3), 52.2
(CH2CCH2C=O), 51.3 (OCCH 2C=OCH2), 46.7 (OCCH2C=00), 43.9 (OCHCH), 14.6
(OCH2CH3); IR (thin film/cm -') v 2918, 1784, 1753, 1197. Diastereomer 2: 'H NMR (250
MHz, CDCI3) 0 5.29 (1H, d, J= 4.8 Hz, OCHO), 3.74 (1 H, dq, JAB,AX 9.5, 7. 1, OCH2CH3),
3.46 (1H, dq, JAB,AX 9.5, 7.1, OCH2CH3), 3.11 (1H, d, JAB

18.8 Hz, OCCH 2C=OCH2),

2.92-2.72 (6H, m, 3xCH 2), 2.09 (1H, m, OCCH2C=OCH2), 1.19 (3H, t, J= 7.1 Hz,
OCH2CH3); ' 3C NMR (62.9 MHz, CDC1 3) 0 210.2 (CH 2C=OCH2), 173.9 (OC=OCH2),
104.9 (OCHOCH2), 94.5 (COC=OCH2), 89.9 (CHOCCH 2), 63.7 (OCH2CH3), 52.6
(CH2CCH2CO), 50.9 (OCCH2C=OCH2 ), 45.3 (OCCH2C=00), 43.7 (OCHCH), 14.7
(OCH2CH3); IR (thin filmlcm') v 2976, 2917, 1785, 1751; FIRMS (ES) m/z calcd for
C 11 H, 805N, [M+NH4] 244.1179. Found 244.1178.

6.2.2.2 Piancatelli rearrangement

4-Furan-2-yl-butan2-one 484

U- \3
278

0

Q
484

485

0

(
0

To furan (10.38 mL, 142.67 mmol, 5 equiv) in nitromethane (50 mL) was added but-3-en-2one (2.37 mL, 28.53 mmol, 1 equiv) in mtromethane (20 mL). The mixture was cooled to
—20 ° C and borontrifluoride diethyletherate (0.72 mL, 5.71 mmol, 0.2 equiv) in EtOH (1.31
mL) was added under stirring. The reaction was left stirring for 1 hour and was then allowed
to warm to —10 T. The reaction was quenched with an aqueous saturated solution of
NaHCO3 (50 mL). The reaction mixture was extracted with CH 2 0 2 (4x50 mL), dried over
Na2 SO4 and solvent evaporated in vacuo to afford a crude brown oil (1.54 g). Purification by
flash column chromatography (Si0 2, EtOAc/hexane 1:3) afforded 4-fliran-2-yl-butan-2-one
(0.85 g, 6.18 mmol, 22% yield) as a colourless oil. '1131 NMR (250 MHz, CDC1 3) 0 7.26 (IH,
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m, OCHCH), 6.24 (IH, dd, J= 3.2, 1.9 Hz, OCHCH), 5.97 (IH, dd, J= 3.2, 0.8 Hz,
OC=CH), 2.92-2.86 (2H, m, CCH2CH2 C=O), 2.79-2.72 (2H, m, CCH 2CH2 C=O), 2.14 (3H,
s,

CH3 CO);

'3

C NMR

(62.9 MHz, CDC1 3) ö 207.2 (CH3C=OCH2),

154.4

(CH3C=OCH2CH2 C), 141.0 (OCH=CH), 110.1 (OCH=CH), 105.1 (OC=CH), 60.3
(CH3COCH2CH2C), 29.8 (CH3C=OCH2CH2 C), 22.1 (CH3COCH2CH2C); and 4-[5-(3oxo-butyl)-furan-2-yl]-butan-2-one (0.50 g, 2.38 mmol, 9% yield) as a yellow oil. 'H NMR

(250 MHz, CDC13 ) 6 5.83 (2H, s, CHCH), 2.86-2.69 (8H, m, 2xCH 2CH2), 2.14 (6H, s,
2xCH3 ); ' 3 C NMR (62.9 MHz, CDC13) ö 207.3 (C0), 152.9 (C=CH), 105.6 (CCH), 41.7
(CCH2CH2C=O), 29.8 (CH3 CO), 22.2 (CCH 2CH2C=O).

The spectroscopic data was in agreement with that previously published.
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Hydroxy-[5-(3-oxo-butyl)-furan-2-yI] -acetic acid ethyl ester 480
LOEt
0

484

0

4800H

Ethyl glyoxylate (2.00 mL, 50% solution in toluene, 9.88 mmol, 2 equiv) was added
dropwise to a solution of 4-furan-2-yl-butan-2-one (0.68 g, 4.94 mmol, 1 equiv) and ptoluenesulfomc acid (0.01 g, 0.02 mmol, 0.005 equiv) in toluene (25 mL) at room
temperature. After 3 hours the mixture was diluted with toluene (25 mL), washed with
aqueous NaHCO3 and water, and solvent evaporated to yield a crude yellow oil. Purification
of the residue by flash column chromatography (Si0 2 , hexane/EtOAc 2:1) afforded furan-2yl-hydroxy-acetic acid ethyl ester (0.95 g, 3.93 mmol, 80% yield) as a yellow oil. 'H NMIR

(250 MHz, CDCI3) ö 6.27 (IH, d, J= 3.2 Hz, HOCHCCHCHC), 5.99 (1H, d, J= 3.2 Hz,
HOCHC=CHCHC), 5.14 (1H, s, HOCHCCHCHC), 4.30 (2H, dq, J= 7.1, 1.4 Hz,
OCH2CH3), 3.34 (1H, bs, OH), 2.95-2.76 (4H, m, CH2CH2 ), 2.20 (3H, s, CH3C=O), 1.30
(3H, t, J= 7.1 Hz, OCH2CH3 );
(CH3CH20C=O),

155.2

'3

C NMR (62.9 MHz, CDC1 3) ö 207.1 (CH3CO), 171.5

(HOCHC=CHCH), 149.3 (HOCHC=CHCH=C), 109.4

(HOCHC=CHCH), 106.2 (HOCHC=CHCH=C), 66.8 (HOCHC), 62.4 (CH 3CH2C=O), 41.4
(CCH2CH2CO), 29.8 (CH 3COCH2), 22.1 (CH3COCH2CH2), 14.0 (CH3CH20); IR (thin
film/cm') v 3459, 2983, 2937, 1741, 1716, 1216.
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Furan-2-yl-hydrozy-acetic acid ethyl ester 416
--

278

c1IkAOE
416

,

OH

Ethyl glyoxylate (3.88 mL, 50% solution in toluene, 19.50 mmol, I equiv) was added
dropwise to a solution of furan (2.71 mL 50% solution in toluene, 39 minol, 2 equiv) and ptoluenesulfonic acid (0.02 g, 0.10 mmol, 0.005 equiv) in toluene (50 mL) at room
temperature. After 12 hours the mixture was diluted with toluene (75 mL), washed with
aqueous NaHCO 3 and water, and solvent evaporated in vacuo to afford furan-2-yl-hydroxyacetic acid ethyl ester (1.09 g, 6.43 mmol, 33% yield) as a yellow oil. 'IHI NMR (250 MHz,
CDC13) ö 7.40 (1H, m, OCH=CHCH=C), 6.38-6.35 (2H, m, OCH=CHCIHI=C), 5.18 (1H, s,
OHCIH[), 4.35-4.22 (2H, m, OCH2CH3), 3.33 (1H, bs, OH), 1.27 (3H, t, J= 7.1 Hz,
OCH2CIEI[3 );

13

C NMR (62.9 MHz, CDC1 3) ô 171.5 (C=OO), 151.0 (OCCH), 142.7

(OCH=CH), 110.6 (OC=CH), 109.1 (OCH=CH), 66.9 (CHOH), 62.3 (OCH 2CH3), 13.7
(OCH2CH3).

The spectroscopic data was in agreement with that previously published.
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Hydroxy-[5-(3-oxo-butyl) -fu ran -2-yO] -acetic acid ethyl ester 480
0
416

JJ OEt
OH

o
0

480

i OEt
OH

To furan-2-yl-hydroxy-acetic acid ethyl ester (0.42 g, 2.51 mrnol, 1 equiv) in nitromethane
(10 niL) was added but-3-en-2-one (0.48 mL, 5.02 mmol, 2 equiv) in mtromethane (5 mL).
The mixture was cooled to -20 °C and borontrifluoride diethyletherate (0.12 mL, 1 mmol,
0.4 equiv) in EtOH (0.11 mL) was added with syringe with stirring. Stirring was continued
overnight at -30 T. The reaction mixture was allowed to warm to -10 °C and aqueous
saturated NaHCO 3 (10 niL) was added. The mixture was extracted with CH 2 0 2 (4x10 mL),
dried over Na2SO4 and solvent was evaporated in vacuo to afford a crude brown oil (0.84 g).
Purification by flash column chromatography (S10 2, EtOAc/hexane 3:2) afforded hydroxy[5-(3-oxo-butyl)-furan-2-yl]-acetic acid ethyl ester (0.07 g, 0.28 mmol, 11% yield) as a
colourless oil.
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General procedure for the Piancatelli rearrangement of hydroxy-[5-(3-oxobutyl)-furan -2-yl] -acetic acid ethyl ester 480

To hydroxy-[5-(3-oxo-butyl)-furan-2-yl]-acetic acid ethyl ester (1 equiv) in an acetone/water
mixture (2:1) was added the Lewis acid/Brønsted acid (1.1 equiv). The reaction mixture was
stirred at reflux (50 ° C) until completion. The reaction mixture was diluted with EtOAc,
washed with NaHCO3 and water and dried over Na 2SO4 . The organic solvent was evaporated

in vacuo to afford the crude material.
Furan-2-yl -phenyl -methanol 470a' 96

0
278

H

O
OYO

-0

470a OH

a 248

Furan (1.11 mL, 14.96 mmol, 1.86 equiv) was added to a solution of TMEDA (3.40 mL,

26.52 mmol, 1.54 equiv) and n-BuLi (9.35 mL, 12.16 mmol, 1.86 equiv) in hexanes (50
mL). The mixture was heated at reflux for 30 minutes and then allowed to cool slightly and
directly introduced into an ice-cold solution of benzaldehyde (1.20 mL, 8.72 mmol, 1 equiv)
in THF (50 mL) using a double-tipped needle. The solution was stirred for an additional 30
minutes at room temperature, quenched with saturated aqueous NH 4C1 and extracted with
Et20 (3x50 mL). The organic layer was dried over Na 2SO4 and the solvent removed to afford
a crude orange oil (1.30 g). Purification by flash column chromatography (Si0 2, CH2 0 2
100%) afforded furan-2-yl-phenyl-methanol (0.99 g, 5.75 mmol, 66% yield) as an orange oil
and benzaldehyde (0.17 g, 1.59 mmol, 18.26% recovered starting material). 'H-NMR (200
MHz, CDC13 ) 5 7.26-7.02 (6H, ArH+OCHCH), 6.06 (IH, dd, J= 1.9, 3.6 Hz,
OCHCHCH), 5.85 (1H, d, J= 3.6 Hz, OCHCHCH), 5.43 (1H, s, CHOH), 2.06 (1H, bs,

OH);

' 3

C NMR (90.5 MHz, CDCI3 ) ö 156.9 (OC=CFI), 143.6 (OCH=CH), 141.8 (ArC-

COH), 129.4 (ArCH), 129.1 (ArCH), 127.6 (ArCH), 111.3 (OC=CH), 108.5 (OCH=CH),
71.2 (CHOH).

The spectroscopic data was in agreement with that previously published.
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tert8utyll(furan-2yI(phenyI)methoxy)dmethyIsiIane 493

QY0 QY0
OTBS

OH

470a

493

To a solution of fljran-2-yl-phenyl-methanol (0.50 g, 2.87 mmol, 1 equiv) in dry CH 2 C12 (15
mL) were added Et3N (1.61 mL, 11.48 mmol, 4 equiv), TBSC1 (0.70 g, 5.74 mmol, 2 equiv)
and DMAP (cat). The reaction mixture was stirred overnight at room temperature. Upon
completion it was quenched by addition of a saturated aqueous solution of NH4C1 (10 mL).
The aqueous layer was extracted with CH 2C12 (3x 10 mL) and the combined organic layers
were dried over MgSO 4 and solvent evaporated in vacuo to afford a crude yellow oil (1.93
g). Purification by flash column chromatography (Si0 2, CH2C12 100%) afforded tertbutyl(furan-2-yl(phenyl)methoxy)dimethylsilane (0.66 g, 2.30 mmol, 80% yield) as a yellow
oil. 1 1111 NMR (360 MHz, CDC13) ô 7.39-7.21 (5H, m, Ar-H), 6.27 (1H, dd, J= 3.2, 2.0 Hz,
OCH=CHCH), 6.05 (1H, dm, J= 3.2 Hz, OCHCHCH), 5.79 (1H, s, OCHCHCIHI), 0.91
(9H, s, Si(CH3 ) 2 C(CH3 ) 3 ), 0.05 (3H, s, Si(CIHI 3 ) 2 C(CH3 ) 3 ), 0.02 (3H,
'3C

NMR (90.5 MHz, CDC13 )

13

S.

Si(CH3 ) 2 C(CH3 ) 3);

159.5 (OCCH), 142.9 (OCH=CH), 134.4 (ArC-COH),

129.1 (ArCH), 128.4 (ArCH), 127.3 (ArCH), 111.0 (OCCH), 107.7 (OCHCH), 71.6
(CHOH), 26.8 (SiC(CH3 ) 3 ), 19.4 (SiC(CH3 ) 3 ), -3.9 (Si(CH 3)); IR (thin film/cm) v 2928,
2856, 1257; IHIRMS (FAB) m/z calcd for C 17H25 0 2Si1 [M+H] 289.1624. Found 289.1615.

2-LlethyO1 ,3-doxoae-2-ethanoO 491

r\

0

00
HO

HO
490

491

Over a period of 10 minutes, anhydrous ethylene glycol (1.11 mL, 19.90 mmol, 1.72 equiv)
was added to a round-bottomed flask containing 4-hydroxy-2-butanone (1.02 g, 11.57 mmol,
1 equiv), D-tartaric acid (cat, 5%) and anhydrous MgSO4 (0.41 g, 1.85 mmol, 0.16 equiv) in
dry EtOAc (15 mL). The flask was then equipped with a Dean-Stark apparatus and
condenser and a small amount of anhydrous MgSO 4 (0.10 g) was placed into the bottom of
the Dean-Stark apparatus. The mixture was heated to reflux for 16 hours then allowed to
cool. Solid NaHCO3 (0.04 g, 0.46 mmol, 0.04 equiv) was added to neutralise the acid, and
the mixture was stirred for 30 minutes. The reaction mixture was then filtered and the filter
cake was washed with ethyl acetate (3x10 mL). The solvent was evaporated in vacuo and the
oily residue was dissolved in CH2C12 (25 mL). The solution was washed with saturated
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aqueous NaHCO 3 solution (10 mL) to remove unreacted ethylene glycol. The aqueous
NaHCO3 solution was back extracted with CH 2C12 (3x10 mL) and the CH2Cl2 phases were
combined. After drying over anhydrous MgSO 4 the solvent was evaporated in vacuo to give
2-methyl-1,3-dioxolane-2-ethanol (1.29 g, 9.83 mmol, 85% yield) as a pale yellow oil. The
compound was used in next steps without any further purification. 'H NMR (200 MHz,
CDC13) ö 3.97 (4H, s, OCH2CH2 0), 3.74 (2H, t, J= 5.5 Hz, HOCH2CH2 C), 3.68 (1 H, bs,
OH), 1.93 (2H, t, J= 5.5 Hz, HOCH2CH2 C), 1.34 (3H, s, CH3 COCH2CH20).

The spectroscopic data was in agreement with that previously published.

143

2-(2-Bromoethyl)-2-methyl-1 ,3-dioxolane 492

00
H0><

Br

><
492

491

To a solution of 2-methyl-1,3-dioxolane-2-ethanol (1.20 g, 9.38 mmol, 1 equiv),
triphenylphosphine (3.20 g, 12.20 mmol, 1.3 equiv) and anhydrous pyridine (1.14 mL, 14.07
mmol, 1.5 equiv) in dry acetomtrile (15 mL) under a nitrogen atmosphere at —10 °C to 0 °C
(ice-ethanol bath) bromine (0.62 mL, 12.20 mmol, 1.3 equiv) in dry acetonitrile (2 mL) was
added dropwise until a pale yellow colour persisted. (The colour turns to bright yellow if an
excess amount of bromine is added in this titration step). The addition funnel containing any
excess bromine is quickly removed and the inert atmosphere is restored. The reaction
mixture is allowed to warm to room temperature gradually aver the course of 1.5 hours as the
excess bromine dissipates. The solvent is evaporated in vacuo to give a nearly solid mass
composed of mainly triphenyiphosphine oxide. The nearly solid mass was extracted with
hexane (5x10 mL) by adding the solvent and stirring vigorously for 30 minutes before
collection of the solvent by decantation. The combined hexane extracts were washed with
saturated aqueous NaCl solution (10 mL) then with a solution of 0.1 M CuSO 4 (3x 10 mL).
The combined aqueous copper wash was back-extracted with hexane (2x20 mL). The hexane
solution was dried over a mixture of anhydrous NaSO 4 and anhydrous MgSO 4 and stored
overnight in the freezer to precipitate most of the remaining triphenylphosphine oxide by product of the reaction. After filtration, the solvent was evaporated in vacuo to give a crude
pale yellow oil. Kugelrohr distillation (72 ° C, 13 mbar) of the crude residue afforded 2-(2bromoethyl)-2-methyl-1,3-dioxolane (1.39 g, 7.13 mmol, 76% yield) as a colourless oil.
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'IBI NMR (200 MHz, CDC1 3) ô 3.94 (4H, s, OCIHI2C]H[20), 3.40 (2H, t, J= 8.1 Hz,

BrCIH[2CH2), 2.27 (2H, t, J= 8.1 Hz, BrCH2C]H12), 1.32 (3H, s, CR3 ).

The spectroscopic data was in agreement with that previously published.

143

4-(Furar..2y)btan-2-oI 494

0

484

OH

494

A solution of 4-furan-2-yl-butan-2-one (0.66 g, 4.78 mmol, 1 equiv) in MeOH (25 mL) was
treated with NaBH4 (0.37 g, 9.56 mmol, 2 equiv) at 0 °C. The reaction mixture was stirred at
room temperature under nitrogen for 1 hour until completion. The solvent was then removed

in vacuo. To the residue was added water (25 mL) and the resulting mixture was extracted
with Et20 (3x25 mL). The combined organic layers were washed with a saturated aqueous
solution of NaCl (3x50 mL), dried over Na 2SO4 and the solvent evaporated to afford 4-furan2-yl-butan-2-ol (0.56 g, 3.99 mmol, 84% yield) as a crude yellow oil, which was used in next
step without any further purification. 'H NMR (250 MHz, CDC1 3) c5 7.31 (1H, d, J= 2.0 Hz,
OCHCH), 6.29 (dd, J= 2.0, 2.0 Hz, OCHCH), 6.01 (1H, d, J= 2.0 Hz, OCHCHCH),
3.96 (1H, m, CH3CIHIOH), 2.63 (2H, m, CH 3CHCH2CH2), 1.88 (2H, m, CH 3CHCH2CH2),
1.79 (1H, bs, OR), 1.20 (3H, d, J= 6.0 Hz, CH3CHOH).

The spectroscopic data was in agreement with that previously published.' 98

495

OH

494

OTBS 495

To a solution of 4-furan-2-yl-butan-2-ol (0.55 g, 3.96 mmol, 1 equiv) in CH 2 C12 (25 mL)
were added triethylamine (1.60 g, 15.84 mmol, 4 equiv), DMAP (cat) and TBSCI (0.97 g,
7.92 minol, 2 equiv) under stirring and at room temperature. The mixture was left reacting
overnight under nitrogen. The reaction mixture was diluted with CH 2 0 2 (25 mL), washed
with a saturated aqueous NaHCO 3 (2x50 mL) and then with brine (50 mL). The organic layer
was dried over anhydrous MgSO4 and the solvent evaporated in vacuo to afford a crude
brown oil (0.80 g). Purification by flash column chromatography (Si0 2, Et20/hexane 1:10)
afforded tert-butyl-(3 -furan-2-yl- 1 -methyl-propoxy)-dimethyl-silane (0.73 g, 2.89 mmol,
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73% yield) as a colourless oil. 'H NMR (200 MHz, CDC1 3) ö 7.21 (1H, m, OCH=CH), 6.23
(1H, m, OCH=CH), 5.92 (1H, m, COCH), 3.80 (1H, m, CH 3CHCH2), 2.63-2.59 (2H, m,
CH3CHCH2CH2), 1.74-1.71 (2H, m, CH 3CHCH2CH2), 1.18 (3H, d, CH3 CHCH2CH2), 0.80
(9H,

S.

Si(CH3 )2 C(CH3) 3 ), 0.01 (6H, s, Si(CH 3 )2 C(CH3 ) 3 );

13 C

NMR (62.9 MHz, CDC1 3) ô

156.7 (OC=CH), 141.1 (OCH=CH), 110.4 (OC=CH'), 104.9 (OCH=CH), 68.2
(CH3CHCH2), 38.1 (CH3CHCH2CH2), 26.1 (CH3CHCH2CH2), 24.7 (CH3CHCH2CH2 ), 24.1
(Si(CH3 )2 C(CH3 )3 ),

18.5

-3.9 (Si(CH3 ) 2 C(CH3 ) 3 ),

(Si(CH3 ) 2 C(CH3 ) 3),

-4.4

(Si(CH3 ) 2 C(CH 3 ) 3 ) and 4-furan-2-yl-butan-2-oI (0.08 g, 0.71 mmol, 14% recovered starting
material) as a yellow oil.

The spectroscopic data was in agreement with that previously published.' 99

4-(5-Methyl-fu ran -2-yI)-butan-2-one 506

QL
506

256

0

To 2-methyl-furan (1.80 mL, 20 mmol, 2 equiv) in mtromethane (5 mL) was added but-3-en2-one (0.83 mL, 10 mmol, I equiv) in mtromethane (5 mL). The mixture was cooled to
—20 °C and borontrifluoride diethyletherate (0.25 mL, 2 mmol, 0.2 equiv) in EtOH (0.46 mL)
was added with syringe under continuous stirring. The reaction was left stirring for 1 hour
and was then allowed to warm up to —10 ° C. The reaction was quenched with an aqueous
saturated solution of NaHCO 3 (10 mL). The mixture was extracted with CH 2 0 2 (4x1 0 mL),
dried over Na2SO4 and solvent evaporated to afford 4-(5-methyl-furan-2-yl)-butan-2-one
(1.52 g, 9.85 mmol, 99 %) as a yellow oil. The compound was used in next step without any
further purification. 'H NMR (200 MHz, CDC13) ô 5.77-5.74 (2H, m, CHCH), 2.85-2.71
(4H, m, CCH2CH2COCH3 ), 2.20 (3H, s, CH3 C=CH), 2.15 (3H, s, CH3C=O);
(62.9 MHz, CDC1 3) ô 207.4 (CH3COCH2),

152.5

'3C

NMR

(CH3CCHCHCCH2), 150.4

(CH3C=CHCH=CCH 2), 41.7 (CH=CCH2), 29.7 (CH3C=CH), 22.1 (CH3COCH2CH2), 13.31
(CH 3 CCHCHCCH2).
The spectroscopic data was in agreement with that previously published .200
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241ethyO -2-[2-(5methyI4uran2-yfl)-ethyO]-[1 ,3]diozoIane 507

507

506

4-(5 -Methyl-furan-2-yl)-butan-2 -one (1.50 g, 9.86 mm 1, 1 equiv) dissolved in benzene (20
mL), was refluxed in the presence of p-toluenesulfomc acid (0.06 g, 0.30 mmol, 0.03 equiv)
and ethylene glycol (2 mL, excess) at 138 °C for 8 hours. The solution was diluted with Et20
and washed with a 6% aqueous solution of NaHCO 3 and water. Evaporation of the solvent
followed by flash column chromatography (Si0 2, hexanefEt20 9:1) yielded 2-methyl-2-[2(5-methyl-furan-2-yl)-ethyl]-[1,3]dioxolane (1.31 g, 6.65 mmol, 70% yield) as a colourless
oil and 4-(5-methyl-furan-2-yl)-butan-2-one (0.12 g, 0.76 mmol, 8% recovered starting
material) as a yellow oil. 'H NMR for 507 (250 MHz, CDC13) ô 5.77-5.74 (211, m, CHCH),
3.89-3.84 (4H, m, OCIE[ 2CJH[20), 2.63-2.56 (211, m, CCH2CH2CCH3 ), 2.31 (311, s,
CIHI3C=CH), 1.93-1.86 (2H, m, CCH 2CH2CCH3), 1.42 (3H, s, CH3CCH2CH2
(62.9 MHz, CDC1 3)

154.3

150.5

(CH3C=CHCHC),

);

13

C NMR

(CH3C=CHCH=C), 109.8

(CH3CCH2), 106.1 (CH3C=CHCH=C), 105.4 (CH3C=CHCH=C), 65.1 (OCH2CH20), 64.7
(OCH2CH20), 37.7 (CCH2CH2CCH3), 24.2 (CH3C=CHCH=C), 23.1 (CCH 2CH2CCH3),
13.8 (CCH2CH2CCH3 1[R(tbin film/cm') v 3103, 2982, 2926.
);

503

(Z-7-(24k4 ethyl 1

503

507

To a solution of 2-methyl-2-[2-(5-methyl-furan-2-yl)-ethyl]-[1,3]dioxolane (0.20 g, 1.04
mmol, 1 equiv) in CH 2 02 (10 mL) were added NaHCO 3 (0.09 g, 1.04 mmol, 1 equiv) and
m-CPBA (0.23 g, 1.04 mmol, 1 equiv) at 0 T. The reaction mixture was stirred at 0 °C for
30 minutes. To this solution was added saturated Na 2CO3 (10 mL). After separation, the
aqueous layer was extracted with CH 2 0 2 (3x10 mL). The combined organic layers were
washed with brine, dried over MgSO 4 and solvent evaporated in vacuo to afford (Z)-7-(2methyl-[1,3]dioxolan-2-yl)-hept-3-ene-2,5-dione (0.22 g, 1.04 mmol, 100% yield) as a
yellow oil. The crude product was used for next reaction without any further purification. 'H
NMR (250 MHz, CDCI3) ö 6.29 (2H, d, J= 5.1 Hz, C=OCH=CHCO), 3.96-3.84 (4H, m,
OCIH[2C1H120), 2.61 (2H, t, J= 7.4 Hz,COCH2CH2C), 2.26 (3H, s, CIHI 3CO), 2.02 (2H, t, J
7.4 Hz, COCH2CIHI2C), 1.29 (3H, s, CIHI 3CCH2CH2C);

' 3

C NMR (62.9 MHz, CDC1 3) ö 202.2
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(CH3C=O), 200.6 (CHC=OCH2 CH2), 135.7 (CH 3C=OCH=CH), 135.2 (CH 3COCH=CH),
109.1 (CH2CCH3), 64.6 (OCH2CH2 0), 37.1 (C=OCH2CH2 C), 32.6 (C=OCH 2CH2C), 29.7
(CH3C=OCH), 23.9 (CH 3CCH2CH2C); IR (thin film/cm-') v 2923, 1696, 1260, 799.

(E)-7-(2-Methyl-[I ,3]dioxolan -2-yI)-hept-3-ene-2,5-dione 503

Under ambient condition cis dione readily isomerises to trans.

0

0

0
(E)-503

(Z)-503

'H NMR (250 MHz, CDC13 ) ô 6.81 (2H, s, C=OCH=CHC=O), 3.96-3.84 (4H, m,
OCH2CH2 0), 2.71 (2H, t, J= 7.4 Hz,COCH2CH2 C), 2.34 (3H, s, CH3 CO), 2.03 (2H, t, J=
7.4 Hz, C=OCH 2CH2 C), 1.43 (311, s, CH3 CCH2CH2C); '3 C NMR (62.9 MHz, CDC1 3 ) 6
199.9 (CH 3C=O), 198.4 (CHC=OCH 2CH2 ), 137.2 (CH3C=OCH=CH), 136.7
(CH3C=OCH=CH), 108.9 (CH 2CCH3), 64.6 (OCH2CH20), 35.8 (C=OCH2CH2C), 32.7
(C=OCH2CH2 C), 28.1 (CH3C=OCH), 23.9 (CH 3CCH2CH2C).
4-Hydroxy-4-methyl-5-(2-methYl -[I ,3]dioxolan-2-ylmethyl)-CyCIOPeflt-2-eflOfle
508
0

HO,,..
0

0
(Z)-503

508

Na2CO3 (5 mL, 1% aqueous solution) was added to 7-(2-methyl-[1 ,3]dioxolan-2-yl)-hept-3ene-2,5-dione (0.22 g, 1.03 mmol, I equiv). The mixture was stirred at 30 °C for 5 minutes,
and then left at room temperature without stirring. The reaction was followed by TLC. The
solution was extracted with CH2C12 (3x1 5 mL), the extracts were dried over Na 2SO4, filtered
and the solvent evaporated to afford of a crude yellow oil (0.12 g). The residue was purified
by flash column chromatography (Si0 2, CH2C12/acetone 18:1) to yield 4-Hydroxy-4-methyl(0.02 g, 0.11 mmol, 11% yield) as
a 1:1 mixture of 2 diastereomers. 'H NMR (250 MHz, CDC1 3) ö 7.53 (1H, d, J= 5.0 Hz,
CH=CHC=O), 6.11 (1 H, d, J= 5.0 Hz, CHCHCO), 4.08-3.94 (4H, m, OCH 2CH2 0), 3.64
(I H, bs, OH), 2.65 (111, dd, J= 15.0, 2.5 Hz, CH3 CCHCO), 2.42 (111, dd, JAB,AX 15.3, 1.3
Hz, CHCH2 0, 1.73 (1 H, dd, JABAx = 15.3, 10.7 Hz, CHCH 2C), 1.39 (3H, s, CH3 CCH2 ), 1.29
(311, s, CH3 CCH); ' 3C NMR (62.9 MHz, CDCI3 ) ö 205.2 (CHCHCO), 165.5,
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(CH=CHC=O), 130.7 (CH=CHC=O), 109.9 (OCO), 78.3 (CCH=CHC=O), 64.4
(OCH2CH20),

56.5

(CCHC=O), 32.9 (CCH 2CHCO), 26.2 (CH3CCH2), 23.4

(CH3CCHCH); hR (thin film/cm') v 3471, 2980, 2932, 2891, 1714, 1225.

6.2.2.3 Organometallic approach towards the simple Paterno-Buchi photosubstrate

4-Hydroxy-cyclopent-2-euione 449
-'- O-NVOH
°'Th
449
524 OH

Furan-2-yl-methanol (32.70 g, 0.33 mol, 1 equiv) was dissolved in water (1000 mL) and the
solution degassed prior to addition of hydroquinone (0.35 g, 3.2 mmol, 9.7 equiv) and
sodium dihydrogen orthophosphate (1.63 g, 10.50 mmol, 31.82 equiv). The pH of the
solution was adjusted to 4.1 using 0.25 M orthophosphoric acid before the reaction mixture
was heated under reflux under nitrogen for 17 hours. A brown oil developing in the solution
after this time was dispersed with 1,4-dioxane (200 mL). After a further 24 hours the
reaction was allowed to cool to room temperature and extracted with toluene (3x 100 ML).
The remaining aqueous phase was concentrated to 150 mL and extracted with EtOAc (6x1 00
mL), dried over MgSO4 and solvent evaporated in vacuo to afford 4-hydroxy-cyclopent-2enone (18.31 g, 0.19 mol, 56% yield) as a crude brown oil. No further purification was
undertaken. NMR (3 60 MHz, CDC1 3) ô 7.56 (1H, dd, J= 5.6, 2.4 Hz, CIH[=CHC=O), 6.21
(1H, dd,J= 5.6, 1.3 Hz, CH=CHC=0), 5.04 (1H, m, CHOH), 2.77 (1H, dd,JABA= 18.4, 6.1
Hz, CHCIHI2), 2.27 (1H, dd, JAB,AX

18.4, 2.1);

'3

C NMR (90.5 MHz, CDC1 3) ö 206.6

(CH=CHC=O), 163.2 (CH=CHC=O), 135.1 (CH=CHC=0), 70.4 (CHOH), 44.2
(CH2CHOH).

The spectroscopic data was in agreement with that previously published.

112

CycDopent-4ene-1 ,3dione 97
OH

449

O

O

97

To 4-hydroxy-cyclopent-2-enone (4.67 g, 47.65 mmol, 1 equiv) in water (20 mL) and
CH2 0 2 (30 mL) at -5 °C to 0 °C was added a solution of Cr0 3 (5.28 g, 52.90 mmol, 1.11
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equiv) and concentrated H2SO4 (8.63 mL, 158.68 mmol, 3.33 equiv) in water (45 mL). The
solution of the oxidant was added dropwise, and with stirring, at such a rate that the
temperature of the reaction mixture remained between -5 °C and 0 °C. After the addition
was complete, the mixture was stirred at -5 °C to 0 °C for 1 hour and then CHC1 3 (20 mL)
was added. The resulting mixture was stirred for 10 minutes, the organic layer was separated,
and then the aqueous layer was extracted with a mixture (1:1 v/v) of CHC1 3 and CH2C12
(2x20 mL). The combined organic extracts were washed with water (100 mL) and dried over
anhydrous MgSO 4 . The resulting solution was the filtered through silica and the solvent was
evaporated in vacuo at room temperature to afford cyclopent-4-ene-1 ,3-dione (2.19 g, 22.87
mmol, 48% yield) as yellow crystals. 'H-NMR (250 MHz, CDC1 3 ô 7.38 (2H, s, CH=CH),
)

2.97 (2H, s, CH2

);

'3

C NMR (90.5 MHz, CDCI3) ô 200.6 (CO), 150.4 (CH), 41.5 (CH2);

mp (CH2 0 2) 36 T.
The spectroscopic data was in agreement with that previously published. 20 '

4-(tert-Butyldimethylsilyloxy)CyCIOPeflt-2-enone 515
OOH

O

449

OTBS

515

To a solution of 4-hydroxy-cyclopent-2-enone (9.01 g, 91.83 mmol, I equiv) in dry CH 2 02

(50 mL) were added Et 3N (38.40 mL, 275.49 mmol, 3 equiv) and this solution was cooled to
0 °C. A solution of TBSC1 (13.55 g, 90.00 mmol, 0.98 equiv) in dry CH 2C12 (25 mL) was
added to the reaction mixture which was allowed to warm up to room temperature, and
stirred under nitrogen over the weekend. Upon completion a saturated aqueous solution of
NH4C1 (50 mL) was added and the mixture was extracted with CH 202 (3x50 mL). The
combined organic layers were dried over MgSO 4 and the solvent was evaporated in vacuo to
afford 4-(tert-butyldimethylsilyloxy)cyclopeflt-2-enOfle (18.33 g) as a crude yellow oil.
Purification by flash column chromatography (Si0 2, CH2C12 100%) afforded a mixture of
inseparable 4-(tert-butyldimethylsilyloxy)cyclopent-2-eflofle and tert-butyldimethylsilyl
alcohol. Kugelrohr distillation (0.1 mbar, 45

° C) of the mixture afforded 4-(tert-

butyldimethylsilyloxy)cyclopent-2-eflofle (17.35 g, 81.72 mmol, 89% yield) as a yellow low
melting point solid. 'H NMR (360 MHz, CDC13 ) 7.45 (1H, dd, J= 5.6, 2.3 Hz,
CH=CHC=O), 6.18 (1H, dd, J= 5.6, 1.3 Hz, CHCHCO), 4.98 (1H, m, COCH 2CHO),
2.71 (1 H, dd, Jx= 18.2, 5.9 Hz, CH2 C0), 2.24 (1H, dd, JAx= 18.2, 2.2 Hz, CH2 C0),
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0.91 (9H, s, Si(CH3 )2 C(CIHI3 )3 ), 0.13 (3H, s, Si(CIH[3)2C(CH3 )3 ), 0.12 (3H, s,
Si(CIHI3 )2 C(CH3 )3 ).

Spectroscopic data was in agreement with that previously reported in the literature. ' 52

603
OOH

449

OOTBDPS
603

To a solution of 4-hydroxy-cyclopent-2-enone (1.64 g, 16.70 mmol, 1 equiv) in dry CH 2 0 2
(20 niL) were added Et 3N (4.65 mL, 33.40 mmol, 2 equiv) and this solution was cooled to
0 °C. TBDPSC1 (4.85 mL, 18.37 mmol, 1.1 equiv) was added to the reaction mixture which
was allowed to warm up to room temperature, and stirred under nitrogen overnight. Upon
completion a saturated aqueous solution of NH 4C1 (20 niL) was added and the mixture was
extracted with CH 2 02 (3x25 mL). The combined organic layers were dried over MgSO 4 and
the solvent was evaporated in vacuo to afford 4-(tert-butyldiphenylsilyloxy)cyclopent-2enone (18.33 g) as a crude yellow oil. Purification by flash column chromatography (Si0 2

,

CH2C12 100%) afforded a mixture of inseparable 4-(tert-butyldimethylsilyloxy)cyclopent-2enone and tert-butyldimethylsilyl alcohol. Kugelrohr distillation (165 °C, 0.1 mbar) of the
mixture afforded (4.89 g, 14.53 mmol, 87% yield) as an orange oil. 'H NMR (360 MHz,
CDC13) 87.72-7.65 (4H, m, ArIHI), 7.47-7.32 (6H, m, ArH), 7.34 (1H, dd, J= 5.7, 2.3 Hz,
CHCHCO), 6.12 (1H, dd, J= 5.7, 1.3 Hz, CHCHCO), 4.95 (1H, m, CH 2CHOSi), 2.51
(1H, dd, JAB,AX 18.2, 5.9 Hz, CIHI2CHOSi), 2.34 (1H, dd, JAB,AX 18.2, 2.3 Hz, CH2CHOSi),
1.08 (9H, s, Si(Ph) 2C(CH3 ); 13 C NMR (90.5 MHz, CDC1 3 ) 8206.4 (CHCHCO), 163.6
)3

(CH=CHCO), 135.7 (CH), 135.6 (CH), 134.8 (CH), 134.5 (CH), 133.3 (ArC), 130.0
(ArCH), 129.6 (ArCH), 127.9 (ArCH), 127.7 (ArCH), 71.7 (CHOSi), 44.8 (CH 2CHOSi),
26.8 (SiC(CH3)3), 19.0 (SiC(CH 3)3).
Spectroscopic data was in agreement with that previously reported in the literature. 202

General procedure for the formation of the Grnard derived from 4-bromobut-I -ene 203
-Br -

-MgBr

The reaction flask, fitted with a condenser and charged with Mg turnings (1.6-2 equiv), a
crystal of iodine and dry THF was immersed in an oil bath at 70 T. A portion of the alkyl
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bromide was then added while stirring. Once the reaction was initiated the oil bath was
removed and the flask was cooled to 0 T. The remaining alkyl bromide was then added
dropwise. Stirring was continued at room temperature for an additional hour, if necessary, to
complete the generation of the Grignard reagent.

I -But-3-enyl -4-hydroxy-cyclopent-2-enofle 511
HO
-MgBr +

511

97

A solution of Grignard reagent [generated from 4-bromo-but- 1 -ene (0.39 mL, 3.72 mmol, 1
equiv) and Mg (0.18 g, 7.44 mmol, 2 equiv)] in dry THF (10 mL) was added dropwise via
cannula to a stirred solution of cyclopent-2-ene- 1,4-dione (0.50 g, 5.21 mmol, 1.4 equiv) in
dry TFIF (40 mL) at —78 ° C and under nitrogen. The reaction was monitored by TLC and
quenched with a saturated aqueous solution of NaHCO 3 . The residue was filtered off and
washed with EtOAc (3x10 mL). The combined organic extracts were dried over Na 2SO4 ,
filtered and solvent evaporated in vacuo to afford a crude yellow oil. Purification of the
residue by flash column chromatography (Si0 2, EtOAc/hexane 3.5:6.5) afforded 1-but-33nyl-4-hydroxy-cyclopent-2-enone (0.06 g, 0.39 mmol, 11% yield) as a yellow oil. 'H NMR
(360 MHz, CDC1 3) 8 7.48 (1H, d, J= 5.7 Hz, CH=CHC'O), 6.17 (1H, d, J=5.7 Hz,
CH=CHCO), 5.86 (1H, m, CH2CH=CH2 ), 5.07 (2H, m, CH2CHCH2 ), 2.61 (1H, d, JAB
18.4 Hz, CH2CO), 2.49 (1H, d, JAB= 18.4 Hz, CH2CO), 2.22 (2H, m, CH 2CH2CWCH2), 1.9
(2H, m, CH 2CH2CHCH2); '3 C NMR (90.5 MHz, CDC13 ) 8207.9 (CH=CHC=O), 166.8
(CH=CHC=O), 138.7 (CH=CHC=O), 134.5 (CH 2CH=CH2), 116.5 (CH2CH=CH2), 80.1
(CCH2CO), 49.9 (CH 2 C0), 40.3 (CH2CH2CH'CH2 ), 29.6 (CH2CH2CH=CH2); IR (thin
film/cm') v 3414, 2922, 2851, 1717.

I -But-3-enyl-cyclopent-4-efle-1 ,3-diol 517
Ho

L/

'OH

MgBr + 0--O-OH

97

iI

517

Procedure A: A solution of Grignard reagent [generated from 4-bromo-but-1 -ene (0.50 mL,
4.69 mmol, 2.3 equiv) and Mg (0.11 g, 4.69 mmol, 2.3 equiv)] in dry THF (10 mL) was
added dropwise via cannula to a stirred solution of 4-hydroxy-cyclopent-2-enone (0.20 g,
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2.04 mmol, I equiv) in dry THF (20 mL) at room temperature and under nitrogen. The
reaction was monitored by TLC and quenched with a saturated aqueous solution of NaHCO 3.
The residue was filtered off and washed with EtOAc (3x10 mL). The combined organic
extracts were dried over Na 2SO4, filtered and solvent evaporated in vacuo to afford a crude
yellow oil. Purification of the residue by flash column chromatography (Si0 2, Et20 100%)
afforded 1-but-3-enyl-cyclopent-4-ene-1,3-diol (0.03 g, 0.19 mmol, 10% yield). '1111 NAM
(360 MHz, CDC13) 85.90 (3H, m, C]El=CIRICHCO+CH=CH 2), 5.08-4.97 (2H, m, CHCIHI2),
4.70 (1H, m, CIBIOH), 2.46 (1H, dd, JAB,AX 14.3, 7.2 Hz, CH2CHOH), 2.12 (2H, m,
CCH2CIHI2CH=CH2), 1.80-1.70 (3H, m, CH 2CHOH+CCH2CH2CH=CH2); 13C NMR (90.5
MHz, CDC1 3) 8 140.7 (CH"CHCHOH), 139.5 (CH=CHCHOH), 136.0 (CH=CH 2), 115.6
(CH=CH2 ), 84.9 (COH), 76.2 (CHOH), 48.9 (CCH 2CHOH), 40.5 (CCH 2CH2CH=CH2),
29.7 (CCH2CH2CH=CH2 ); IR (thin film/cm-1 ) v 3410, 2943, 2915, 2840, 1236; HRMS (ES)
m/z calcd for C 9H1802N 1 [M+NH4] 172.1332. Found 172.1328.

Procedure B: A solution of 4-hydroxy-cyclopent-2-enone (0.20 g, 2.04 mmol, 1 equiv) in dry
THF (10 mL) wass added dropwise to a stirred solution of Grignard reagent [generated from
4-bromo-but-1-ene (0.50 mL, 4.69 mmol, 2.3 equiv) and Mg (0.11 g, 4.69 mmol, 2.3 equiv)]
in dry TFIF (10 mL) at —78 ° C and under nitrogen. The reaction was monitored by TLC and
quenched with a saturated aqueous solution of NH 4C1. The residue was filtered off and
washed with EtOAc (3x1 0 mL). The combined organic extracts were dried over Na 2SO4,
filtered and solvent evaporated in vacuo to afford a crude yellow oil. Purification of the
residue by flash column chromatography (Si0 2, Et2 0 100%) afforded 1-but-3-enylcyclopent-4-ene-1,3-diol (0.04 g, 0.27 mmol, 7% yield) as a yellow oil.

I ut3-enyM-(teit-butyO ..dimethyO-siHanyOoxy)cycOopent2eroll 518
HO,,. I
MgBr +

)'OTBS

OTBS
518

515

Magnesium (0.10 g, 3.53 mmol, 2.5 equiv) was added to dry TifF (10 ML) along with a few
crystals of iodine. A small amount of 4-bromo-but-l-ene was added and after the Grignard
formation had begun the solution was cooled to 0 T. A mixture of 4-(tert-butyl-dimethylsilanyloxy- 1 -cyclopent-2-enone (0.30g, 1.41 mmol, 1 equiv) and 4-bromo-but- 1 -ene (0.34
mL, 3.25 mmol, 2.3 equiv) was then added dropwise over a 2 hour period. The reaction was
allowed to stir overnight at room temperature and water was then added to quench the
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reaction. The aqueous layer was extracted with Et 20 (3x20 mL) and the combined organic
layers were dried over Na 2SO4 . The organic solvent was removed in vacuo and the resulting
residue was purified by flash column chromatography (Si0 2 CH2Cl2 100%) to afford 1-but,

(0.15 g, 0.56 mmol, 40% yield)
as a yellow oil. 'H NMR (3 60 MHz, CDC1 3) 85.84 (1 H, dd, J= 5.6, 1.9 Hz, OHCCH=CH),
5.82 (1H, dm, J= 5.6 Hz, OHCCHCH), 4.78 (1H, dd, JAB AX= 6.9, 2.9 Hz, CH=CH2 ), 4.70
(IH, dd, JAB,A

6.9, 2.0 Hz, CH=CH 2), 4.64 (1H, m, CH=CHCHOSi), 3.65 (1H, m,

CH=CH2 ), 2.32 (1H, dd, JABAx = 14.2, 7.2 Hz, CH 2CHOSi), 1.86 (1H, dt, J,4=14.2, 4.0
Hz, CH2 CHOSi), 1.88-1.48 (2H, m, CH 2 CH2 CH=CH2 ), 1.25-1.18 (2H, m,
CH2CH2CH=CH2 ), 0.88 (9H, s, Si(CH3)2C(CH3)3 ), 0.07 (3H, s, Si(CH 3)2C(CH3)3), 0.06 (3H,
S, Si(CH3)2C(CH3)3; '3 C NMR (90.5 MHz, CDC1 3

)

8 139.8 (CH=CHCHOSi), 139.7

(CH=CHCHOSi), 136.6 (CH=CH 2), 115.4 (CH=CH2 ), 84.6 (CCH=CHCHOSi), 76.3
(CH=CHCHOSi), 50.1 (CH 2CCH=CHCH), 40.0 (CH 2CH2CH=CH2

),

29.8

(CH2CH2CH=CH2), 26.9 (SiC(CH3)3 ), 19.2 (SiC(CH3)3), -3.61 (Si(CH 3)2); IR (thin
film/cm-1 ) v 3407, 3060, 2954, 2929, 2857, 1253, 1088, 902, 835, 776, 668; HRMS (ES) m/z
calcd for C 15 H3202N,Si, [M+N}LJ' 286.2197. Found 286.2198.
General procedure for the generation of organocerium reagent and reaction
with cyclopent-4-ene-1 ,3-dione 147

Cerium chloride (1.1 equiv) was placed in a two-necked flask and was heated with stirring at
140 °C in vacuo for 2 hours and cooled. Dry THF was added with stirring under argon and
stirring was continued for 2 hours. The resulted suspension was then cooled to —78 °C, and
organolithium compound (1 equiv) was added with stirring, whereupon the colour of the
suspension turns from white to yellow or orange. After being kept at the same temperature
for 0.5 hour, cyclopent-4-ene-1,3-dione (0.83 equiv) in TFIF was added and the mixture was
stirred for 3-4 hours. The reaction mixture was then treated with a saturated aqueous solution
of NH4C1, filtered through celite and extracted with EtOAc. The combined organic layers
were dried over Na 2SO4, evaporated in vacuo and the residue was purified by flash column
chromatography.

General procedure for the generation of organolithium reagent and reaction
with a carbonyl group

To a solution of 4-bromo-but-1-ene in dry THF and at —78 ° C was added tert-butyl lithium
(1.1-1.5 equiv, 1.7 M solution). The reaction mixture was stirred at —78 °C for 10 minutes
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and then warmed up to room temperature and stirred for additional 10 minutes. The solution
was then cooled down to —78 °C and added dropwise to a solution of cyclopent-4-ene- 1,3 dione in dry THIF and at —78 T. The reaction was monitored by TLC and upon completion it
was quenched with a saturated aqueous solution of NH 4C1, filtered and extracted with
EtOAc. The combined organic layers were dried over Na 2SO4 the solvent evaporated in
,

vacuo and the remaining residue purified by flash column chromatography.

I -But-3-enyl-4hyd roxy-cycDopent2..erione 511
HO,
Li + O

0

,..

O
97

511

The reaction between 4-bromo-but-1 -ene (0.39 mL, 3.72 mmol, 1 equiv), tert-butyl lithium
(2 equiv) and cyclopent-4-ene-1,3-dione (0.50 g, 5.21 mmol, 1.4 equiv) afforded 1-but-3enyl-4-hydroxy-cyclopent-2-enone (0.02 g, 0.11 mmol, 3% yield) as a yellow oil.

I -But-3-enyM-(te-b yD-thmethyfl-sanyoxy)-cycOopent-2-enofl 518
HOJ) 'OTBS

1

+ OIOTBS
515

1

518

The reaction between 4-bromo-but- 1 -ene (0.44 mL, 4.23 mmol, 3 equiv), tert-butyl lithium
(2.49 mL, 4.23 mmol, 3 equiv) and 4-(tert-butyl-dimethyl-silanyloxy-1-cyclopent-2-enone
(0.30 g, 1.41 mmol, 1 equiv) afforded 1 -but-3-enyl-4-(tert-butyl-dimethyl-silanyloxy)cyclopent-2-enol (0.13 g, 0.49 mmol, 35% yield) as a yellow oil.

4-lodobut1 ene 521
OH
519

I
521

To a solution of Ph3P (8.37 g, 31.95 mmol, 1.2 equiv) in CH2C12 (75 mL) at room
temperature were sequentially added imidazole (2.17 g, 31.95 mmol, 1.2 equiv) and iodine
(8.11 g, 31.95 mmol, 1.2 equiv), and the resulting yellow suspension was stirred at room
temperature for 5 minutes. But-3-en-1 -ol (2.37 mL, 26.62 mmol, 1 equiv) was then added as
a solution in CH2 0 2 (10 mL), and the reaction mixture was stirred at room temperature for 3
hours. Most of the solvent was removed in vacuo and the residue was diluted with pentane.

Experimental

The solid was extracted thoroughly with pentane, and the concentrated pentane extracts were
passed through a column of silica gel (50 g) eluting with pentane. Concentration of the eluate
afforded 4-iodobut-l-ene (2.76 g, 26.15 mmol, 98% yield) as a pink oil. 'H NMR (250
MHz, CDCI3) ö 5.72 (1H, m, CH2=CHCH2 ), 5.10 (2H, m, CH 2 CHCH2), 3.15 (2H, t, J= 7.1
Hz, CH2I), 2.59 (2H, m, CH2=CHCH2).

The spectroscopic data was in agreement with that previously published

.204

4-Iodo-2-methytbut-1 -ene 522
I

OH

522

520

To a solution of Ph3P (7.36 g, 30.88 mmol, 1.2 equiv) in CH 2C12 (75 niL) at room
temperature were sequentially added imidazole (2.04 g, 30.88 mmol, 1.2 equiv) and iodine
(7.62 g, 30.88 mmol, 1.2 equiv), and the resulting yellow suspension was stirred at room
temperature for 5 minutes. 3-Methylbut-3-en-1-ol (2.60 mL, 25.73 mmol, 1 equiv) was then
added as a solution in CH2C12 (10 mL), and the reaction mixture was stirred at ambient
temperature for 3 hours. Most of the solvent was removed in vacuo and the residue was
diluted with pentane. The solid was extracted thoroughly with pentane, and the concentrated
pentane extracts were passed through a column of silica gel (50 g) eluting with pentane.
Concentration of the eluate aforded 4-iodo-2-methylbut- 1 -ene (4.13 g, 21.10 mmol, 82%
yield) as a colourless oil. The oil turns pink as it is kept in the freezer. 'H NMR (250 MHz,
CDC13 ) (54.78 (1H, s, CH 2=CCH,), 4.67 (1 H, s, CH 2 CCH3), 3.18 (2H, t, J= 7.4 Hz, CH21),
2.50 (2H, t, J= 7.4 Hz, CH2C=CH2), 1.66 (3H, s, CH 2=CCH3).

Data was in agreement with that previously reported in the literature.
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4-(tert-Butyl-dimethyl-silanyloxy)-1 -(3-methyl-but-3-enyl)-cyclopeflt-2-eflOI
523149
HO
+

522

OTBS
_

I

')'OTBS

515
cisltrans 4:1

To a cold (-78 °C) solution of 4-iodo-2-methyl-but-1-ene (5.55 g, 28.30 mmol, 2 equiv) in
anhydrous Et 20 (50 mL) under a nitrogen atmosphere was added dropwise t-BuLi (1.7 M
solution in pentane, 34.96 mL, 4.2 equiv). The mixture was kept stirring for 1 hour and was
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then allowed to warm up to room temperature and stirred for a further 1 hour. This solution
was then cooled to —78 °C and added dropwise to a solution of 4-(tert-butyl-dimethylsilanyloxy)-cyclopent-2-enone (3.00 g, 14.15 mmol, 1 equiv) in anhydrous Et 20 (25 mL).
The reaction mixture was kept stirring at —78 °C until completion (30 minutes) and it was
quenched by addition of a saturated aqueous solution of NII4CI (50 mL). The aqueous layer
was extracted with Et 20 (3x50 mL) and the combined organic layers were dried over M9SO 4
and the solvent evaporated in vacuo to afford a crude yellow oil (3.90 g). Purification by
flash column chromatography (Si0 2, hexane/Et20 4:1) afforded 4-(tert-butyldimethylsilanyloxy)- 1 -(3 -methyl-but-3 -enyl)-cyclopent-2-enol (3.56 g, 12.60 mmol, 89%
yield) as a 4/1 mixture of cis/trans diastereomers. 'H NMR (360 MHz, CDCI 3)

(

cis

diastereoisomer) ö 5.88 (1H, dd, J= 5.6, 0.7 Hz, CHCHCHOSi), 5.86 (1 H, dd, J= 5.6, 2.0
Hz, CH=CHCIHIOSi), 4.71-4.64 (3H, m, CHCHCHOSi+C=CH 2), 2.36 (1H, dd,
13.7, 6.6 Hz, C]HI2CHOSi), 2.07-2.03 (2H, m, CH2CH2CCH2 ), 1.75-1.68 (6H, m,
CIH[2CHOSi+CIH[2CH2C=CH2+CH3C=CH2), 0.91-0.85 (9H, s, C(CH 3)3), 0.08 (6H, s,
Si(CIHI3)2); 13C NMR (90.5 MHz, CDC13) cis diastereoisomer) ö 145.9 (C=CH 2), 138.9
(

(CH=CHCHOSi), 135.5 (CH=CHCHOSi), 109.6 (C=CH 2), 83.6 (OHCCH2), 75.3 (CHOSi),
49.0 (CH2CHOSi), 37.9 (CH 2=CCH2CH2), 32.4 (CH2=CCH2CH2), 25.9 (CH2=CCH3), 22.7
(C(CH3)3), 18.1 (C(CH 3)3), -4.7 (Si(CH3)2); hR (thin film/cm-1 ) v 3408, 2954, 2930, 2857,
1082, 901, 836, 775, 667; IHIRMS (ES) m/z calcd for C 16H34 0 2NSi [M+NH4] 300.2353.
Found 300.2353.
518149

1
+

521

O

:,:

OTBS ______

HO,,.

S) 'OTBS
518

515

cis/trans4:1

To a cold (-78 °C) solution of 4-iodo-but-1-ene (4.57 g, 25.10 mmol, 1.5 equiv) in
anhydrous Et20 (50 mL) under a nitrogen atmosphere was added dropwise t-BuLi (1.7 M
solution in pentane, 19.68 mL, 2 equiv). The mixture was kept stirring for 1 hour and was
then allowed to warm up to room temperature and was kept stirring for a further 1 hour. The
solution was then cooled to —78 ° C and a solution of 4-(tert-butyl-dimethyl-silanyloxy)cyclopent-2-enone (3.54 g, 16.72 mmol, 1 equiv) in anhydrous Et 20 (50 mL) was added
dropwise. The reaction mixture was kept stirring at —78 °C until completion, it was quenched
with NB4 C1 (100 mL) and stirred for 45 minutes at room temperature. The aqueous layer was
extracted with Et 2 0 (3x50 mL) and the combined organic layers were dried over Mg50 4, the

188

Experimental
solvent evaporated in vacuo and purified by flash column chromatography (Si0 2, CH2 0 2
100%) to afford 1 (3.80 g,
14.15 mmol, 87% yield) as a yellow oil (4/1 mixture of cis/trans diastereomers). 'H NMR
(360 MHz, CDC1 3) 85.84 (1H, dd, J= 5.6, 1.9 Hz, OHCCH=CH), 5.82 (1H, dm, 1H, dm, J
5.6 Hz, OHCCHCH), 4.78 (1 H, dd, JABcy = 6.9, 2.9 Hz, CH=CH2), 4.70 (1H, dd, JAB,AX
6.9, 2.0 Hz, CH=CH 2), 4.64 (IH, m, CHCHCHOSi), 3.65 (1H, m, CH=CH2), 2.32 (1H, dd,
14.2, 7.2 Hz, CH2 CHOSi), 1.86 (1H, dt, JAx 14.2, 4.0 Hz, CH 2CHOSi), 1.88-1.48
(2H, m, CH 2CH2CH=CH2),

1.25-1.18

(2H, m,

CH2CH2 CHCH2), 0.88 (9H, s,

Si(CH3)2C(CH3 ), 0.07 (3H, s, Si(CH 3)2 C(CH3)3 ), 0.06 (3H, s, Si(CH 3)2 C(CH3)3;
)3

'3

C NMR

(90.5 MHz, CDC13) 8 139.8 (CHCHCHOSi), 139.7 (CHCHCHOSi), 136.6 (CH=CH 2),
115.4 (CH=CH2), 84.6 (CCH=CHCHOSi), 76.3 (CH=CHCHOSi), 50.1 (CH 2CCH=CHCH),
40.0 (CH 2CH2CH=CH2), 29.8 (CH 2CH2CH=CH2), 26.9 (SiC(CH 3)3 ), 19.2 (SiC(CH3)3), 3.61 (Si(CH 3)2); JR (thin film/cm') v 3407, 3060, 2954, 2929, 2857, 1253, 1088, 902, 835,
776, 668; HRMS (ES) m/z calcd for C 15H3202N,5i 1 [M+NH4

]

286.2197. Found 286.2198.

3-But-3-enyl-5-(tert-bUtyl-di methyl-silanyloxy)-3-triethylSi lanyloxycyclopentene 525
'OTBS

HO,.

1

'QTBS

_ TESO,.

855

To a stirred solution of I -but-3
(0.10 g, 0.37 mmol, 1 equiv) in dry dichloromethane (5mL) was added iniidazole (0.05 g,
0.82 mmol, 2.2 equiv) and triethylsilyl chloride (0.07 mL, 0.41 mmol, 1.1 equiv) at 0 °C
under nitrogen. After being stirred for 2 hours at the same temperature, the reaction mixture
was partitioned between Et 2 0 (20 mL) and saturated aqueous NEL,Cl (30 mL) at 0 T. The
aqueous layer was extracted with Et 2 0 (300 mL) and the combined organic extracts were
washed with brine (50 mL), dried over MgSO 4 , filtered and evaporated in vacuo to give
crude 3-but-3 -enyl-5 -(tert-butyl-dimethyl-silanyloxy)-3 -triethylsilanyloxy-cyclopentene
(0.14 g, 0.37 mmol, 100% yield), as a yellow oil. 'H NMR (360 MHz, CDCI3) 85.78 (1 H,
dd, J= 5.6, 1.3 Hz, CHCHCHO), 5.70 (1H, dd, J= 5.6, 1.8 Hz, CH=CHCHO), 4.98 (1H,
dm, J= 17.1 Hz, CH=CH2), 4.91 (1H, dm, J= 10.2 Hz, CH=CH 2 ), 4.61 (1H, tm, J= 5.5 Hz,
CH=CH2 ), 2.43 (1H, dd, JAB.AX= 13.3, 7.2 Hz, CH2 CHO), 2.15-1.97 (2H, m, CH 2CHCH2),
1.79 (IH, dd, JAB,AX 13.3, 5.3 Hz, CH2 CHO), 1.56 (2H, t, J= 8.3 Hz, CH 2CH2CHCH2),
0.99-0.89 (9H, m, Si(CH 2CH3)3 ), 0.88 (9H, s, Si(CH 3 C(CH3 )3 ), 0.62-0.48 (6H, m,
)2
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Si(CIHI2CH3 )3 ), 0.06 (3H, s, Si(CH 3 )2 C(CH3 )3 ), 0.06 (3H, s, Si(CIH[3)2 C(CH3 )3); 13 C NMR

(90.5 MHz, CDC13) 5 139.1 (CH=CHCHOSi), 138.5 (CH=CHCHOSi), 134.8 (CH=CH 2),
113.9 (CH=CH2), 84.9 (CCH=CHCHOSi), 74.9 (CH=CHCHOSi), 49.7 (CCH 2CHOSi), 42.5
(CCH2CH2CH=CH2

28.9 (CCH2CH2CH=CH2

),

25.8 (Si(CH3 )2 C(CH3 )3),

),

18.0

(Si(CH3 )2 C(CH3 )3 ), 7.0 (Si(CH2CH3 )3 ), 6.5 (Si(CH2CH3 )3 ), 4.6 (Si(CH3 )2 C(CH3 )3 ), -3.6
(Si(CH3 )2 C(CH3 )3 ); hR (thin film/cm') v 2953, 2876, 1252; HRMS (ES) m/z calcd for
C21 H460 2NSi2 [M+NH4 400.3062. Found 400.3066.
]

5-(tertHdimethylsöIyIoxy)-3-(3-methyObut-3-eny)-3(trUethyDsJyoxy)cycDopent-1 -ere 527
OTBS

TESO,,

f'

'OTBS
27

To a stirred solution of 4-(tert-butyl-dimethylsilanyloxy)- 1 -(3 -methyl-but-3 -enyl)-cyclopent2-enol (0.15 g, 0.53 mmol, 1 equiv) in dry CH2 0 2 (5 mL) was added imidazole (0.08 g, 1.17
mmol, 2.2 equiv) and triethylsilyl chloride (0.10 mL, 0.58 mmol, 1.1 equiv) at 0 °C under
nitrogen. After being stirred for 8 hours at the same temperature, the reaction mixture was
partitioned between Et 20 (20 mL) and saturated aqueous NH 4C1 (30 mL) at 0 °C. The
aqueous layer was extracted with Et 20 (300 mL) and the combined organic extracts were
washed with brine (50 mL), dried over MgSO4 , filtered and solvent evaporated in vacuo to
give crude 5-(tert-butyldimethylsilyloxy)-3 -(3 -methylbut-3-enyl)-3 triethylsilyloxy)cyclopent-1-ene as a brown oil. Purification by flash column
chromatography (Si0 2, hexane 100%) afforded 5-(tert-butyldimethylsilyloxy)-3 -(3methylbut-3 -enyl)-3-triethylsilyloxy)cyclopent- 1 -ene (0.21 g, 0.53 mmol, 100% yield) as a
yellow oil. 'IHI NMR (360 MHz, CDC1 3) 85.79 (1H, dd, J= 5.6, 1.1 Hz, CH=CHCHOSi),
5.70 (1H, dd, J= 5.6, 2.0 Hz, CH=CHCHOSi), 4.67-4.60 (3H, m, CH=CHCIHIOSi+CH 2=C),
2.43 (1H, dd, JABAx = 13.5, 7.3 Hz, CIHI2CHOSi), 2.04-1.97 (2H, m, CH 2CIHI2C=CH2),
1.82-1.77 (2H, m, CIHI2CH2C=CH2), 1.71 (3H, s, CIHI3C=CH2), 1.60 (1H, dd, JAB,AX 13.5, 7.7
Hz, ChHI2CHOSi), 0.96-0.91 (9H, m, Si(CH 2CH3 )3 ), 0.89 (9H, s, Si(CH 3 )2 C(CH3 )3 ), 0.62-0.48
(6H, m, Si(CIHI2CH3)), 0.07 (3H, s, Si(CIHI 3 )2 C(CH3 )3 ), 0.06 (3H, s, Si(CH 3 )2 C(CH 3 )3); 13C
NMR (90.5 MHz, CDCI 3) 5 146.4 (CH=CHCHOSi), 138.6 (CH=CHCHOSi), 134.7
(C=CH2), 109.3 (C=CH2), 84.9 (CCH=CHCHOSi), 74.9 (CH=CHCHOSi), 49.6
(CCH2CHOSi), 41.5 (CCH2CH2C=CH2), 38.0 (CH3C=CH2), 29.4 (CCH2CH2C=CH2), 25.9
(Si(CH3 )2 C(CH3 )3 ), 18.0 (Si(CH3 )2 C(CH3 )3 ), 7.0 (Si(CH 2CH3 )3 ), 6.3 (Si(CH2CH3 )3 ), -4.6
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-

(Si(CH3)2C(CH3)3), -4.7 (Si(CH 3)2C(CH3)3); IR (thin film/cm) v 2954, 2876, 1366, 1251,
1085; HRMS (ES) m/z calcd for C 22FL46 02NaSi2 [M+Na]419.2772. Found 419.2772.
4-[4-(tert-Butyl-di methyl-silanyloxy)-1 -triethylsi Ianyloxy-cyclopent-2-enyl]

-

butan-2-one 526
'OTBS

TESO,,

'OTBS

, TESO,.
526

527
0

To 5-(tert-butyldimethylsilyloxy)-3 -(3 -methylbut-3 -enyl)-3 -triethylsilyloxy)cyclopent-1 -ene
(0.17 g, 0.43 mmol, I equiv) in a mixture of water/acetone (2 mL/8 mL) were added
sequentially NIMO (0.10 g, 0.86 mmol, 2 equiv) and 0s0 4 (4% solution in H2 0, 0.14 mL,
0.02 mmol, 5% mol) at 0 T. The reaction mixture was stirred at room temperature for 24
hours. The reaction was then quenched with Na 2S2 0 3 (5 mL) and the aqueous layer extracted
with EtOAc (3x10 mL). The combined organic layers were dried over Na 2SO4 and the
solvent evaporated to afford crude 4-[4-(tert-butyl-dimethyl-silanyloxy)- 1 -triethylsilanyloxycyclopent-2-enyl]-2-methyl-butane-1,2-diOl (0.24 g) as a brown oil.
To crude 4-[4-(tert-butyl-dimethyl-silanyloxy)-1 -triethylsilanyloxy-cyclopent-2-enyl]-2methyl-butane-i ,2-diol in acetone (10 mL) at 0 °C was added a solution of sodium periodate
(0.18 g, 0.83 mmol, 2 equiv) in water (2 mL). The mixture was stirred at room temperature
for 5 hours and then partitioned between water (10 mL) and hexane (10 mL). The organic
layer was washed with water (10 rnL) and brine (10 mL), dried over Na 2SO4, and
concentrated. Purification of the residue by flash column chromatography (Si0 2,
hexane/Et2 0 4:1) afforded 4-[4-(tert-butyl-dimethyl-silanyloxy)- 1 -triethylsilanyloxycyclopent-2-enyl]-butan-2-one (0.11 g, 0.27 mmol, 64% yield) as a brown oil. 'H NMR (360
MHz, CDC13 ) 85.76 (1 H, dd, J= 5.6, 1.3 Hz, CH=CHCHOSi), 5.71 (1H, dd, J= 5.6, 1.8 Hz,
CH'CHCHOSi), 4.62 (iH, m, CH'CHCHOSi), 2.53-2.47 (2H, m, CH 2COCH3), 2.39 (1H,

13.5, 7.2 Hz, CH2 CHOSi), 2.14 (3H, s, CH3 CO), 1.80-1.70 (3H, m,
CH2CHOSi+CH2 CH2CO), 0.93 (9H, t, J= 7.9 Hz, Si(CH2 CH3)3), 0.88 (9H, s,

dd,

Si(CH3)2C(CH3)3 ), 0.61-0.57 (6H, m, Si(CH 2CH3)3 ), 0.06 (3H, s, Si(CH 3)2C(CH3)3), 0.05
(3H, s, Si(CH3)2C(CH3)3); 13 C NMR (90.5 MHz, CDC13) 8 209.1 (CH3 CO), 138.1
(CH=CHCHOSi), 135.2 (CH=CHCHOSi), 84.3 (CCH=CHCHOSi), 74.8 (CH=CHCHOSi),
49,4 (CCH2 CHOSi), 39.3 (CCH 2CH2C=OCH3 ), 37.1 (CCH 2CH2C=0C113), 29.9
(CCH2CH2C=OCH3), 25.9 (Si(CH 3)2C(CH3)3), 18.0 (Si(CH 3)2C(CH3)3), 6.9 (Si(CH2CH3)3),

191

6.4 (Si(CH2CH3 )3 ), -4.6 (Si(CH3 )2 C(CH3 )3 ), -4.7 (Si(CH 3 )2 C(CH3 )3 ); hR (thin filni/cm') v
2935, 1719, 1367, 1251, 1113, 836.

ter-O-[4ethoxymethoxy-4-(3-methyO-bu3yI)cycOopent-2-eiiyOoxy]
dmethysilaue 528
'OTBS

528

523

To a solution of 4-(tert-butyl-dimethyl-silanyloxy)- 1 -(3 -methyl-but-3-enyl)-cyclopent-2-enol
(0.22 g, 0.78 mmol, 1 equiv) in dry CH 2 0 2 (10 mL) were added DIPEA (0.54 mL, 3.12
mmol, 4 equiv), EOMCI (0.14 mL, 1.56 mmol, 2 equiv) and DMAP (cat). The reaction
mixture was stirred at room temperature and monitored by TLC. Upon completion (6 hours)
it was quenched by addition of a saturated aqueous solution of NIH 4C1 (10 mL). The aqueous
layer was extracted with CH 2C12 (3x 10 mL) and the combined organic layers were dried over
MgSO4 and solvent evaporated to afford a crude yellow oil. Purification by flash column
chromatography (Si0 2, CI-12C12 100%) afforded tert-butyl-[4-ethoxymethoxy-4-(3 -methylbut-3-enyl)-cyclopent-2-enyloxy]-dimethyl-silane (0.22 g, 0.66 mmol, 85% yield) as a
yellow oil. 'N NMR (3 60 MHz, CDC13) 85.87-5.83 (2H, m, CIHI=CH), 4.79 (1H, d, J= 7.0
Hz, C=CIH[2 ), 4.69 (1H, d, J= 7.0 Hz, C=CH2 ), 4.67-4.63 (3H, m, CIH[OSi+OCIH[2 0), 3.65
(2H, dq, JAB,AX- 9.5, 7.1 Hz, CH3CJB[20), 3.55 (2H, dq, JAB,AX 9.5, 7.1 Hz, CH3 CH2 0), 2.32
(1H, dd, JAB,AX 14.5, 7.2 Hz, CIHI2 CHOSi), 2.11-1.94 (2H, m, CIH[2 C=CH2), 1.86 (1H, dd,
JABAX- 14.5, 7.2 Hz, CIHI2 CHOSi), 1.72 (3H, s, CH3C), 1.79-1.67 (2H, m, CIH[2 CH2CCH2

),

1.20 (3H, t, J= 7.1 Hz, C1H13 C1120), 0.88 (9H, s, SiC(CH 3 )3 ), 0.07 (6H, s, Si(CH 3 )2); 13 C
NMR

(90.5

MHz, CDC1 3)

8

145.9 (C=CH 2), 136.7 (CHCHCHOSi), 136.4

(CH=CHCHOSi), 109.5 (OCH20), 90.0 (CCH=CHCHOSi), 88.6 (C=CH 2), 74.6
(CH=CHCHOSi), 63.0 (CH 3CH20), 45.9 (CH2CHOSi), 38.9 (CH2CH2C=CH2), 32.3
(CH2CH2C=CH2), 25.9 (CH3C), 22.7 (CH3CH20), 18.1 (SiC(CH 3 )3 ), 15.2 (SiC(CH 3 )3 ), -4.6
(Si(CH3 )2); hR (thin film/cm') v 2954, 2931, 2883, 2857, 1034; IHIRMS (ES) m/z calcd for
C 19HO3N 1 Si 1 [M+NH4] 358.2772. Found 358.2774.
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4-[4-(tert-Butyl-dimethyl-silanylOXy)-I -ethoxymethoxy-cyclopent-2-enyl]-2methyl-butane-I ,2-diol 529
EOMO,.I ) 'OTBS

EOMO,.I ) 'OTBS
Do

528

To

HO')(
HO

529

tert-butyl-[4-ethoxymethoxy-4-(3-methyl-but-3 -enyl)-cyclopent-2-enyloxy]-dimethyl-

silane (1.60 g, 4.70 mmol, 1 equiv) in a mixture of water/acetone (20 mL/80 mL) were added
sequentially NMO (1.10 g, 9.40 mmol, 2 equiv) and 0s0 4 (4% solution in H 20, 1.46 mL,
0.23 mmol, 5% mol) at 0 °C. The reaction mixture was stirred at it for 36 hours. The reaction
was then quenched with Na 2S2 0 3 (50 mL) and the aqueous layer extracted with EtOAc (3x
50 mL). The combined organic layers were dried over Na 2SO4 and the solvent evaporated to
afford a crude brown oil (1.95 g). Purification of the residue by flash column
chromatography yielded 4-[4-(tert-butyl-dimethyl-silanyloxy)- 1 -ethoxymethoxy-cyclopent2-enyl]-2-methyl-butane-1,2-diol (0.65 g, 1.74 mmol, 37% yield) as a colourless oil and 5(tert-butyl-dimethyl-silanyloxy)-3-(3 ,4dihydroxy3-methyl-butyl)-3-ethoxymethoxycyclopentane-1,2-diol (1.06 g, 2.50 mmol, 53% yield) as a brown oil. 'H NMR (360 MHz,
CDCI3) 8 5.86 (1H, dd, JAB,AX 5.6, 1.9 Hz, CHCHCHOSi), 5.82 (1H, d, JAB= 5.6 Hz,
CH=CHCHOSi), 4.78 (1H, dd, JAB,AX = 6.9, 2.9 Hz, OCH2 0), 4.71 (1H, dd, Jj=6.9, 2.9

Hz, OCH2 0), 4.64 (1H, m, CHOSi), 3.67-3.51 (2H, m, CH 3CH20), 3.46 (1H, d, J= 10.9
FIz, CCH20H), 3.40 (1H, d, JAB 10.9 Hz, CCH2 0H), 2.31 (1H, dd, JAB AA 14.2, 7.2 Hz,
CH2 CHOSi),

1.86 (1H, dd,

JABAX=

14.2, 7.2 Hz, CH2 CHOSi), 1.75-1.44 (4H, m,

CH2CH2 COH), 1.20 (3H, t, J= 7.1 Hz, CH3 CH20), 1.15 (3H, s, CH3 CCH20H), 0.88 (9H, s,
SiC(CH3 )3 ), 0.07 (6H, s, Si(CH3 )2); '3 C NMR (90.5 MHz, CDCI3 ) 8137.0 (CH=CHCHOSi),
136.1 (CH=CHCHOSi), 90.2 (OCH 20), 88.8 (OCH20C), 74.6 (CHOSi), 72.3 (OHCCH 3),
69.9 (HOCH2), 63.4 (CH3CH20), 45.6 (CH2 CHOSi), 34.6 (OCH20CCH2), 32.7
(OCH20CCH2CH2), 25.8 (CH3CH2 0), 23.3 (CCH3), 18.1 (SiC(CH 3 ) 3 ), 15.2 (SiC(CH3 )3), 4.6 (Si(CH3 )2); IR (thin film/cm) v 3398, 2953, 2930, 2857, 1370, 1253, 1101; HIRMS (ES)

m/z calcd for C 19 1-142 0 5N 1 Si 1 [M+NH4 ] 392.2827. Found 392.2834.
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dimethyO-sflane 531
EOMO,. I >•• 'OTBS
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4-[4-(tert-butyl-dimethyl-silanyloxy)- 1 -ethoxymethoxy-cyclopent-2-enyl]-2-methyl-

butane-1,2-diol (0.60 g, 1.60 mmol, 1 equiv) in acetone (8 mL) at 0 °C was added a solution
of sodium periodate (0.08 g, 3.20 mmol, 2 equiv) in water (2 mL). The mixture was stirred at
room temperature for 5 hours and then partitioned between water (20 mL) and hexane (20
mL). The organic layer was washed with water (20 mL) and brine (20 mL), dried over
Na2SO4, and the solvent was concentrated in vacuo. Purification of the residue by flash
column chromatography afforded 4-[4-(tert-butyl-dimethyl-silanyloxy)- 1 -ethoxymethoxycyclopent-2-enyl]-butan-2-one (0.28 g, 0.82 mmol, 51% yield) as a colourless oil. 1H NM]l
(3 60 MHz, CDC13) 85.85 (1H, dd, J= 5.6, 1.8 Hz, CIHICHCHOSi), 5.80 (1H, dd, J= 5.6,
1.3 Hz, CH=CIHICHOSi), 4.80 (IH, d, JAB= 6.9 Hz, OCIBI 20), 4.71 (1H, d, J= 6.9 Hz,
OCIH[20), 4.68 (1H, m, CHCHCHOSi), 3.68-3.56 (2H, m, CH 3CH20), 2.62-2.56 (2H, m,
C]H[2C=O), 2.32 (1H, dd, J'= 14.0, 7.1 Hz, CH2CHOSi), 2.17 (3H, s, C11 3C=O), 1.961.83 (3H, m, CH2CHOSi+CIHI2CH2 CO), 1.23 (3H, t, J= 7.2 Hz, CH3CH20), 0.92 (9H, s,
SiC(CIHI3)3), 0.14 (6H, s, Si(CH 3)2); 13C NMR (90.5 MHz, CDC13) 8208.7 (CH3C=O), 137.1
(CH=CHCHOSi), 135.8 (CH=CHCHOSi), 90.0 (OCH 20), 87.7 (CCH=CHCHOSi), 74.3
(CH=CHCHOSi), 63.0 (CH3CH20), 45.6 (CCH2CHOSi), 38.8 (CH2C=OCH3), 34.50
(CH2CH2C=OCH3), 29.88 (CH3C=OCH2), 25.73 (CH3CH20), 17.99 (SiC(CH 3)3), 15.11
(SiC(CH3)3), -4.77 (Si(CH3)2); hR (thin film/cm -1 ) v 2947, 2915, 2843, 1723, 1258.

4-(1 Ethox methop4-hydroxy-cycOopent-2eny butan2-one 532
EOMOJ

,) OTBS

, EOMOLJ 'OH

531

532

To a cold (0 °C) solution of 4-[4-(tert-butyl-dimethyl-silanyloxy)- 1 -ethoxymethoxycyclopent-2-enyl]-butan-2-one (0.25 g, 0.73 mmol, 1 equiv) in THF (10 mL) was added
dropwise TBAF (1.0 M solution in THF, 1.46 mmol, 2 equiv). The reaction mixture was
stirred for 1 hour and quenched with NIH 4 C1 (10 mL). The aqueous layer was extracted with
Et2 0 (RIO mL). The combined organic layers were dried over MgSO 4 and the solvent
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evaporated in vacuo to afford a crude browm oil (0.15 g). Purification by flash column
chromatography yielded 4-( 1 -ethoxymethoxy-4-hydroxy-cyclopent-2-enyl)-butafl-2-Ofle)
(0.10 g, 0.44 mmol, 60% yield) as a colourless oil. 'H NAM (3 60 MHz, CDCI 3) 86.15 (1H,
dd, J= 5.6, 2.4 Hz, CH=CHCHOH), 5.68 (1H, d, J= 5.6 Hz, CHCHCHOH), 4.87 (1H, d,
JAB

7.9 Hz, OCH20), 4.59 (1H, d, JAB 7.9 Hz, OCH2 0), 4.56 (IH, d, J' 7.3 Hz, CHOW),

3.74 (IH, dq, J= 10.8, 7.1 Hz, CH3CH20), 3.55 (IH, bs, 011), 3.48 (1H, dq, J= 10.8, 7.1 Hz,
CH3CH20), 2.53 (2H, m, CH2CH2 C=O), 2.19 (1H, dd, JAx 15.1, 7.1 Hz, CH2CHOH),
2.13 (3H, s, CH3 C=O), 1.93 (1H, dd, JABAx = 15.1, 7.1 Hz, CH2CHOH), 1.85 (2H, t, J= 7.7
Hz, CH2CH2C=O), 1.17 (3H, t, J= 7.1 Hz, CH3 CH20);

'3

C NMR (90.5 MHz, CDC1 3) 8

208.6 (C=O), 139.3 (CH=CHCHOH), 134.8 (CH=CHCHOH), 90.0 (OCH 20), 88.0
(OCH2 0C), 74.8 (CH=CHCHOH), 63.0 (CH 3CH20), 44.6 (CH2CHOH), 38.8
(CH2CH2C=O), 34.8 (CH2CH2 C=O), 29.9 (CH 3C=O), 14.6 (CH3CH20); JR (thin film/cm')

v 3320, 2945, 2881, 1714, 1082. HRMS (ES) m/z calcd for C 12H2404N 1 [M+NH4

]+

246.1700. Found 246.1999.
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To a solution of 4-(1-ethoxymethoxy-4-hydroxy-cyclopent-2-eflYl)-bUtan-2-one (0.10 g, 0.44
mmol, 1 equiv) and dry molecular sieves in CH 2 0 2 (5 mL) was added PDC (0.25 g, 0.66
mmol, 1.5 equiv). The reaction mixture was stirred for 3 hours and then filtered through
celite. The celite paste was washed with CH 2 0 2 , the combined organic layers were dried
over Na2 SO 4 and solvent evaporated in vacuo to afford a crude brown oil (0.12 g).
Purification of the residue by flash column chromatography afforded 4-ethoxymethoxy-4-(3oxo-butyl)-cyclopent-2-enone (0.09 g, 0.42 mmol, 95% yield) as a yellow oil. 'H NMR (360
MHz, CDCI3) 8 7.43 (1H, d, J= 5.7 Hz, CHCHCO), 6.18 (IH, d, J= 5.7 Hz,
CH=CHCO), 4.63 (1H, d, .J= 7.7 Hz, OCH2 0), 4.58 (1H, d, JAB 7.7 Hz, OCH20), 3.54
(2H, q, J= 7.0 Hz, CH3CH20), 2.65 (1H, d, JAB' 18.7 Hz, CH2 COCW), 2.65-2.45 (2H, m,
CH2CO), 2.34 (1H, d, JAB 18.7 Hz, CH2 COCH), 2.13 (3H, s, CH3 CO), 2.08-1.91 (2H,
m, CH2 CH2C'O), 1.14 (3H, t, J= 7.0 Hz, CH3 CH20);

'3

C NMR (90.5 MHz, CDC13) 8207.4

(CH3 C=O), 205.6 (CH=CHC=O), 164.3 (CH=CHC=O), 134.9 (CH=CHC=O), 90.3
(OCH20), 82.9 (CCH2 CO), 63.4 (CH 3CH20), 45.6 (CH2C=OCH), 38.1 (CH 2CH2COCH3),
32.7 (CH2CH2COCH3 ), 29.9 (CH2CH2COCH3 ), 14.9 (CH3CH20); JR (thin film/cm') v
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2917, 2849, 1748, 1716, 1087, 1026. IH[RMS (El) m/z calcd for C 12H, 704 [M-H] 225.1121.
Found 225.1121.

6.2.3 Patern&BUchl photocycOoaddton
5-(ert3utyU-d imethyl siIenyfloxy)-1 a-methyO-3a-triethylsianyloxy-octahydro-1
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4-[4-(tert-Butyl-dimethyl-silanyloxy)- 1 -triethylsilanyloxy-cyclopent-2-enyl] -butan-2 -one
(0.06 g, 0.15 mmol, 1 equiv) was dissolved in acetonitrile (200 mL) and the solution was
deoxygenated by bubbling nitrogen through for 1 hour. The solution was then rnmersed in an
ice bath and exposed to IJV radiation (400-W medium pressure mercury lamp). The reaction
was monitored by TLC and after 15 minutes was stopped and the solvent evaporated.
Purification of the residue by flash column chromatography (Si0 2, hexane/Et 20 5:1)
afforded 5-(tert-butyl-dimethyl-silanyloxy)- I a-methyl-3a-triethylsilanyloxy-octahydro- Ioxa-cyclobuta[cd]pentalene (0.017 g, 0.04 mmol, 50% yield based on recovered starting
material) as a colourless oil and 4-[4-(tert-butyl-dimethyl-silanyloxy)- 1 -triethylsilanyloxycyclopent-2-enyl]-butan-2-one (0.025 g, 0.06 mmol, 42% recovered starting material) as a
yellow oil. 'H NMR (360 MHz, CDC13) ô 4.63-4.60 (2H, m, 2xCOCIHICCHOSi), 4.22 (1H,
t, J= 6.3 Hz, CHOSi), 3.93 (1H, t, J= 7.0 Hz, CHOSi), 2.94 (1H, d, J= 6.9 Hz,
CCIHICHCHOSi), 2.78 (1H, d, J= 5.7 Hz, CCIHICHCHOSi), 2.48 (1H, dd, JABAX= 13.2, 6.3
Hz, CIHI2CHOSi), 2.38 (1H, dd, J=12.9, 7.2 Hz, CIHI2CHOSi), 2.25-2.09 (2H, m, CH2),
2.02-1.92 (4H, m, CH2+CH2), 1.83-1.70 (4H, m, CH2+CH2), 1.52 (3H, s, CH3C), 1.32 (3H, s,
CIH[3C), 0.93 (18H, t, J= 7.9 Hz, Si(CH2CH3)3), 0.87 (9H, s, Si(CH 3)2C(CH3)3), 0.86 (9H, s,
Si(CH3)2C(CIHI3)3), 0.58 (6H, q, J= 7.9 Hz, Si(CIH[2CH3)3), 0.57 (6H, q, J= 7.9 Hz,
Si(CH2CH3)3), 0.05 (3H, s, Si(C11 3)2C(CH3)3), 0.04 (3H, s, Si(CH3)2C(CH3)3), 0.03 (3H, s,
Si(CH3)2C(CH3)3), 0.02 (3H, s, Si(CIHI 3)2C(CH3)3); 13C NMR (90.5 MHz, CDC13) ö 92.6
(CH3COCH), 90.8 (CH 3COCH), 89.1 (COSi(CH 2CH3)3), 87.9 (OCHCHOSi), 86.3
(OCHCHOSi), 80.5 COSi(CH2CH3)3 , 78.6 (CHOSi), 67.2 (CHOSi), 60.2 (CHCHCHOSi),
59.3 (CHCHCHOSi), 52.8 (CH 20Si), 50.9 (CH 20Si), 41.3 (CH2), 39.2 (CH2), 33.4 (CH2),
28.0 (CH2), 26.5 (CH3C), 25.7 (Si(CH3)2C(CH3)3), 24.1 (CH3C), 18.1 (Si(CH3)2C(CH3)3),
6.9 (Si(CH2CH3)3), 6.8 (Si(CH2CH3)3), 6.1 (Si(CH2CH3)3), 6.1 (Si(CH2CH3)3), 4.8
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(Si(CH3)2C(CH3)3), -4.9 (Si(CH3)2C(CH3)3), -5.0 (Si(CH3)2C(CH3)3 ); IR (thin film/cm') v
2947, 2895, 1060, 1024; HRMS (ES) m/z calcd for C21H4303Si2 [M+H]+ 399.2745.
Found 399.2737.
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4-(Ethoxymethoxy)-4-(3-oxobutyl)cyclopeflt-2-eflofle (0.05 g, 0.21 mmol, 1 equiv) was
dissolved in acetonitrile (200 mL) and the solution was deoxygenated by bubbling nitrogen
through for 1 hour. The solution was then inmersed in an ice bath and exposed to UV
radiation (400-W medium pressure mercury lamp) through a Pyrex filter. The reaction was
monitored by TLC and after 2 hours was stopped and the solvent evaporated. Purification of
the residue by flash column chromatography (Si0 2 , EtOAc/hexane 1:1) afforded 3aethoxymethoxy- I a-methyl-hexahydro- 1 -oxa-cyclobuta[cd]pentalen-5 -one (0.02 g, 0.09
mmol, 54% yield) as a colourless oil and 4-ethoxymethoxy-4-(3-oxo-butyl)-cyclopent-2enone (0.02 g, 0.08 mmol, 30% recovered) as a yellow oil. 'H NMR (360 MHz, CDC1 3) 8
4.78 (2H, s, OCH2 0), 4.64 (1H, d, J= 5.6 Hz, OCHC0), 3.61 (2H, q, J= 7.2 Hz,
CH3CH20), 3.05 (1H, d, J= 5.6 Hz, CHCHCO), 2.92 (1H, d, JABS 17.6 Hz, CH2CO), 2.84
(1H, d, JAB= 17.6 Hz, CH2 C=O), 2.41 (1H, m, CH2 ), 2.20 (1H, m, CH2 ), 1.92-1.89 (2H, m,
CH2), 1.64 (3H, s, C113C), 1.20 (3H, t, J= 7.2 Hz, CH3CH2 0); '3C NMR (90.5 MHz, CDCI3)
8211.5 (C=O), 96.3 (CH 3COC), 92.6 (OCH20), 91.1 (CCH2C=O), 78.4 (COCHC=O), 64.7
(CH3CH20), 56.3 (CHCHC=O), 52.8 (CCH 2C=O), 40.1 (CH2), 39.1 (CH2), 24.8 (CH3C),
16.1 (CH3CH20); IR (thin film/cm) v 2971, 2930, 1752, 1034; HRMS (ES) m/z calcd for
[M+Na] 249.1097. Found 249.1094.
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6.2.4 Synthes i s of the core of merriOactone A
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To a solution of cis-4-(tert-butyl-dimethyl-silanyloxy)- 1 -(3 -methyl-but-3 -enyl)-cyclopent-2enol (1.54 g, 5.74 mmol, 1 equiv) in THF (40 mL) at room temperature was added TBAF
(1.0 M solution in TI-IF, 11.47 mL, 11.47 mmol, 2 equiv). The reaction mixture was stirred
overnight and upon completion it was quenched by the addition of a saturated aqueous
solution of NH4 C1 (40 mL). The aqueous layer was extracted with Et 20 (3x40 mL) and the
combined organic layers were dried over Na 2SO4 and solvent evaporated in vacuo to afford a
crude brown oil (1.75 g). Purification of the residue by flash column chromatography (Si0 2,
EtOAc 100%) afforded 1 -(3 -methyl-but-3 -enyl)-cyclopent-4-ene- 1 ,3-diol

(0.85 g, 5.05

mmol, 88% yield) as a yellow oil. 1 H NMR (360 MHz, CDC1 3) 5 5.90-5.82 (2H, m,
CH=CIH[), 4.60-4.57 (3H, m, 2xCCH2 +CIHIOH), 2.40 (1H, dd, J=

14.6, 7.3 Hz,

C]H[2CHOH), 2.03-1.94 (2H, m, CH 2CHOH+CH2), 1.65-1.74 (6H, m, CH2+CIH[2+CH3); 13C
NMR (90.5 MHz, CDC13) ö 145.6 (CCH2 ), 139.5 (CCHCH), 134.7 (CCHCH), 109.7
(C=CH2 ), 83.8 (CCH=CH), 74.9 (CHOH), 47.5 (CCH 2CHOH), 38.3 (CCH2CH2C=CH2),
32.3 (CCH2CH2 ), 22.6 (CH3); IR (thin film/cm -') v 3334, 3073, 2966, 2937, 2857, 1649,
1445, 1096, 885; IHIRMS (ES) m/z calcd for C 10H2002N [M+N}L1] 186.1489. Found
186.1490.
512
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To a solution of 1 -(3 -methyl-but-3 -enyl)-cyclopent-4-ene- 1,3 -diol (0.65 g, 3.57 mmol,
lequiv) in dry CH 2C12 (15 mL) was added PDC (2.05 g, 5.35 mmol, 1.5 equiv) at 0 °C. The
reaction was stirred overnight at room temperature. The reaction mixture was then filtered
through celite with thorough CH 2Cl2 washing. The organic solvent was evaporated in vacuo
and the residue was purified by flash column chromatography (Si0 2, EtOAc 100%) to afford
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4-hydroxy-4-(3-methyl-but-3-enyl)-cyclOPeflt-2-eflOfle (0.41 g, 2.50 mmol, 70% yield) as a
yellow oil. 'H NMR (360 MHz, CDCI3 ) ö 7.44 (1H, d, J= 5.7 Hz, CHCHCO), 6.14 (1H,
d, J= 5.7 Hz, CHCHCO), 4.76 (1H, s, CCH 2), 4.73 (1H, s, C=CH2), 2.58 (1H, J= 18.4
Hz, CCH2 CO), 2.52 (1H, J= 18.4 Hz, CCH2CO), 2.20-2.03 (2H, m, CH 2C=CH2), 1.981.82 (2H, m, CH2CH2C=CH2), 1.75 (3H, s, CH3

);

' 3

C NMR (90.5 MHz, CDCI 3) ô 206.6

(C=O), 165.4 (CH=CHC=O), 144.9 (C=CH 2), 133.5 (CH=CHC=O), 110.7 (C=CH 2), 79.2
(CCHCHCO), 48.9 (CCH 2C=O), 38.0 (CH2C=CH2 ), 32.3 (CH2CH2CCH2), 22.5 (CH3);
IR (thin filmlcm') v 3398, 2933, 1717, 1676, 1648, 1590, 1406, 1124, 889, 804; HRMS

(ES) m/z calcd for C, 0H 18 02N [M+NH4] 184.1332. Found 184.1334.
2Ethoxy6a(3methyIbut-3-enyI)-2,3,6,6a1etrahYdrOCYCIOPeflta[b]fU ran -5-0ne
510
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EtO
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To a solution of 4-hydroxy-4-(3-methyl-but-3-enyl)-cycloPeflt-2-eflofle (0.12 g, 0.72 mmol,
1 equiv) in ethyl vinyl ether (2.76 mL, 28.87 mmol, 40 equiv), Pd(OAc) 2 (0.16 g, 0.72 mmol,
1 equiv) was added and the resulting mixture was stirred at room temperature for 3 hours.
The mixture was then filtered through celite with thorough washing with CH 2 0 2.
Evaporation of the solvent in vacuo afforded a residual orange oil. Purification by flash
column chromatography (Si02 saturated with Et 3N, Et2 0/hexane 2:3) afforded 2-ethoxy-6a(3-methylbut-3 -enyl)-2,3 ,6,6a-tetrahydrocyclopenta[b]furan-5-one (0.11 g, 0.47 mmol, 65%
yield, 1:1 mixture of diastereomeric acetals) as a yellow oil. 'H NMR (360 MHz, CDCI 3) 5
6.05 (IH, d, J= 2.4 Hz, C=CHCO), 5.91 (1H, m, C=CHC=O), 5.42 (1H, d, J= 6.1 Hz,
OCHO), 5.34 (1H, dd, J— 5.7, 3.6 Hz, OCHO), 4.72-4.65 (4H, m, 2xCCH2 ), 3.91 (1H, m,
CH3CH2 ), 3.74 (1H, m, CH3CH2 ), 3.58-3.44 (2H, m, CH 3CH2), 3.17-2.43 (8H, m,
2xOCHCH2 +2xCH2CO), 2.20-1.53 (8H, m, 2xCH 2CH2CCH2), 1.73 (3H, s, CH3CCH2),
1.71 (3H, s, CH3CCH2), 1.24 (3H, td, J= 7.1, 0.6 Hz, CH3CH20), 1.17 (3H, td, J= 7.1, 0.6
Hz, CH3CH20); 13C NMR (90.5 MHz, CDC1 3) 5 205.6 (C0), 205.5 (C0), 180.9
(C=CHC=O), 179.9 (C=CHC=O), 144.9 (C=CH 2), 144.7 (C=dH2 ), 126.6 (C=CHC=O),
124.9 (C=CHC=O), 110.3 (C=CH 2), 110.1 (C=CH 2), 105.3 (OCHO), 103.5 (OCHO), 89.5
(CC=CH=CO), 88.9 (CC=CH=C0), 64.4 (CH 3CH20), 63.0 (CH3CH20), 51.9
(C=CHC=OCH2 ), 50.1 (C=CHC=OCH2), 37.9 (CH 2C=CHC=O), 36.9 (CH 2C=CHC=O),
35.2 (CH2C=CH2 ), 34.5 (CH2C=CH2), 32.8 (CH 2CH2C=CH2), 32.5 (CH 2CH2C=CH2), 22.7
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(CH3C=CH2), 22.5 (CH3C=CH2 ), 15.1 (CH3CH20), 15.1 (CH3CH20); IR (thin film/cm') v
3075, 2976, 2931, 1719, 1650, 1088, 956; IEIRMS (FAB) m/z calcd for C 14H21 03 [MHJ
237.14907. Found 237.14902.
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To a solution of
one (0.09 g, 0.38 mmol, 1 equiv) in dioxane/water (3:1, 16 mL) were added 2,6-lutidine
(0.01 mL, 0.76 mmol, 2 equiv), 0s04 (4% in water, 0.05 mL, 7.6 i.tmol, 0.02 equiv) and
Na104 (0.33 g, 1.52 mmol, 4 equiv). The reaction was stirred at ambient temperature and
monitored by TLC. After the reaction was complete, water (10 mL) and CH 2 02 (10 ML)
were added. The organic layer was separated, and the aqueous layer was extracted with
CH2C12 (3x 15 mL). The combined organic layers were washed with brine, dried over MgSO 4
and solvent evaporated in vacuo to afford a crude brown oil (0.12 g). Purification of the
residue by flash column chromatography (Si0 2, Et2 0/hexane 7:3) yielded 2-ethoxy-6a-(3oxobutyl)-2,3,6,6atetrahydrocyclopenta[b]fUranS-one (0.04 g, 0.18 mmol, 47% yield, 1:1
mixture of acetal diastereoisomers) as a brown oil. 'H NMR (360 MHz, CDC1 3) ô 6.01(1 H,
d, J= 2.3 Hz, C=CHCO), 5.90 (1H, d, J= 2.3, 0.9 Hz, C=CIEIICO), 5.34 (1H, d, J= 5.6 Hz,
OCIHIO), 5.32 (111, dd, J= 5.6, 3.7 Hz, OCIHIO), 3.85 (1H, m, CH 3CIHI20), 3.70 (1H, m,
CH3CH20), 3.54 (1H, m, CH3CIHI2 0), 3.43 (1H, m, CH3CIHI2 0), 3.17-3.08 (2H, m,
OCHCH2), 2.92 (1H, m, OCHCIHI2 ), 2.76 (1H, d, JAB = 15.7 Hz, OCHCIHI2), 2.66-2.32 (8H,
m, 2xCIHI2 C'O+CH2+CH2), 2.21 (1H, m, CH 2 ), 2.15 (6H, s, 2xCH3 C'O), 2.04 (1H, m,
CR2), 1.85 (1H, m, CIHI2), 1.68 (1H, m, CR2), 1.22 (3H, t, J= 7.09 I-lz, CH3CH2), 1.15 (3H, t,
J7.08 Hz, C]HI3CH2); 13C NMR (90.5 MHz, CDC13) ö 207.4 (CH3CO), 207.4 (CH3C'O),
205.2 (C=CHC=O), 205.1 (C=CHC=O), 180.5 (C=CHC=O), 180.0 (C=CHC=O), 126.4
(C=CHC=O), 125.2 (C=CHC=0), 105.4 (OCHO), 103.6 (OCHO), 88.8 (CC=CHC=O),
88.3 (CC=CHC=O), 64.5 (CH 3CH2), 63.2 (CH3CH2), 51.5 (C=CHC=OCH 2), 50.0
(C=CHC=OCH2), 38.8 (CH2C=CHC=O), 38.5 (CH 2C=CHC=O), 34.9 (CH 2C==OCH3), 34.4
(CH2C=OCH3 ), 32.9 (CH2CH2C=OCH3 ), 32.2 (CH2CH2C'=OCH3 ), 30.2 (CH3C=O), 30.0
((CH3C=O), 15.1 (CH3CH2), 15.1 (CH3CH2 IR (thin film/cm-') v 2976, 2929, 17165 1650,
);

1089, 954; IHIRMS (FAB) m/z calcd for C 13H1904 [MH] 239.12833. Found 239.12836.
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Oxetane 264
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2-Ethoxy-6a-(3 -oxobutyl)-2,3,6,6a-tetrahydrocyclopenta[b]furan-5-one (0.13 g, 0.54 mmol,
I equiv) was dissolved in acetonitrile (200 mL) and the solution deoxygenated using a flow
of nitrogen for 1 hour. The solution was then immersed in an ice bath and irradiated with a
400 W medium pressure mercury lamp using a Pyrex filter. The reaction was monitored by
TLC and after 3 hours was stopped and the solvent evaporated. Purification of the residue by
flash column chromatography (Si0 2, Et2 0/ Hexane 1:3) afforded oxetane (0.12 g, 0.50
mmol, 93% yield, 1:1 mixture of acetal diastereoisomers) as a yellow oil and 2 -ethoxy-6a-(3 oxobutyl)-2,3 ,6,6a-tetrahydrocyclopenta[b]furan-5 -one (0.01 g, 0.04 mmol, 7% recovered
starting material) as a yellow oil. 'H NMR (360 MHz, CDC1 3) ö 5.29 (1H, dd, J= 4.2, 1.3
Hz, OCHO), 5.19 (1H, d, J= 4.7 Hz, OCHO), 4.66 (111, s, OCHC=O), 4.60 (111, s,
OCHCO), 3.79-3.71 (2H, m, CH 3CH20), 3.47-3.37 (2H, m, CH3CH20), 2.98 (1H, d, J=
18.2 Hz, OCHCH2), 2.98 (1H, d, JAB' 18.8 Hz, CH2 CO), 2.90 (1H, d, JAB= 18.8 Hz,
CH2CO),

2.59

JAB =

(1H, d,

18.2 Hz, OCHCH2), 2.40-1.80 (12H, m,

2xCCH2CH2C+CH2 CO+OCHCH2), 1.63 (3H, s, CCH3), 1.60 (3H, s, CCH3), 1.21 (3H, t,

J= 7.1 Hz, CH3CH2 0), 1.15 (311, t, J= 7.1 Hz, CH3CH20); '3C NMR (90.5 MHz, CDC13 ) 6
210.9 (C=O), 210.5 (C=O), 107.7 (OCHO), 105.5 (OCHO), 98.9 (CCH3), 98.8 (CCH 3),
98.7 (CH2 CO), 96.6 (CH2 CO), 84.4 (OCHC=O), 81.4 (OCHC=O), 62.6 (CH 3CH20), 62.4
(CH3CH20), 54.6 (CH 2C=O), 51.9 (CH2C=O), 39.9 (OCHCH 2), 39.2 (OCHCH2), 38.7
(CH2CCH3), 38.4 (CH2CCH3 ), 34.4 (CH2CH2CCH3), 34.1 (CH2CH2CCH3 ), 30.2 (CCCH3),
29.6 (CCCH3 ), 21.5 (CCH3 ), 21.2 (CCH3), 14.9 (CH3CH20), 14.7 (CH3CH20). IR (thin
film/cm-') v 2969, 2928, 1752, 1092, 1033; HRMS (ES) m/z calcd for C 31122 04N [M+NH4]
256.1543. Found 256.1540.

4(3MethyI-but-3-enyI)-4-triethyISiIaflYIOXY-CYCIOPeflt-2-eflOfle 557
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To a solution of 4-hydroxy-4-(3-methyl-but-3-enyl)-cyclopent-2-enone (0.30 g, 1.80 mmol,
1 equiv) in CH2C12 (10 mL) were added imidazole (0.12 g, 3.97 mmol, 2.2 equiv) and TESCL
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(0.33 mL, 1.97 mmol, 1.1 equiv). The reaction was stirred overnight at room temperature. As
the reaction did not go to completion further iniidazole (0.12 g, 3.97 mmol, 2.2 equiv) and
TESC1 (0.33 mL, 1.97 mmol, 1.1 equiv) were added and stirred for 2 hours. The reaction
was quenched with NII4 C1 (10 mL) and the aqueous layer was extracted with CH 2C12 (3x10
mL). The combined organic layers were dried over Na 2SO4 and solvent evaporated in vacuo
to afford a crude yellow oil (0.51 g). Purification of the residue by flash column
chromatography (Si02, hexanefEt 2 0 9:1) yielded 4-(3-methyl-but-3-enyl)-4triethylsilanyloxy-cyclopent-2-enone (0.47 g, 1.67 mmol, 93% yield) as a colourless oil. 'H
NMR (360 MHz, CDC1 3) 87.45 (1H, d, J= 5.7 Hz, CIHI=CHC=O), 6.12 (1H, d, J= 5.7 Hz,
CH=CIHIC=O), 4.71-4.67 (2H, m, C=CIH[2), 2.53 (1H, d, J= 18.4 Hz, CIH[2C0), 2.47 (1 H,
d, JAB= 18.4 Hz, CIH[2C=O), 2.17-2.00 (2H, m, CH2CH2C=CH2), 1.89-1.74 (2H, m,
CIH[2CH2C=CH2), 1.72 (3H, s, C1HI 3C=CH2), 0.93 (9H, t, J= 7.8 Hz, Si(CH2CIHI3)3), 0.56 (6H,
q, J= 7.8 Hz, Si(CIHI2CH3)3); '3C NMR (90.5 MHz, CDCI 3) 8 206.8 (C0), 166.7
(CH=CHC=O),

145.2 (CH3C=CH2), 132.9 (CH=CHC=O), 110.1 (CH 3C=CH2), 80.6

(CCH=CHC=O), 49.5 (CH 2C=O), 40.2 (CH2CH2C=CH2), 32.4 (CH2CH2C=CH2), 22.7
(CH3C=CH2), 6.9 (Si(CH 2CH3)3), 6.3 (Si(CH2CH3)3 ); l[R (thin film/cm) v 2955, 2912,
2876, 1725, 1077, 1005, 744; IHIRMS (ES) m/z calcd for C 16H32 0 2N 1 Si 1 [M+NH4

]

298.2197. Found 298.2194.

558
TESOJ.JO - TESOJJO
557

558

To a solution of 4-(3-methyl-but-3-enyl)-4-triethylsilanyloxy-cyclopent-2-enone (0.16 g,
0.56 mmol, 1 equiv) in water/acetone (3 mL/12 mL) at 0 °C were added NMO (0.13 g, 1.12
mmol, 2 equiv) and 0s0 4 (71.60 1iL, 0.01 mmol, 0.02 equiv) under stirring. The reaction
mixture was allowed to warm up to room temperature and was stirred for 5 hours. Upon
completion, the reaction was quenched with a saturated solution of Na 2 S 203 (10 mL). The
aqueous layer was extracted with EtOAc (3x1 5 mL), the combined organic layers were dried
over Na2SO4 and solvent evaporated in vacuo to afford a crude brown oil (0.21 g).
Purification by flash column chromatography (Si0 2, EtOAc/hexane 4:1) yielded 4-(3,4dihydroxy-3 -methyl-butyl)-4-tnethylsilanyloxy-cyclopent-2-enone (0.17 g, 0.54 mmol, 96%
yield) as a yellow oil. 'El NMR (360 MHz, CDC1 3) 87.45 (1H, d, J= 5.7 Hz, CHCHCO),
6.12 (1H, d, J= 5.7 Hz, CH=CHCO), 3.47-3.39 (2H, m, CH 20H), 2.52 (1H, d, JAB= 18.5

202

Experimental

Hz, CH2CO), 2.47 (1H, dm, JAB= 18.5 Hz, CH2 C=O), 2.10 (2H, bs, OH), 1.88-1.48 (4H, m,
CH2CH2 COH), 1.15 (3H, s, CCH3), 0.92 (9H, t, J= 7.9 Hz, Si(CH2CH3 ), 0.55 (6H, q, J=
)3

7.9 Hz, Si(CH 2CH3

) 3 ); ' 3

C NMR (90.5 MHz, CDCI3 ) 8206.7 (C=O), 166.6 (CH=CHCO),

133.2 (CH=CHC=O), 80.7 (CCH=CHC=O), 72.2 (CH 3COH), 69.8 (CH20H), 49.2
(CH2C=O), 35.9 (CH2CH2COH), 32.8 (CH2CH2 COH), 23.3 (CH3COH), 6.8 (Si(CH2CH3 ),
)3

6.3 (Si(CH2CH3 ); IR (thin film/cm') v 3397, 2954, 2876, 1719, 1079, 744; HRMS (ES)
)3

m/z calcd for C 16 H31 0 4Si, [M+H] 3 315.1986. Found 315.1989.
To 4-(3 ,4-dihydroxy-3 -methyl-butyl)-4-triethylsilanyloxy-cyclopent-2-enone (0.14 g, 1.60
mmol, 1 equiv) in acetone (5 mL) at 0 ° C was added a solution of sodium periodate (0.19 g,
0.88 mmol, 2 equiv) in water (2 mL). The mixture was stirred at room temperature for 5
hours and then partitioned between water (5 mL) and hexane (5 ML). The organic layer was
washed with water (10 mL) and brine (10 mL), dried over Na 2SO4 and the solvent
,

concentrated in vacuo. Purification of the residue by flash column chromatography (5i0 2

,

Et2 0/hex 3:2) afforded 4-[4-(tert-butyl-dimethyl-silanyloxy)-1 -ethoxymethoxy-cyclopent-2enyl]-butan-2-one (0.09 g, 0.34 mmol, 77% yield) as a colourless oil. 'H NAM (360 MHz,
CDC13) 57.41 (1H, d, J= 5.7 Hz, CHCHCO), 6.12 (1H, d, J= 5.7 Hz, CHCHCO),
2.67-2.50 (3H, m, CH 2C=OCH+CH 2CO), 2.16 (3H, s, CH3 C0), 2.05-1.88 (3H, m,
CH2C=OH+CH2CH2CO), 0.94-0.85 (9H, m, Si(CH 2CH3 ),
)3

Si(CH2CH3

)3 ;

'3

0.58-0.52

(6H, m,

C NMR (90.5 MHz, CDC13 8 207.7 (CH3 CO), 206.1 (CH=CHCO),
)

166.1 (CH=CHC=O), 133.3 (CH=CHC=O), 80.1 (CCH 2C=OCH), 49.2 (CCH2C=OCH),
38.5 (CH2CH2C=O), 35.5 (C=OCH3), 31.6 (CH2CH2C=O), 6.8 (Si(CH2CH3 ), 6.3
(Si(CH2CH3 ); IR (thin film/cm- ') v 2968, 2863, 1750, 1723, 1211, 998, 744; HRMS (FAB)
)3

)3

m/z calcd for C 15 H270 3Si 1 [M+H]' 283.1729. Found 283.1730.

6.3 Towards the total synthesis of natural merrilactone A

3,4-Dihydroxybutan-2-one 570

I

OH
blu

572

Freshly distilled but-3-en-2-one (4.63 mL, 57.07 mmol, 1 equiv) was added to a solution of
sodium chlorate (4.25 g, 39.95 mmol, 0.7 equiv) in 55 mL of water. The mixture was cooled

203

Experimental
with ice/water and 0s0 4 (0.47 mL of a 4% solution of 0s0 4 in water, 7.42x10-2 mmol,
0.0013 equiv) was added. The solution was kept at 0 °C for 2 hours and then at room
temperature for 4 days. The solution was filtered and water was removed by evaporation
under reduced pressure. The green residue was extracted with ethanol. The filtrate was
evaporated to dryness under reduced pressure to afford crude 3,4-dihydroxybutan-2-one
(4.57 g, 43.94 mmol, 77% yield) as a green oil (crystallises at low temperature). The material
was used without any further purification. 'JUl NIMR (360 MHz, CDCI 3) ö 4.231 (1H, m,
CIHIOH), 3.92 (1H, dd, J= 12.0, 3.1 Hz, CIHI 20H), 3.91 (1H, m, CIHI 20H), 2.27 (3H, s,
CH3C=O); '3 C NMR (90.5 MHz, CDC13) ö 207.6 (C0), 77.9 (CHOH), 63.5 (CH20H),
25.3 (CH3C=O).

The spectroscopic data was in agreement with that previously published.
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4-(en-I8utyd iphenyOsilyOoxy)-3-hydroxybutar-2-one 573
0

0

A

OH

-

A

OTBDPS

OH
570

OH

573

To 3,4-dihydroxybutan-2-one (0.08 g, 0.81 mmol, 1 equiv) in dry CH 2 0 2 (5 mL) were added
TBDPSC1 (0.26 mL, 0.98 mmol, 1.1 equiv), triethylamine (0.22 mL, 1.62 mmol, 2 equiv)
and DMAP (cat). The reaction mixture was stirred under nitrogen and at room temperature
overnight and was quenched with an aqueous solution of NH 4C1 (5 mL). The aqueous layer
was extracted with CH 2C12 (3x5 mL), the combined organic layers were dried over MgSO 4
and the solvent evaporated in vacuo to afford a browm oil. The crude residue was purified by
flash column chromatography (Si0 2, Et20/hexane 3:7) to yield 4-(tertbutyldiphenylsilyloxy)-3 -hydroxybutan-2-one (0.15 g, 0.44 mmol, 54% yield) as a yellow
oil. 'H NMR (360 MHz, CDC13) ö 7.68-7.65 (4H, m, ArH), 7.45-7.38 (6H, m, ArH), 4.21
(1H, m, CIHIOH), 4.04 (1H, dd, JAB,AX 10.9, 3.2 Hz, CIHI20Si), 3.92 (1H, dd, JAB,AX- 10.9,
3.7 Hz, CIHI20Si), 2.27 (3H, s, CIHI3), 1.05 (9H, s, SiC(CIHI 3 )3); ' 3C NMR (90.5 MHz, CDC13 )

o

207.9 (C=O), 135.5 (ArCH), 135.5 (ArCH), 132.8 (ArC), 132.5 (ArC), 129.9 (ArCH),

129.8 (ArCH), 127.8 (ArCH), 127.7 (ArCH), 77.8 (CHOH), 65.8 (CH(CH 2), 65.2 (C=0CH3 ),
26.6 (SiC(CH3 )3 ), 25.8 (SiC(CH 3 )3); IR (thin film/cm') v 3477, 3071, 2957, 2931, 2857,
1721, 1112, 703; IHIRMS (ES) m/z calcd for C20H30 0 3N 1 Si, [M+N}14 ] 360.1989. Found
360.1990.
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2-(1 -Chloroethyl)-2-methyl-1 ,3-dioxolane 575
0 0 C1

C1

575

574

To a round-bottomed flask equipped with a Dean-Stark system and containing 3-chloro-2butanone (9.43 mL, 93.85 mmol, I equiv) in benzene (134 mL) were added ethylene glycol
(7.0 mL, 126.70 mmol, 1.3 equiv) and p-toluenesulfonic acid monohydrate (0.43g. 2.24
mmol, 0.02 equiv). The mixture was refluxed and stirred for 20 hours and the solvent
removed in vacuo. The residue was dissolved in CH 2 0 2 (100 mL) and the solution washed
with a saturated aqueous solution of NaHCO 3 and brine. The organic layer was dried over
MgSO4 , filtered and evaporated. The remaining oil was distilled at 45 °C (0.2 mmHg) to give
2-(1-chloroethyl)-2-methyl-1,3-diOXOlafle (12.03 g, 79.77 mmol, 85% yield) as a colourless
oil. 'H NMR (200 MHz, CDC1 3 ) 6 3.98 (411, m, OCH2CH20), 3.94 (IH, q, J= 6.8 Hz,
CHC1), 1.48 (3H, d, J= 6.8 Hz, CH3 CHCI), 1.39 (3H, s, CH3 C).

The spectroscopic data was in agreement with that previously published.
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2-Methyl-2-vinyl-1 ,3-dioxolane 576

57
1
6

575Y

(+-)-2-(1 -Chloroethyl)-2-methyl-1,3-dioxolane (5 g, 33.20 mmol, 1 equiv) was added
dropwise to a stirred solution of KOH (12 g, 0.21 mol, 6.44 equiv) in ethylene glycol (24
mL, 0.43 mol, 12.96 equiv) at 125-130 °C. After 5 hours of warming, the mixture was
purified by distillation at 110-112 ° C (600-700 mbar) to yield 2-methyl-2-vinyl-1,3dioxolane (3.14 g, 27.56 mmol, 83% yield) as a colourless oil. 'H NMR (200 MHz, CDCI3 )
ö 5.8 (111, dd, J= 17.2, 10.5 Hz, CHCH2), 5.45 (111, dd, J= 17.2, 1.7 Hz, CHCH 2), 5.12
(I H, dd, J= 10.5, 1.7 Hz, CHCH2 ), 1.44 (3H, s, CH3 ).

The spectroscopic data was in agreement with that previously published

PON

.201

gxperiitaI
24ethyO-2-oxuranye 1 ,3-dioxoliane 577
/_\

-

/_\

11 — "
~o
577

576

2-Methyl-2-vinyl-1,3-dioxolane (0.86 g, 7.54 mmol, 1 equiv) and m-CPBA (9.30 g, 37.71
mmol, 5 equiv) in CH2C12 (20 mL) was stirred at rt for 5 days. Saturated NaHCO 3 (20 ML)
was added to the mixture which was cooled to 0 °C. The aqueous layer was separated and
extracted with CH 2C12 (3x20 mL). The organic fractions were combined, washed with 3%
Na2S2 0 3, saturated NaHCO 3, water and NaOH (1M), dried over MgSO 4 and evaporated in
vacuo. The remaining residue was purified by distillation (80 °C, 50 mbar) to yield 2-methyl2-oxiranyl-1,3-dioxolane (0.87 g, 6.71 mmol, 89% yield) as a colourless oil. 'IHI NMR (250
MHz, CDC1 3) ö 3.90-3.83 (4H, m, OCH 2CH20), 2.93 (1H, t, J = 3.4 Hz, C]HlO), 2.59 (2H, d,
=

3.4 Hz, CIHI20), 1.29 (31-1, s, CH3C).

The spectroscopic data was in agreement with that previously published. 161
2-odo.1 -(2-methyl-I ,3-dioxoDan-2-yl)ethanofl 579162

5

KOH

576

579

N-iodo succinimide (3.11 g, 13.14 mmol, 1.5 equiv) was added at —20 °C over 30 minutes to
a solution (0.1 M) of 2-methyl-2-vinyl-1,3-dioxolane (1.04 g, 8.76 mmol, 1 equiv) in a 2:1
mixture of DME (58.40 mL) and water (29.20 mL). The reaction mixture was left stirring at
—20 °C for 3 hours. After addition of a saturated solution of NaCl (50 mL) the reaction
mixture was extracted with Et 20 (3x25 mL). Evaporation of the solvent and purification by
flash column chromatography (5i0 2, Et20 100%) furnished of 2-iodo-1-(2-methyl-1,3dioxolan-2-yl)ethanol (0.46g, 1.78 mrnol, 20% yield) as a yellow oil. 'IH[ NMR (360 MHz,
CDC13) ô 4.25 (1H, t, J= 6.10 Hz, C]H[OH), 4.09-3.99 (4H, m, OCH 2CH20), 3.89-3.86 (2H,
m, CIH[21), 1.59 (bs, OH), 1.58 (3H, s, CCIHI3); ' 3 C NMR (90.5 MHz, CDC13) ô 109.7
(CCH3), 65.8 (CHOH), 65.3 (OCH2CH20), 65.3 (OCH2CH20), 39.8 (CH2I), 21.9 (CCH3);
l[R(thin film/cm')v 3433, 2959, 2884, 1101, 1041; HRMS (ES) m/z calcd for C6H,,031,Na,
[M+Na] 280.9645. Found 280.9646.
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2-(1 -(Ethoxymethoxy)-2-iodoethyl)-2-methyl-1 ,3-dioxolane 580
/__\

/_\
00
)K0H

00

579I

580

I

To a solution of 2-iodo-1-(2-methyl-1,3-dioxolan-2-yl)ethanol (0.36 g, 1.40 mmol, I equiv)
in CH2 0 2 (15 mL) were added DIPEA (0.42 mL, 2.47 mmol, 1.8 equiv), EOMCI (0.19 mL,

2.05 mmol, 1.5 equiv) and DMAP (cat). The solution was stirred at room temperature
overnight. The mixture was washed with N}L,Cl (3x10 mL), dried over MgSO 4 and solvent
evaporated. The residue was purified by flash column chromatography (Si0 2, Et20lhexane
1:1) to afford 2-( 1 -(ethoxymethoxy)-2-iodoethyl)-2-methyl-1 ,3 -dioxolane (0.42 g, 1.32
mmol, 96% yield) as a yellow oil. 'H NMR (360 MHz, CDC13 ,) 6 4.73-4.72 (2H, m,
OCH20), 4.23 (1H, dd, J= 8.3, 4.0 Hz, CHOCH20), 4.05-3.96 (4H, m, OCH 2CH20), 3.883.77 (211, m, CH2I), 3.67-3.58 (2H, m, OCH2CH3 ), 1.54 (311, s, CH3 CCHO), 1.23-1.19 (3H,
m, OCH2CH3); '3 C NMR (90.5 MHz, CDC13 (5108.6 (CH3 CCHO), 95.1 (OCH20), 66.8
(CHOCH20), 65.3 (OCH2CH2 0), 65.3 (OCH2CH20), 63.2 (Cl21), 37.9 (OCH2CH3 ), 22.6
)

(CH3CCHO), 22.2 (OCH 2CH3 ); IR (thin film/cm- ') v 2975, 2933, 2881, 1115,1041; HRMS
(ES) m/z calcd for C 9H21 04N1 11 [M±NH4 ] 334.0510. Found 334.0512.

3-(Ethoxymethoxy)but-1 -ene 606
OEOM

OH

606

605

To but-3-en-2-ol (2.38 mL, 27.72 mmol, 1 equiv) in dry CH 202 (20 mL) were added DIPEA
(14.48 mL, 83.16 mmol, 3 equiv), EOMC1 (5.14 mL, 55.44 mmol, 2 equiv) and DMAP (cat).
The reaction mixture was stirred at room temperature overnight and quenched with and
aqueous saturated solution of NH 4 C1 (20 mL). The aqueous layer was extracted with CH 2 0 2
(3x20 mL) and the combined organic layers were dried over MgSO 4 and solvent evaporated
to afford a crude yellow oil. Purification by flash column chromatography (5i0 2

,

hexane/Et2 0 1:1) afforded 3-(ethoxymethoxy)but-1 -ene (3.57 g, 27.44 mmol, 99% yield) as
a colourless oil. 'H N1\'IR (360 MHz, CDCI 3) 6 5.73 (1H, ddd, J= 18.0, 12.6, 7.1 Hz,
CH2 CHCH), 5.22-5.11 (2H, m, CH2 CHCH), 4.70 (1H, JAB= 6.9 Hz, OCH2 0), 4.65 (IH,
J,= 6.9 Hz, OCH 2 0), 4.18 (111, m, CH 3CHCHCH2), 3.72-3.49 (2H, m, OCH2CH3), 1.25
(3H, d, J= 6.5 Hz, CH 3CHCHCH2), 1.21 (3H, t, J= 7.1 Hz, OCH2CH3); '3 C NMR (90.5
MHz, CDC13 ) 6 139.6 (CH2 CHCH), 115.9 (CH 2 CHCH), 92.3 (OCH 20), 72.9
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(CH3CHCH=CH2), 63.1 (OCH2CH3), 21.2 (CH3CHCH=CH2), 15.2 (OCH2CH3 );

m

(thin

film/cm) v 2923, 1540, 1260; IHl1.MS (El) m/z calcd for C 7H 1302 [M-H] 129.0911. Found
129.09 10.

2-(1 -(Ethoxymethoxy)ethyO)oxirane 607
OEOM

606

OEOM

607

To 3-(ethoxymethoxy)but-1-ene (1.98 g, 15.38 mmol, 1 equiv) in CH 2 0 2 (100 mL) was
added m-CPBA (7.96 g, 46.14 mmol, 3 equiv). The reaction was stirred for 36 hours at room
temperature until completion. The reaction mixture was washed with NaHCO 3 (2x50 ML),
NaOH (1M solution, 2x50 mL), brine and water until m-CPBA and the corresponding acid
disappeared. The crude residue was purified by flash column chromatography (Si0 2, CH2 0 2
100%) to afford 2-(1-(ethoxymethoxy)ethyl)oxirane (1.21 g, 8.28 mmol, 54% yield, mixture
of 2 diastereomers) as a yellow oil. 'H NMR (360 MHz, CDCI 3) ö 4.83 (1H, d, JAB 7.2 Hz,
OCIH[20), 4.75 (1H, d, JAB= 7.2 Hz, OCH20), 4.72 (1H, d, JAB 6.9 Hz, OCH20), (1H, d,
JAB= 6.9 Hz, OCIHI20), 3.69-3.56 (5H, m, 2xOCH2CH3+CH3CHO), 3.51 (1H, q, J= 6.5 Hz,
CH3CHO), 2.99 (1H, m, CH 20CHCHCH3), 2.91 (1H, m, CH 20CHCHCH3), 2.79-2.75 (2H,
m, CIHI20CHCHCH3), 2.70 (1H, m, CH 20CHCHCH3), 2.55 (1H, m, CH20CHCHCH3),
1.27-1.18 (12H, m, 2xCH 20CHCHCH3+2xOCH2CH3); ' 3C NMR (90.5 MHz, CDC13) ô 93.9
( OCHO), 93.7 (OCH 20), 73.6 (CH3(CHO), 72.2 (CH 3CHO), 63.3 (OCH 2CH3), 63.2
(OCH2CH3), 55.2 (CH 20CHCHCH3), 54.2 (CH20CHCHCH 3), 45.6 (CH20CHCHCH3),
43.7 (CH20CHCHCH3), 17.7 (OCH2CH3), 17.2 (OCH2CH3), 15.1 (CH20CHCHCH3); l[R
(thin film/cm) v 2977, 2932, 1109, 1033; H11MS (ES) m/z calcd for C7H 1803N, [M+NH4]
164.1281. Found 164.1282.

o_ _• _o_ _

3-Ethoxymethoy-1 -phenyflsuiWanyfl-butan2oO 618
OEOM

0H

0
LMi
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618

2-( 1 -(Ethoxymethoxy)ethyl)oxirane (0.21 g, 1.37 mmol, 1 equiv) was slowly added to a
stirred solution of thiophenol (0.12 mL, 1.23 mmol, 0.9 equiv) and potassium carbonate
(0.20 g, 1.92 mmol, 1.05 equiv) in EtOH (10 mL). The mixture was refluxed for 2.5 hours
after which it was cooled and poured into water (10 mL) and extracted with Et20 (3x 10 mL).
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The combined organic layers were washed with diluted NaOH (- 0.5 M, 10 mL) and with
water, dried over anhydrous Na 2SO4, and solvent evaporated in vacuo to afford crude 3ethoxymethoxy-1 -phenylsulfanyl-butan-2-ol (0.27 g, 1.04 mmol, 76% yield) as a brown oil
(1:0.75 mixture of 2 diastereomers). 1 H NMR (360 MHz, CDC13) ö 7.40-7.38 (4H, m, ArH),
7.31-7.27 (4H, m, ArH), 7.19 (2H, m, ArH), 4.80 (1H, d, JA 7.0 Hz, OCH20), 4.77 (1H, d,
JAB =6.9 Hz, OCH20), 4.75 (1H, d, J= 7.0 Hz, OCH2 0), 4.75 (1H, d, JAB = 6.9 Hz,
OCH20), 3.88-3.54 (8H, m, 2xCH 3CHCH0H+2x0CH 2CH,), 3.21-2.93 (4H,
2xPhSCH2CH), 1.23-1.18 (12H, m, 2xOCH2 CH3+2xCH3 CHCH); 13 C NMR (90.5 MHz,
CDC13 ) ö 135.7 (PhC-C), 135.6 (PhC-C), 129.7 (PhCH), 129.7 (PhCH), 128.9 (PhCH), 126.4
(PhCH), 126.3 (Phd), 94.1 (OCH 20), 94.1 (OCH20), 76.1 (CH3CHO), 75.0 (CH3CHO),
72.9 (cHoH), 72.2 (CHOH), 63.7 (CH2SPh), 63.6 (CH2SPh), 37.6 (0CH2CH3), 37.2
(0CH2CH,), 16.6 (CH3), 15.6 (CH3), 15.0 (CH3); IR (thin film/cm') v 3444, 2974, 2930,
1097,1035; HRMS (ES) m/z calcd for C 13H21 03 5 1 [M+H] 257.1206. Found 257.1206.

4-(tert-Butyl -diphenyl-silanyloxy)-1 -(3-ethoxymethoxy-2-hydroxy-butyl)cyclopent-2-enol 609169
OEOM

OTBDPS

HO,,

EOMO

OH
609
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To a stirred solution (glass coated stirrer) of 4,4-di-tert-butylbiphenyl (0.78 g, 3.01 mmol,
4.4 equiv) in dry TFIF (10 mL) lithium metal (0.02 g, 3.01 mmol, 4.4 equiv) was added and
the mixture was somcated until a blue colour appeared. The solution was vigorously stirred
for 6 hours at 0 T. The deep blue solution of the radical anion was cooled to —78 °C. A
solution of 2-( 1 -(ethoxymethoxy)ethyl)oxirane (0.10 g, 0.68 mmol, 1 equiv) in dry THE (5
mL) was added and the mixture stirred for 5 minutes. When the blue colour of the reaction
disappeared 4-(tert-butyl-diphenyl-silanyloxy)-cyclopent-2-enone (0.20 g, 0.61 mmol, 0.9
equiv) in dry TFIF (5 mL) was added and the reaction was allowed to stir for 1 hour. The
reaction mixture was quenched with a saturated aqueous solution of NH 4C1. The aqueous
phase was separated and extracted with Et 20 (3x10 mL). The combined organic layers were
dried over Na2 SO 4 and the solvent was evaporated in vacuo to afford a crude residue.
Purification by flash column chromatography (5i0 2, Et20fhexane 2:3) afforded 4-(tert-butyldiphenyl-silanyloxy)- 1 -(3 -ethoxymethoxy-2-hydroxy-butyl)-cyclopent-2-enol (0.07 g, 0.15
mmol, 22% yield) as a yellow oil. 'H NMR (360 MHz, CDC1 3) ö 7.70-7.67 (4H, m, ArH),
7.43-7.36 (6H, m, ArH), 5.95 (1H, m, CH=CHCHOSi), 5.74 (IH, m, CH=CHCHOSi), 4.74-
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4.65

(3H,

m,

CH=CHCIHIOS1+OCIHI2O),

3.65-3.52

(4H,

CH3CIHI2O+OCH2OCH+CH3CHCHOH), 2.32 (1H, m, CIEI 2CHOSi), 1.79 (1H, m,
CIHI2CHOSi), 1.48 (CCIHI2CHOH), 1.41 (1H, m, CCIH[2CHOH), 1.26 (3H, tm, J= 6.9 Hz,
OCH2C1HI3), 1.09 (9H, s, SiC(CH3)3 ), 1.09 (911, s, SiC(CIHI 3)3), 1.02 (3H, s, CIHI3 CHCHOH),
1.00 (3H, s, CIHI3 CHCHOH); ' 3 C NMR (90.5 MHz, CDC13 ) 5 140.7 (CH), 138.5 (CH), 136.7
(CH), 135.9 (q), 130.7 (CH), 128.7 (CH), 95.6 (OCH20), 95.4 (OCH20), 84.5 (HOCCH2),
83.9 (HOCCH2), 77.3 (HOCH), 76.54 (HOCH), 74.4 (CH2CHOSi), 74.1 (CH2CHOSi), 64.7
(OCH2CH3), 64.6 (OCH2CH3), 51.7 (CH2CHOSi), 49.1 (CH2CHOSi), 43.4 (CCH2CHOH),
41.8 (CCH2CHOH), 27.9 (CH 3CH20), 27.8 (CH 3CH20), 20.1 (CH3CHCHOH), 17.4
(SiC(CH3 )3 ), 17.2 (SiC(CH3 )3 ), 16.1 (SiC(CH 3 )3 ); IR (thin film/cm') v 3398, 3071, 2931,
2857, 1428, 1109, 1037; IIIRMS (ES) m/z calcd for C28 H0 5N 1 Si 1 [M+NIH4] 502.2983.
Found 502.2983.

4-(ert-Butyl-d pheryO -silanyoxy)-1 -(3-ethoxymethoxy-2-hyd roxy-btyH)cydopeuit-2-etioD

69170
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To a stirred solution (glass coated stirrer) of 4,4-di-tert-butylbiphenyl (0.24 g, 0.92 mmol, 1
equiv) in dry THY (5 inL) lithium metal (0.064 g, 9.20 mmol, 10 equiv) was added and the
mixture was sonicated until a blue colour appeared. The solution was vigorously stirred for 6
hours at 0 T. The deep blue solution of the radical anion was cooled to —78 °C. 3Ethoxymethoxy-1-phenylsulfanyl-butan-2-ol (0.26 g, 1.01 mmol, 1.1 equiv) in dry THF (5
mL) was treated with n-butyl lithium (0.63 mL, 1.01 mmol, 1.1 equiv) at —78 °C for 2
minutes. The reaction mixture was treated with the LDBB solution previously prepared at
the same temperature and was left stirring for 2 hours. 4-(tert-Butyl-diphenyl-silanyloxy)cyclopent-2-enone (0.31 g, 0.92 mmol, 1 equiv) was added to this solution and the mixture
was left stirring for a further 30 minutes. Upon completion the reaction was quenched with
NH4C1. The aqueous phase was separated and extracted with Et 20 (3x20 mL). The combined
organic layers were dried over Na 2SO4 and the solvent was evaporated in vacuo to afford a
crude residue. Purification by flash column chromatography afforded 4-(tert-butyl-diphenylsilanyloxy)- 1 -(3 -ethoxymethoxy-2-hydroxy-butyl)-cyclopent-2-enol (0.30 g, 0.62 mmol,
67% yield) as a yellow oil.
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6.3.1 Preparation

(R)-(+)-4-tert-butyldimethylsiloxy-2-cycIopeflt-1 -one

515 182,183

Cis-(±)-4-( tert-Butyl -dimethyl-si Ianyloxy)-cyclopent-2-enol 623
TBSO'J"OH + TBSOJOH

TBSO"JO

cis4±)-623

(±)-515

trans-(±)-623

A slurry of LiA1H 4 (0.06 g, 1.51 mniol, 0.6 equiv) and Lii (0.22 g, 1.17 mmol, 0.5 equiv) in
toluene (5 mL) under nitrogen was cooled to -30 °C and treated dropwise with a solution of
4-(tert-butyldimethylsilanyloxy)cyclopent-2-enOfle (0.50 g, 2.36 rnmol, 1 equiv) in TBME

(2.50 mL). The mixture was stirred at -25 to -30 ° C for 48 hours then treated with saturated
aqueous NH4C1 (5 mL) and filtered. The phases were separated and the aqueous phase was
extracted with toluene (2x5 mL). The combined organic layers were dried over MgSO 4

,

filtered and the solvent evaporated in vacua. Kugelrohr distillation of the crude material
under reduced pressure

(65-68

°C, 0.4 mmHg) afforded

cis-4-(tert-

butyldimethylsilanyloxy)cyclopent-2-enOl (0.41 g, 1.91 mmol, 82 % yield) as a colourless oil
and a 9:1 ratio of cis/trans diastereomers by 'H-NMR. 'H NMR (360 MHz, CDCI3 ô 5.94
)

(111, dm, J= 5.3 Hz, CH=CHCHOH), 5.89 (1H, dm, J= 5.3, CH=CHCHOH), 4.66 (IH, m,
CHCHCHOH), 4.59 (1H, m, CHCH=CHOH), 2.68 (1H, m,CH=CHCHCH 2 ), 1.63 (1H, bs,
OH), 1.51 (1H, dt, J= 13.8, 4.6 Hz, CH'CHCHCH2 ), 0.90 (9H, s, SiC(CH3 ), 0.09 (6H, s,
)3

Si(CH3 C(CH3
)2

) 3 );

13

C NMR (90.5 MHz, CDC13 ) 137.1 (CH"CHCHOH), 135.5

(CH=CHCHOH), 75.2 (CH=CHCHOH), 75.1 (CHCH=CHCHOH), 44.7 (CH=CHCHCH 2),

25.9 (Si(CH3 C(CH3 ), 18.7 (Si(CH3 C(CH3 ), -4.7 (Si(CH3 C(CH3 ).
)2

)2

)3

)3

)2

)3

The spectroscopic data was in agreement with that previously published.

(1R,4S).4(tert-Butyl-dimethyI-siIanyIOXy)-CYCIoPeflt-2-efloI 623 and Acetic acid
(IS,4R)-4-(tert-butyl -dimethyl-silanyloxy)-cycIopeflt-2-eflYI ester 624
TBSO'O'OH
cis-(±)-623

10

TBSO'O'OH + AcO'O'OTBS
(IR, 4S)-623

(IS, 4R)-624

4-(tert-butyldimethylsilanyloxy)cycloPeflt-2-eflol (14.65 g, 68.32 mmol, 1 equiv) in TBME
(100 mL) was treated sequentially with Et 3N (7.30 mL, 52.69 mmol, 0.7 equiv), pancreatin
(43.21 g, 3 wt equiv; Sigma 8xUTP) and vinyl acetate (30.00 mL, 317.84 mmol, 5 equiv)
and stirred overnight at room temperature. The resulting slurry was filtered and concentrated
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in vacuo. Purification by flash column chromatography (Si0 2, EtOAc/hexane 2:8) provided
acetic acid (1 S,4R)-4-(tert-butyldimethylsilanyloxy)cyclopent-2-enylester (8.13 g, 31.72
mrnol, 46 % yield) and (IR, 4S)-4-(tert-butyldimethylsilanyloxy)cyclopent-2-enol (6.93 g,
32.33 mmol, 47% yield) as colourless oils. For

(1R,4S)-4-(tert-

butyldimethylsilanyloxy)cyclopent-2-enol: 'H NMR (250 MHz, CDC13 ) 6 5.95 (1H, dm, J
6.1 Hz, CH=CIEICHOH), 5.90 (1H, dm, J= 6.1 Hz, CH=CHCHOH), 4.65 (IH, m,
CH=CHCIHIOH), 4.59 (1H, m, CHOTBS ), 2.69 (1H, m, CH=CHCHCH 2 ),1.80 (1H, bs,
OH), 1.35 (1H, dt, J= 13.5, 4.5 Hz, CH=CHCHCH 2), 0.90 (9H, s, SiC(CIH[3 )3 ), 0.10 (s, 6H,
Si(CH3 )2); ' 3 C NMR (90.5 MHz, CDC13 ) (5137.0 (CHCHCHOH), 135.5 (CHCHCHOH),
75.2 (CHOTBS), 75.1 (CHOH), 44.7 (CH=CHCHCH 2), 25.9 (Si(CH3 )2 C(CH3 )3 ), 18.1
(Si(CH3 )2 C(CH3 )3 ), -4.7 (Si(CH 3 )2C(CH3)3), - 3.6 (Si(CH3)2 C); [a] 20 D -15.73° (CHC13 , c
0.89) [lit. 182 [a] 20D -21.20 (CHC13,

c

0.89)]. For acetic acid

(1S,4R)4-(tert-

butyldimethylsilanyloxy)cyclopent-2-enylester: 'H NMR (250 MHz, CDC1 3 ) (5 5.97 (1H,
dm, J= 5.8 Hz, CH=CHCHOAc), 5.88 (1H, dm, J= 5.8 Hz, CTHI=CHCHOAc), 5.45 (1H, in,
C]H[OAc), 4.71 (1H, m, CIHIOTBS), 2.80 (1H, dt, J= 13.7, 7.42 Hz, CH=CHCHCH 2), 2.04
(3H, s, OCOCH3), 1.60 (1H, dt, J= 13.7, 5.0 Hz, CH=CHCHCH 2), 0.89 (9H, s, SiC(CIHI 3 )3 ),
0.09 (3H, s, Si(CIHI3 )2 ), 0.08 (3H, s, Si(CH3 )2); ' 3 C NMR (90.5 MHz, CDC13 ) 6 170.9
(OC=OCH3), 138.9 (CH=CHCHOAc), 131.1 (CH=CHCHOAc), 76.6 (CHOAc), 74.8
(CHOTBS), 41.1 (CH=CHCHCH 2), 25.8 (Si(CH 3 )2 C(CH3 )3 ), 21.2 (OC=OCH 3), 18.2
(Si(CH3 )2 C(CH3 ) 3 ), -4.6 (CH3, Si(CH3 )2 C(CH3 )3 ), -4.7 (CH3 , Si((CH3 )2 C(CH3 )3); [U] 20D -4°
(CHC13, c 1) [lit. 182 [a] 20D -0.6 0 (CHCI3, c 1)].

The spectroscopic data was in agreement with that previously published.

ester

Acetic acid
629
TBSO'

"OH - TBSO"

(IR,4S)-623

"OAc

(1R,4S)-629

(1 R, 4S)-4-(tert-Butyldimethylsilanyloxy)cyclopent-2-enol (6.23 g, 0.03 mol, 1 equiv) was
dissolved in pyridine (125 mL), then treated with Ac 20 (12.50 mL) and stirred for 18 hours
at room temperature. The resulting crude reaction mixture was diluted with Et 20 (600 mL)
and washed sequentially with 3 N HC1 (2x500 mL), saturated NaHCO 3 (300 ML) and brine
(300 mL). The combined organic layers were dried over MgSO 4 and the solvent was
evaporated in vacuo to give acetic acid (1R,4S)-4-(tert-butyldimethylsilanyloxy)cyclopent-
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2-enyl ester (7.00 g, 0.02 mol, 94% yield) as a yellow oil. 'H NMR (360 MHz, CDCI3) ô

5.97 (1H, dm, J= 6.0 Hz, CH=CHCHOAc), 5.88 (1H, m, J= 5.5 Hz, CH=CHCHOAc), 5.46
(1H, m, CHOAc), 4.71 (1H, m, CHOTBS), 2.81 (1H, dt, J= 13.8, 7.3 Hz, CH=CHCHCH2 ),
2.04 (3H, s, OC=OCH3 ), 1.60 (1H, dt, Jr 13.8, 4.9 Hz, CH=CHCHCH 2), 0.90 (9H, s,
Si(CH3 C(CH3 ), 0.09 (3H, s, Si(CH3 C(CH3 ), 0.08 (3H, s, Si(CH3 C(CH3
)2

(90.5

)2

)3

)2

)3

MHz, CDC13 ) ô 170.9 (000CH 3

) 3 ); ' 3

C NMR

138.9 (CHCHCHOAc), 138.9

),

(CHOTBS), 41.2 (CHCHCHCH 2), 25.9

(CH=CHCHOAc), 76.6 (CHOAc), 74.9

(Si(CH3 C(CH3 ), 21.2 (OC=OCH 3), 18.2 (Si(CH3 C(CH3 ), -4.6 (Si(CH3 C(CH3 ), -4.7
)2

)2

)3

)2

)3

)3

(Si(CH3 C(CH3 ).
)2

)3

The spectroscopic data was in agreement with that previously published.

Acetic acid (IR,4S)-4-hydroxy-cyclOpeflt-2-eflyI ester 630
TBSO'

"OAc

HO'

IN

OAc

(1R,4S)-630

(1R,4S)-629

To a solution of acetic acid (IR,4S)-4-(tert-butyldimethylsilanyloxy)cyclopeflt-2-enYleSter
(7.01 g, 27.30 mmol, 1 equiv) in THF (250 mL) was added TBAF (32.60 mL, 32.60 mmol,
1.2 equiv). The reaction mixture was stirred at room temperature for 2.5 hours and upon
completion it was diluted with Et 2 0 (100 mL). The reaction mixture was washed with
saturated aqueous NU,Cl (100 mL). The phases were separated and the aqueous phase was
extracted with Et 2 0 (2x100 mL). The combined organic layers were dried over MgSO 4 and
the solvent was evaporated in vacuo. Purification by flash column chromatography (Si0 2
,

EtOAc/hexane 7:3) provided acetic acid (IR, 4S)-4-hydroxy-cyclopent-2-enyl ester (3.34 g,
23.50 mmol, 86% yield) as colourless crystals. 'H NMR (360 MHz, CDCI3) ö 6.12 (IH, m,
CHCHCHOAc), 5.99 (1H, m, CHCHCHOAc), 5.49 (1H, m, CHOAc), 4.72 (111, m,
CHOH), 2.80 (1H, m, CH=CHCHCH2 ), 2.05 (3H, s, OC=OCH3), 1.77 (1H, bs, OH), 1.65
(1H, dt, J= 14.6, 3.7 Hz, CH=CHCHCH 2

);

'3

C NMIR (90.5 MHz, CDC13

)

ô 170.7

(OCOCH3 ), 138.5 (CHCHCHOAc), 132.6 (CH=CHCHOAc), 74.9 (CHOAc), 40.5
(CH=CHCHCH2 ), 21.2 (OC=OCH3).

The spectroscopic data was in agreement with that previously published.
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Acetic acid (R)-4-ono-cycflopent2enyI ester 622
HOO"OAc
(1R,4S)-630

O"OAc
(R)-622

Acetic acid (IR,4S)-4-hydroxy-cyclopent-2-enyl ester (3.34 g, 23.50 mmol, 1 equiv) was
dissolved in CH2 0 2 (150 mL) and cooled to 0 °C. PDC (13.26 g, 35.25 mmol, 1.5 equiv)
was added to the solution. The reaction mixture was allowed to warm up to room
temperature and was stirred overnight. The solution was filtered through a plug of celite and
a plug of silica and was washed thoroughly with CH 2C12. The solvent was evaporated in
vacuo to give acetic acid (R)-4-oxocyclopent-2-enylester (3.09 g, 22.05 mmol, 94% yield) as
a colourless oil. 'IHI NMR (250 MHz, CDC13) ö 7.56 (1H, dd, J- 5.7, 2.5 Hz, CH'CHC'O),
6.33 (1H, dd, J= 5.7, 1.3 Hz, CH=CIH[C=O), 5.85 (1H, m, CIH[OAc), 2.82 (1H, dd, JAB,AX
18.8, 6.4 Hz, CH 2CHOAc), 2.33 (IH, dd, 18.8, 2.2 Hz, CH 2CHOAc), 2.10 (3H, s,
OCOCIH[3); '3C NMR (90.5 MHz, CDC13 ) ô 204.7 (CHCHCO), 170.5 (OC=OCH3), 158.8
(CIH[=CHC=O), 136.9 (CH=CIHIC=O), 71.9 (CHOAc), 40.7 (CHCH 2C=O),
(OC=OCH3

20.9

).

The spectroscopic data was in agreement with that previously published.

(R)-llydroxy-cycDopent2enone 449
'OAc

O
(R)-622

"OH

O

(R)-449

To a solution of acetic acid (R)-4-oxocyclopent-2-enylester (3.09 g, 22.05 mmol, 1 equiv) in
methanol (90 mL) was added a solution of K2CO3 (25 mL, 1M solution) at room
temperature. The reaction mixture was stirred for 2.5 hours and concentrated in vacuo. The
residue was taken up into CH 2 0 2 (50 mL) and washed with brine (50 mL). The aqueous
layer was extracted with EtOAc (3x50 mL). The combined organic layers were dried over
MgSO4 and the solvent was concentrated in vacuo to afford (R)-4-hydroxy-cyclopent-2enone (0.77 g, 7.87 mmol, 36% yield) as a brown oil. 'IRE NMR (250 MHz, CDC1 3) ô 7.62
(1H, dd, J= 5.7, 2.3 Hz, CWCHCO), 6.26 (1H, dd, J= 5.7, 1.3 Hz, CH=CHC=O), 5.14 (1
H, m, CIH[OH), 2.67 (1H, dd, JAB,AI 18.5, 5.8 Hz, CHCH2), 2.29 (1H, dd, JABA' 18.5, 2.2
Hz, CHCH2 ), 1.61 (1H, bs, OH).

The spectroscopic data was in agreement with that previously reported.
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(R)-4-(tert-Butyl-dimethyl-silanyloXy)-cyCIOPent-2-eflOfle 515
OJ'OH
(R)-449

OJ'OTBS
(R)-515

To (R)-4-hydroxy-cyclopent-2-enone (0.77 g, 7.87 mmol, 1 equiv) in THF (5 mL) was added
Et3N (1.75 mL, 12.60 mmol, 1.6 equiv) and DMAP (0.02 g, 0.16 mmol, 0.02 equiv). The
solution was cooled to 0 °C and treated portionwise with TBSCI (1.12 g, 7.87 mmol, I
equiv) to keep the temperature below 10 °C. The reaction mixture was stirred at room
temperature overnight, then poured into an aqueous solution of HC1 (50 mL, 0.5 N). The
phases were separated and the aqueous phase was extracted with heptane (2x10 ML). The
combined organic layers were washed sequentially with aqueous HCI (2x10 mL, 0.5 N),
NaHCO3 (lxlO mL, 5% solution) and brine (WO mL), dried over MgSO 4 and the solvent
evaporated in vacuo to give crude 4-(tert-butyldimethylsilanyloxy)cyclopent-2-enone as a
brown oil. TBSOH was removed by azeotropic distillation with toluene (2x10 mL) affording
(R)-4-(tert-butyl-dimethyl-silanyloxy)-cyclopent-2-enone (0.21 g, 0.99 mmol, 13% yield) as
a brown oil. 'H NMR (250 MHz, CDC1 3) 6 7.32 (IH, dd, J= 5.7, 2.3 Hz, CH=CHC=O), 6.05
(1H, dd, J= 5.7, 1.3 Hz, CH'CHCO), 4.85 (1H, m, CHOTBS), 2.56 (1H, dd, JAB= 18.2, 5.9
Hz, CH 2 C=rO), 2.10 (1H, dd, JAB 18.2, 2.3 Hz, CH 2C=O), 0.77 (3H, s, SiC(CH 3 ) 3 ), 0.03
(311, s, Si(CH 3 )2 C), 0.01 (6H, s, Si(CH3 )2 C); 13 C NMR (90.5 MHz, CDC13) (5 206.9
(COCH=CH), 164.2 (COCH=CH), 134.8 (COCH=CH), 71.3 (CHOTBS), 45.4 (COCH),
26.1 (SiC(CH3 )3 ), 18.5 (Si(CH3)2 C), -4.3 (Si(CH3 )2 C);

[a] 20D

+63 0 (MeOH, c 1) [lit. 175 [a]20D

+65.3° (MeOH, c 0.89)]

The spectroscopic data was in agreement with that previously reported.

(IS,4R)-4-(tert-Butyl-di methyl-silanyloxy)-cyclopent-2-enoI 631
HO"O'OTBS

AcO'O'OTBS
(IS,4R)-624

(IS,4R)-631

To a solution of acetic acid (IS, 4R)-4-(tert-butyldimethylsilanyloxy)cyclopent-2-enylester
(4.08 g, 15.60 mmol, 1 equiv) in methanol (100 mL) was added a solution of K2CO3 (40 mL,
1 M solution) at room temperature. The reaction mixture was stirred for 1.5 hours and
concentrated. The residue was taken up into CH 2C12 (50 ML) and washed with brine (50
mL). The aqueous layer was extracted with CH 2Cl2 (5x50 mL). The combined organic layers
were dried over MgSO 4 and the solvent was concentrated in vacuo to afford (IS,4R)-4-(tertbutyl-dimethyl-silanyloxy)-cyclopent-2-enol (3.23 g, 15.06 mmol, 97% yield) as an oil. The
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material was used in next steps without any further purification. 'IHI NMR (250 MHz,
CDC13) ô 5.87 (1H, dt, .1= 5.5, 1.5 Hz, CIHI=CHCHOTBS), 5.79 (IH, dt, J= 5.5, 1.2 Hz,
CH=C]EICHOTBS), 4.55 (IH, m, CIHIOH), 4.47 (1H, m, CIHIOTBS ), 2.60 (1H, dt, J, y
13.7, 7.0 Hz, CHOHCH2), 1.70 (1H, s, OH), 1.42 (1H, dt, 13.7, 4.5 Hz, CHOHCII2),
0.80 (9H, s, SiC(CIHI 3)3), 0.01 (6H, s, Si(C]H[ 3)2C).

The spectroscopic data was in agreement with that previously reported.

(R)-4.(tenutydi methyl -&OanyOoxy)-CyCOOPeflt-2enone 515
HO" O"OTBS
(IS,4R)-631

O

"OTBS
(R)-515

(IS, 4R)-4-(tert-Butyl-dimethyl-silanyloxy)-cyclopent-2-enol (0.18 g, 0.86 mmol, 1 equiv)
was dissolved in CH2 0 2 (6 mL) and cooled to °C. PDC (0.48 g, 1.29 mmol, 1.5 equiv) was
added to the solution. The reaction mixture was allowed to warm up to room temperature
and it was stirred overnight. The solution was filtered through a plug of celite and silica and
was washed thoroughly with CH2 0 2 . The solvent was evaporated in vacuo to give pure (R)4-(tert-butyl-dimethyl-silanyloxy)-cyclopent-2-enone (0.17 g, 0.80 mmol, 93% yield) as
white crystals. 'H NMR (250 MHz, CDCI 3) ö 7.32 (1H, dd, J= 5.7, 2.3 Hz, CH'CHCO),
6.05 (1H, dd, J= 5.7, 1.3 Hz, CHC1HICO), 4.85 (1H, m, CHOTBS), 2.56 (1H, dd, Jpj
18.2, 5.9 Hz, CH2C'O), 2.10 (1H, dd, JABAA 18.2, 2.3 Hz, CH2CO), 0.77 (3H, s,
SiC(CH3)3), 0.03 (3H, s, Si(CIH[3)2 C), 0.01 (6H, s, Si(CH 3)2C); ' 3C NMR (90.5 MHz, CDC13)
5 206.8 (CH=CHC=O), 164.2 (CH=CHC=O), 134.8 (CH=CHC=O), 71.3 (CHOTBS), 45.4
(CH2C'O), 26.1 (SiC(CH 3)3), 18.5 (Si(CH3)2C), -4.3 (Si(CH3)2C); [U] 20 D +660 (MeOH, c 1)
[lit.206 [a]20D +65.3° (MeOH, c 0.89)].

The spectroscopic data was in agreement with that previously reported.
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6.3.2 Preparation of asymmetric epoxide (2S,3R)-625

Toluene-4-sulfonic acid (2S,3S)-3-methyl-oxiranylmethyl ester 627
'-

(2S,3S)-627

626

Activated 4

OTs

A molecular sieves were introduced into a flask under nitrogen, CH 2 02 (8.5 mL)

was added and cooled to -20 °C. L-(+)-DIPT (0.05 mL, 0.26 mmol, 0.06 equiv), crotyl
alcohol (0.36 mL, 4.16 mmol, 1 equiv) and Ti(i-PrO) 4 (0.06 mL, 0.20 mmol, 0.06 equiv)
were added sequentially. Stirrin g was maintained for 15 minutes at -20 °C, whereupon a 2.71
M solution of TBHP (3.10 mL, 8.32 mmol, 2 equiv) in toluene was added. The reaction
mixture was stirred at -20 °C for 2 hours. Trimethyl phosphate (0.80 mL, 6.66 mmol, 1.6
equiv) was added carefully. Et 3N (0.9 mL, 6.24 mmol, 1.5 equiv), DMAP (0.06 g, 0.50
mmol, 0.12 equiv) and a solution of p-toluenesulfonyl chloride (0.79 g, 4.16 mmol, 1 equiv)
in CH2C12 (5.00 mL) were then added and stirred overnight at -30 °C. The reaction mixture
was filtered through celite. The filtrate was washed with 10 % tartaric acid (20 mL),
saturated NaHCO 3 (20 mL) and brine (20 mL), dried over MgSO 4 and the solvent evaporated

in vacuo to give crude toluene-4-sulfomc acid (2S,3S)-3-methyl-oxiranylmethyl ester.
Purification by flash column chromatography (5i0 2, CH2 02 100%) provided toluene-4sulfonic acid (2S,3S)-3-methyl-oxiranylmethyl ester (0.84 g, 3.47 mmol, 83% yield) as
white crystals. 'H NMR (360 MHz, CDC13) 5 7.67 (2H, d, J= 8.2 Hz, ArH), 7.25 (2H, d, J=
8.2 Hz, ArH), 4.12 (1H, dd, JABAx= 11.3, 3.2 Hz, CH2 0Ts), 3.81 (1H, dd, J=11.3, 5.9
Hz, CH2 0Ts), 2.84-2.71 (2H, m, CH3 CHOCH), 2.44 (3H, s, ArCH 3), 1.16 (3H, d, J= 5.1
Hz, CH3CHO).

The spectroscopic data was in agreement with that previously reported.

117

(S)-2-((R)-1 -Benzyloxy-ethyl)-oxirane 628
OBn
-

(2S, 3R)-628

(2S, 3S)-627

To a solution of p-toluenesulfonic acid (2S, 3S)-3 -methyl-oxiranylmethyl ester (0.84 g, 3.47
mmol, lequiv) in CH2 0 2 (6.50 mL) at 0 °C, benzyl alcohol (0.55 mL, 5.21 mmol, 1.5 equiv)
and borontrifluoride diethyletherate (0.04 mL, 0.35 mmol, 0.1 equiv) were added. The
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mixture was stirred for 1.5 hours at room temperature, then concentrated under reduced
pressure. The residue was dissolved in methanol (6.5 mL), and K 2CO3 (1.00 g, 6.94 mmol, 2
equiv) was added and then stirred for 2 hours at room temperature. The mixture was
concentrated in vacuo and the residue was diluted with Et 20 (10 mL), washed with water
(2x10 mL) and brine (lx 10 mL) and dried over Na 2SO4. The solvent was removed in vacuo
and the crude product was purified by flash column chromatography (Si0 2, CH2 02 100%),
which provided (S)-2-((R)-(1-benzyloxy-ethyl)-oxirane (0.18 g, 1.01 mmol, 29% yield) as a
colourless oil. 'IHI NMR (360 MHz, CDCI 3) ö 7.28-7.20 (5H, m, ArH), 4.62 (1H, d, J=
11.9 Hz, OCIHI2Ph), 4.55 (11-1, d, JAB

11.9 Hz, OCH 2Ph), 3.42 (1H, m, CH3CH), 2.98 (1H,

m, CHC]H[OCH2), 2.83 (1H, dd, JAB AX 5.3, 3.9 Hz, CHCIH[20), 2.75 (1H, dd, JAB,AX 5.3, 2.6
Hz, CHCH2 0), 1.24 (3H, d, J= 6.3 Hz, CIHI3CH); '3C NMR (90.5 MHz, CDCI 3) ö 138.4
(ArC-C), 128.3 (ArCH), 127.6 (ArCH), 127.5 (ArCH), 74.2 (CHOCH 2Ar), 71.3
(CHOCH 2Ar), 54.3 (CH3CHCHOCH2), 45.7 (CH3CHCHOCH2), 17.5 (CH3CHCHOCH2 ).
The spectroscopic data was in agreement with that previously reported. 187

(R)-(S)-1 -Oxranyl-ethanoO 625
OBn

(2S, 3R)-628

OH

(2S,3R)-625

(S)-2-((R)-(1-Benzyloxy-ethyl)-oxirane (0.14 g, 0.78 mmol, 1 equiv) was dissolved in
MeOH (10 mL) and Pd(OIf) 2/C (0.014 mg, 10% w/w) was added in catalytic amount. H 2
was added with a balloon (-.1 atm). The mixture was stirred for 10 minutes at room
temperature. Upon completion the mixture was filtered through celite. The solvent was
evaporated and the residue filtered through a plug of silica to afford (R)-(S)-1 -oxiranylethanol (0.05 g, 0.55 mmol, 70% yield) as a colourless oil. 'H NMR (360 MHz, CDC1 3) ô
3.93 (1H, m, CIHIOH), 2.95 (1H, m, OCHC1H[CH 2 0), 2.74 (1H, ddd, J= 5.1, 3.0, 0.8
Hz, OCHCHCIHI2 0), 2.66 (IH, dd, JAB.A1 5.1, 4.1 Hz, OCHCHCH 2 0), 1.98 (1H, bs, OH),
1.18 (3H, d, CH3 ); 13 C NMR (90.5 MHz, CDCI 3 ) 5 65.8 (CHOH), 56.4 (OCH(CHCH 2 0),
44.6 (OCHCHCH 2), 19.7 (CH 3); [a]20D -16.9 0 (MeOH, c 0.97) [lit. 188 [a] 20D -16.40 (MeOH, c
1)].
The spectroscopic data was in agreement with that previously reported in the literature. 188
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