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Abstract
This dissertation is concerned with the synthesis of two distinct classes of polyoxygenated
systems, namely analogues of the phomentrioloxin and the pterocarpan classes of natural
product. The first part of this thesis deals with the synthesis of analogues of the phytotoxic
geranylcyclohexenetriol (-)-phomentrioloxin [(-)-l], the main metabolite of liquid cultures of
the Phomopsis sp., a known fungal pathogen of the invasive weed Carthamus lanatus (Saffron
thistle). Accordingly, the opening Chapter details the origins of this natural product, its
biological activities and its synthesis as well as those of closely related compounds. The
second Chapter discusses the chemoenzymatic origins, reactivity and general synthetic utility
of the enantiopure m-l,2-dihydrocatechols of the general form 2 and their application to the
production of the four C3,C4-modified phomentrioloxin analogues 31, 32, 33 and 34 . The
herbicidal activity of (-)-phomentrioloxin, these new analogues and a tranche of other
derivatives is also presented as is a rationale for the variation in their activities.

The second part of this thesis focuses on the pterocarpan class of natural products, plant
phytoalexins produced within the Fabaceae family, primarily in response to infection. They
display a significant range of interesting and potentially useful biological activities. The
limited bioavailability, restricted access to the producing organisms and the challenge of
producing sufficient of the enantiopure material for further study prompted the author to
develop chemical syntheses of certain members of the class. Thus, Chapter Three introduces
the pterocarpans, their diversity of structure, their origins, biological activities and their
synthesis, both biogenetically and chemically. Particular attention is paid to the (+)- and (-)forms of 2,3,9-trimethoxypterocarpan ( 118). The following Chapter (Four) details the synthesis
of the racemic form of compound (±)-118 through the use of the Mizoroki-Heck oxyarylation
reaction, the separation of the constituent enantiomers using chiral HPLC techniques and the
elaboration of the racemate into two C8-functionalised analogues, namely compounds (±)-195
and

( ± ) - 196.

Although widely applied to the synthesis of pterocarpans, the Mizoroki-Heck

oxyarylation reaction does not allow for an enantioselective synthesis and, as such, studies
dedicated to establishing a route to homochiral (+)-118 are reported.

rv-x
(—)-118

(+)-118

(±)-196 X = C 02Me

Specifically, Chapter Five details the synthesis of the model compound 90 through the
manipulation of tolans such as 197 and 198. Two different methods were explored. The first
was a tandem 5-endo-dig/6-endo-trig cyclisation protocol performed on compound 197 and the
second a stepwise approach using the Pt(II)-catalysed carboalkoxylation reaction involving
alkyne 198 as the substrate. In the event, the latter process proved to be more reliable.

90

197 R, = MOM R2 = H
198 R, = MEM R2 = SEM

It was envisaged that this synthesis would provide valuable insights into the protocols that best
pursued for the synthesis of 2,3,9-trimethoxypterocapene (323), the C6a,Clla dehydroanalogue of compound 118. Accordingly, Chapter Six outlines efforts directed towards this
goal. Specifically, it details the intention of preparing then subjecting compound 323 to
enantioselective hydrogenation, using analogues of Crabtree’s catalyst, to deliver (+)-2,3,9trimethoxypterocarpan. Various difficulties with protecting groups meant that only compound
201, a potential precursor to target 323, could be obtained. Work directed towards the synthesis
of two nitrogen-containing analogues, compounds (±)-202 and (±)-203, of 2,3,9trimethoxypterocarpan ( 118) is also presented.

323

201

(±)-202

(±)-203

The penultimate Chapter (Seven) details the outcomes of the biological testing of the (±)-, (+)and (-)-forms of 2,3,9-trimethoxypterocarpan. Mode of action studies have shown that
compound (+)-118 elicits its impressive antiproliferative activity via arrest of cell mitosis.
Mode of action studies established that the compound binds to the motor domain of the mitotic
kinesin Eg5 and thereby inhibits the spindle pole separation. Finally, Chapter Eight presents all
of the associated experimental protocols and characterisations for the compounds produced as
part of this work.
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Chapter One

An Introduction to (-)-Phomentrioloxin a Potential Herbicide
The

geranylcyclohexenetriol-type

natural

product

(-)-

phomentrioloxin [ ( - )-l] is a phytotoxin isolated from cultures of the
Phomopsis sp. fungal pathogen associated with the noxious weed
Carthamus lanatus. As such, it offers an interesting starting point for
the development o f a range o f analogues that might display
herbicidal activity

o f commercial significance.

This chapter

delineates the known biological activities of (-)-!, the single reported
synthesis o f it as well as those of the structurally related compound
(-)-tricholomenyn A (11). The modest structure-activity relationship
profile established through biological evaluation of a number of (-)phomentrioloxin derivatives is also described.

1.1

Isolation and Structural Elucidation of (-)-Phomentrioloxin
Phomentrioloxin (1) is a phytotoxic geranylcyclohexenetriol that has “high-level”

potential as a new, environmentally acceptable herbicide. This mycoherbicide1'1 was first
isolated by Evidente and co-workers as the main metabolite of liquid cultures of the Phomopsis
sp.,[21 a known fungal pathogen associated with symptomatic Carthamus lanatus (saffron
thistle), a highly invasive and economically devastating weed.[3]
The structure of phomentrioloxin (1), including relative stereochemistry, was
established using a range of spectroscopic techniques, most notably single-crystal X-ray
analysis.121 Evidente et. al.[2] also showed that the compound was readily converted into the
corresponding acetonide while the remaining alcohol residue could be derived as either the
corresponding (+)- or (-)- Mosher ester. Analysis of the differences in chemical shifts between
the analogous resonances in the ’H NMR spectra of these diasteromeric esters led to the
suggestion that the absolute stereochemistry of the natural product is represented by IS (Figure
1.1).T

^ Curiously, the all ^-configured enantiomer is shown121 in the ORTEP derived from the aforementioned X-ray
analysis rather than the otherwise reported all S-enantiomer.
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Figure 1.1 Originally Assigned Structure (Left/21 and True Structure (Right)[4] of (-)-Phomentrioloxin.

The total synthesis of the all /^-configured enantiomer (designated 1/?) by Ban well and
XingHua

served

to

confirm

the

previously

assigned

relative

stereochemistry

of

phomentrioloxin. However, upon analysis of the optical properties of the synthetic material, it
was found that the specific rotation of 1R ([a]D-65° (c 0.5, CHC13))141 had the same sign and a
similar magnitude to that reported for the natural product ([a]D -23° (c 0.4, CHC13)).[2] This
clearly implies that the original assignment of the all 5-absolute configuration (15) to
phomentrioloxin was in error and is correctly designated as its enantiomer, 1R. For clarity, the
true structure of phomentrioloxin will hereafter be referred to as (-)-l (Figure 1.1).

1.2

Biological Properties
The generally poor outcomes of efforts to effect mechanical and chemical control of the

noxious weed C. lanatus have led to the search for suitable biological controls111 to prevent the
significant pasture and crop losses currently occurring in South-Eastern Australia.12'51 A fungal
pathogen strain of the phomopsis sp. is known to infect C. lanatus and causes elliptical necrosis
on the stems resulting in plant death. It was this observation that led to the assumption of the
involvement of phytotoxic substances. Whilst other strains of the phomopsis sp. also produce
phytotoxic materials,161 they often coproduce the powerful mammalian mycotoxin, phomopsin
A,[7] the strain known to infect C. lanatus does not. It is this absence of mammalian toxins that
has rendered this particular strain of fungal pathogen a key starting point for the possible
development of biological control mechanisms.121
Preliminary biological evaluations (Table 1.1)[2] of the primary metabolite of the
relevant phomopsis sp., namely (-)-phomentrioloxin

[(-)-l], have shown that on application (at

a concentration of 6.85 mM) to leaves of both host and non-host plants it caused necrotic
spotting and inhibition of tomato rootlet elongation. It also causes an approximately 90%
reduction of chlorophyll content and a 50% reduction in the fresh weight of the fronds of Lemna
minor (common duckweed), a potentially invasive species. Additionally, the compound was
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shown to be inactive as an antifugal or antibacterial agent as well as being nontoxic to Artemia
salina (brine shrimp) larvae.

T a b l e 1.1 B i o l o g i c a l A c t i v i t i e s o f ( - ) - P h o m e n t r i o l o x i n [ ( - ) - ! ] a s D e t e r m i n e d b y E v i d e n t e e t a l '2]
C o n c e n t r a tio n

T y p e o f E ffe c t

o f (—) - l

M ea su red

L e a f p u n c tu re

6 .8 5 x 10 3

N e c r o s is

6 - 8 mm

C h e n o p o d iu m a lb u m

L e a f p u n c tu r e

6 .8 5 x lO -3

N e c r o s is

6 - 8 mm

C ir s iu m a r v e n s e

L e a f p u n c tu r e

6 .8 5 x 1(T3

N e c r o s is

10 m m

M e r c u r i a l is a n n u a

L e a f p u n c tu r e

6 .8 5 x 1O '3

N e c r o s is

6 - 8 mm

S o n c h u s o le r a c e u s

L e a f p u n c tu r e

6 .8 5 x 1(T3

N e c r o s is

10 m m

S e ta r ia v ir id is

L e a f p u n c tu r e

6 .8 5 x 1(T3

N e c r o s is

2 - 3 mm

A r a b i d o p s i s th a l i a n a

P ro to p la s ts

3 .4 2 x 10“3

C e ll d e a th

51 % ( ± 3 )

L e m n a m in o r

F ro n d im m e rs io n

6 .8 5 x 1(T3

C h lo r o p h y ll r e d u c tio n

95 % (± 3 )

L e m n a m in o r

F ro n d im m e rs io n

6 .8 5 x 10’ 3

R o o tle t g ro w th in h ib itio n

4 7 % (± 2 )

L y c o p e r s ic o n e s c u le n tu m

G e r m in a te d s e e d s

1 .37 x 1 0 '3

R o o tle t g r o w th in h ib itio n

5 0 % (± 9 )

E s c h e r ic h ia c o li

A g a r d iffu s io n

U p to 100 p g /d is k

In h ib itio n h a lo

In a c tiv e

B a c illu s s u b tilis

A g a r d if fu s io n

U p to 100 p g /d is k

I n h ib itio n h a lo

In a c tiv e

G e o tr ic h u m c a n d id u m

A g a r d iffu s io n

U p to 100 p g /d is k

In h ib itio n h a lo

In a c tiv e

A r te m ia s a lin a

L a rv a e

1.71 x 10-4 M

M o rta lity

In a c tiv e

O r g a n is m

B io a s s a y /a p p lic a tio n

C a r lh a m u s la n a tu s

A c t iv ity

Although the concentrations required to produce phytotoxic activity were relatively
high, the lack of antifungal and antibacterial activity is significant. These features, coupled with
the observed variation in biological activity as a function of structural modification, suggest that
phomentrioloxin represents a useful lead for the development of new and environmentally
benign herbicides.

1.3

Relevant Previous Work

1.3.1

Banwell’s Total Synthesis of (-)-Phomentrioloxin - 2013
The biological activity of phomentrioloxin [(—)-l] prompted Banwell and co-workers to

carry out a total synthesis of the natural product and establish an analogue development
program. Such studies were started by modifying the protocols used in their recent synthesis of
the structurally related natural product tricholomenyn A.'81 Thus, the starting material for their
synthesis of natural product (-)-l was the c/s-l,2-dihydrocatechol 2 which is readily available
through the whole-cell biotransformation of iodobenzene by P. pudita 39D.[9] This
enantiomerically pure and stereochemically well-defined diol enabled the rapid and
enantioselective synthesis of the target molecule in just 6 steps in the longest linear sequence.14'
A discussion of the origin of the cis-1,2-dihydrocatechols (2) and their broader application as
homochiral building blocks for synthesis is provided in Chapter Two.

Chapter One

4

The synthesis is shown in Scheme 1.1 and began with the conversion o f the cis- 1,2dihydrocatechol 2 into the corresponding, and previously reported, acetonide 3 using 2,2-DMP
and />TsO H .|l()| Dihydroxylation o f the more electron rich C-C double bond within product 3
using the Upjohn protocol delivered the anticipated and previously reported m -d io l in both a
regio- and stereo-selective fashion.1'01 Selective protection o f the allylic alcohol residue within
this diol as the TIPS ether 4 followed by O-methylation of the remaining and homoallylic
hydroxyl group gave the fully protected alkenyl iodide 5. At this stage cleavage o f both the silyl
ether and the acetonide residue with acetic acid gave the triol 6. This served as a suitable
coupling partner in a palladium-catalysed Sonogashira cross-coupling reaction18 " 1 with dienyne
7,i2] that was used to append the gerenyl-type portion o f the molecule to the cyclohexentriol
head group. By such means the natural product phomentrioloxin ( - )-l was obtained in 37%
overall yield.

3

2

x =I

4
O-methylation
90%

7

OMe

OMe

6

5

OMe

(-)-1

Scheme 1.1 Synthesis o f (-)-Phomentrioloxin (1) by Banwell et al."1
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Two other coupling regimes were investigated as means for obtaining the natural
product (Scheme 1.2). Specifically, compound 8 was obtained by selective silyl deprotection of
compound 5 with TBAF and this was itself coupled, using the Sonogashira protocol, to dienyne
7. Subsequent acetonide deprotection of coupling product 9 then gave target (-)-l in 31%
overall yield. Alternatively, the fully protected alkenyl iodide 5 could be used for coupling with
the alkyne 7 and the product (10) thus obtained subjected to global deprotection using acetic
acid. Comparison of these three strategies revealed that the specific order of the steps associated
with the closing stages of the synthesis was not critical as no significant variation in yield was
seen within the three sequences.141
OMe

5

10

Scheme 1.2 Alternative Coupling Strategies to Obtain (-)-Phomentrioloxin [(-)-!/ 4]

1.3.2

The Synthesis of Structurally Related Compounds
Although there has been only one total synthesis

of phomentrioloxin to date, several routes to structurally
related natural products such as (-)-tricholomenyn A
(11, Figure 1.2) have been reported.112,131 A selection of
these syntheses is presented in Schemes 1.3 to 1.5.
Notably, all use an enzyme-mediated transformation to
provide the necessary enantioselectivity.

(->-11

Figure 1.2 (-)-Tricholomenyn A (11)
- a Natural Product Structurally
Related to Phytotoxin (-)-l
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Ogasawara ’s Synthesis - 1996
Ogasawara’ s team based at Tohoku University reported the first synthesis o f compound

(-)-ll

in

1996.[13a] The

group

chose to

exert

enantiocontrol

using

the

chiral

1,4-

dihydroxycyclohexa-2,5-diene (+)-12 which is available through enzymatic desymmetrisation
o f a weso-precursor (Scheme 1.3).[l4]

silyl protection
then
deacetylation

oxidation
then
epoxidation
77% over 4 steps
TBSO

TBSO
13

(+)-12

O

14

retroDiels-Alder
93%

Stille
cross-coupling
39%

17

16

15

Scheme 1.3 Ogasawara 's Synthesis o f (-)-Tricholomenyn A ( 7 //13a]
The synthesis began with the protection o f the free hydroxyl group w ithin substrate (+)-

12 as the corresponding TBS ether. Deacetylation then provided alcohol 13 that was oxidised to
the corresponding enone that was itse lf subjected to conventional and diastereoselective
nucleophilic epoxidation and so providing the epoxyketone 14. Upon heating, compound 14
engaged in a retro-Diels-Alder reaction to give epoxycyclohexenone 15 that was itself subjected
to a Johnson iodination reaction and so affording a-iodoenone 16. Stille cross-coupling o f this
last compound with the alkynyl stannane 17 then gave compound 18 incorporating the full
carbon framework o f the target compound. Desilylation and subsequent acetylation then gave ( )-tricholomenyn A (11) in 8% yield over the 12 steps involved.
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Johnson ’s Synthesis o f Tricholomenyn A - 1997
Johnson’ s group at Wayne State University reported an enantioselective synthesis o f
(-)-tricholom enyn A (11)112] (Scheme 1.4) in 1997 that involved enzymatic resolution o f the
readily accessible compound 19 to establish the required stereochemistry in the target.
bromination
then
reduction

o

HO

acetylation

62%

'OAc

72%
(±)-20

( ± ) -1 9

enzymatic
resolution
then deprotection
24%

reductive
debromination

TBSO
'OH

"9

TBSO

monoprotection
then
epoxidation
'OH

45%

81%

21

22

(—)~19

oxidation
then Johnson
iodination
63%
Sonogashira
cross-coupling,
deprotection
and
acetylation
39 %
16

7

Scheme 1.4 Johnson's Synthesis o f (-)-Tricholomenyn A ( l l f ]2]
Thus, bromination then reduction o f 1,4-benzoquinone gave compound (±)-19 as a
racemate and subsequent acetylation gave the substrate (20) required for enzymatic resolution.
Using a protocol established during the course o f their synthesis o f bromoxone,[15] this group
was able to generate compound (-)-19 from 1,4-benzoquinone in 5 steps and 11% overall yield.
Monoprotection o f this last compound as the silyl ether then epoxidation gave compound 21.
This /nm s-l,2-dibrom inated compound was treated w ith zinc so as to introduce the required
cyclohexene moiety as manifest in compound 22. Oxidation o f the associated free alcohol and
subsequent iodination under Johnson conditions led to the required cross-coupling partner 16
that on subjection to Sonogashira cross-coupling reaction conditions with dienyne compound 7
gave the anticipated product. Desilylation and acetylation steps then gave (-)-tricholomenyn A
(11), albeit in just 1% yield over the 12 steps involved.
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Banwell’s Synthesis ofTricholomenyn A - 2009
The most recent synthesis of tricholomenyn A was reported by Banwell et al.[l*e] and
demonstrated that this target could be assembled in just 5 steps from the homochiral cis-1,2dihydrocatechol 2, the metabolite arising from enzymatic dihydroxylation of iodobenzene
(Scheme 1.5).

,vOH

bromohydrin
formation
and
epoxidation

HO,

52%
2
X= l

Mitsunobu
esterification

"9
'OH
22

AcO

• '?

62%

'OH
23
oxidation

76%

Scheme 1.5 Bamvell 's Synthesis of (-)-Tricholomenyn
Thus, treatment of compound 2 with A-bromosuccinimide in water led to the formation
of a bromohydrin that upon treatment with sodium methoxide provided the cyclohexene oxide
22. Subjection of this last compound to a regioselective Mitsunobu esterification reaction led to
the acetylation of the less sterically hindered allylic alcohol, with accompanying inversion of its
configuration, and so giving compound 23. Oxidation of this last compound with PDC then
gave the required a-iodinated cyclohexenone coupling partner 24 which, after subjection of this
to Stille cross-coupling with the alkyl stannane 17, then provided (-)-tricholomenyn A (11) in
just 5 steps and 18% overall yield.
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1.3.3

Phomentrioloxin

Derivatives

and

Structure-Activity

9

Relationship

Studies

Conducted by Evidente et a/.1161
Further to their work on the isolation of phomentrioloxin [(—)-l] and the elucidation of
its relative stereochemistry, the Evidente group also investigated structure-activity relationships
between the parent compound and several derivatives.1161 The derivatives were synthesised from
the natural product using various conventional manipulations as shown in Scheme 1.6.
OMe

R

h 3c o

,'OR2

25 Ri=Ac, R2=R3=H, 30%
26 R1=R2=Ac , R3=H, 25%
27 R1=R2=R3=Ac , yield unspecified

30
unspecified
stereochemistry
43%
OMe

29

ho J

acetonide
formation

hydrogenation

unspecified

OMe
'OH

OMe

(-)-1

stereochemistry
36%

k

.,,0

V ..0x
9

yield unspecified

OMe

28
34%

Scheme 1.6 (-)-Phomentrioloxin [(-)-!] Derivatives Produced via Manipulation of the Natural Product
by Evidente et al.[,6]

Thus, a selection of acetates was produced by reaction of compound (-)-l with acetic
anhydride and pyridine for either 5 minutes (to give a mixture of esters 25 and 26) or 10
minutes (to give the triacetate 27). The acetonide 9 was synthesised via protection of the diol
moiety using acetone and CuS04 while compound 28 was prepared through selective oxidation
of the C4 hydroxy group with M n02 to introduce the associated carbonyl moiety. Dihydroderivative 29 was delivered through hydrogenation of the tail portion of phomentrioloxin using
dihydrogen in the presence of 5% Pd on carbon while the ring-opened compound 30 was
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produced via selective oxidative cleavage of the cyclohexenetriol moiety with N al04 and
immediate reduction of the resulting dialdehyde with NaBH4.
Biological testing of these compounds revealed (Table 1.2) that both the parent
phomentrioloxin [(—)-l] and its mono-acetylated derivative 25 were equally active in
phytotoxicity leaf-puncture assays causing significant necrosis (necrotic spotting was around 1
cm in diameter). In contrast, compounds 9 and 29 caused only modest effects while all the other
compounds were inactive.
Table 1.2 Outcomes o f Biological Assays o f Phomentrioloxin and its Derivatives Conducted by Evidente et al.
Bioassay

O rganism

Leaf punture
assay3

1

25

26

27

9

28

29

30

C. lanatus

3

4

0

0

1

0

0

0

C. album

4

3

0

0

1

0

1

0

M. annua

2

2

0

0

1

0

1

0

S. oleraceus

1

1

0

0

0

0

2

0

1.79 ±0.30

4.32±0.54

4.85±0.46

4.33±0.02

4.70±0.62

4.27±0.80

2.08±0.14

4.09±0.31

Chlorophyll11

L. minor

Protoplasts"

A. tha liana

60.3±6

41.3±14

80.3±8

83.0±4

71,0±4

84.0±12

48.0±3

83.0±5

E. coli

-

-

-

-

-

-

-

-

Antibiosis11

B. subtilis

-

-

-

-

-

-

-

-

G. candidum

-

-

-

-

-

-

-

-

Zootoxicity"

A. salina

0

84

0

0

0

0

0

0

a Empiric scale from 0 (= inactive) to 4 (necrosis around 1 cm diameter) b Total chlorophyll ± SÖ; control = 4.15 ± 0.35. All compounds
were assayed at 6.85 x 10“? M. c Protoplast viability (% o f the total); control = 85.3 ± 11.02. d Inhibition halo:

absence, e Larva mortality

after 48 h of exposure (% of the total).

These results suggest that the hydroxy groups at C2 and C4 are important for
phytotoxicity, since when acetylation was effected at these sites, a total loss of biological
activity was observed (as seen for compounds 26 and 27). Furthermore, when the C2 hydroxyl
is “tied up” as the acetonide (as in compound 9) there was a decrease in activity relative to the
parent compound. When the C4 hydroxyl group was oxidised (to give the ketone 28) a complete
loss of activity was seen.
Interestingly, in testing against A. salina (brine shrimp) larvae it was revealed that
acetylation of the free hydroxyl group at Cl (leading to ester 25) resulted in a significant
increase in zootoxicity. In contrast, the di- and tri-acetates, 26 and 27 respectively, did not show
any activity towards A. salina thus suggesting that the increased lipophilicity, provided by the
acetate moieties, results in improved cell membrane penetration and that upon inclusion into the
cell and cleavage of the acetate residue at Cl (through the action of endogenous hydrolases) a
regeneration of the natural product occurs. In this case, the active species remains the parent
phomentrioloxin and is the source of zootoxicity observed in A. salina owing to uptake and
metabolic processing of mono-acetate 25. This is, therefore, an example of lethal
metabolism.116' 171
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1.4

Aims of Work Described in Chapter Two
Agrochemicals including pesticides, herbicides and fungicides play a pivotal role in

agriculture by increasing crop and pasture quality as well as yield while simultaneously
reducing labour costs.1181 The increase in demand for food, arising from the growing world
population, has meant finding new agrochemicals that meet the stringent regulatory
requirements for environmental protection and food safety is more important than ever.|18b l9]
Necessarily, these new agents must be highly efficacious, cost-effective, possess novel and
specific modes of action and have better safety profiles than their existing counterparts.118a-20]
On the basis of the aforementioned potential of (-)-phomentrioloxin [(—)-1 ]^ as an
interesting lead compound for the development of environmentally acceptable herbicides, it was
considered appropriate to explore the potential of stereo- and regio-isomeric analogues to
“tune” the observed biological activity. Consequently, one aim of the research presented herein
was to build upon the previously described total synthesis of natural product

(-)-l so as to

develop pathways, from enantiopure c/5-l,2-dihydrocatechols of general type 2, to
phomentrioloxin derivatives such as those shown in Figure 1.3.

Figure 1.3 Chemoenzymatically-derived Phomentrioloxin Analogues Targetedfor Synthesis.

Chapter Two, therefore, describes the enantioselective syntheses of these four distinct
phomentrioloxin analogues, with particular attention being paid to the adjustment of the
functionalities at C3 and C4. A discussion of their respective activities as herbicides along with
those of a number of other analogues synthesised by other members of the Banwell group is
also presented.

^ At the time o f writing several new members o f the phomentrioloxin family*211 had just been isolated and their
structures elucidated, however, they are not discussed here.
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Chapter Two

The Synthesis o f Selected
(-)-Phomentrioloxin Analogues
and Their Biological Activity
This Chapter details the synthesis and biological evaluation o f four
analogues o f (-)-phomentrioloxin [(-)-l] that vary in the nature
and/or stereochemistry o f the substituents at C3 and/or C4. The
syntheses make use o f the readily available and enantiomerically
pure cis-1,2-dihydrocatechol 2 (X=I) as a starting material and from
which the key epoxide-containing intermediates 39 and 40 were
obtained. Through the application o f nucleophilic ring-opening
reactions and subsequent Sonogashira cross-coupling protocols
these intermediates were transformed into the targeted (-)phomentrioloxin analogues 31, 32, 33 and 34 The Chapter opens
with a discussion o f the production and general synthetic utility o f
the starting cis-1,2-dihydrocatechols.

Chapter Two
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2.1

The cis-1,2-Dihydrocatechols as Starting Materials in Chemical
Synthesis

2.1.1

Biocatalytic Production of m-l,2-Dihydrocatechols
Work carried out in the 1960’s by Gibson and co-workers revealed the early stages of

the metabolic pathway by which simple aromatic hydrocarbons are oxidatively degraded by the
soil bacterium Pseudomonas putida (Scheme 2.1).1'1 This degradation proceeds via an initial
dihydroxylation of mononuclear aromatic compounds of the general form 35 by the enzyme
dioxygenase and so generating c/s-l,2-dihydrocatechols of the general form 2. Dehydrogenation
of these primary metabolites by anouther enzyme, diol dehydrogenase, then takes place to give
the corresponding catechols 36. These are subject to further metabolism by either extradiol
catechol dioxygenase (ECDO) or intradiol catechol dioxygenase (ICDO)^ and thereby
delivering the relevant muconic semialdehyde 37 or muconic acid 38, respectively.121 The
ultimate metabolites derived from such aromatic substrates are carbon dioxide and water.

dioxygenase

intradiol
catechol dioxygenase

diol dihydrogenase

02

02

[-2H]

r^COjJH
X

35

2
X = Me, Cl, Br, I etc.

36

38
extradiol catechol dioxygenase

mineralisation11

02

mineralisation^

-------------------------- ►

OO2

+

H2O

37

Scheme 2.1 Bacterial Biodegradation Pathways for Monosubstituted Benzenes^

Further work in this area resulted in the production of a chemically mutated strain of the
bacterium, namely P. putida 39D, lacking the diol dehydrogenase enzyme responsible for
converting the primary oxidation product (viz. compound 2) into the corresponding catechol.1k|
^ The extradiol and intradiol terms in these enzyme names serve to differentiate the pathways by which these
enzymes metabolise the catechols.12' The site o f dioxygenation by ECDO is adjacent to the 2 hydroxyl groups and
leads to the muconic semialdehyde whereas ICDO oxidises between the hydroxyl groups and leading to the muconic
acid.
11 Mineralisation refers to the decomposition or oxidation o f organic molecules by soil bacteria to small inorganic
molecules that are "plant-accessible’'.
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This mutation essentially “arrests” the degradation process after the first metabolic step, and
results in significant quantities of the c/s-l,2-dihydrocatechols (c-DHCs) of the general type 2
building up within the cell (Scheme 2.2). Significantly, from a synthetic chemistry point-ofview, these compounds are produced in essentially enantiomerically pure form (i.e. >99.8% ee).
Pseudomonas putida 39D

or

Escherichia coli JM109(pDTG601)

35
X = Me, Cl, Br, I etc.

c/s-1,2-dihydrocatechol (2)

Scheme 2.2 Transformation o f Aromatic Compounds into cis-1,2-Dihydrocatechols (2) by Certain
Mutant Organisms Lacking Diol Dehydrogenase Enzymes

In order to exploit this useful biotransformation a variety of other micro-organisms,
including “industrial” strains of Escherichia coli, have been generated that are capable of
expressing a variety of dioxygenases. One widely used (and recombinant) organism is E. coli
JM109 (pDTG601) which, under optimal conditions, is capable of producing up to 35 grams of
metabolite per litre of fermentation broth.[3,4] Furthermore, since dioxygenases are relatively
promiscuous enzymes, a considerable range of c-DHCs has been obtained with more than 300
such metabolites having been reported to date.131 A small selection of these structurally diverse
metabolites is shown in Figure 2.1.

Figure 2.1 A Selection o f the cis-/ ,2-Dihydrocatechols Available Through Enzymatic cis-7,2Dihydroxylation o f the Corresponding Aromatic

2.1.2

Chemical Manipulation of the m-l,2-Dihydrocatechols
Chemical manipulation at the individual carbon centres within certain cis-1,2-

dihydrocatechols has reached an impressive level of sophistication. The resident electronic and
steric effects within these metabolites means that each centre can, for all intents and purposes,
be addressed selectively and with high levels of regio- and/or stereo-control. Some such
possibilities are summarised in Figure 2.2.
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Figure 2.2 Sites and Types o f Reactivity Observedfor cis- 1,2-Dihydrocatechols and Their Derivatives.

Specifically then, it is possible to protect the c/s-related vicinal hydroxyl groups either
concurrently, e.g. as a cyclic acetal, or individually owing to their differing steric environments.
Selective mono-protection via , for example, the derived p-methoxyphenyl acetal, is also
possible since such 6/s-protected diols can undergo selective reductive cleavage with D IB A L to
give a single mono-protected system.151
When X is a halogen, the electronic characteristics o f the two double-bonds present in
the c-DHCs are quite distinct. So, the less substituted and more sterically accessible A5-olefin
reacts preferentially w ith a variety o f electrophiles, including m-chloroperoxybenzoic acid (wCPBA). ß-Face functionalisation also often takes place preferentially in such reactions due to
the steric effects exerted by the a-oriented hydroxyl groups or protected variants thereof.161 The
epoxides formed through this process can themselves engage in nucleophilic ring openings and
usually do so through attack at the a llylic C5 position.171
C3-Halogenated c-DHCs

can engage in

various

Pd[0]-catalysed cross-coupling

reactions with organometallic species or can themselves be metallated then coupled to a wide
range o f halides.181 Such metabolites

can also

undergo electrochemical

reduction or

hydrogenolysis to remove the appended halide, especially when it is iodine.161
The

5-cissoid-1,3-diene

residue

present

in

the

c-DHCs

allows

access

to

enantiomerically pure bicyclo[2.2.2]octenes via both intra- and inter-molecular Diels-Alder
cycloaddition reactions. Often these addition reactions proceed with exquisite levels o f regioand/or diastereo-selectivity. Furthermore, such addition products have often served as pivotal
synthons in total synthesis.181*’91
Once electrophilic addition to the more reactive olefin o f the diene has taken place, the
remaining one (usually the one bearing the halogen) can undergo ozonolytic cleavage, and the
peroxidic intermediates so formed subjected to reductive work up. By this means, a range o f
acyclic (open-chain) products can be obtained.1'01
Figure 2.3 shows a selection o f the wealth o f natural products that have been
synthesised using the c-DHCs as starting materials.16'8’9bl0al 11 In each case the original sixcarbon framework derived from the starting material is highlighted in red.
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Figure 2.3 A Selection o f the Natural Products and Other Biologically Active Systems Derived from cis1,2-Dihydrocatechols

2.2

Retrosynthetic Analysis and Strategy
The total synthesis of phomentrioloxin

[(-)-l] reported by Banwell et a/.112’ has

provided the basic means used for synthesising the range of analogues reported here. Thus, the
proposed strategy (Scheme 2.3) relied on the coupling of two intermediates, namely a
cyclohexenol head group (49, 50, 53 or 54) with the alkyne-containing tail 7. The last
compound was readily prepared from ketone 59. Each of the necessary C3 and C4 modified
cyclohexenyl iodides could be produced through various manipulations of the non-halogenated
double-bond within compound 2, and so the diastereoisomerically related epoxides 39 and 40
served as the key precursors to the required head groups.
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Scheme 2.3 Retrosynthetic Analysis o f Phomentrioloxin Analogues, Varying in the Nature o f the
Substituents and/or Stereochemistries at C3 and/or C4
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2.3

Synthesis of Phomentrioloxin Analogues

2.3.1

Synthesis of Precursor Epoxides 39 and 40

59

Epoxides 39 and 40 (Figure 2.4) were required as the pivotal precursors to the
iodoconduritols to be used in the final-stage couplings to install the tail portion of the
phomentrioloxin analogues.

39

40

Figure 2.4 Required Epoxide Building Blocks
Synthesis o f Key Epoxide 39

It was anticipated that epoxide 39 could be prepared from the c-DHC 2, (X=I) using
well-established chemistry previously applied to other members of this type of metabolite.[l3]
The proposed reaction sequence is shown in Scheme 2.5 (see Appendices 1.1 and 1.3 for fold
out versions of syntheses involving this compound) and in pursuit of this plan the c-DHC 2 was
treated with NBS in moist THF to give the cyclohexenetriol 41 in a completely regio- and
diastereo-selective manner. Following this, the c/s-diol residue was protected as the
corresponding acetonide using 2,2-DMP and />Ts0H#H20 and in doing so compound 42 was
obtained in 78% yield over the two steps involved. The bromohydrin moiety was then subjected
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to ring closure using NaOH and thereby delivering the targeted cyclohexene oxide 39 in 44%
yield.

Scheme 2.5 Synthesis of Epoxide 39

39

42

Reagents and Conditions: (i) NBS, THF/water (4:1 v/v), 20 °C, 18 h; (ii) 2,2-DMP, p-TsOH*H20 , 20 °C, 18 h, 78%
from 2; (iii) NaOH (2.0 M aq.), DME, 20 °C, 2 d. 44%.

Analysis o f the vicinal coupling constants (Table 2.1) observed in the 'H NMR
spectrum o f compound 39 using the Karplus equation114125 served to confirm the stereochemical
outcome o f the two-step epoxidation process leading to this species.

Table 2.1 Key Vicinal and Longerrange Couplings Observed in 1H
NMR Spectrum o f Compound 39

c

c j a . 0x
1

Vicinal and Long-range
Proton Pairs

Relationship

'H-'H Coupling
Constant
./(Hz)

C(l)-H - C(2)-H

cis

6.7

C(2)-H - C(3)-H

cis

2.7

C(3)-H - C(4)-H

cis

4.0

C(4)-H - C(5)-H

allylic

4.2

C(l)-H - C(3)-H

W-coupling

1.7

Spectral Data Acquired in CDCf Solution

s The Karplus equation (l)[l4) describes an approximation of the relationship between the dihedral angle, or <p, of
two vicinally related protons and the magnitude of the observed coupling constant (J-value):
J(c p ) = Acos2cp + Beos3cp + C

(1)

where J is the 3JH-h coupling constant. <p is the dehedral angle and A, B and C are empirically derived values
dependent on the atoms and substituents involved. The J-values are smallest when the torsion angle is closest to 90°
and largest when (p is closest to 0° or 180°.
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In particular, the resonance due to C(3)-H appears at 5 3.66 and displays two c/s-vicinal
couplings, of 4.0 and 2.7 Hz, to C(4)-H and C(2)-H, respectively. The coupling between C(2)-H
and C(3)-H is typical for an epoxide of this type with the analogous chloro- and bromoepoxides displaying coupling constants of 2.6 Hz and 2.4 Hz, respectively.*131 Coupling
constants of this magnitude are indicative of dihedral angles of approximately 60° to 65° and so
suggesting a ^-relationship as expected.*141 C(3)-H also exhibits a W-coupling (1.7 Hz) to the
oxymethine proton at C l.
Synthesis o f Key Intermediate Epoxide: Compound 40
In the second of the key epoxides, viz. compound 40, the acetonide residue would be
<2«//-related to the epoxide and such a stereochemical relationship could be established via direct
epoxidation of the more nucleophilic, non-halogenated olefin of diene 43 with w-CPBA. The
regio- and diastereo-facial selectivity observed in this reaction is determined by both the steric
bulk of the acetonide moiety (which inhibits epoxidation from the a-face of the molecule) and
the presence of the iodine atom that inductively deactivates the A5-olefin such that the
epoxidation occurs at the more nucleophilic A3-double-bond.
Despite previous experiences within the group with high yielding electrophilic
epoxidations of this type when applied to the corresponding bromide or chloride,*615*the iodide
43 (Scheme 2.6) only reacted over prohibitively long periods and delivered unacceptably low

yields (20%) of target substrate 40.*16* In a related vein, treatment of the same substrate (43)
with dimethyldioxirane (DMDO), either generated in situ or prior to reaction, did not produce
any of the desired product (40).
Scheme 2.6 Direct Epoxidation o f Compound 40 with m-CPBA

2

X= I

43

40

Reagents and Conditions: (i) 2,2-DMP, /?-TsOH«H20 , 20 °C, 0.5 h; (ii) w-CPBA, NaHC03, H20 . DCM, 0 to 20 °C,
8 d, 20% from 2.

As direct epoxidation did not produce compound 40 reproducibly or in preparatively
useful quantities, an alternative route was required and an ultimately effective one is shown in
Scheme 2.7 (see Appendices 1.2 and 1.4 for fold out versions). This new path utilised the same
Upjohn dihydroxylation product (44) as described in Chapter One and generated during the
synthesis of natural product (-)-l.*12,17* Thus, subjection of the acetonide 43 to the Upjohn
dihydroxylation reaction delivered the c/s-l,2-diol 44 in 48% yield from compound 2. This diol
was itself treated with Moffatf s reagent*191 which enabled quantitative production of the trans-
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chloroacetate 45, the structure of which was confirmed by single-crystal X-ray analysis. The
derived ORTEP is shown in Figure 2.5.
Scheme 2.7 Alternative Route to Epoxide 40

40

45

Reagents and Conditions: (i) 0 s 0 4 cat., NMO, acetone/water (5:1, v/v), 0 to 20 °C, 18 h, 48% from 2; (ii) aacetoxyisobutyryl chloride, MeCN, 0 to 20 °C, 1.25 h. quant.; (iii) NaOMe, Et20 , 0 to 20 °C, 3.5 h. 51%.

Treatment of the chloroacetate 45 with sodium
methoxide then furnished the required epoxide 40 in
ca. 50% yield. All the spectral data obtained on this
compound match those reported previously.1161 In
particular, the El mass spectrum displayed a molecular
ion at m/z 294 and an accurate mass measurement of
this species confirmed it was of the expected
composition, viz. C9H n127I0 3.
Figure 2.5 ORTEP Derivedfrom SingleCrystal X-ray Analysis o f Compound 45

Analysis of the vicinal coupling constants (Table 2.2) observed in the 'H NMR
spectrum of compound 40 served to confirm the stereochemical outcome of the three-step
epoxidation process leading to this material. Specifically, the resonance due to C(3)-H appears
at 5 3.61 and exhibits vicinal couplings of 3.7 Hz and 2.1 Hz to C(4)-H and C(2)-H,
respectively. The trans-type vicinal coupling observed between C(3)-H and C(2)-H is only 2.1
Hz, a value typical of epoxides of this stereochemical form with the corresponding chloro- and
bromo-compounds displaying analogous J-values of 1.4 and 1.8 Hz, respectively.16151 The
greater electronegativities of the chloro- and bromo-substituents would be expected to decrease
the magnitude of such couplings when compared with that of the iodide.
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Comparison of the magnitude of the C(3)-H to C(2)-H couplings observed for epoxides
39 and 40 (2.7 and 2.1 Hz, respectively) shows that although the stereochemistries of the
epoxides are opposite, the J-values are rather similar. This is due to the comparable variation in
the magnitudes of the torsion angles along the C2-C3 bond either side of the 90° mark (i.e.
compound 39 cp ca. 65°; compound 40 cp ca. 115°).G
Table 2.2 Key Vicinal and Longerrange Couplings Observed in 1H
NMR Spectrum o f Compound 40

y
c : ^ 0x
f

\ o b
i

Vicinal and Long-range
Proton Pairs

Relationship

'H-'H Coupling
Constant
J ( Hz)

C(l)-H - C(2)-H

cis

6.6

C(2)-H - C(3)-H

trans

2.1

C(3)-H - C(4)-H

cis

3.7

C(4)-H - C(5)-H

allylic

4.6

C(l)-H - C(5)-H

W-coupling

1.5

C(2)-H - C(4)-H

W-coupling

1.0

Spectral Data Acquired in CDC13 Solution

The mode of formation of compound 45 from precursor 44 warrants some comment.
Based on the initial work of Mattocks1181 and subsequent studies by Moffatt and Greenberg,1191 it
is presumed (Scheme 2.8) that diol 44 reacts with 2-acetoxyisobutyryl chloride (Moffatt’s
reagent) to give the protonated ortho-ester 46, that itself rearranges to cyclic isomer 47. This last
species then fragments to give the oxonium ion 48 which is attacked by chloride at the allylic
position to give the observed compound 45.
Scheme 2.8 Mechanism o f Formation o f trans-Chloroacetate 45 from Precursor 44 Using Moffatt's
Reagent
O

44

46
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Synthesis of Regioisomeric Methyl Ethers
With the required epoxides in hand, attention turned to the elaboration of these into the

regioisomeric O-methyl ethers, 49 and 50 (Figure 2.6), required as precursors to the targeted
phomentrioloxin analogues 31 and 32. In each case these were to be obtained by treating the
relevant epoxides with acidic methanol. The proposed selectivity should arise through the
ability of the adjacent alkenyl halide to stabilise the developing positive charge at the allylic
position within epoxides 39 and 40 with the result that preferential C(4)-0 bond cleavage would
occur and so producing the required C4 methoxy-compounds.1201 As detailed below, these
expectations were realised.
9H
I
49

Figure 2.6 Target Methyl Ethers 49 and 50

Synthesis o f C om pound 49 From E poxide 39

Upon treatment of compound 39 with methanol in the presence of catalytic quantities of
(+)-camphorsu\fonic acid [(+)-CSA], the epoxide ring underwent the expected regioselective
nucleophilic cleavage161 at the allylic position to afford methyl ether 51. Removal of the
acetonide protecting group under mildly acidic conditions then gave the cyclohexenetriol 49 in
33% yield (from 39). This low yield is most likely due to the poor solubility of the product in
most organic solvents.
Scheme 2.9 Synthesis o f Alkenyl Iodide 49 from Epoxide 39
o,

39

?H

?H

51

49

Reagents and Conditions', (i) MeOH, (+)-CSA, CHCl3, 20 °C, 0.5 h. 93%; (ii) AG-50W-X8 acidic ion exchange
resin, MeOH/THF (1:1 v/v), 20 °C, 48 h, 36%.

Analysis of the coupling constants observed in the ‘H NMR spectrum of compound 49
(Table 2.9) supported the illustrated regiochemical outcome of the ring opening reaction.
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Table 2.3 Key Vicinal and Longerrange Couplings Observed in 1H
NMR Spectrum o f Compound 49

M eO

—A-' A— > I i
1 5 v ^ -H
H

2

Vicinal and Long-range
Proton Pairs

Relationship

'H-'H Coupling
Constant
J (Hz)

C(5)-H - C(4)-H

allylic

2.6

C(4)-H - C(3)-H

Ira n s

7.3

C(3)-H - C(2)-H

c is

2.1

C(2)-H - C(l)-H

cis

3.8

C(5)-H - C(l)-H

W-coupling

1.8

OH

OH

Spectral Data Acquired in CD3OD Solution
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Specifically, a tram- 1,2-coupling (7.3 Hz) is
observed between the C4 oxymethine proton and the
adjactent C3 proton. In turn, and as expected, the C(3)H proton shows a cis-1,2-coupling of 2.1 Hz to C(2)-H.
A single-crystal X-ray analysis of triol 49
served to confirm the assigned structure (Figure 2.7).
So, as expected, all of the hydroxyl groups within this
compound are ^«-related to one another while the lone
methoxy group [at C4 (shown as C6 in ORTEP)] is
anti-related

and

resides

on the

ß-face

Figure 2.7 ORTEP Derivedfrom the SingleCrystal X-ray Analysis o f Compound 49

of the

cyclohexene ring.
Synthesis o f Compound 50 From Epoxide 40
When epoxide 40 was treated with methanol in the presence of (+)-CSA (as catalyst)
then the methyl ether 52 was obtained and, once again, in a highly regioselective manner and
45% yield. Removal of the acetonide unit in the same manner as previously described then gave
the corresponding cyclohexenetriol 50 in 75% yield.
Scheme 2.10 Synthesis o f Compound 50 from Epoxide 40

40

52

50

Reagents and Conditions: (i) MeOH, (+)-CSA, CHC13, 20 °C, 0.5 h, 45%; (ii) AG-50W-X8 acidic ion exchange
resin. MeOH/THF (1:1 v/v), 20 °C, 48 h. 75%.

As before, analysis of the derived 'H NMR spectrum of triol 50 (Table 2.4) served to
confirm the assigned structure. Thus, the C3 oxymethine proton [C(3)-H] shows the expected
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/raws-1,2-related coupling (7.5 Hz) to C(4)-H as well as a second and now large /raws-1,2coupling (10.5 Hz) to C(2)-H. On the other hand, the resonance due to C(2)-H shows a smaller
cis- 1,2-coupling (4.2 Hz) to the adjacent Cl oxymethine proton [C(l)-H].
T able 2.4 Key Vicinal Couplings

Observed in 'H NMR Spectrum of

Vicinal Proton Pairs

Relationship

'H-'H Coupling
Constant

C(4)-H - C(5)-H

allylic

2.4

C(4)-H - C(3)-H

trans

7.5

C(3)-H - C(2)-H

trans

10.5

C (l)-H -C (2)-H

cis

4.2

Compound 50
H

u

M e O (HO

1

| 3
H

6

OH

J (Hz)

Spectral Data Acquired in CD3OD Solution

2.3.3

Synthesis of Deoxy-Analogues
The formation of the deoxy-compounds 53 and 54 (Figure 2.8) required the reductive-

cleavage of epoxides 39 and 40 so as to form the corresponding homo-allylic alcohols. In both
cases this could be achieved in a completely regioselective manner through treatment of these
substrates with DIBAL-H. The observed selectivity may be attributed to the Lewis-acidic nature
of D1BAL-H which facilitates the formation of an a/e-complex with the oxygen of the oxirane.
Stabilisation of the developing positive charge at C-4 through mesomeric effects exerted by the
adjacent alkenyl iodide then renders this site more susceptible to attack by a hydride ion.[21]

53

54

Figure 2.8 Required Alkenyl Iodide Coupling Partners for the Preparation of the Target Deoxy-

analogues

Synthesis o f Compound 53 From Epoxide 39
When compound 39 was treated with DIBAL-H, the expected homo-allylic alcohol 55
was obtained (Scheme 2.11) in 66% yield. O-Methylation of the latter compound, under PurdieIrvine conditions (Mel/Ag20 ),[22] then gave the required methyl ether (56) in 47% yield.
Removal of the acetonide protecting group was accomplished under mildly acidic conditions,
using an acid ion-exchange resin, and the diol 53 thereby obtained in 64% yield. The successful
formation of this last compound was readily confirmed by the presence of a three-proton singlet
appearing at 8 3.37 in the ’H NMR spectrum. The El mass spectrum displayed a molecular ion
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at m/z 270, and an accurate mass measurement on this species established it was of the expected
composition, viz. C7H]0l27lO3 .
Scheme 2.11 Synthesis ofTriol Monomethyl Ether 53 from Epoxide 39

I

I
53

56

Reagents and Conditions: (i) DIBAL-H, Et20 , -40 °C, 3 h, 66%; (ii) Mel, Ag20 , MeCN, 82 °C, 16 h. 71%; (iii) AG50W-X8 acidic ion exchange resin. MeOH/THF (1:1 v/v), 20 °C, 24 h, 64%.

Analysis of the vicinal couplings (Table 2.5) observed in the 'H NMR spectrum of
compound 55 served to confirm the illustrated structure.

T a b l e 2 .5

Key Vicinal and

Geminal Couplings Observed in 1H
NMR Spectrum o f Compound 55

1

V icin a l and G em in a l
P roton P airs

R elation sh ip

‘H -'H C o u p lin g
C o n stan t

C(5)-H - C(4)-Ha

allylic

5.9

C(5)-H - C(4)-Hb

allylic

2.7

C(4)-Ha-C (4)-H b

geminal

16.5

C(4)-Ha- C(3)-H

cis

5.7

C(4)-Hb - C(3)-H

trans

9.5

J (H z)

Spectral Data Acquired in CD3OD Solution

The resonances due to C(4)-Ha and -Hb are geminally coupled (16.5 Hz) and both also
exhibit allylic couplings to C(5)-H of 5.9 and 2.7 Hz, respectively. Furthermore, C(4)-Hb shows
a vicinal and /rarcs-coupling of 9.5 Hz to C(3)-H while C(4)-Ha displays a vicinal and ciscoupling of 5.7 Hz.
Synthesis o f Compound 54 From Epoxide 40
A route (Scheme 2.12) related to that described above was used to prepare target 54 in
30% overall yield from epoxide 40. So, the homoallylic alcohol 57 was formed in 72% yield
through treatment of epoxide 40 with DIBAL-H. O-Methylation of the product alcohol, under
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Purdie-Irvine conditions,,2:| then gave compound 58 and the removal of the acetonide unit
within it delivered diol 54 in 41% yield from 57. Examination of the 'H NMR spectrum of
compound 54 showed the presence of a three-proton singlet at 5 3.42 and corresponding to the
methyl ether. The El mass spectrum showed a molecular ion at m/z 270 and an accurate mass
measurement on this species established that this was of the expected molecular formula, viz.
C,H10i2,IO,.
Scheme 2.12 Synthesis of Compound 54 from Epoxide 40

I

I
54

58

Reagents and Conditions: (i) DIBAL-H, Et20 , -40 °C, 3 h, 72%; (ii) Mel, Ag20 , MeCN, 82 °C, 16 h, 47%; (iii) AG50 W-X8 acidic ion exchange resin, MeOH/THF (1:1 v/v), 20 °C, 24 h, 88%.

Once again, examination of the 'H NMR spectrum obtained on a sample of compound
57 served to confirm the assigned structure (Table 2.6). The signal due to C(4)-Hb resonates at 8

2.12 and displays the expected geminal (17.6 Hz) coupling to C(4)-Ha and an allylic coupling of
3.5 Hz with C(5)-H. A vicinal coupling of 7.2 Hz to C(3)-H suggests a toms-relationship
between C(4)-Hb and C(3)-H, as is expected for this species. Similarly, the signal due to C(4)Ha exhibits an allylic coupling to C(5)-H (ca. 5.1 Hz) and a vicinal and c/s-coupling of 4.6 Hz
to C(3)-H.
Table 2.6 Key Vicinal and
Geminal Couplings Observed in 1H
NMR Spectrum of Compound 57

OH

“■ ^ :x
i

Vicinal and Geminal
Proton Pairs

Relationship

'H-'H Coupling
Constant
J (Hz)

C(5)-H - C(4)-Ha

allylic

5.1

C(5)-H - C(4)-Hb

allylic

3.5

C(4)-Ha- C(4)-Hb

geminal

17.6

C(4)-Ha- C(3)-H

trans

7.2

C(4)-Hb - C(3)-H

cis

4.6

Spectral Data Acquired in CD3OD Solution
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2.3.4

Production of the Targeted Phomentrioloxin Analogues - The Final Stages
The final stages of the synthesis of the targeted phomentrioloxin analogues were

focused on the synthesis of the unsaturated tail portion of the parent molecule, and the coupling
of this to the various cyclohexenyl iodide head groups obtained by the methods described in the
preceding sections. The same tail portion was to be installed in each of the analogues targeted
for synthesis. The requisite dienyne fragment (7) was prepared in the same manner as used in
the Banwell and Ma synthesis of the natural product.1'2231 Thus, treatment of ketone 59 (Scheme
2.13) with LDA under conditions of kinetic control and trapping the resulting enolate ion as the
triflate gave compound 60. Sonogashira coupling conditions were employed to convert this
intermediate into the TMS-protected dienyne 61 and removal of the silyl protecting group was
readily accomplished using TBAF and so delivering the desired but very volatile terminal
alkyne 7. The spectral data obtained on compound 7 were in complete accord with the assigned
structure and matched those reported previously.1231
Schem e 2.13 Preparation o f Dieneyne Tail 7

7

61

Reagents and Conditions: (i) LDA, THF, 0 °C, l h then PhNTf2, -7 8 to 20 °C, 16 h, 32%; (ii) TMS-acetylene.
Pd(MeCN)2Cl2, Cul, piperidine, THF, 20 °C, 5 h, 65%; (iii) TBAF, THF, 20 °C, h, 23%.

The completion of the synthesis of each of the targeted phomentrioloxin analogues was
readily accomplished through the application of palladium-catalysed cross-coupling reactions.
Of the various protocols available (including the Negishi or Stille cross-couplings processes)
the Sonogashira reaction was chosen owing to its tolerance of free hydroxyl groups and the lack
of requirement to further derivatise the unsaturated tail 7. The basic procedure1'21 employed for
these cross-couplings is defined in Scheme 2.14 and the results of deploying it are shown in
Table 2.7.
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Scheme 2.14 A Generalised Scheme Showing the Synthesis o f Phomentrioloxin Analogues 3 1 - 3 4 via
Sonogashira Cross-Coupling

Reagents and Conditions: (i) Pd(PPh3)2Cl2, Cul, Et2NH, 20 °C, ~20 h.

Table 2.7 Outcomes o f the Sonogashira Cross-Coupling o f the Relevant Cyclohexenyl Iodide with
Dienyne 7 to Form Phomentrioloxin Analogues 3 1 - 3 4
Cyclohexenyl Iodide

Yield

Product Analogue
OH

64%

The cross-coupling reactions proceeded in yields ranging from 34 - 64% and each
product, viz. 31 - 34, was readily purified by conventional chromatographic means. The derived
'H and 13C NMR spectra of these phomentrioloxin analogues are shown on the following pages
(Figures 2.9 to 2.16). Unsurprisingly, the lower field regions of the spectra are rather similar
due to the constancy of the nature of the polyunsaturated tail associated with each compound.
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CDCIj

Figure 2.9 400 MHz 1H NMR Spectrum o f Compound 31 (Recorded in CDCl3)
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Figure 2.10 100 MHz l3C NMR Spectrum o f Compound 31 (Recorded in CDCl3)
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CDCIj

Figure 2.11 400 MHz 'll NMR Spectrum o f Compound 32 (Recorded in CDCf)
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Figure 2.12 100 MHz l3C NMR Spectrum o f Compound 32 (Recorded in CDCf)
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Figure 2.13 400 MHz 1H NMR Spectrum o f Compound 33 (Recorded in CDCI3)

CDCIj

33

Figure 2.14 100 MHz l3C NMR Spectrum o f Compound 33 (Recorded in C D C f)
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Figure 2.15 400 MHz ' H NMR Spectrum o f Compound 34 (Recorded in CDCl3)

CDCfe

Figure 2.16 100 MHz l3C NMR Spectrum o f Compound 34 (Recorded in CDCf)

35

Chapter Two

36

2.4

The Biological Evaluation of Phomentrioloxin Analogues
The phomentrioloxin analogues described above along with a number of related

compounds synthesised by other members of the Banwell group, including (-)-phomentrioloxin
1 itself and compounds 62 to 85, were sent to BASF (Germany) for evaluation, in greenhouse

settings, as broad spectrum herbicides (see Appendix 1.5 for a fold out depicting all of the
compounds tested). The plant species used in these tests were Setaria viridis (SETVI, green
foxtail) and Amaranthus retroflexus (AMARE, pigweed). The test results are presented in Table
2.8 and represent the average rating for each of the two plant species involved in the testing
regimes.
Table 2.8 The E volution o f Phom entrioloxin D eriva tives as N on-specific H erbicides A gainst
A. retroflexus a n d S. viridis
C om pound®

A v e r a g e d R e s u lt b

C om pound

A v e r a g e d R e s u lt

r

+

72

+

31c

+

73

+

32c

0

74

++

33c

+

75

-H-

34c

+

76

+

62

0

77

0

63c

+

78

0

64

0

79d

+

65

0

80d

0

66

+

81d

+

67

+

82

0

68

0

83

+

69

++

84

+

70

+

85

+

71

++

a Compound applied at 2 kg a.i./ha unless otherwise specified, b Qualitative result over the two plant species used,
c Compounds 1, 31,32, 33, 34 and 63 were applied at 1 kg a.i./ha d Compounds 79. 80 and 81 at 1.333, 1.145 and
1.625 kg a.i./ha, respectively.

0-25:
0
(no or very low activity)
>25-50:
+
(moderate activity)
>50-75:
++
(good activity)
>75:
+++ (very good activity)
(Evaluation was carried out using a scale from 0-100. 100 means complete destruction o f at least the aerial
moieties, and 0 means no damage, or normal course o f growth.)
Compounds 1 and 63 were synthesised by Dr. Xinghua Ma, compounds 31, 32, 33 and 34 were synthesised by the
author. All other compounds tested were synthesised by PhD candidate Ehab Taher.___________________________

Observations arising from the testing conducted at BASF indicate that these compounds
cause a generalised necrosis of the arial moieties of the plant species against which they are
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tested. Such outcomes suggest that the active compounds are eliciting activity via a non-specific
pathway.
The results of these tests indicate that the parent compound,

[(-)-l] is only moderately

active and serves as a non-specific/non-selective herbicide. The outcome of testing compound
32 shows that shifting the methoxy group to C4 and inversion of stereochemistry at this point
results in a loss of activity. Overall, however, the results indicate that changes in the location of
the methyl ether residues, but with retention of stereochemistry, have little to no impact on
efficacy. Similarly, the stereochemistry of the substituent at C3 (in terms of its a- or ß-face
orientation) does not alter the observed biological activity. Furthermore, deletion of the
hydroxyl moiety at C4 (as seen in compounds 33 and 34) has no demonstrable impact on the
effectiveness of the analogues as herbicides, viz. such analogues remain reasonably active.
Partial saturation of the alkyl side chain, as manifest in compounds 63, 64, 65, 67 and
68, leads to a decrease in the observed activity whilst replacement of this side chain with a
disubstituted phenylethenyl or phenylethyl group results in similar decreases. However, the use
of a disubstituted phenylethynyl unit as the “side chain” either resulted in steady levels, or an
increase in herbicidal activity (as observed for compounds 69 to 76). Of particular interest are
compounds 69, 71, 74 and 75 where the effect of this side chain substitution is most profound,
with these compounds displaying good activity (as determined by averaging over the two
species tested). It should be noted that the substitution patterns for these compounds indicate
that either a 3,5-dimethyl- or 3,5-dimethoxyphenylethynyl side chain appears to be most
beneficial when “used” in conjunction with the retention of the stereochemistry of substituent at
C3 and maintenance of the methoxy substituent at this position when compared to the parent
compound

(-)-l. Overall, it appears that the thermal stability of these compounds is the

strongest determinant of the degree of herbicidal activity due to their ability to survive test
conditions without degradation. Other compounds that performed poorly, such as 32 and 80,
had a tendency to decompose even when stored at low temperatures (-10 °C).

2.5

Conclusions
In the work detailed above, the cz's-l,2-dihydrocatechoI 2 (X=I), a product of enzymatic

dihydroxylation of iodobenzene, was transformed into four C3 and/or C4 modified analogues of
the natural product (-)-phomentrioloxin 1, a phytotoxic compound being used as a “lead” for
the development of environmentally accepted herbicides. Analogues 31 to 34 were produced in
a completely regio- and stereo-selective manner using the methods employed in the Ma and
Banwell synthesis of the parent system, viz. compound (-)-l.
Testing of these analogues, along with (-)-phomentrioloxin 1 and a tranche of other
derivatives synthesised within these laboratories, as non-selective herbicides has shown that the
activity of any given compound is dependent on the interplay between the regio- and stereo-
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chemistry of the head group and the level of saturation of the tail side chain. The best results
were observed where a thermally stable, unsaturated tail, such as the 3,5-dimethylphenylethynyl
group, was present in conjunction with a head group where the substituents at C3 and C4 were
both methoxy groups and both a-oriented as manifest in compounds 69, 71 and 75 (Figure
2.17).

Figure 2.17 Structures o f Phomentrioloxin [(-)-l] and “H it” Compounds 69, 71 and 75
As a result, any future synthetic work in this area would probably be most profitably
focused on investigating further regio- and stereo-chemical manipulations of the head group,
perhaps in relation to the Cl and C2 substituents which have previously remained unaltered,
and functional group tolerance with regard to the aryl side chain. Furthermore, due to the
observed non-specific mode of action, manifest as generalised necrosis in the plants tested, any
modifications to the structure of these compounds should be directed towards at increasing their
thermal stability. The survivability of these compounds under testing conditions appears to be
an important factor in determining the degree of herbicidal activity seen and, as such, will be
integral to any effective additional studies in the area.
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Chapter Three

An Introduction to Pterocarpans Structure, Biological Activity
and Synthesis
The plant phytoalexins known as pterocarpans are the second largest
group o f naturally occuring isoflavanoids known. This Chapter serves
to introduce the pterocarpan family and surveys these natural
products and their analogues in terms o f structure, biological activity
and synthesis. The potential o f the (+)- and (-)-forms o f 2,3,9trimethoxypterocarpan, (+)-118 and (~)-118 respectively, to serve as
oncolytic agents is discussed.

(+)-118

3.1

Introduction to Pterocarpans

3.1.1

Overview

(-)-118

Phytoalexins are compounds synthesised de novo in plants and rapidly accumulate in
response to pathogenic infection, plant wounding or abiotic assaults such as those arising from
heavy metal salt contamination or UV-irradiation.tl] One o f the largest groups o f phytoalexins
are the isoflavanoids which include the pterocarpan subclass,121 the general structure, 86, of
which is shown in Figure 3.1.

Figure 3.1 Tetracyclic Framework (86) o f the Pterocarpans
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Pterocarpans embody the 6a, 1la-dihydro-6//-benzofuro[2,3-c]chromene framework
and are, therefore, tetracyclic and mutually fused benzopyran-benzofuran systems. They are
produced by the Fabaceae (Leguminosae) family of plants, also known as the legume, pea or
bean family, and were so named by Harper et al.[3] after the first two compounds isolated in this
class. Thus, pterocarpin [(—)-87] and homopterocarpin [(—)-88] (Figure 3.2) were isolated from a
species of pantropical tree within the Pterocarpus genus by Cazeneuve et al.[4] in 1877 and
represent the starting point for the extensive research in the area. Over 140 individual
pterocarpans are now known.151

Figure 3.2 Pterocarpin [(-)-87] and Homopterocarpin [(-)-88j, the First Pterocarpans

3.1.2

The Structural, Optical and NMR Characteristics of Pterocarpans
Structural and Optical Characteristics
The pterocarpans (86), the 6a-hydroxypterocarpans (89) as well as other oxidised

variants such as the pterocarpenes (90) and coumestans (91), are collectively known as
pterocarpanoids (Figure 3.3). AU compounds contain the aforementioned fused benzopyranbenzofuran system. The pterocapans and 6a-hydroxypterocarpans each contain two centres of
chirality that determine the overall shape of the molecule. These rings can be either cis- or
/ra«s-fused with only the c/s-form being found in nature. All four possible diastereomers are
shown in Figure 3.4.
/s .

6a

11a \
O86

b

o.

(TY 1

^OH

Xb
89

(bf bV iv \
/s .

o.

M3

90

cr

t

,0

Xb
91

Figure 3.3 The Structures o f the Pterocarpanoid Class of Compounds

Whilst both (+)- and (-)-c/s-pterocarpans have been isolated, the vast majority of these
compounds have large, negative optical rotations ([a]o -150° to -300°) thereby identifying
them as (-)-pterocarpans and so possessing the 6aR and 1lai? configurations at the centres of
chirality.|5a] Their (+)-configured counterparts are, therefore, assigned as the ö a^ lla S
stereoisomers. Additionally, there are a number of pterocarpans that carry a 6a-hydroxyl group.
Again, the majority of these compounds are levorotatory systems possessing the 6aS and 1laS
configurations.|5a]
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(—)~cis

6 afl,11afl

(+ )-cis

6 aS ,1 1 aS

( - )-trans

6 afl,11aS
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(+)-trans

6aS,11afl

Figure 3.4 The Structures and Numbering o f (-)- and (+)-c\s- and trans-Pterocarpans
Representative examples of the pterocarpan family’s diverse structures are shown in
Table 3.1. Most pterocarpans carry oxygen-based substituents at C3 and C9 and/or C8,
although, other structural variants, such as ones embodying methylenedioxy and prenyl units,
are common. The methylenedioxy unit is usually found bridging the C8-C9 region such as
encountered in maackiain (104) or pterocarpin (87), whereas prenyl groups are usually located
at C2 or CIO, as encountered, for example, in erycristin (100) and erythrabyssin-II (101).
Occasionally, and where it is adjacent to an -OH, the prenyl group will cyclise to form a six
membered oxygen heterocycle as seen in folitenol (102), neorautanin (109), neorautenane (110)
or phaseollin (112). A number of pterocarpans have been isolated containing appended
carbohydrate residues including medicarpin 3-0-glucopyranoside (106) and trifolirhizin (117),
both of which are glycosylated at the C3 position. A particularly rare variation involves
oxygenation at C6 as seen in the sophoracarpans (114 and 115) where a methoxy-group is
present. For a complete view of the diversity of known pterocarpans and their natural sources
the reader should consult the review by Jimenez-Gonzälez et al.[5a]
NMR Characteristics
The NMR spectra of pterocarpans constitute an invaluable source of structural
information owing to the characteristic resonances of the four aliphatic protons (6a, 6ax, 6eq,
1la) and their associated carbons (Table 3.2).[6] Comparison of the chemical shifts associated
with these protons indicates that for c/s-configured pterocarpans, the 1la-proton will have a
shift of approximately 8 5.5, whilst for the /rara-isomer, the equivalent proton resonates further
upfield, usually between 8 5.1 and 5.2.[61 Analogous differences are observed for the resonances
due to the H6a, and pseudo-axial and equatorial protons located at C6. Similarly, certain trends
are seen for the couplings observed between the C6a- and Cl la-protons associated with the
heterocyclic ring-junction. In c/s-pterocarpans the J n a6a-value is between 5.0 and 7.0 Hz,[6a d6h]
while for the /nms-configured systems it ranges between 12.0 and 14.0 Hz.[6c,6d'6f,6l]
In the 13C NMR spectra associated with c/s-configured compounds (Table 3.2) the
chemical shift range for Cl la is from 8 77 to 78, for C6 it is from 66 to 67 and for C6a from 40
to 41.[6gl For /nms-pterocarpans these ranges are from 8 83 to 85, 68 to 69 and 45 to 46,
respectively.[6c,6d,6f,6l]
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Table 3.1 Representative Structures o f Naturally Occurring Pterocarpans^31
R4

R6

r

r8

r

92

OH

OH

OH

c h 2o h

H

H

H

OH

H

Atricarpan C

93

OMe

H

OH

H

H

H

H

OMe

H

94

H

*

OH

H

H

H

H

OH

H

Calopocarpin

R ,

r

2

r

3

7

9

R4

Atricarpan A

Nam e

Rio

95

H

H

OH

#

H

H

o c h 2o

Cabenegrin A-II

96

H

A

OH

H

H

H

o c h 2o

Demethylmedicapan

97

H

H

OH

H

H

H

H

OH

H

H

H

H

OH

*

Cabenegrin A-I

H
H

Erybraedin A

98

H

H

OH

*

Erybraedin C

99

H

H

OH

*

H

H

*

OH

H

OH

H

H

H

H

OMe

*

H

OH

*

Erycristin

100

H

*

Erythrabyssin II

10 1

H

*

H

H

H

H

Folitenol

102

H

*

OH

H

H

H

Homopterocarpin

88

H

H

OMe

H

H

H

H

OMe

H

Lespedezin

103

H

H

OH

H

H

H

H

OH

*

Maackiain

104

H

H

OH

H

H

H

Medicarpin

105

H

H

OH

H

H

H

H

OMe

H

Medicarpin 3-0glucopyranoside

106

H

H

OGlc

H

H

H

H

OMe

H

Melilotocarpan A

107

H

H

OMe

OH

H

H

H

OMe

H
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H

OMe

OH

H

H

H

OH

H

OC(CH3)2CH=CH

H

H

o c h 2o

Neorautanin
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OMe

CH2CH2C(CH3)20

H

H

H

o c h 2o

Neorautenane

110

H

CH=CHC(CH3)20

H

H

H

o c h 2o

Phaseollidin

111

H

H

OH

H

H

H

H
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H

H

OH

H

H

H

H
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H

H

OMe

H

H

H
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H

OH
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H

H

H
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OH
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9-benzyloxy-8hydroxy-3-methoxypterocarpan3
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* -CH 2CH=C(CH3)2; # -CH 2CH=C(CH3)CH2OH; a -CH 2CH2CH(CH3)CH2OH
a Not a naturally occurring pterocarpan.
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Table 3.2 Chemical Shifts and Coupling Constants Associated with the Aliphatic Hydrogens and
Carbons in Some cis- and trans-Pterocarpans
'H NMR Chemical

Coupling Constant

Shifts 6

Compound

(Hz)

Shifts Ö
Cl la

C6

C6a

6.0

77.6

66.3

40.4

3.55

13.4

83.5

68.6

45.0

3.48

6.8

78.5

66.5

40.3

4.44

3.53

13.3

84.5

69.0

45.4

4.29

3.68

3.64

6.6

77.9

66.4

40.9

4.88

4.47

3.63

13.4

84.0

68.3

45.6

11a

^eq

^ax

6a

m-86'6d)

5.55

4.30

3.20

3.14

tra n s- 86|6d|

5.12

4.85

4.45

c /s-8 7 [6h)

5.49

4.23

3.66

tra n s- 87^61'

5.13

4.85

c is - 121l6c]

5.52

tra n s- 121*6cl

5.19

3.1.3

• A ia .lla

,3C NMR Chemical

Biological Activities
A wide variety of biological properties have been attributed to the pterocarpans

including

anti fungal,[7]

antibacterial,181 antiviral,191 antitoxin/101 antimalarial/111 anti-

inflammatory/121 pest antifeedant1131 antiosteoporotic/141 and anticancer1151 activities. Some
details are presented in the following paragraphs.
Antifungal Activity
Pterocarpans, like other phytoalexins, are known to accumulate in the infected tissues
of plants but are predominantly synthesised in the proximal healthy tissue/161 The antifungal
activity of these compounds tends to be non-specific and, as a result, they are found to be
produced by plants in response to a wide range of pathogens. For example, medicarpin (105)
(Table 3.1) has been found in Medicago sativa (lucerne) infected with Colletotrichum
phomoides, Stremphylium loti, Stremphylium botryosum, Phoma herbarum or Leptosphareria
briossiana.[1]
Insect Antifeedant Activity
The wood of the Pterocarpus macrocarpus (Burma padauk) tree is used in furniture
construction in Thailand because of its resistance to attack by termites. Studies conducted by
Morimoto et a //131 with Sporoptera litura F. (oriental leafworm) and Reticulitermes speratus
(Kolbe) (Japanese termite) established that a variety of pterocarpans isolated from the
heartwood of P. macrocarpus were responsible for this antifeedant effect with the strongest
response being observed for (-)-homopterocarpin (88) (Table 3.1). Interestingly, the racemate
of this compound was inactive.
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Antitoxin Activity
South American plantation workers use an alcoholic extract of the root of the “Cabeca
de negra'’ tree in folk medicine as an orally administered antivenom for snake and spider bites.
In 1982, Nakagawa and co-workers1101 investigated the source of this activity and found that two
pterocarpans, namely cabenegrin A-I (95) and A-II (96) (Table 3.1), could restore normal
respiratory and cardiac function in dogs after administration of Bolthrops atrox (common
lancehead pit viper) venom.
Antiosteoporotic Activity
Goel et al.[l,] showed that oral administration of estrogen or (-)-medicarpin [(—)-105,
Table 3.1] to ovariectomy rats prevented bone loss and onset of osteoporosis, a common
consequence of the onset of menopause in women. The lack of estrogenic effects displayed by
the pterocarpans led the authors to suggest that such compounds may be useful in prophylaxis
and postmenopausal osteoporosis management.
Antiviral Activity
In 1993, Engler et al.[9a] embarked on work directed towards finding pterocarpan-like
compounds with significant anti-HIV activity. Through in vitro assays the group found that
several analogues of natural pterocarpans, particularly compound 120 (Table 3.1), protected
cells from the cytotoxic effects of HIV-1 at pM concentrations through inhibition of reverse
transcriptase. Unfortunately, in subsequent structure-activity relationship s t u d i e s , t h e authors
found that the ring-substitution requirements for eliciting this antiviral activity were quite
restrictive, and so no further progress was made.

3.2

Synthesis of Pterocarpans

3.2.1

Biosynthesis
The biosynthesis of the pterocarpans has been studied extensively and a large fraction

of the pathway elucidated. The plant systems frequently used for these studies include Glycine
max (soybean),1181 Cicer arietinum (chickpea),1191 Medicago sativa (alfalfa)1201 and Pisum
sativum (pea).1211 Scheme 3.1^ shows the manner in which the pterocarpans and 6ahydroxypterocarpans are derived from flavones. The section illustrated with blue arrows
includes metabolites formed from the 3^-isoflavones that are present in C. arietinum, G. max
and M. sativa. The section shown with red arrows includes metabolites formed from the 3Sisoflavones that are present in P. sativum, while the section shown in green arrows includes
^ Solid arrows are steps for which there is enzymatic proof for the transformation; dotted arrows are steps that are
proposed to take place but for which there is no current experimental conformation.
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metabolites possessing the 37?-configuration present in an alternative pathway leading to the
(+)-pterocarpans.
In all Fabaceae the synthesis of pterocarpans begins with the isomerisation of flavanone
(122), via daidzein (123), to formononetin (124). From this point either daidzein (123) or
formononetin (124) can be converted into the (-)- or (+)-pterocarpans through differing
pathways. In G. max, M. sativa and C. arietinum (blue arrows) these compounds undergo 2'hydroxylation

then

asymmetric

reduction

with

isoflavone

reductase to give

(-)-2'-

hydroxydihydrodaidzein (127) or (-)-vestitone (128), both of which have the 37?-configuration.
Cyclisation with pterocarpan synthase then closes the C-ring and delivers the corresponding
pterocarpans (-)-3,9-dihydroxypterocarpan [(-)-129] or (-)-medicarpin [(—)-105], the latter
being a ubiquitous phytoalexin present in many Fabaceae. Similar studies in P. sativum by
Banks and Dewick|2la21b| (red arrows) suggest that (+)-pterocarpans are formed in much the
same manner where conversion of the 2'-hydroxyisoflavone delivers (+)-sophorol [(+)-135].
This 3£'-configured compound then continues through the biosynthetic pathway to produce (+)pterocarpans such as (+)-maackiain [(+)-104]. More recent feeding,2lcl and gene inactivation|2,d]
experiments by Van Etten et al. (green arrows) have shown that compound (-)-135 is a better
substrate than its (+)-enantiomer in the pathway leading to congener (+)-104. As a result, it is
suggested that a (-)-configured compound, namely (-)-135, is produced from the action of
isoflavone reductase, and at some point, enzymatic epimerization of either this last compound
(path i) or one further downstream [viz. (-)-104, path ii], gives rise to the corresponding (+)enantiomer. However, the enzymes responsible for such conversions are yet to be identified.12'*11
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123 R = H daidzein
124 R = Me formononetin
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isoflavone
3'-hydroxylase

132 calycosin

133 pseudobaptigenin

isoflavone
2’-hydroxylase

isoflavone
2'-hydroxylase
isoflavone
reductase

134 2’-hydroxypseudobeptigenin
125 R = H 2'-hydroxydaidzein
126 R = Me 2'-hydroxyformononetin
isoflavone
reductase

isoflavone
reductase

135 (-)-sophorol
sophorol
reductase

127 R = H (-)-2'-hydroxydihydrodaidzein
128 R = Me (-)-vestitone
pterocarpan
synthase

135 (+)-sophorol
138 (-)-DMDI
pterocarpan
synthase

hydroxyisoflavanol
dehydratase

path ii

OR
129 R = H (-)-3,9-dihydroxypterocarpan
109 R = Me (-)-medicapin
104 (-)-maackiain

104 (+)-maackiain

pterocarpan
6a-hydroxylase

OR
130 R = H (-)-glycinol
131 R = Me (-)-6a-hydroxmedicarpan

Scheme 3.1 The Biosynthesis o f Pterocarpans and 6a-Hydroxypterocarpans from Flavanones.

pterocarpans
6a-hydroxylase
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The Chemical Synthesis of Pterocarpans
A wide variety of synthetic approaches to the pterocarpans has been reported and a

summary of some of these is shown in Scheme 3.2. The strategies involved include some
inspired

by

the

biogenesis

of these

compounds,

such

as

those

involving

2'-

hydroxyisoflavanones and 2'-hydroxyflavans. Others make use of the clear presence of the
benzopyran and benzofuran substructures of the pterocarpan core, such as those employing
Mizoroki-Heck oxyarylation and radical cyclisation reactions. Other syntheses centre on the
reduction of the pterocarpan’s unsaturated counterparts, namely the pterocarpenes. Variations
on Claisen chemistry have also been employed. A few asymmetric syntheses have been
reported, including Engler’s12228] that makes use of enantioselective [3+2]-cycloaddition
reactions,

Jimenez-Gonzalez’s[6l]

asymmetric

modification

of

the

Sakurai-Hosomi

condensation, and Pettus’12'1that exploits quinone methide systems. These are detailed in the
following section.

o
Scheme 3.2 A Selection of the Various Synthetic Pathways to Pterocarpans
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Synthesis from 2'-lsoflavanones
One of the most straightforward synthetic methods for the formation of pterocarpans
involves the reduction of 2'-isoflavanones with sodium borohydide (NaBH4) as shown in
Scheme 3.3. Using this method, Goel and workers1141 executed a rapid synthesis of (±)medicarpin (105) by employing a BF3*OEt2 mediated alkylation of resorcinol (139) with phenyl
acetic acid 140. Immediate cyclisation of the newly formed chalcone in the presence of mesyl
chloride and DMF generated isoflavanone 141. Selective demethylation of this last compound,
using A1C13, delivered the corresponding isoflavone (126), reduction of which, with NaBH4,
then provided target (±)-105.

Scheme 3.3 Synthesis o f (±)-Medicarpin (105) by Goel et al.|ul
Oxidations o f 2'-Isoflavans
Cornia and co-workers124] showed that 2'-isoflavans such as 142 and 143 can be
subjected to oxidation with DDQ to form a quinone methide [(±)-144] that cyclises, via an
intramolecular hetero-Michael addition reaction, to generate the corresponding pterocarpan
(Scheme 3.4). This method may mimic the biosynthesis and has been used to produce both (±)demethylmedicarpin 97 and (±)-maackiain 104.

'Ct^cc

(±)-142R1,R2 = 0CH20
(±)-143 R, = H, R2 = OMe

DDQ

(±)-144

(±)-97 30%
(±)-104 30%

Scheme 3.4 Synthesis o f (±)-Demethylmedicarpin (97) and (±)-Maackiain (104) by Cornia et al.[24]
More recently, Pettus and co-workers1231 were able to use a related method to produce
enantiopure pterocarpans. Thus, they found that a [4+2]-cycloaddition reaction (Scheme 3.5)
between the enantiopure alkene 145 and the o-quinone methide generated in situ from
compound 146 could produce chromane ketal 147 in 60% yield and 99% e.e. Treatment of this
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last compound with BF3*OEt2 and Et3SiH led to a reductive cleavage of the associated ketal to
furnish the 2'-isoflavan 148. Regioselective benzylic oxidation of this compound, using red lead
in acetic acid, then gave the corresponding benzylic acetate. Immediate committal of this last
compound to hydrogenolysis, using dihydrogen over 10% Pd on carbon, thereby removed the
benzyl protecting groups to furnish acetate 149. Treatment of this last compound with
potassium carbonate led to in situ generation of the desired quinone methide that engaged in a
cyclisation reaction to furnish (-)-medicarpin [(—)-105] in 51% yield and 99% e.e. over the final
three steps.

Scheme 3.5 Synthesis o f (-)-Medicarpin (105) by Pettus et al.1231
Mizoroki-Heck Oxyarylation Reactions
In 1976 Horino and Inoue showed that 2//-chromenes and ortho-mercurated phenols
can engage in a Mizoroki-Heck type reaction with concurrent cyclisation to form
pterocarpans.1251 This strategy has become one of the most widely used for preparing
pterocarpans and derivatives thereof. One such example of the use of this protocol is seen in
Ishiguro’s synthesis of (±)-cabenegrin A-I (95) via (±)-maackiain (104) (Scheme 3.6)[26] where
coupling of 2//-chromene 150 and o-chloromercuriphenol 151 under the relevant conditions
generated pterocarpan (±)-152. Hydrogenolysis of the benzyl protecting group within this last
compound using 5% Pd on carbon as catalyst then gave compound (±)-104 in 80% yield over
the two steps involved. Through a series of standard functional group manipulations the authors
were able to generate target (±)-95 in six steps and 29% overall yield from (±)-maackiain [(±)-
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104]. A more in-depth discussion of the Mizoroki-Heck oxyarylation reaction is given in
Chapter Four.

Scheme 3.6 Ishiguro 's Synthesis o f (±)-Maackiain (104) and (±)-Cabenegrin A-l (95) using a MizorokiHeck Oxyarylation Reaction^
Aldol Condensation Reactions

In 1998 van Aardt and coworkers reported the synthesis of several pterocarpans,
including (±)-homopterocarpan [(±)-88], by the pathway shown in Scheme 3.7.[271 The authors
elected to use an aldol condensation reaction, with the view to tackling the issue of
stereocontrol through a subsequent asymmetric variation of this reaction.'0'1 Thus, aldol
condensation of benzaldehyde 153 and acetophenone 154, using LDA as base, gave compound
155 in 69% yield. Substitution of the Cl la-oxygen (pterocarpan numbering) with concurrent
removal of the MOM protecting group in the presence of SnCl4 and the nucleophile benzyl
mercaptan gave thioether 156 in 81% yield. Reduction of the associated methyl ester within the
last compound using LiAlH4 gave diol 157 that was subjected to an intramolecular Mitsunobu
etherification reaction and so leading to the formation compound 158 in 67% yield over the two
steps involved. Unmasking of the remaining phenol using TBAF and treatment of the phenol
itself with a mixture of silver triflate and dimethyl(methylthio)sulfonium tetrafluoroborate then
furnished the furanoid C-ring and, therefore, target (±)-88 in 50% yield over the two steps
involved.
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C(11a)-OH
and deprotection

78%

81%

MeO

MeO

157

53

156

intramolecular
Mitsunobu
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and
ring-closure

86 %

50%

( ± ) - 158

Scheme 3.7 van Aardt ’s,2 1Synthesis o f (±)-Homopterocarpin [(±)-88]
[3+2]-Cycloaddition Reactions

In 1991 Engler and co-workers completed enantioselective syntheses of certain
pterocarpans using their previously reported Ti(lV)-promoted formal [3+2]-cycloaddtion
protocol (Scheme 3.8).[221 By such means they were able to induce asymmetry by using chiral
diol (-)-159 and thereby generating enantio-enriched pterocarpans.

MeO.

uu
160

C

h 2s o

4
DCM
0.1 h, 20 °C

Ö

*

164

Scheme 3.8 E ngler’s1" 1 Synthesis (+)-8-Hydroxy-3,9-dimethoxypterocarpan [(+)-162] and (+)-8Hydroxy-9-methoxypterocarpan [(+)-!63] using an Asymmetric [3+2]-Cycloaddition Reaction
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Thus, reaction of 2//-chromene 160 with 1,4-benzoquinone 161, under appropriate conditions,
generated, in a direct manner, pterocarpan (+)-162 in 78% yield and 75% e.e through a formal
[3+2]-cycloaddition reaction mediated by the chiral Ti(lV)-salt formed from TiCl4, Ti(0'Pr)4
and the TADDOL-derivative (-)-159. In contrast, reaction of 2//-chromene (164) with
benzoquinone 161 first generated the formal [2+2]-cycloaddition product (+)-165 in 86% yield
and in 84% e.e. Recrystallisation of this last compound, and subsequent treatment of it with
H2S 04, then delivered the rearranged product (+)-163 in 90% yield and 99.9% e.e.
A mechanism of formation of these types of compounds was subsequently proposed1281
(Scheme 3.9) by the same authors. Thus, it was thought that the reaction proceeds through an
initial (3+2)-cycloaddition reaction between the 2//-chromene (e.g. compound 160 or 164) and
the Ti-complex 166 (chiral ligand not shown for clarity) to give the m7o-adduct 167. Ring
opening of this last compound then generates the benzylic carbocation 168. Two pathways from
this last species are possible, with the first (path i) leading to the pterocarpan and the second
(path ii) to the formal [2+2]-cycloaddition product. In path i the aromatisation of the resident
quinone moiety in compound 168 (blue arrows) and subsequent C-O bond formation delivers
the corresponding pterocarpan 162. Alternatively, C-C bond formation via path ii (red arrows)
between the Ti-enolate and the carbocationic centre within compound 168 would produce
cyclobutane 165. These reactions are the first examples of a direct, enantioselective synthesis of
pterocarpans of this type.

OMe
162

165

Scheme 3.9 Engler 's Mechanistic Proposal fo r the Formation of Pterocarpans and Related Products
Through Ti-Mediated Cycloaddition Reactions[28]

1,3-Michael-Claisen Reactions
Ozaki and co-workers1291 found that condensation of y-butyrolactones with substituted
ketones successfully delivered cyclohexane-1,3-diones. The researchers then employed this
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strategy to form, via a 1,3-Michael-Claisen pathway, the D-ring of a number of pterocarpans
(Scheme 3.10) including (±)-sophorapterocarpan A [(±)-174].[30] Thus, chroman-4-one 169
could be transformed over seven steps into the a-methylene y-butyrolactone (±)-170. Subjection
of the latter compound along with ketone 171 to the 1,3-Michael-Claisen condensation
sequence (involving treatment with NaH and ethyl formate in THF) gave 1,3-dione 172 that
upon thermolysis in acid aromatised to afford pterocarpan (±)-173. Protection of the remaining
phenol hydroxyl as the corresponding acetate and removal of the benzyl protecting group under
standard hydrogenolytic conditions followed by cleavage of the acetate residue then delivered
the target natural product (±)-174. Variations of this strategy allowed for syntheses of (±)maackiain (104) and (±)-anhydropisatin.

thermolysis
in acetic acid

BnO

25% from 170

(±)-172

(±)-173

3 steps
37%
(±)-174

Scheme 3.10 Synthesis of (±)-Sophorapterocarpan A (174) by Ozaki et al.(301
Claisen Rearrangement Reactions
In 1963 Thyagarajan et al.1311 detailed a route that transforms aryl alkynyl ethers, such
as 175, into the corresponding 11 a-methylpterocarpans (e.g. 176) via a thermally-promoted
Claisen rearrangement (Scheme 3.11). The reaction proceeds through Claisen rearrangement of
the relevant bis-aryl butyne, e.g. compound 175, to the corresponding o-allenyl phenol,[32] e.g.
compound 177, that itself cyclises to give the benzofuran 178. This last compound then
rearranges to furnish the corresponding 11 a-methylpterocarpan (e.g. 176). The researchers later
used this same protocol to generate a wide variety of pterocarpans that bear resemblances to a
number of natural products.t3?1
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Scheme 3.11 Synthesis o f 11a-Methylpterocarpans via Claisen Rearrangement1311

Other examples of the use of this reaction have been reported by Bates and Jones,'34]
who employed silver(l) trifluoroborate or silver(I) trifluoroacetate to initiate the tandem
cyclisation events that now take place at 25 °C rather than at the elevated temperatures required
earlier.
Radical Cyclisation Reactions
Balasubramanian and co-workers'351 reported a number of syntheses that used a
“disfavoured” 5-endo-trig radical cyclisation reaction to form the C-ring of pterocarpans
(Scheme 3.12). In particular, the authors’ synthesis of target (±)-86 began with the treatment of
chromene (164) with jV-bromosuccinimide and water and reaction of the product bromohydrin
[(±)-179] with base to generate epoxide (±)-180. Ring opening of this last compound with 2-

bromophenol then gave the corresponding ether and subsequent tosylation of the free alcohol
provided compound (±)-181. Elimination of the elements of tosic acid using potassium tertbutoxide furnished chromene 182 and so set the stage for the radical cyclisation reaction. In the
event, treatment of this last compound with a mixture of AIBN and Bu3SnH at 80 °C delivered
(±)-pterocarpan [(±)-86] in 35% yield over the six steps involved.

164

bromohydrin
formation

epoxide
formation

85%

80%
(±)-179

(±)-180

etherification
and tosylation

90 %

(±)-181

Scheme 3.12 Balasubramanian 's Radical Cyclisation Route to (±)-Pterocarpan [(±)-86p[35a]
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Hydrogenation of Pterocarpenes
Miki and co-workers found that hydrogenation of a pterocarpene provided an expedient
route to the corresponding pterocarpan. In their synthesis of (±)-homopterocarpin [(±)-88]
(Scheme 3.13),1361 for example, these researchers found that treatment of chalcone 183 with
P1FA in trimethyl orthoformate and trifluoroacetic acid gave the rearrangement product 184 in
56% yield. Debenzylation and cyclisation of the last compound could be accomplished in one
step by using BF3#OEt2/Me2S and delivered the corresponding isoflavone (185) in 72% yield.
Subjection of compound 185 to Pt02-catalysed hydrogenation followed by acidic work up then
gave the pterocarpene anhydrovariabilin (186). Hydrogenation of this last compound using
dihydrogen in the presence of 5% palladium on carbon then delivered target (±)-88 in 42% yield
over the final three steps.
oxidative
rearrangement

MeO

MeO

56%
OMe
184

183

debenzylation/
cyclisation
72%

hydrogenation

MeO

42% from 185

(±>-88

OMe

Scheme 3.13 Synthesis of (±)-Homopterocarpin 88 via the Hydrogenation of Anhydrovariabilin 186 by
Miki et al.[36]
Asymmetric Sakurai-Hosomi Condensation
In 2005 Jimenez-Gonzälez and co-workers effected a modified and diastereoselective
Sakurai-Hosomi

condensation

reaction

between

a

benzaldehyde

and

a

2,3-

dihydrobenzoxasilepine as part of their total synthesis of various pterocarpans.[6c] A year later
the group modified this protocol by employing a chiral Ag(I)-salt and thus allowing for an
enantioselective synthesis.[6,] They also applied this same protocol to the preparation of both ()-cis- and (-)-/ra«s-pterocarpin (87) as shown in Scheme 3.14. Hence, a modified SakuraiHosomi condensation reaction of benzaldehyde 187 with compound 188 and accompanying
protecting group removal in the presence of Ag(+)-TolBINAP and KF/18-crown-6 delivered the
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/raws-configured 2,3-dihydrobenzofuran (+)-189 in 75% yield and 84% e.e. A LemieuxJohnson ooxidation (an oxidative cleavage reaction) of the resident alkene and reduction of the
aldehyde so formed then gave diol (+)-190. An intramolecular Mitsunobu reaction then led to
formation of the requisite benzopyran ring and, thereby, delivered the initial target (-)-trans-87.
Treatment of this last compound with (±)-CSA resulted in an isomerisation reaction to give
natural product (-)-c«-87 in 77% yield over the four steps involved.
Ag(i)-cataiysed
asymmetric condensation
and deprotection

MeO

75%. 84%e.e.
187

188

(+)-189

1. Limieux-Johnson
oxidation
2. reduction
86 %
(+)-190

Scheme 3.14 Asymmetric Syntheses o f (-)-cis- and (-)-Xvzx\s-Pterocarpin [(—)-cis-87 and (—)-trans-87] by
Jimenez-Gonzälez et al.16'1

3.3

(+)- and (-)-2,3,9-Trimethoxypterocarpan

3.3.1

Structure and Biological Activity
(-)-2,3,9-Trimethoxypterocarpan [Figure 3.5, (—)-l 18] was first isolated in 1974 by

Pueppke and Van Etten from Pisum satvium (garden pea) infected with the fungus Fusarium
solani f. sp. pisi.[37] In 2005, its enantiomer [(+)-118] was isolated from the heartwood of the
Platymiscium floribundum Vogel tree native to northeastern Brazil by Silveira et a/.[l5]
MeO
MeO
OMe
B -1 1 8

OMe
(+)-118

Figure 3.5 Structures o f the (-)- and (+)-Enantiomers o f 2,3,9-trimethoxypterocarpan (118)
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The (+)-enantiomeric form of compound 118 exhibits a range of biological activities
including cytotoxic activity against a number of human cancer cell lines.’15’ Table 3.3 shows
these relative to those displayed by the known and potent anticancer drug doxorubicin (191,
Figure 3.6).
Table 3.3 The Cytotoxic Activities o f (+)-2,3,9-trimethoxypterocarpan [(+)-! 18] and Doxorubicin1151
Cell Lines (1C50 pg/mL)

Compounds
Doxorubicin (191)

CEM

HL-60

HCT-8

MCF-7

B16

0.02

0.02

0.04

0.20

0.03

(0.01-0.02)

(0.01 -0.02)

(0.03-0.05)

(0.17-0.24)

(0.02-0.04)

0.6

0.1

0.6

0.7

2.9

(0.5-0.7)

(0.1 -0 .2 )

(0 .2 - 1.6)

(0 .4 - 1.4)

(1.6-5.3)

(+>-2,3,9trimethoxypterocarpan

[(+>118]

Data is presented as IC50 values with 95% confidence intervals. The compounds were tested against two types of
leukemia (CEM and HL-60), colon (HCT-8), breast (MCF-7) and skin (B16) cancers.

Whilst doxorubicin shows higher activity against all cell lines tested, it was found that
(+)-2,3,9-trimethoxypterocarpan induced apoptosis in HL-60 cell lines without cell membrane
damage. On the basis of such results, it was concluded that the methoxy-group at C2 within
compound (+>118 is an important contributor to activity (other pterocarpans tested that lacked
this group were much less active).’381 Further work in the area revealed that the antimitotic
activities of compound (+)-118, as determined in a sea urchin egg model {Lytechinus
variegates ), were 1000 times greater than those of the clinically used antineoplastic agents

doxorubicin (191) and etoposide (192).’39’

OH

OMe O

OH

O

Doxorubicin 191

Etoposide 192

Figure 3.6 Structures o f Antineoplastic Drugs Doxorubicin 191 and Etoposide 192
Overall, the significant level of activity displayed by natural product (+)-118 against a
range of human cancer cell lines, as well its very high antimitotic activity, suggest that it should
serve as an important lead for the development of new, clinically effective anticancer agents.

Chapter Three

60

3.4

Aims of Research Described in Chapters Four to Seven of this
Thesis
Jacobs et al.[40] has stated that any compound showing 100% inhibition of sea urchin

egg development, at concentrations of 16 pg/mL or less, can be considered very active and
should, therefore, be subjected to in vivo testing as an anticancer agent. Given that compound
(+)-118 exhibited this effect at concentrations lower than 10 pg/mL, and that access to it from
natural sources is now restricted,1411 a synthetic method that delivers enantiopure (+)-2,3,9trimethoxypterocarpan [(+)-118] is warranted. Therefore, the research objectives of the work
detailed here were to deliver a synthetic sample of (+)-2,3,9-trimethoxypterocarpan, as well as a
number of derivatives that would assist in its evaluation as an antimitotic drug. The work
directed towards such ends is summarised in Scheme 3.15.
Accordingly, Chapter Four details the work completed by the author on the synthesis of
the racemic 2,3,9-trimethoxypterocarpan (±)-118 from 2//-chromene 193 and iodophenol 194
using the well-known Mizoroki-Heck oxyarylation reaction. Separation of the constituent
enantiomers was accomplished using preparative chiral HPLC techniques. The manipulation of
compound (±)-118 so as to furnish two C8 functionalised derivatives, viz. the non-natural
pterocarpans 195 and 196, is also detailed.
Chapter Five outlines the development of two synthetic methods for obtaining the
pterocarpene core 90 through the manipulation of either of the tolan precursors 197 or 198. The
intention of applying these protocols to the (selective) synthesis of either enantiomer of 2,3,9trimethoxypterocarpene is also discussed.
Chapter Six details the attempts to apply the protocols developed through the research
completed in Chapter Five to the synthesis of 2,3,9-trimethoxypterocarpene. The use of
Crabtree’s catalyst, which could later be replaced by an analogous chiral iridium catalyst, in the
hydrogenation of a 2,3-disubstituted benzofuran, 201, was investigated with the view to
elaborating the expected (±)-dihydrobenzofuran into the natural product 118. Work focused on
the generation of the nitrogen-containing derivatives 202 and 203 is also described. The results
of the biological evaluations of some of these compounds are presented in Chapter Seven.
Based on the work detailed in Chapters Five and Six a discussion of current and future
work directed towards improving or completing these syntheses and the implementation of an
asymmetric synthesis of (+)-2,3,9-trimethoxypterocarpan [(+)-118] is proposed.
Finally, Chapter Eight presents all the synthetic protocols and characterisation data
associated with all the compounds produced in this Thesis.
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199 R3 = MEM
200 R3 = TBS

Chapter 6

Chapter 5

197 R, =MOMR2 = H
198 R, = MEM R2 = SEM

90

Scheme 3.15 Summary o f Outcomes o f Research Work Described in Chapters Four to Seven o f this
Thesis
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Chapter Four

The Mizoroki-Heck Oxyarylation
Reaction in Pterocarpan Synthesis The Total Synthesis of
(±)-2,3,9-Trimethoxypterocarpan
and Certain Derivatives
This

Chapter

details

the

total

synthesis

of

(±)-2,3,9-

trimethoxyptercarpan [(±)-118] using a Mizoroki-Heck oxyarylation
reaction. In addition, transformation of this compound into the C8modified derivatives (±)-195 and (±)-196 is discussed. A description
o f the separation o f the constituent enantiomers o f compound (±)-l 18
using semi-preparative chiral HPLC techniques is also provided.

OMe
(±)-2,3,9-Trimethoxypterocarpan (118)

(±)-195

4.1

Introduction

4.1.1

The Mizoroki-Heck Reaction

(±)-196

In the early 1970’s Tsutomu Mizorokill] and Richard F. Heck121 independently reported
the palladium catalysed cross-coupling of iodobenzene (204) and styrene (205) to form transstilbene (206) (Scheme 4.1). These reactions were the first examples of carbon-carbon bond
forming processes involving a Pd(0)/Pd(II) catalytic cycle.
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(1) PdCI2 (0.1 eq)
CH3COOK (1.2 eq.)
CH3OH, 120 °C, 2h, 90%

204

(2) Pd(OAc)2 (0.1 eq)
n-Bu3N (1.0 eq.)
100 °C, 2 h, 75%

205

206

Scheme 4.1 The Original Palladium Catalysed Reactions Reported by Mizoroki (1) in 1971 and Heck (2)
in 1971 and 1972, Respectively.

In the intervening years, the Mizoroki-Heck reaction has been developed and refined to
an extraordinary degree. In its most general form, the reaction involves the joining of an
unsaturated halide to an alkene containing at least one hydrogen at an sp2-hybridised carbon and
so generating an ^-configured and 1,2-disubstituted alkene (Scheme 4.2). Many variations of
the Mizoroki-Heck reaction have been reported including ionic liquid-based based ones,'3'
“amino-Mizoroki-Heck reactions”141 and the Mizoroki-Heck oxyarylation protocol. Several
reviews of these remarkably robust and versatile reactions have been published.'51

R,X

+

^ R 2

L2Pd(ll)X2 or Pd(0)
--------------------------------Base

^ D
Ri^ / h 2

+

BaseH+X-

R, = aryl, heterocyclic, vinyl, benzyl
R2 = aryl, heterocylic, alkyl, EWG
X = I, Br, Cl, OTf, miscellaneous other groups
Base = 2° or 3° amine, NaOAc, K2C 03, KHCO3. <BuOK
Catalyst L2Pd(ll)X2 = Pd(OAc)2, PdCI2(PR3)2, Pd(MeCN)2CI2
Pd (0) = Pd(PPh3)4, Pd(dba)2 + PR3

Scheme 4.2 General Conditions and Scope o f the Mizoroki-Heck Reaction

4.1.2

Application of the Mizoroki-Heck Oxyarylation Reaction to the Synthesis of
Pterocarpans
In 1971 Horino and Inoue described a new addition reaction'6' in which there is

simultaneous addition of a phenyl and an OR species to an olefin, wherein the phenyl moiety
arises from a C-metallated aryl unit and the OR one from the corresponding alcoholic solvent.
The reaction produced a mixture of the expected Mizoroki-Heck arylation adduct 207 and the
new trans-related oxy-compound 208 (Scheme 4.3).

Li2PdCI4
ROH
207
R = H, 16%
R = Ac, 40%
R = Me, 16%

Scheme 4.3 The First Oxyarylation-type Mizoroki-Heck Reactions

(±)-208
R = H, 72%
R = Ac, 14%
R = Me, 47%
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Subsequently, the same authors reported an intramolecular variant involving 2//-chromenes and
ortho-mercurated phenols that was carried out in the presence of stoichiometric amounts of
lithium chloropalladite (Li2PdCl4) and so providing the corresponding cw-configured products
pterocarpan (86) and pterocarpin (87) (Scheme 4.4).1l?l This intriguing reaction allows for the
installation of a variety of oxygenation patterns on both the A- and D-rings of the pterocarpan
framework. However, a major drawback is the requirement that stoichiometric amounts of both
an organomercury species and palladium be used.

U2PdCI4

Ri

MeCN, rt
8 6 R 1,R2,R3 = H, 85%
87 R, = OMe, R2,R3 = -0CH20-, 58%

Scheme 4.4 Horino and Inoue's Synthesis o f (±)-Pterocarpan 86 and (±)-Pterocarpin 87

Some years later, Larock et al.[&] reported a catalytic version, based on Jeffery’s191
phosphine-free conditions, that allowed pterocarpan-type systems to be generated (27 - 64%
yield) through the coupling of 2//-chromenes and or//70-iodophenols. The use of iodophenols,
rather than organomercury compounds, allowed catalytic amounts of Pd(OAc)2 to be employed
and either Et3N or Na2C 0 3 to be used as the base (Scheme 4.5). Subsequently, Kiss and coworkers^10^

reported

a

protocol

using

Pd(OAc)2

as

the

catalyst,

1,2-

/>/s(diphenylphosphino)ethane (dppe) as the ligand and Ag2C 0 3 as the base, and so affording
target (±)-209 [R(C3) = OBn, R' = H] in 49% yield.
(1) Pd(OAc)2
n-Bu4NCI, base
DMF, 100 °C
27 - 64%

R.R' = aryl or alkyl

or
(2) Pd(OAc)2
dppe, Ag2C 0 3
acetone, 56 °C
49%

R'
(±)-209 R,R’ = aryl or alkyl

Scheme 4.5 Catalytic Syntheses o f Pterocarpans by L a r o c k (1) and Kiss[]0] (2)

These reactions provide some of the most effective methods for the synthesis of
pterocarpans available due to the ease of access of the required substrates, the simplicity of the
protocols involved and their reliability in producing the targeted pterocarpans.1111
4.1.3

Mechanistic Studies on the Mizoroki-Heck Oxyarylation Reaction
The Mizoroki-Heck reaction has been used extensively in synthesis and its mechanism

thoroughly investigated.t5a l2] In contrast, much less is known about the equivalent oxyarylation
reaction. Under the reactions conditions defined in Scheme 4.5, it is proposed that the reaction
pathway shown in Scheme 4.6 is followed.1101 This pathway, like that associated with the parent
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(Mizoroki-Heck) reaction, involves the in situ generation of Pd(0) and its oxidative addition to
the ort/zoiodophenol (210). syw-Addition of the 2//-chromene ( 164) to the organometallic 211
then gives adduct 212 (wherein the stereochemistry at C6a is set) in which the associated
palladium is displaced by the pendant phenolic group and so delivering the pterocarpan product
(±)-86 whilst simultaneously regenerating the Pd(0) catalyst.
Pd(ii)

Base'HI
syn-addition

displacement

212

Scheme 4.6 The Mechanism o f the Mizoroki-Heck Oxyarylation Reaction as Proposed by Kiss et al.111,1

Despite the generally excellent regioselectivity of the Mizoroki-Heck oxyarylation
reaction some aberrant results have been reported. For example, Antus and coworkersIl?]
described the generation of pterocarpan (±)-152 along with two Oheterocyclic side-products
[(±)-213 and (±)- 214] during their work directed towards the syntheses of the natural products
(±)-maackiain and (-)-cabenegrin A-I (Scheme 4.7). Both of these side-products arise from the
alternate mode of ^«-addition of the 2//-chromene to the chloromercuric phenol ( 151).

Scheme 4.7 Antus' Synthesis o f (±)-Pterocarpan 152 and Two O-Heterocyclic Side-products 213 and 214
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Some of the possible pathways by which the final displacement process (see last step ir
Scheme 4.6) could take place have been considered.1141 In particular, the cyclisation produce
could arise via a a) cationic- 215, b) neutral- 216 or c) cyclo-palladated- 217 species (Scheme
4.8). Where displacement occurs via intermediates 215 or 217 it is possible for an asymmetric
synthesis to be achieved. Mass spectrometric studies completed by Costa11?1 support the
involvement of a cyclic palladium species of the form 217, and so suggesting the potential for
establishing asymmetric variants of the reaction.

217

Scheme 4.8 Possible Palladium Displacement Pathways in the Mizoroki-Heck Oxyarylation Reaction

Kiss and co-workers explored such possibilities using optically active phosphine
ligands and chiral ionic liquids as solvents.1101 However, only very modest (<10% e.e.) levels c>f
absolute stereocontrol were realized. It was concluded that the palladium displacement event
takes place via an achiral species, probably 216, where any chiral ligand associated with the
catalyst can no longer effectively control the stereochemical outcome of the cyclisation step.
This lack of influence thereby leads to the disappointingly low selectivities observed.
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4.2

Total Syntheses of (±)-2,3,9-Trimethoxypterocarpan and Certain
Derivatives

4.2.1

Total Synthesis of (±)-2,3,9-Trimethoxypterocarpan
The robust nature of the Mizoroki-Heck oxyarylation reaction led the author adopt this

protocol in the work described below and that was directed towards the synthesis of (±)-2,3,9trimethoxypterocarpan.
The relevant sequence is shown in Scheme 4.9 (see Appendix 1.6 for foldout version)
and started with the conversion of phenol 218 into the corresponding propargyl ether1'61 (219)
that was, in turn, subjected to Au(I)-catalysed^ intramolecular hydroarylation reaction to give
the 2//-chromene|17J 193 in 45% yield. The second of the required coupling partners was
generated through iodination of 3-methoxyphenol (220) using molecular iodine.1181 With the
reaction partners 193 and 194 in hand, they were subjected to the relevant Mizoroki-Heck
oxyarylation conditions1'91 using Pd(OAc)2 in the presence of dppe and Ag2C 0 3. As a result the
racemic target pterocarpan (±)-118 was obtained albeit in just 20% yield. Nevertheless, all the
spectral data derived from this product matched those reported for the naturally-occurring (+)enantiomer (Table 4.1).[20]
S ch em e 4.9 Synthesis of Coupling Partners fo r the Mizoroki-Heck Oxy-arylation Reaction and Their

Use in the Generation o f (±)-2,3,9-Trimethoxypterocarpan

OMe

22G

194

Reagents and Conditions: (i) 3-bromopropyne, K2C 0 3, DMF, 20 °C, 22 h. 90%; (ii) Echavarren’s Au(I) catalyst^ (1
mol%), DCM, 20 °C, 16 h, 51%; (iii) 12, A g(02CCF3), CHC13, 20 °C, 16 h, 75%; (iv) Pd(OAc)2, dppe. Ag2C 0 3,
acetone, 65 °C, 20 h, 20%.

tBu^

-

tBu—P A u - N = — Me

SbF 6

f t Echavarren's Au(l) Catalyst
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Table 4.1 Comparison o f l3C NMR Data Obtained for the
Synthetically-derived (±)-l 18 with those Reportedl<)] for the
Natural Product (+)-l 18
6

Synthetically-

Natural Product

derived

(+)-H8b

\d

(±)-118a
39.8

39.3

0.5

55.6

55.1

0.5

56.1

55.5

0.6

56.5

55.9

0.6

66.9

66.3

0.6

78.9

78.4

0.5

97.0

96.5

0.5

100.9

100.4

0.5

106.5

105.9

0.6

110.8

110.2

0.6

112.3

111.8

0.5

119.2

118.7

0.5

124.9

124.3

0.6

144.4

143.9

0.5

150.0
150.7

149.5
150.2

0.5

160.7

160.2

0.5

161.3
160.7
a,b Spectra obtained on 400 MHz NMR recorded in CDCIi

0.5
0.6

As described in Chapter Three, the 'H NMR spectra of pterocarpans often show
diagnostic resonances for the four aliphatic protons, 6ax, 6eq, 6a and 11a. Where the two
heterocyclic rings are joined in a c/s-fashion, the coupling constant observed between the 6a and
11a protons falls in the range range between 5.0 and 7.0 Hz.[211 For the corresponding transisomers the range is between 12.0 and 14.0 Hz.[21c 21d’221 Analysis of the 'H NMR spectrum of
synthetically derived compound (±)-118

(Figure 4.1) shows a coupling constant of 6.8 Hz

between the relevant protons. This strongly suggests that the required cis-fused isomers have
been delivered through the reaction sequence just described. Furthermore, inspection of the
chemical shifts of the corresponding carbons within the l3C NMR spectrum shows C6a
resonating at 8 39.8, C6 resonating at 5 66.9 and Cl la resonating at 5 78.9 (Figure 4.2). These
shifts sit within the chemical shift ranges observed for other c/s-configured pterocarpans.1231
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(±)-118

CDCIj

Figure 4.1 400 MHz 1H NMR Spectrum o f (±)-2,3,9-Trimethoxypterocarpan (Recorded in CDCl3)

(±)-118

c d c i3
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90
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20

10

Figure 4.2 100 MHz l3C NMR Spectrum o f (±)-2,3,9-Trimethoxypterocarpan (Recorded in CDCl3)

0
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Resolution of (±)-2,3,9-Trimethoxypterocarpan using Chiral HPLC
The constituent enantiomers of synthetically-derived compound (±)-118 were readily

separated via semi-preparative chiral HPLC using a Daicel CHIRAPAK®IA column and 7:3
v/v isopropanol/hexane as the eluting solvent (Scheme 4.10). The associated chromatogram is
shown in Figure 4.3.
Scheme 4.10 Separation o f the Constituent Enantiomers o f (±)-2,3,9-Trimethoxypterocarpan via Chiral
HPLC

OMe
(±)-118

OMe

OMe
(+)-118

H -1 1 8

Reagents and Conditions: (i) Daicel CHIRALPAK®IA SemiPrep. isopropanol/hexane (7:3 v/v).

--

ALP

— uv

Figure 4.3 Chromatogram Derivedfrom the Chiral HPLC Separation o f (±)-118

Removal of solvent from Fraction A (R, 15.9 min) gave the levorotatory enantiomer
(—)-l 18; [a]D-253° (ethanol, c 1.0) {lit.[24] [a]D-228° (ethanol)} while concentration fraction B
(R, 20.9 min) gave the dextrorotatory (+)-enantiomer; [a]D +203° (ethanol, c 1.3) {lit.[25] [a]D
+266° (ethanol, c 0.001)}.

4.2.3

Synthesis of C8-Functionalised Derivatives of (±)-2,3,9-Trimethoxypterocarpan
Two C8-functionalised derivatives of racemic 2,3,9-trimethoxypterocarpan were

synthesised in order to investigate the impact that functionalisation at this site might have on the
biological activity. The straightforward chemistry employed for this purpose is shown in
Scheme 4.11.
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Thus, upon treating (±)-2,3,9-trimethoxypterocarpan [(±)-118] with molecular iodine in the
presence of silver trifluoroactate, the C8-iodinated derivative (±)-195 was obtained in 29%
yield.[l81 Examination of the 'H NMR spectrum of this last compound (Figure 4.4) served to
confirm the assigned structure. In particular, four one-proton singlets appear in the aromatic
region and these correspond to the Cl, C4, C7 and CIO protons. If iodination had occurred at
either C4 or CIO, a V-coupling would have been expected between the C7 and C8 protons,
whilst iodination at C7 would be expected to result in a long-range or V-coupling between C8
and CIO, as is observed in the parent compound. The regioselectivity observed in this iodination
reaction can be attributed to the presence of two activating groups on the D-ring in the form of
the adjacent, electron-donating methoxy group and the ring oxygen of the benzofuran residue.
Although the same could be said for positions Cl, C4 and CIO with similar activating groups
present, the greater steric accessibility of C8 leads to iodination at this position.
Subjection of compound (±)-195 to a Pd[0]-catalysed carbomethoxylation1261 reaction,
using methanol as the nucleophile (and solvent), then afforded the ester (±)-196 in 91% yield.
Once again, all the spectral data acquired on this last compound were in complete accord with
the assigned structure. The 'H and 13C NMR spectra of product (±)-196 are shown in Figures
4.5 and 4.6, respectively.
Scheme 4.11 Synthesis o f lodo- and Carbomethoxy-derivatives of (±)-2,3,9-Trimethoxypterocarpan

M eO .
M eO

M eO

fY °>
10

(±)-118

' ,

OMe

M eO ^

M eO .

<2r

ii

M eO ^

rx °i
V

OMe

(±)-195

OMe
OMe

(±)-196

Reagents and Conditions: (i) I2, Ag(02CCF3), CHCl3, 20 °C, 16 h. 29%; (ii) Pd(OAc)2, dppf, Et3N, MeOH, CO(g),
DMF, 60 °C, 48 h, 91%.
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(±)-195

Figure 4.4 400 MHz 1H NMR Spectrum o f Compound (±)-195 (Recorded in CDCI3)

(±)-196

Figure 4.5 400 MHz 1H NMR Spectrum o f Compound (±)-196 (Recorded in CDCl3)
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(±)-196

Figure 4.6 100 MHz l3C NMR Spectrum o f Compound (±)-196 (Recorded in CDCl3)

4.3

Summary
In the work detailed in this Chapter (Figure 4.6) the readily accessible 2//-chromene

193 and iodophenol 194 were subjected to an established Mizoroki-Heck oxyarylation protocol

that delivers (±)-2,3,9-trimethoxyptercarpan [(±)-118]. This mixture could be resolved into its
constituent enantiomers using semi-preparative chiral HPLC techniques. Two C8-functionalised
derivatives [viz. (±)-195 and (±)-196], neither of which occur naturally, were also synthesized
through straightforward manipulation of (±)-118 itself. The results of the biological testing of
the 2,3,9-trimethoxypterocarpans (the racemate and each of the individual enantiomers) as well
as the C8-derivatives (±)-195 and (±)-196 are discussed in Chapter Seven.

OMe
(±)-2,3,9-Trimethoxypterocarpan (118)

(±)-195

(±)-196

Figure 4.6 Structures o f (±)-2,3,9-Trimethoxypterocarpan [(±)- \ 18/ and the Two C8-Functionalised
Derivatives (±)-195 and (±)-196.
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Chapter Five

The Synthesis o f the Pterocarpene
Framework From o-Hydroxylated Tolans
This Chapter details the synthesis of the pterocarpene core (90)
using either a cascading 5-endo-dig/6-endo-trig cyclisation sequence
or

a

stepwise

protocol

involving

a

Pt(II)-catalysed

cycloisomerisation reaction previously described by Fiirstner et al.[11
Both o f these strategies utilise an o-hydroxylated tolan precursor
(197 or 198, respectively) that contains all the required carbons and
oxygens embodied in the pterocarpene core 90

5.1

Introduction

5.1.1

Pterocarpenes in Nature
The pterocarpenes, or 6a, 11 a-dehydropterocarpans, constitute a modestly sized group o f

natural products that act as antibacterial phytoalexins.121 Although a wide variety o f plants
within the Fabaceae are known to produce pterocarpenes, the majority o f them are isolated from
the Erythrina[2n'q] and Swartzia[2t2g] genera o f plants. Table 5.1 shows the structures o f a
selection o f such compounds.
All naturally occurring pterocarpenes carry oxygen-based substituents at C3 and C9,
usually in the form o f either an hydroxy or a methoxy group. Further variation at C9 includes
methylenedioxy functionalities that span C8-C9, a common motif seen in pterocarpenes, such
as leiocalycin (222), isolated from species within the Swatzia genus.l2f2el Another common
functionality includes the prenyl group that is normally located at CIO, as seen in, for example,
in erycrystigallin (229) and eryvarin D (230), both of which are isolated from members o f the

Erythrina genus.[2n ql This same group can also be located at C2, as encountered in glycirrhizols
233 and 234 which have been isolated from members o f the genus Glycirrhiza.[2s]
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A number of “unnatural” pterocarpenes have also been obtained as by-products during
the isolation of certain 6a-hydroxypterocarpans where dehydration has taken place across the
A6alla double-bond upon exposure of the natural product to acidic aqueous media.121' 31
Table 5.1 Representative Structures o f the Pterocarpenes
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5.1.2

Biosynthesis
The biosynthesis of the isoflavanoids has been studied extensively. Nevertheless, the

specifics of the pathway leading to the pterocarpenes remain somewhat obscure. Work by
Berlin et a l [A] in the early 1970’s suggested the operation of the metabolic “grid” shown in
Scheme 5.1. This was developed as a result of feeding experiments conducted on cell culture
suspensions of Phaseolus aureus (mung bean) root. Thus, chalcone 237 was shown to be
biotransformed into both daidzein (123) and isoflavanone 238. Two possible pathways could
then operate, the first (i), shown in blue arrows, and the second (ii), shown in red arrows. It was
found that compound 123 is a far better precursor to coumestan 239 than trihydroxyisoflavone
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125 and so suggesting that path ii plays only a minor role in the biosynthesis of pterocarpenes.
However, conversion of daidzein (123) into the isoflavanone 238 (path i) proved to be more
facile. It was proposed that 2'-hydroxylation occurs at this stage and leads to the
trihydroxyisoflavanone 127 via path i. Cyclisation of this last compound would provide the
pterocarpene 221 and an ally lie oxidation of this, which is easily accomplished under laboratory
conditions, would then deliver the coumestan 239. Although the researchers had no
experimental support for this proposal, they suggested that kinetic factors were mainly
responsible for route i serving as the major pathway.

o
237

238

_

239

,

OH

r

\

X b
— \

o

" ° 'f

£

01

HO.

127

—
221

\

OH

Scheme 5.1 The Biosynthetic Metabolic Grid Proposed by Berlin et al.(4] Leading from Chalcone 237 to
Coumestrol (239).

Further work in the area by Dewick and Martin[5] focused on investigating the role of
isoflav-3-ene 240 in the metabolic pathways of Medicago sativa (lucerne) (Scheme 5.2). They
suggested that coumestans such as 242, whilst easily formed through the autooxidation of
pterocarpenes (as shown in Scheme 5.1), were unlikely to be produced by such means in nature.
Instead, these researchers proposed that compound 240 is first oxidised to the coumarin 241 that
itself cyclises to give coumestan 242. Disappointingly, however, the analogous chemical
oxidation (with DDQ) of 3-arylcoumarin 241 to coumestan 242 did not take place. Instead, the
authors suggested that under such conditions the isoflav-3-ene 240 forms an extended quinone
methide that engages in a hetero-Michael addition reaction to produce the pterocarp-6-ene 243.
Conversion of this last compound into coumestan 242, through either a second DDQ-mediated
or autooxidative process, would account for the observed outcome although this was not
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confirmed through experimentation. As such, the biogenesis of the pterocarpenes remains
unclear.

proposed
biosynthetic
pathway

DDQ

Scheme 5.2 Experimental Results from Feeding Experiments on Medicago stavia by Dewick et al.(5]

5.1.3

The Chemical Synthesis of Pterocarpenes

The range of methods available for the chemical synthesis of pterocarpenes parallels
those used for the production of the pterocarpans. Scheme 5.3 depicts a selection of the routes
available. These include biomimetic ones[6] that pass through isoflavanones, syntheses involving
the oxidation of pterocarpans171 or the reduction of coumestans,[8] Pd-catalysed Mizoroki-Heck
reaction

strategies,[9] [3+2]-cycloaddition

reactions

between

benzoquinones and

2H-

chromenes,[l0] [3,3]-sigmatropic rearrangements of oximes1" 1 and the Pt(II)-catalysed
cycloisomerisations of tolans and manipulation of the resulting 2,3-disubstituted benzofurans.1'1
The following section details several of these protocols.
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SEMO

[3,3]-sigmatropic
rearrangement

reduction of
coumestans

Scheme 5.3 Some Synthetic Pathways to Pterocarpene-type Compounds
Biomimetic Syntheses
Of the many possible synthetic routes to the pterocarpene core, one of the most
routinely employed is a “biomimetic” one that “traverses” the chalcones, the isoflavones and
the isoflavanones en route to pterocarpenes. For example, in 1982 Antus and co-workers
reported1631 syntheses of a number of pterocarpenes isolated from Byra ebenus (Scheme 5.4)
including bryacarpene-1 (229). The route to this target began with the generation of chalcone
246 via Claisen-Schmidt condensation of acetophenone 244 with benzaldehyde 245 using
NaOH as the base. The chalcone was subjected to an oxidative rearrangement in the presence of
thallium nitrate, a widely used reagent for this type of transformation, to give acetal 247. A
NaOMe-mediated ring-closure reaction then gave the isoflavone 248. Treatment of this last
compound with D1BAL-H led to selective reduction of the resident alkene and so generating
isoflavanone 249. Hydrogenolytic removal of the benzyl protecting groups within compound
249 under standard conditions followed by treatment of the resulting phenol with a catalytic
amount of HC1 led to closure of the C-ring and, after dehydration, formation of byracarpene-1
(229) which was obtained in 4% overall yield. Variations on this route have been used by
Khupse and Erhardt in their synthesis of the pterocarpene lespedezol A, (222)16b] and by Prasad
et al. in their synthesis of the coumestan tuberostan (structure not shown).[6c]
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Scheme 5.4 The Total Synthesis o f Bryacarpene-1 (229) by Antus et al.f6a]
Oxidation o f Pterocarpans
In their synthesis o f pterocarpene 251 (Scheme 5 .5) Iyer and coworkers171 used a twostep oxidative process to generate this target from (±)-neorautane (250). Thus, bromination of
compound

(±)-250,

with

iV-bromosuccinimide

in

carbon

tetrachloride,

followed

by

dehydrobromination o f the product bromide using pyridine, gave the dehydropterocarpan 251 in

55% yield. Alternately, treatment o f compound (±)-250 with DDQ allowed access to the
corresponding coumestan 252 which was obtained in 45 % yield. Unfortunately, this last
reaction could not be stopped at the pterocarpene stage, since reaction takes place at both C6
and across the 6a-1 la bond and thus affording the two-fold oxidation product, namely lactone
252.

bromination
then
elimination

DDQ
oxidation

Scheme 5.5 Iyer's Synthesis o f Pterocarpene 251 and Coumestan 252from (±)-Neorautane 250[
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Reduction o f Coumestans

In 1971

Roux and coworkers described the efficient reduction of 3,4,8,9-

tetramethoxycoumestan (253) to the corresponding pterocarpene 254 (86%) using diborane in
THF (Scheme 5.6).181 Interestingly, upon standing, solutions of this product in acetone
underwent autooxidation and thereby regenerating coumestan 253 (this was obtained in 90%
yield after 48 hours).[8'
OMe

diborane
reduction
86 %

OMe

autooxidation
ca. 90%

Scheme 5.6 Roux’s Reduction o f 3,4,8,9-Tetramethoxycoumestan 253 to 3,4,8,9-Tetramethyoxy-6alladehydropterocarpene 254w
Intramolecular M izoroki-H eck Reactions

Intramolecular Mizoroki-Heck reactions can be used to form either the pyran B-ring or
the furan C-ring of pterocarpenes as shown by Morrow'9a) and Costa,1%l respectively. Thus, in
2012 the former group reported'931 a synthesis of pterocarpene (90) using an intramolecular
Mizoroki-Heck reaction to close the pyran B-ring of the target compound (Scheme 5.7). The
substrate required for this process was obtained through an intermolecular Mitsunobu reaction
(D1AD, PPh3) involving iodophenol (210) and benzofuranyl-3-methanol (255). Subjection of
the product ether 256 to the Mizoroki-Heck reaction using Pd(OAc)2 then gave pterocarpene
(90) (53% yield over the 2 steps involved).

Scheme 5.7 Morrow 's Synthesis o f Pterocarpene 90 via Intramolecular Mizoroki-Heck Reaction[9a)

Costa and coworkers also employed the Mizoroki-Heck reaction to form pterocarpene
261, this time using it to close the C-ring of the target (Scheme 5.8).[9b] So, reaction of 2H chromene 257 with a mixture of A-bromosuccinimide and water led to formation of
bromohydrin (±)-258. Treatment of this last compound with NaH and subjection of the epoxide
so formed to an intermolecular etherification with iodophenol 194 gave ether (±)-259. Upon
tosylation and treatment of the product ester with KO/-Bu the substituted chromene 260 was
delivered. Reaction of this last compound with Pd(OAc)2 resulted in closure of the benzofuran
C-ring and formation of the pterocarpene 261 which was obtained in 27% overall yield. When

Chapter Five

86

the last compound was subjected to oxidation with DDQ then coumestan 262 was obtained in
quantitative yield.

260

(±)-259

Scheme 5.8 Costa 's Synthesis o f Compound 261 via an Intramolecular Mizoroki-Heck Reaction^

Cycloaddition Strategy
In 1990 Eiger and coworkers reported the application of titanium(IV)-promoted and
formal [3+2]-cycloaddition reactions to the syntheses of a variety of pterocarpans.[12] Further
work in the area by Murgaresh et a l [w] (Scheme 5.9) on the synthesis of various unnatural
pterocarpans established that, under certain conditions, the analogous pterocarpene was also
produced. So, for example, it was found that on treating chromene 263 and benzoquinone 161
with a 2:1 mixture of titanium(IV) chloride and titanium(IV) isopropoxide then pterocarpene
264 was formed (19%) alongside the anticipated pterocarpan (±)-265 (31%).

TiC!4 : Ti(0'Pr)4
(

2 : 1)

-7 8 °C, DCM

(±)-265
31%

Scheme 5.9 The Synthesis o f Pterocarpene 264 and Pterocarpan (±)-265 via a Formal Ti(IV)-promoted
[3+2]-Cycloaddition Reaction} 101
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Sigmatropic Rearrangements
The [3,3]-sigmatropic rearrangement of oximes such as 268 has been used to generate
pterocarpenes (Scheme 5.10). By such means Naito and co-workers developed an exceptionally
short synthesis of pterocarpene (90) en route to coumestan (91).1111 Thus, acid-mediated
condensation of 4-chromanone (265) and compound 267 gave oxime ether 268 in 93% yield.
This last compound was subjected to sequential A-acylation and [3,3]-sigmatropic
rearrangement reactions using trifluoroacetyl triflate and DMAP to furnish pterocarpene (90) in
78% yield. Compound 90 was then oxidised to coumestan (91) using PCC.

Scheme 5.10 Naito 's Pterocarpene Synthesis via a [3,3]-Sigmatropic Rearrangements o f an Oxime[111
Cycloisomerisation Reactions
Fiirstner et a l []a] have shown that tolans appended with labile O-alkyl-groups engage in
platinum(Il)-catalysed carboalkoxylation reactions to give 2,3-disubstituted benzofurans and
applied this process to the synthesis of the erypoegin H (233) (Scheme 5.1 l).|lb] Low catalytic
loadings of PtCf are required (0.5 - 10 mol%) for these reactions and carbon monoxide is
employed as the ligand as it enhances the electrophilicity of the metal centre whilst still being
sufficiently labile so as not to block coordination sites.[l3] In other examples of
carboalkoxylation reactions, olefins such as COD, ß-pinene and benzoquinone have been used
as the ligand but in these instances significantly higher loadings of PtC^ (20 mol%) are required
to maintain yields.1131 Thus, the required tolan 271 was obtained in 97% yield through crosscoupling of aryl-acetylene 269 with iodide 270 under Sonogashira reaction conditions.
Subjection of the product SEM-ether 271 to the aforementioned1la| carboalkoxylation reaction
gave the expected 2,3-disubstituted benzofuran 272 in 84% yield. Cleavage of the trimethylsilyl
ethyl (TMSE) ether within the last compound was effected using ceric ammonium nitrate and
gave the corresponding aldehyde. Introduction of the required prenyl side-chain was achieved
through the application of a zinc/copper mediated alkylation reaction based on work by
Knochel[141 and gave compound 273 in 71% yield from precursor 272. Treatment of compound
273 with LiAlH4 led to reduction of the benzaldehyde residue to the benzyl alcohol and
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accompanying cleavage of the three pivaloyl protecting groups to generate diol 274. Subjection
of this to an intramolecular etherification reaction, using iodine and triphenylphosphine, then
gave erypoegin H (233) (70% yield over 2 steps).

oxidative
deprotection
then organozinc
alkylation

PivO.

Pt-catalysed
cycloisomerisation
84%

,OPiv
TMS

71%

272
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Strategy

1 -

Compound

Synthesis

via

of a Pterocarpene-Based

Consecutive

5-endo-dig

and

Model

6-endo-trig

Cyclisation Reactions
5.2.1

Analysis of Synthetic Strategy
The first of the two strategies investigated by the author for the purposes of developing

a synthesis of pterocarpene core (90) is presented in Scheme 5.12 (see Appendix 1.7 for a
foldout version of this work) and sought to utilise the methoxymethyl ether moiety within tolan
197 not only as a protecting group but also as the ultimate source of the C6 methylene unit
present in target 90. It was anticipated that in the presence of either a Bronsted or Lewis acid the
methoxymethyl ether 197 would cleave with concomitant expulsion of methanol, or a related
fragment, to reveal carboxonium ion 275. At this stage the resident free phenol could take part
in a 5-endo-dig cyclisation reaction to deliver, before or after proton loss, benzofuran 276 (blue
arrows) that would itself participate in a 6-endo-trig cyclisation (red arrows) and thereby
furnish, in a one-pot procedure, pterocarpene (90).

6-endo-trig
cyclisation

Scheme 5.12 Projected Formation o f Pterocarpene 90 from Tolan 197 via Domino Cyclisations

5.2.1

Synthesis of Tolan 197
The o-oxygenated tolan required for examining the abovementioned strategy was

produced using the Sonogashira cross-coupling protocols shown in Scheme 5.13. Thus,
protection of 2-iodophenol (210) as the corresponding MOM ether (277) and subjection of this
to cross-coupling with TMS-acetylene under Sonogashira conditions gave the protected
acetylene 278 in 92% yield. Removal of the silyl protecting group within this last compound
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using K2 CO3 then provided the arylacetylene 279 in 70% yield. A second Sonogashira crosscoupling reaction, this time between acetylene 279 and the readily available iodide 280, the
delivered the protected tolan 281 in 95% yield. The acetate protecting group within this last
compound was then removed using methanolic K2 C 0 3 to give the required o-hydroxylated tolan
197 in 51% overall yield.
Scheme 5.13 Synthesis o f Tolane 197 via Sonogashira Cross-coupling Reactions

iv

ii

Reagents and Conditions: (i) MOMC1 , DIPEA. DCM. 0 to 20 °C, 1.3 h, 93%; (ii) TMS-acetylene, Pd(PPh3)4, Cul,
Et3N, 20 °C, 4 h, 99%; (iii) K2C 03, MeOH, 20 °C, 1 h. 76%; (iv) AcCl, DIPEA, DCM, 0 to 20 °C, 0.5 h, 92%; (v)
Pd(PPh3)4, Cul. Et3N, 20 °C, 6 h, 95%; (vi) K2C 03, MeOH, 20 °C, 2 h, 76%.

5.2.3

Cascading Cyclisations Leading to the Pterocarpene Skeleton
With the key substrate in hand, attention turned to the implementation o f the double

cyclisation process proposed in Scheme 5.12. To this end, substrate 197 was exposed to a
variety o f Lewis and Bronsted acids, including TFA, TMS-Br, HC1, Amberlyst-15 acidic resin,
TiCl4, Echavarren’s Au(I) catalyst, I2, and A1C13. Eventually, it was found that by using a
mixture o f A1C13 and Nal in dichloromethane/acetonitrile solution at -30 °C (Scheme 5.14) then
the desired product, compound 90, was formed albeit in just 7% yield. This was accompanied
by benzofuran 282 (43%) and the spirocyclic compound 283 (21%). The structure o f the last
compound was established by single-crystal X-ray analysis and the derived ORTEP is shown in
Figure 5.1.
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Scheme 5.14 Products Arising from Treating Tolan 197 with a Lewis Acid

The ‘H and l3C NMR spectra derived from pterocarpene (90) are shown in Figures 5.2
and 5.3, respectively. A two-proton resonance due to the C6-methylene hydrogens derived from
the MOM protecting group appeared at 8 5.63 in the 'H NMR spectrum and the associated
carbon resonated at 8 65.4 in the corresponding ,3C NMR
spectrum. All of the other spectral data obtained on compound
90 were consistent which those reported previously.|la]
A possible pathway for the formation of spirocycle 283
is shown in Scheme 5.15. Thus, compound 90 might well be
oxidised by molecular iodine (derived from the oxidation of
iodide by 0 2 and acid) to oxonium ion 284. This then reacts in
the indicated manner with benzofuran 282 to generate the new
oxonium ion 285 that after proton loss, affords coupling
product 286. A second oxidation, this time of compound 286,
then gives yet a third oxonium ion 287 that cyclises in the
indicated manner to furnish the observed product.

Figure 5.1 ORTEP Derived from
Single Crystal X-Ray Analysis o f
Compound 283.
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Figure 5.2 400 MHz 1H NMR Spectrum o f Pterocarpene (90) (Recorded in CDCl3)

CDCIj

Figure 5.3 100 MHz l3C NMR Spectrum o f Pterocarpene (90) (Recorded in CDCl3)
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Synthesis of Pterocarpene using a Stepwise

Sequence from Tolans
5.3.1

Analysis of Synthetic Strategy
Owing to the inefficient formation of pterocarpene (90) via the strategy just described, a

second route to the pterocarpene core was investigated (see Appendix 1.7 for a foldout version).
This Section presents that strategy which involves the application of a Pt(ll)-catalysed
cycloisomerisation procedure first developed by Ftirstner and co-workers.[l1 As discussed in
Section 5.1.3, the intention was to first generate a 2,3-disubstituted benzofuran (293) from the
relevant tolan (288) (Scheme 5.16). As in Ftirstner’s work, the anticipated source of the C6
methylene (shown in red) of the target compound (90) would be the SEM-protecting group.
Following the formation of this target, or a trimethoxy-variant thereof, it was envisaged that a
catalytic hydrogenation reaction would be carried out to furnish the corresponding pterocarpan
(this strategy is further discussed in Chapter Six). Thus, coordination of carbophilic rc-acidic
PtCf would produce complex 289 that was expected to engage in a 5-endo-trig cyclisation to
form the trans-alkoxy platinum complex 290. The released carboxonium ion 292 was expected
to react with the most nucleophilic position of complex 291 to afford (with accompanying
displacement of the PtCl2) the 2,3-disubstituted benzofuran 293. Cleavage of the residual TMSE
ether within the last compound and any other protecting groups followed by cyclisation to form
pyran ring would then give pterocarpene (90).

TM S^^

288

PG = protecting group

289

291

290

Scheme 5.16 Fiirstner’s Proposed Mechanism for the Platinum(II)-Catalysed Cycloisomerisation of
Tolans[]h]
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Synthesis of Required Tolan 198
In a comparable manner to that used to produce congener 197, tolan 198 was

synthesised from 2-iodophenol via the pathway shown in Scheme 5.17. In this instance MEM
was chosen as the pivotal phenolic protecting group. Thus, protection of phenol 210 as both the
corresponding MEM (294) and SEM (297) ethers was effected using the appropriate chloride in
the presence of Hiinig’s base. Treatment of the former product with TMS-acetylene under
Sonogashira cross-coupling conditions furnished compound 295 in 78% yield. Removal of the
associated silyl protecting group using methanolic K2C 0 3 and subjection of the ensuing
terminal acetylene 296 to a second cross-coupling reaction with the SEM-protected iodophenol
297 delivered the target tolan 198 in 69% overall yield.
Scheme 5.17 Synthesis o f MEM/SEM Tolan for Cycloisomerisation Reaction

Reagents and Conditions: (i) MEMC1, DIPEA, DCM. 0 to 20 °C, 1.5 h, 93%; (ii) TMS-acetylene, Pd(PPh3)4, Cul,
Et3N, 20 °C, 17 h, 93%; (iii) K2C 0 3, MeOH, 20 °C, 2 h, 89%; (iv) SEMC1, DIPEA, DCM, 0 to 20 °C, 1 h, 93%; (v)
Pd(PPh3)4, Cul, Et3N, 20 °C, 0.75 h, 89%.

5.3.3

Stepwise Cyclisation using Protocols Developed by Fiirstner
Subjection of tolan 198 to a PtCl2-catalysed cycloisomerisation reaction as described by

Fiirstner et o/.[la] (Scheme 5.18) resulted in the formation of both the desired SEM-migrated
compound 298 (44%) and its regioisomer 299 (15%). The latter product stems from migration
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of the MEM group and, as expected, chelation of the PtCl2 by the MEM group required that
stoichiometric amounts of the metal salt had to be used to effect the desired 5-endo-dig reaction.
Scheme 5.18 Synthesis o f Benzofurans via the Fiirstner PtCI2-Catalysed Cycloisomerisation Reaction

Reagents and Conditions: (i) PtCl2 (110 mol%), 4 Ä MS, CO (g), PhMe. 80 °C 5 h, 298: 44% 299: 15%; (ii) LiCl
(2.0 equiv), 4 A MS, PhMe, 0.5 h then PtCl2 (10 mol%), CO (g), 80 °C, 17 h. 298: 42%, 299: 10%. 300: 1%.

In an effort to improve the yield of the desired product (compound 298), lithium
chloride was added to the reaction mixture on the basis that it would provide an oxophilic metal
to sacrificially bind to the chelating oxygens of the MEM group. This would allow the PtCl2 to
coordinate to the alkyne Ti-system and thus facilitating the desired cycloisomerisation reaction.
Under such conditions compounds 298 (42%) and 299 (10%) were produced once again, but
now they were accompanied by the MEM-deprotected compound 300 (1%).
Although the 'H NMR spectra of products 298 and 299 are similar, differences in the
resonances associated with both the SEM and MEM migrated side chains made them readily
distinguishable (Figure 5.4). Thus, when compared with the 'H NMR spectrum of the starting
material (198, spectrum a), that of compound 298 (spectrum b) shows that the migrated C(T)H2 experiences a significant upfield shift of ca. 0.72 ppm. The associated C(2')-H2 of the
trimethylsilyl ethyl ether also shifts upfield by approximately 0.30 ppm, whilst the resonances
associated with the MEM ether remain relatively unchanged. A similar trend is observed for the
migrated MEM residue within compound 239 (spectrum c). Specifically, the C(l)-H2 protons
show an upfield shift of 0.63 ppm and the associated C(2)-H2 protons move 0.35 ppm lower
when compared with the equivalent resonances observed in the spectrum of compound 198. The
resonances associated the SEM residue appear relatively unchanged.
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Figure 5.4 Comparison of the Diagnostic Regions of the 1H NMR Spectra of Compound 198 (a) and its
Isomers 298 (b) and 299 (c) ^ (Recorded in CDClf).

5.3.4

Attempts to Induce Selectivity
Owing to the generation of the regioisomeric side product 299 by the pathway shown in

Scheme 5.18, attempts were made to improve the selectivity of the cycloisomerisation reaction
through the use of zinc bromide (Scheme 5.19). This metal salt is widely recognised as an
effective reagent for the removal of MEM groups in the presence of water. It was proposed that
under anhydrous conditions zinc bromide would coordinate to the methoxyethyl ether moiety of
the MEM group, thereby preventing it from participating in the cycloisomerisation reaction. In
the event, however, treatment of tolan 198 under the relevant conditions led to an array of
products. Inspection of the 'H NMR spectrum of the reaction mixture suggested the presence of
many compounds including pterocarpene (90), benzofuran (300) and compound (283). All
efforts to modify the reaction conditions failed to improve matters. As such, this approach was
abandoned.
The numbering scheme given for the MEM and SEM derived side chains o f compounds 198. 298 and 299 is
arbitrary and merely allows for unambiguous identification o f the relevant atoms.
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Scheme 5.19 Attempt to Improve Selectivity o f Cycloisomerisation Reaction using ZnBr2

Reagent and Conditions: (i) ZnBr2 (4.0 equiv.), 4 Ä MS, PhMe, 0.5 h then PtCl2 (10 mol%), CO (g), 20 to 60 °C, 2 h.
(compounds not isolated but observed in the 'H NMR spectrum of the reaction mixture).

5.3.5

End-game and Final Ring Closure to Deliver Pterocarpene
In light of the aforementioned difficulties, a stepwise approach to target 90 was pursued

(Scheme 5.20). Specifically, selective removal of the MEM group within the previously
prepared compound 298 was achieved by treating it with pyridinium p-toluenesulfonate in
refluxing /-butanol and thereby generating phenol 300 in 78% yield. Analysis of the 'H NMR
spectrum of this compound showed the absence of resonances associated with the MEM group
as well as the presence of a singlet at 5 7.94 that is attributed to the phenolic proton. The
infrared spectrum of this compound also showed a broad phenolic stretching band at 3249 cm“1.
Scheme 5.20 Synthesis o f Pterocarpene (90) from Compound 298

TMS

298

TMS

300

i f T

O H r 0H

301

iii

90

Reagents and Conditions: (i) PPTS. /-BuOH. 83 °C, 5 h. 78%; (ii) CsF, DMF, 120 °C, 17 h, 69%; (iii) DEAD, PPh3,
THF, 20 °C, 0.1 h, 55%.

The TMSE ether within compound 300 proved to be extremely difficult to remove in a
controlled manner, being stable to a variety of fluoride sources including TBAF, KF and
HF'pyridine. The use of either Lewis or protic acids often lead to an array of products and
eventual decomposition of the starting material. Pleasingly, however, on using caesium fluoride
in DMF at elevated temperatures removal of the TMSE group was achieved yielding the
required dihydroxy-compound 301 in 69% yield. The final step of the reaction sequence,
namely a 6-exo-trig cyclisation reaction to form the pyran B-ring, was readily accomplished
using an intramolecular Mitsunubu etherification reaction. This afforded pterocarpene (90) in
55% yield.
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5.4

Summary
In the first part (Scheme 5.21) of the model study described in this Chapter, tolan 197

was subjected to successive 5-endo-dig then 6-endo-trig cyclisation reactions using A1C13 and
Nal with the aim of producing the pterocarpene core in one step. This reaction delivered the
target compound 90 but only in 7% yield. Accordingly, a second and step-wise method was
investigated. Thus, tolan 198 was converted into the 2,3-disubstituted benzofuran 298 using a
Pt(II)-species. Whilst this reaction also delivered side product 299, the two were easily
separable via standard flash chromatography techniques. Removal of the TMSE group from
benzofuran 298 proved difficult to effect in a clean manner. Eventually, CsF in DMF was found
to cleave this protecting group. Cyclisation of the ensuing phenol using an intramolecular
Mitsunobu reaction then gave pterocarpene (90) in 8 steps (longest linear sequence) and 9%
overall yield. This synthesis makes use of readily available starting materials and avoids
multiple oxidation state changes, which are a common feature amongst pterocarpene syntheses.
Furthermore, in both strategies the C6 methylene unit is ultimately derived from a dual-purpose
functionality that also serves as a protecting group. Attempts to apply this second method to the
synthesis of (±)-2,3,9-trimethoxypterocapan [(±)-118] are described in Chapter Six.

deprotections
and
intramolecular
Mitsunobu
cyclisation
29%

Pt(ll)-catalysed
cycloisomerisation
42 - 44%

198

Scheme 5.21 Summary o f Pathways to Pterocarpene (90) via the Manipulation of Tolans 197 or 198 and
the Structure o f Compound (±)-118
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Chapter Six

Towards Total Syntheses o f
(+)-2,3,9-Trimethoxypterocarpan and
Selected Nitrogen Analogues
This Chapter details the work directed towards the total synthesis of
(+)-2,3,9-trimethoxypterocarpan

[(+)-!18/

via

enantioselective

hydrogenation of either the corresponding pterocarpene, 323, or a
precursor benzofuran 201, both of which it w>as thought could be
formed using the Pt(ll)-catalysed cycloisomerisation

reaction

discussed in Chapter Fixe. Related approaches to the nitrogen
analogues o f compound (+)-! 18, namely heterocycles (+)-202 and
(±)-203, are described.
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Pterocarpenes have served as effective precursors to their saturated counterparts (viz.
pterocarpans), with the required conversion being achieved through catalytic hydrogenation.
Two relevant examples are presented in the following sections.
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Fukui’s Synthesis o f (±)-Pterocarpin (87) - 1966
Fukui et a l []] found that readily available coumestans such as flemichapparin C (302)
undergo smooth ring-opening in the presence of lithium aluminium hydride. Cyclisation of the
resulting diol 303 under thermal conditions in ethylene glycol then delivered the corresponding
ptercarpene [flemichapparin B (226) on the present case]. Hydrogenation of compound 226 in
the presence of either rhodium or palladium on charcoal then afforded (±)-pterocarpin (87) in
20% yield over the three steps involved.

/

I

60%

O
\

I

\

302

r e d u c tiv e
rin g -o p e n in g

<

3

r
rV -\

o

MeO

o

o

MeO.

x=<

0
303

O'

th e r m a l
rin g -c lo s u re

56%

MeO.

h 2
Rh or Pd/C

^ o -fV o
(±)-87

0

60%

MeO.

1

Ry

226

0

Scheme 6.1 The Hydrogenation of Pterocarpenes using Rhodium or Palladium on Chareo a f11

Roux's Synthesis o f 3,4,8,9-Trimethoxypterocarpene (305) - 1971
In 1971 Roux and co-workers reported121 the conversion of coumestan 304 into
pterocarpene 305 through reduction with diborane (Scheme 6.2). The pterocarpene was found to
be unstable and readily underwent aerial oxidation and so regenerating the coumestan 304.
Unexpectedly, when compound 305 was exposed to dihydrogen in the presence of palladium on
charcoal the reduction took place at the aromatic ring rather than at the A6a lla-double bond. This
result is at odds with that obtained by Brink et a/.,[3] who reported that the reduction of
pterocarpenes to the corresponding pterocarpan was possible under essentially identical
conditions.
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B2H6, THF
0°C, 4 h
then 25 °C, 36 h
no yield reported

OMe
MeO

OMe
MeO

Q -f/

acetone
25 °C,48 h
90% conversion

OMe

y —OMe
OMe

304
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w Pd-catalysed

hydrogenation

OMe
MeO

OMe

(±)-306

Scheme

6.2

Rowe’s

Reduction

of

3,4,8,9-Tetramethoxycoumestan

(304)

to

3,4,8,9-

Tetramethoxypterocarpene (305) [2]

6.1.2

Asymmetric Hydrogenation of Benzofuran-type Compounds

The hydrogenation of benzofurans is often hard to achieve and forcing conditions are
generally required. As a result, concomitant opening of the furan ring, low yields and, in the
case of asymmetric reactions, low enantiomeric excesses are often observed.141 Whilst there are
no reported examples of the enantioselective synthesis of pterocarpans via hydrogenation of the
corresponding pterocarpene, several cases of the asymmetric hydrogenation of substituted
benzofurans have been described. Details of these are presented in the following sections
because of their relevance to the objectives of the work described in the body of this Chapter.
Baiker ’s use of Chincona-modifted Palladium - 2003
In 2003, Baiker and co-workers reported151 the use of cinchona-modified palladium on
alumina as a heterogeneous catalyst for the enantioselective hydrogenation of the benzofuran 2carboxylic acid (307, Scheme 6.3). Using such a catalyst the corresponding 2,3dihydrobenzofuran 308 was obtained in 29% yield and 50% e.e (competing hydrogenation of
the quinoline ring within the cinchonidine modifier was also observed). This outcome
constituted the highest reported combination of yield and e.e. for the hydrogenation of
benzofurans at the time.
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H2 (30 bar)
5% Pd/Al20 3
cinchonidine
/-PrOH
rt, 23 h
29%, 50% e.e.

308

Scheme 6.3 Baiker 's Asymmetric Hydrogenation o f Benzofuran 2-Carboxylic Acid.[S]
Pfaltz ’s Use o f Chiral Indium Catalysts - 2006
In 2006 Pfaltz et al. reported16' an extension of their work on iridium-based catalysts for
asymmetric hydrogenation (Scheme 6.4). Specifically, they showed that iridium catalysts such
as 309, which mimic the coordination sphere of Crabtree’s catalyst through the use of chiral
bicyclic pyridyl-phosphinite ligands, allow for the hydrogenation of certain benzofurans in an
asymmetric fashion, including substrates 310, 312 and 314. The largely unreactive nature of the
benzofurans meant that high pressures and long reaction times were required along with careful
ligand choice. Despite these difficulties, acceptable yields of enantiomerically enriched
reduction products were observed. This work represents a significant breakthrough in the field.
309 2 mol%

e,o’c^ O

H2 (100 bar)
DCM
40 °C, 24 h

310

e,°2C^00
311

R = Me, n = 2

47%, > 99% e.e.
H2 (50 bar)

312

DCM
40 °C, 24 h

R = Me, n = 2

313

93%, 98% e.e.

314

R =Ph, n = 1

V-'V
V> R
309

R = Me or Ph

309 1 mol%

o X J

rw T 1

p'VS
BArf'
2© U P
I
J

309 1 mol%

H*<50bar>
DCM

40 °C, 24 h

315

>99% , 92% e.e.

Scheme 6.4 Pfaltz's Asymmetric Hydrogenation o f Benzofurans Using Iridium Catalysts.[t>l
Glorius ’ Use o f Chiral Ruthenium NHCs - 2012
In 2012 Glorius and co-workers reported171 the use of ruthenium coordinated chiral Nheterocyclic carbenes (NHCs) as catalysts for the asymmetric hydrogenation of a variety of
benzofurans of the general form 316 (Scheme 6.5). Specifically, they found that 2-aryl
substituted benzofurans behaved well under the reaction conditions with both high yields and
enantiomeric excesses being observed. When R3 was an electron-donating group, increased
pressures and temperatures (60 bar H2, 40 °C) were required but high enantiomeric excess were
still observed. 2-Alkyl-substituted benzofurans also produced reduction products in high yields
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and enantiomeric excesses except when sterically demanding substituents, such as the /-butyl
group, were involved.

H2 (10 bar)

KO'Bu, n-hexa
2 5 °C, 1 6 h

317

316

18 examples
up to 99 % conversion
up to 98% e.e.

R1 = H, alkyl, aryl
R2 = H, Me
R3 = H, ©u

Scheme 6.5 The Use o f Chiral Ruthenium NHCs as Catalysts for Asymmetric Hydrogenation[1]
Using the protocols described immediately above, a concise synthesis of the unnatural
or (+)-enantiomer of corsifuran A (322)[8] (Scheme 6.6) was achieved in 53% yield and 98%
e.e. over just three steps from commercially available starting materials. The synthesis began
with formation of the /nms-l,2-dichloroether 319 through etherification of p-methoxyphenol
(318) with trichloroethene. Suzuki-Miyaura cross-coupling of chloride 319 and boronic acid
320 and engagement of the primary product of this process in an in situ intramolecular
Mizoroki-Heck reaction then afforded the 2-substituted benzofuran 321. This benzofuran,
which was obtained in 70% overall yield, was subjected to the ruthenium-NHC catalysed
asymmetric hydrogenation conditions developed for substrates incorporating electron donating
groups. By such means, the 2,3-dihydrobenzofuran (+)-corsifuran A (322) was obtained in 80%
yield and 98% e.e.

318

320

319

palladium-catalysed
cross-coupling
70%

ruthenium-NHC

(+)-corsifuran A (322)
80%, 98% e.e.

Scheme 6.6 Glorius ’ Synthesis o f (+)-Corsifuran (322f'A

321
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Overview
The synthetic protocols described in Chapter Five were thought to be capable of

delivering 2,3,9-trimethoxypterocarpene (323) from either tolan 199 or 200 (Scheme 6.7). The
expectation was that hydrogenation of the A6a lla-double bond within this cyclisation product
utilising Crabtree’s catalyst (324) would then afford (±)-2,3,9-trimethoxypterocarpan. If
successful, Pflatz’s variants of Crabtree’s catalyst would then be examined as a means for
establishing an asymmetric synthesis of (+)-2,3,9-trimethoxyptercarpan [(+)-! 18].
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Scheme 6.7 Projected Formation o f Target (±)-U 8 via Hydrogenation of the Corresponding
Pterocarpene (323) using Crabtree 's Catalyst (324).

6.3

Towards a Synthesis of 2,3,9-Trimethoxypterocarpene

6.3.1

Synthesis of the Required Tolans
In efforts to implement the approach to 2,3,9-trimethoxypterocarpene (323) defined

above, two differently protected phenylacetylene coupling partners were synthesised, the first
being MEM ether 328 and the second the TBS ether 331. Both of these were readily obtained
using the synthetic pathway described in Scheme 6.8 (see Appendix 1.8 for a foldout version).
Thus, formylation191 of 3,4-dimethoxyphenol (218) using paraformaldehyde, MgCl2 and
triethylamine, which proceeds via an Oppenauer-type mechanism,[9al led to benzaldehyde 325 in
50% yield. Protection of the free phenol within the last compound as the corresponding MEM
ether then gave compound 326 (47% yield). Ramirez olefination of this last compound,
followed by treatment of the ensuing gew-dibrominated olefin 327 with n-butyllithium served
to complete the Corey-Fuchs reaction sequence and provide the terminal alkyne 328 in 78%
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yield over the last two steps. The successful formation o f this last compound was confirmed by
the presence o f a one-proton singlet at 8 3.20 in the 'H NMR spectrum that is assigned to the
hydrogen attached to the newly formed sp-hybridised carbon. The TBS analogue 331 was
generated in an analogous manner in a 19% overall yield from compound 218. The spectral data
obtained on this compound were, once again, in complete accord with the assigned structure.
Scheme 6.8 Synthesis o f Differentially Protected Variants of the Western Hemisphere o f Tolans 199 and

218

325

328 R = MEM
331 R = TBS

326 R = MEM
329 R = TBS

327 R = MEM
330 R = TBS

Reagents and Conditions: (i) (CH20)„, MgCl2, Et3N. MeCN, 82 °C, 18 h, 50%; (ii) 326: MEM-C1, DIPEA, DCM, 0
to 20 °C, 24 h, 47%, 329: TBS-C1, imidazole, DCM, 20 °C, 24 h, 60%; (iii) CBr4, PPh3, Et3N, DCM, 0 to 20 °C, 5 - 6
h, 327: 89%, 330: 74%; (iv) rc-BuLi (2.0 equiv.), THF, -7 8 to 20 °C, ca. 1 h, 328: 88%, 331: 86%.

The second of the coupling partners required to generate the target tolans 199 and 200
was prepared via the route shown in Scheme 6.9 and simply involved the protection of
iodophenol 194 as the SEM ether 332 ( 99% ) using the appropriate chloride and Hiinig’s base.
Syntheses o f the targeted tolans were then completed by cross-coupling o f the terminal alkyenes
(328 or 331) with aryliodide 332 under Sonogashira conditions. The MEM-protected tolan 199
was thereby obtained in 77% yield and its TBS-protected counterpart 200 formed in 74% yield.

Scheme 6.9 Completion o f the Syntheses o f the Highly Oxygenated Tolans 199 and 200

328 R = MEM
331 R = TBS

332

199 R = MEM
200 R = TBS

Reagents and Conditions: (i) SEM-C1, DIPEA. DCM, 0 to 20 °C, 18 h, 99%; (ii) Pd(PPh3)4, Cul. Et3N, 20 °C, 17 22 h, 199: 77%, 200: 74%.
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Application of the Pt(II)-Catalysed Cycloisomerisation Reaction to the Synthesis of
Pterocarpene 323 via Benzofuran 333

With the required tolans in hand, the use of PtCl2 for effecting the necessary 5-endo-dig
cyclisation so as to deliver the corresponding 2,3-disubstituted benzofurans could be
investigated. This reaction was first examined using tolan 199 as substrate (Scheme 6.10). As
expected, chelation of the platinum catalyst by the MEM protecting group meant that
concurrent use of LiCl and PtCl2 was required to effect any cycloisomerisation reaction. Under
such

conditions

a

chromatographically

inseparable

mixture

of

two

regioisomeric

cycloisomerisation products was obtained as a result. Compound 333 (74%) results from
migration of the SEM residue whilst compound 334 (26%) is the result of MEM migration.
Scheme 6.10 PtCl2-Catalysed Cycloisomerisation o f Tolan 199

199

333

334

Reagents and Conditions: (i) PtCl2 (10 mol%), LiCl (2.0 equiv.), 4 A mol. sieves, PhMe, CO (g), 80 °C, 16 h, 51%
combined yield (333: 74%, 334: 26%).

Unlike their non-methoxy counterparts 298 and 299 (pg 95) the isomeric products
resulting from this reaction were inseparable by standard chromatographic methods. However,
the differences in the resonances due to the MEM and SEM side-chains make them readily
distinguishable in the 'H NMR spectrum of the mixture. Expansions of the diagnostic region of
this spectrum and the corresponding one of tolan 199 are shown in Figure 6.1 with the relevant
resonances labelled accordingly (compound 333 in blue and compound 334 in red). By such
means, it is apparent that where the phenol protecting group is unaffected by the reaction, the
resonances due to the methylenedioxy functional group, that is C(l)-H2 and C(T)-H2, remain
relatively downfield, at 8 5.15 and 5.18, respectively, when compared with those observed in
precursor tolan 199. Conversely, the resonances associated with the migrated methylene group,
that is C(l')-H2 (5 4.57) and C(l)-H2 (8 4.68) move further upfield due to loss of this acetal
functionality. Furthermore, the resonance due to the C2 methylene group in compound 333 is
only shifted slightly upfield at 8 3.77 whilst the C(2')-H2 (8 3.54) resonance is significantly
more shielded by comparison. Likewise, the resonances due to C(2')-H2 and C(2)-H2 at 8 3.69
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and 3.54, respectively, in compound 334 show a similar shifts and are affected in a similar
manner.

Compound

TMS-

2^O M e

MeO
TMS

II

I

1

2

MeO

1r°

W ° V°

™ s

MeO
O

O

3'

OMe

333

OMe

O

MeO

-O

//

MeO

OMe

MeO — /
3

334

Figure 6.1 Comparison o f the Diagnostic Region of'H NMR Spectrum Obtainedfor Compound 199 with
the Analogous One Derived from the Mixture o f Regioisomers 333 and 334 (Spectra recorded in CDCl3).

6.3.3

Application of the Pt(II)-Catalysed Cycloisomerisation Reaction to the Synthesis of
Pterocarpene 323 via Benzofuran 335

Owing to the difficulties associated with poor selectivity of the cycloisomerisation
reaction just described, and the inseparable nature of the reaction co-products 333 and 334, a
second substrate for the cycloisomerisation reaction was investigated (Scheme 6.11). It was
envisaged that the use of a TBS moiety as a protecting group for the phenol would have two
effects. Namely, it would not be labile under the carboalkoxylation reaction conditions (and,
therefore, a single product should be isolated from this reaction) and it could be removed under
the same conditions used to cleave the TMSE ether. Gratifyingly, subjection of tolan 200 to the
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PtC^-catalysed cycloisomerisation reaction conditions delivered the desired 2,3-disubstituted
benzofuran 335 in 52% yield and as the sole product of reaction.
A diagnostic two-proton singlet was observed at 5 4.55 in the ‘H NMR spectrum of
compound 335 that corresponds to the “migrated methylene” of the SEM residue. Furthermore,
the El mass spectrum showed a molecular ion at m/z 544 and an accurate mass measurement on
this species established it was of the expected composition, viz. C29 H440 6Si2 .
Scheme 6.11 PtCf-Catalysed Cycloisomerisation Reaction o f Tolan 200 Towards the Synthesis o f (±)~
118

OTBS

OTBS

SEMO

(±)-118

Reagents and Conditions: (i) PtCl2 ( 10 mol%), 4 Ä mol. sieves, PhMe, CO (g), 60 °C, 52%; (ii) various conditions;
(iii) TBAF, THF, 20 °C, 0.5 h, 46%; (iv) various conditions.

Concurrent removal of the TBS-protecting group and the newly formed TMSE ether
within compound 335 proved to be just as troublesome as observed earlier (see Chapter 5,
Scheme 5.20). So, whilst cleavage of the TBS ether within compound 335 using TBAF readily
gave compound 201, removal of the TMSE group within the latter could not be achieved. So,
for example, when the same conditions used for the model compound (90) were applied, i.e.
caesium fluoride in DMF at 120 °C, the desired diol 336 was not obtained. This may be due to
its instability at the elevated temperatures. It is relevant to note at this stage that in their
synthesis of erypoegin H (233), Fiirstner and co-workers also found a TMSE ether residue to be
unreactive under a variety of conditions and eventually ceric ammonium nitrate (CAN) was
employed (see Chapter Five, Scheme 5.11).[lü| However, this reagent was not effective in the
present case.
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6.3.4

An Alternative Approach to (+)-2,3,9-Trimethoxypterocarpan

As a complete deprotection within the framework of benzofuran 335 proved to be
impossible, an alternative sequence for the closing stages of the synthesis was pursued (Scheme
6.12). Thus, it was thought that by reversing the deprotection/cyclisation and hydrogenation
steps the required pterocarpan (±)-118 could be obtained. To this end, benzofuran 201 was
subjected to a variety of hydrogenation conditions in the hope of forming its dihydro-analogue
(±)-337. However, even using 100 bar of dihydrogen (at 20 °C) in the presence of Crabtee’s
catalyst failed to effect any reaction. Equally unsatisfactory outcomes were observed under a
range of other reducing conditions.
Scheme 6.12 Attempted Synthesis o f (±)-2,3,9-Trimethoxypterocarpan via Hydrogenation of Benzofuran
201

OMe

OMe
(±)-337

201

MeO
MeO

OMe
(±)-118

Reagents and Conditions: (i) v a r io u s c o n d itio n s (s e e text)

OMe
(±)-338
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Towards the Synthesis of Nitrogen Analogues of (±)-2,3,9via

Trimethoxypterocarpan

a

Pt(II)-Catalysed

Cycloisomerisation Reaction
Two nitrogen-containing analogues of (±)-2,3,9-trimethoxypterocarpan were sought on
the basis that they might provide insights into the structure-activity relationship profile within
the class. These analogues (Figure 6.2), namely the tetrahydroquinoline-based system (±)-202
and the indoline-based compound (±)-203, were selected owing to their resemblance, in terms
of their peripheral substitution pattern, to the alkaloid colchicine (339), a compound displaying
potent antimitotic effects and used clinically in the treatment of gout. It was envisaged that
synthetic protocols similar to those used in the preparation of the parent pterocarpan [(±)-118]
could be applied to the generation of these two analogues. This required the two nitrogensubstituted tolans 345 and 355, the syntheses of which are detailed in the following Sections
(and in Appendices 1.9 and 1.10, respectively).

(±)-202

Colchicine (339)

(±)-203

Figure 6.2 Structures o f Nitrogen Analogues (±)-202 and (±)-203 o f 2,3,9-Trimethoxypterocarpan, the
Natural Product Colchicine (339) and Tolans 345 and 355.

6.4.1

Towards a Synthesis of the Tetrahydroquinoline-based Pterocarpan Analogue (±)202
The synthesis of the nitrogen-substituted tolan 345, identified as a possible precursor to

compound (±)-202, began as shown in Scheme 6.13 with the protection of 3,4-dimethoxyaniline
(340) as the corresponding acetamide 341 (88%) using acetic anhydride in the presence of
DMAP. Iodination1" 1of the last compound using iodine monochloride then gave iodide 342 in
48% yield. Sonogashira cross-coupling of this last compound with TMS-acetylene afforded
compound 343 that could be readily desilylated, using TBAF, to provide the terminal alkyne
344 in 71% yield. A second Sonogashira cross-coupling reaction, this time between alkyne 344

Towards Total Syntheses o f (+)-2,3,9- Trimethoxypterocarpan and Selected Nitrogen A nalogues 113

and the SEM protected iodide 331, then delivered tolan 345 in 65% yield. The successful
formation of this tolan was confirmed by, inter alia, El mass spectrometry. In particular, a
molecular ion was observed at m/z 471 and an accurate mass measurement on this species
established that is was of the expected composition, viz. C25H33N0 6Si.
Scheme 6.13 Synthesis o f Tolan 345

iv

344

Reagents and Conditions: (i) Ac20 , DMAP. DCM, 20 °C, 4 h. 88%; (ii) IC1, AcOH. DCM, 20 °C, 20 h. 48%: (iii)
TMS-acetylene, Pd(PPh3)4, Cul, Et3N, 20 °C, 3.5 h, quant.; (iv) TBAF, THF, 20 °C, 1 h, 71%; (v) Pd(PPh3)4, Cul,
Et3N, DCM, 20 °C, 16 h. 65%.

The Fiirstner cycloisomerisation protocol for Pt(II)-catalysed carboalkoxylation was
applied to substrate 345 (Scheme 6.14) and the desired 2,3-disubstituted benzofuran 347 formed
albeit in just 18% yield. This was accompanied by the chromatographically separable
benzofuran 346 (57%), which is presumably generated as a result of protonation of the highly
nucleophilic /nms-alkoxyplatinum species, analogous to intermediate 291 (Figure 6.3), and
migration of the SEM group to the acetamide nitrogen.
Scheme 6.14 Delivery ofTetrahydroquinoline-type Pterocarpan Derivative (±)-202from Tolan 345
SEM

NHAc
TMS

OMe

OMe

Reagents and Conditions: (i) PtCl2 (10 mol%), 4 Ä mol. sieves, CO (g), PhMe, 70 °C, 16 h. 346: 57%, 347: 18%.

114

Chapter Six

There were conspicuous differences in the spectral data derived
from these two products. The ’H NMR spectrum of compound 347
showed a two-proton singlet at 5 4.49 that is attributed to the methylene
group of the benzofuran residue. In the analogous spectrum of isomer

291

346 the analogous resonance appears at 5 5.13 indicating that this

Figure 6.3 Structure

methylene group is attached to a second heteroatom and is, therefore,

o f Intermediate 291

more deshielded. Furthermore, the 1R spectrum of compound 347 showed N-H stretching bands
at 3431 and 3351 cm“1 whereas such bands are absent in the analogous spectrum of congener
346.
Completion of the synthesis of the targeted 2,3,9-trimethoxypterocarpan analogue (±)202 requires removal of the residual TMSE ether within compound 347 to give the alcohol 348.
Closure of the quinoline ring through application of an intramolecular Mitsunobu reaction to
this last compound should then furnish compound 349. Successful, hydrogenation of the A6alladouble bond within alkene 349 would then deliver the tetrahydroquinoline-based pterocarpan
compound (±)-202. Work aimed at completing such a reaction sequence is currently underway.

6.4.2

Towards a Synthesis of the Indoline-based Pterocarpan Analogue (±)-203
The production of the indoline-type pterocarpan analogue (±)-203 required access to the

SEM-protected aniline 354 which would be coupled to the relevant arylacetylene so as to
generate tolan 355 (Scheme 6.15). To this end, aniline 350 was subjected to a Sandemeyer-type
iodination reaction to give the previously reported iodo-nitrobenzene 3511121 in 78% yield.
Reduction of the nitro-group within this last compound, using iron(III) chloride and hydrazine
monohydrate, then gave the corresponding aniline 352,l2] in 70% yield. Two-fold protection of
this aniline, firstly by generating the corresponding acetamide (353) and then the TV-substituted
SEM derivative afforded iodide 354 in 62% yield over the two steps involved. Sonogashira
cross-coupling of this iodide with acetylene 331 then afforded the required tolan 355 in 65%
yield.
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Scheme 6.15 Synthesis o f the Tolan Precusor 355 to the Indoline-based Pterocarpan Analogue (±)-203

Reagents and Conditions: (i) HCl, NaN02, KI, H20 , 0 to 70 °C, 17 h, 78%; (ii) FeCl3*6H20 , activated carbon,
MeOH, 65 °C then NH2NH2*H20 , 5 h. 70%; (iii) Ac20 , DMAP. DCM, 20 °C, 21 h. 81%; (iv) SEM-C1, DIPEA,
DCM, 20 °C. 8 d, 76%; (v) Pd(PPh3)4, Cul, Et3N, 60 °C, 5 h, 65%.

In the same way as described previously, compound 355 was subjected to Fürstner’s
Pt(II)-catalysed cycloisomerisation conditions (Scheme 6.16) but the desired product 356 was
not observed. Only starting material was recovered. Several variations on these conditions
failed to change matters. The reasons for this failure remain unclear at the present time but may
be related to the planar nature of the acetamide functionality in compound 355.[n]
Scheme 6.16 A ttem pted Formation o f Indole 256fro m Tolan 355
OTBS

OTBS

OMe

(±)-203

OMe

358

Reagents and Conditions: (i) PtCl2 (10 to 100 mol%), 4 Ä mol. sieves, CO (g), PhMe, 60 to 100 °C, 24 h, no
reaction.

Previous studies by Fiirstner1'41 have shown that SEM-functionalised methylsulfonamides do
participate in cycloisomerisations to form 2,3-disubstituted iodoles. In future studies, therefore,
the replacement of the acetamide moiety within compound 355 with a sulfonamide residue will
be explored.
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Summary
In the work described in this Chapter compound 199 (Scheme 6.17) was converted,

using a Pt(II)-catalysed carboalkoxylation reaction, into a chromatographically inseparable
mixture of the 2,3-disubstituted benzofurans 333 and 334. In contrast, benzofuran 335 could be
obtained as the exclusive product of the cyclisation of compound 200. Unfortunately, no
conditions were found to effect cleavage of the TMSE ether residue within compound 335. An
alternative strategy involving hydrogenation of the benzofuran 201 in the presence of Crabtree’s
catalyst followed by cleavage of the TMSE ether was pursued but to no avail. Similar protecting
group-related difficulties were encountered in attempts to prepare the nitrogen-containing
analogues (±)-202 and (±)-203 of compound 118.
(+)-2,3,9-Trimethoxypterocarpan presents an important lead for the development of
clinically effective pterocarpan-like cytotoxic agents. Such features together with the challenges
associated with the synthesis of this natural product and, indeed, enantiopure pterocarpans in
general, continue to make these compounds attractive targets for total synthesis.

MeO

OMEM„

199

51%

TMS

MeO

MeO
MeO
MeO —/

OMe
MeO

Pt(ll)-catalysed
cycloisomerisation

MeO

SEMO

SEMO
-O

333

74%

inseparable

)

//

0
334

26%

OMe

199 R = MEM
200 R = TBS

MeO

200

deprotection

55%

46 %

MgQ

2G

Scheme 6.17 Summary o f Pathways Towards a Total Synthesis o f (±)-2,3,8-Trimethoxypterocarpan [(±)~
118] via the Pt(ll)-Catalysed Cycloisomerisation o f Tolans
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6.6

Future Directions
In

our

continuing

pursuit

of

an

enantioselective

synthesis

of

(+)-2,3,9-

trimethoxypterocarpan, and derivatives thereof, the hydrogenation o f relevant benzofurans is
still considered to be a viable means by which to introduce the C6a,Cl la stereocentres and a
number o f possible asymmetric hydrogenation protocols remain to be explored in detail.
Accordingly, future work w ill be directed towards implementing a pathway (Scheme 6.18) that
affords benzofuran 336 or some other suitable substrate for the asymmetric hydrogenation, the
product(s) o f which would be subjected to cyclisation reactions so as to generate (+)- or (-)2,3,9-trimethoxypterocarpan.
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Scheme 6.18 A Possible Route to (+)-2,3,9-Trimethoxypterocarpan
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Chapter Seven

Biological Studies Mode o f Action and Cytotoxicity Profiles o f the
(±)-y (+)- and (-)-2,3,9-Trimethoxypterocarpans
and Two CS-Modified Derivatives
This Chapter describes the results o f biological testing o f the (±)~,
(+)- and (-)-forms o f 2,3,9-trimethoxypterocarpan (118) and two C8modified derivatives, compounds 195 and 196, as antimitotic agents.
A potential mode o f action o f natural product (+)-118 is discussed.

The mitotic spindle is a macromolecular entity that assembles in eukaryotic cells during
mitosis or cell division. It is responsible for segregating diploid chromosomes into daughter
cells and, as such, is a validated target of anticancer agents.1'1 Among the small molecules that
target this cellular machinery are certain of the vinca alkaloids and the taxanes, such as taxol
(359, Figure 7.1).t2] In these cases, the target substructure is either tubulin or microtubules and
thus these chemotherapeutic agents interfere with microtubule dynamics.[3] Whilst members of
these two chemical families are currently employed in clinical settings, innate or acquired
resistance and dose-limiting toxicities are proving to be
problematic.141 Other substructures within the mitotic
spindle that are currently being validated as cancer
chemotherapy

targets

include

the

mitotic

kinases,[5]

specifically the polo-like kinases and the Aurora kinases

Taxoi(359)

(both of which are involved in spindle assembly and

Figure 7.1 Structure o f Taxol (359)

stability), as well as mitotic kinesins.f5b,6]

120

Chapter Seven

Kinesins are a >650-member family of motor proteins. They have two main roles in
cellular function, namely in cell division and the intracellular transport of vesicles or organelles.
A number of kinesins have been implicated in disease states,171 making them interesting targets
for new chemotherapies. Two important targets within the kinesin family are Eg5 (kinesin-5
family) and centromere-associated protein E (CENPE or kinesin-7 family).[3]
Eg5 is involved in the establishment of the bipolar spindle and moves unidirectionally
along microtubules powered by ATP (adenosine triphosphate) hydrolysis.181 Interference with
this process during mitosis leads to activation of the spindle checkpoint and results in mitotic
arrest and cell death in certain cancer cell lines.[3] Research into the potential of this protein as a
drug target is more advanced than that of other spindle components and an Eg5-specific
inhibitor, monastrol|9] (360, Figure 7.2), is an extensively used as a research model. A number
of other Eg5-inhibitors, such as Ispinesib, Litronesib and SB-743921, are currently undergoing
stage 1 or 2 clinical trials as cancer chemotherapies.[5a6]
Whilst monastroi is a relatively weak inhibitor,
it has been used as a molecular probe for studying
Eg5’s mode of action.[l0] This compound binds to the

H

motor domain of Eg5, close to the ATP binding site,
causing important structural changes in the region and
thereby

inhibiting

ADP

(adenosine

Monastroi (360)

Figure 7.2 Structure o f Monastroi (360)

diphosphate)

release following ATP-hydrolysis. It is, therefore, an allosteric inhibitor.1 1 The arrest that
follows produces a prometaphase-1 ike cell morphology and is characterised by a lack of spindle
pole separation that can be seen as monastral spindles (this phenotype is observed as an array of
microtubules surrounded by a ring of chromosomes).[9,llb]
The anticancer properties of the compounds synthesised as described in the previous
Chapters, viz. pterocarpans (±)-, (+)- and (—)-l 18, (±)-195 and (±)-196, were analysed by our
collaborators, Prof. Claudia Pessoa and her co-workers at the Universidade Federal do Cearä
(UFC), Brazil. This group tested the compounds for biological activity against several human
cancer cell lines by determining their half maximal inhibitory concentrations (IC50s) and, in the
case of the most active compound (+)-2,3,9-trimethoxypterocarpan, its effect on the cell cycle
(using flow cytometry) and the changes it induced in cell morphology (as measured by

— Allosteric inhibition, or negative allosteric modulation, occurs when the binding o f a ligand to an enzyme
decreases the affinity o f substrates at other active sites. This can be illustrated by the scheme below where, in its most
general form, the binding o f the inhibitor changes the conformation o f the active site. The substrate, therefore, cannot
bind.
substrate

allosteric
— site

4

«

altered
active site
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immunofluorescence microscopy techniques). A possible mode of action for natural product
(+)-118 was also explored through computational docking studies with Eg5 (as undertaken by

Asst. Prof. Jairo Filho of UFC).

7.2

Biological Testing of Pterocarpans Against Human Cancer Cell
Lines
The outcomes (Table 7.1) of the studies conducted by Pessoa et al.[n] indicated only

(+)-2,3,9-trimethoxypterocarpan [(+)-118] exhibits cytotoxic activities against the cancer cell
lines tested. Specifically, this compound was found to be highly active against human
promyelocytic leukemia (LH-60 at a concentration of 0.06 pg/mL) and human ovarian
adenocarcinoma (OVCAR-8 at a concentration of 0.54 pg/mL) cell lines. In both cases the
concentrations of compound (+)-118 required to elicit these IC5o values are comparable to those
required for the clinically-deployed positive control doxorubicin (191), which elicits its
antineoplastic activity via DNA intercalation.
Table 7.1 1C50 Values from Biological Testing o f the 2,3,9-Trimethoxypterocarpans and Derivatives on
Various Human Cancer Cell Lines[]2]
Cell Line
C om pound

H L -60

H C T -1 1 6

O V C A R -8

1.79 (5.93) ±0.67

S F -295

4.22 (13.97) ± 1.99

(± )-1 1 8

0.23 (0.76) ±0.11

3.43 (11.36) ±0.80

(± )-l 18

0.06 (0.20) ±0.03

0.73 (2.42) ±0.28

0.54 (1.79) ±0.16

1.09 (3.61) ± 0.17

(—) - l 18

>25 (82.78)

11.85 (38.34) ±0.48

>25 (38.34)

9.91 (32.81) ±0.70

(± > 1 9 5

>25

>25

>25

>25

(± )-1 9 6

>25

>25

>25

>25

Doxorubicin 191

0.02 (0.04) ±0.01

nd

0.34 (0.62) ±0.05

0.04 (0.08) ±0.01

Data is presented as IC50 values (pg/mL (pM)) and ± SEM calculated from non-linear regression of 3 experiments
Doxorubicin used as positive control; Cell lines tested: HL-60 human promyelocytic leukemia; HCT-116 colorectal
carcinoma; OVCAR-8 human ovarian adenocarcinoma; SF-295 human glioblastoma.

Both the (±)- and (-)-forms of 2,3,9-trimethoxypterocarpans showed weak activity against the
cell lines tested whilst the C8-variants, (±)-195 and (±)-196, showed effectively no activity
whatsoever. These results suggest that only the (+)-enantiomer is active and that the presence of
a C8 hydrogen within this scaffold is essential for activity.
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7.3

Analysis of the Effect of (+)-2,3,9-Trimethoxypterocarpan on
Cell Cycle
The strong antiproliferative effect of compound (+)-118 prompted studies to determine

its likely mode(s) of action. Pessoa and coworkers undertook these studies using ovarian
(OVCAR-8) and breast (MCF-7 and T47D) cancer cell lines.[l2' l3]

7.3.1

Results of Flow Cytometry Studies on the OVCAR-8 (Ovarian Cancer) Cell Line

The effects of (±)- and (+)-2,3,9-trimethoxypterocarpan at varying concentrations on
the cell cycle in the OVCAR-8 cell line was investigated using flow cytometry to establish the
percentage of cells with DNA in each phase of the mitotic process (Table 7.2).1121 Analyses were
conducted with both a negative and positive control [taxol (359)* in the latter case]. The results
were compared with those obtained using a mixture of taxol and compound (+)-118.
Table 7.2 Flow Cytometry Analysis o f the Effects o f (±)-l 18 and (+)-118 on the Cell Cycle in Human
Ovarian Adenocarcinoma (OVCAR-8)1'21
Percentage (%) DNA in Cell Phase
Compound

Concentration pM

Go/Gi

S

g

2/ m

Negative Control

-

67.06 ± 1.42

7.10 ±0.86

25.78 ±0.71

Taxol

0.05

34.28 ± 1.62*

15.72 ±0.30*

49.97 ± 1.34*

(±>-118

5.0

52.61 ±0.15*

10.02 ±0.39

37.16 ±2.22

(±)-l 18

10.0

46.72 ±0.10*

10.39 ±0.37*

42.06 ±0.32*

(+)-l 18

2.5

58.16 ±0.97

9.10 ±0.40

32.72 ± 0.56

(+)-118

5.0

15.83 ±5.14*

8.763 ± 0.58

75.24 ±5.57*

(+>-118

10.0

10.84 ±0.27*

9.92 ± 0.65

79.13 ±0.78*

Taxol/(+)-118

0.05 + 2.5

10.98 ±0.08*

10.39 ±2.06

78.62 ±2.16*

Go/G]! resting and pre-replication growth phase. S: DNA synthesis/replication phase. G2/M: post-replication growth
and mitosis. Results are expressed as mean ± standard error of measurement (SEM) from two independent
experiments. *P < 0.05 compared to control by ANOVA followed by Dunnett’s test.

Under normal conditions, as defined using the negative control, approximately 26% of
cells were found to be undergoing post-DNA synthesis growth and mitosis (G2/M) and during
which time the spindle (metaphase) checkpoint ensures the cell is ready to divide. If the
checkpoint is activated then mitotic arrest occurs and this is sometimes followed by cell death.
When a large percentage of cells are observed to be residing in the G2/M phase this is taken as
MTaxol is a commonly used chemotherapeutic agent for ovarian cancer and normally used in conjunction with the
DNA intercalating agent carboplatin.1'41
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being indicative of a significant number of cells undergoing checkpoint activation and,
therefore, the blocking of mitosis.
The use of taxol at a concentration of 0.05 pM led to a significant increase (25.78 ±
0.71% to 49.97 ± 1.34%) in the number of cells with DNA in G2/M phase when compared with
the negative control. Conversely, the results indicate low levels of efficacy of the racemic (±)form of compound 118, with a concentration of 5.0 pM being required to elicit a minor increase
in the number of cells with DNA in G2/M phase (37.16 ± 2.22%). When substrate (+)-118 was
used at a concentration of 2.5 pM a similar increase (32.72 ± 0.56%) in percentage of DNA in
G2/M phase at was observed. However, a doubling of concentration to 5.0 pM led to a very high
percentage (approximately 75.24 ± 5.57%) of DNA residing in G2/M. Furthermore, the
concurrent use of taxol and (+)-2,3,9-trimethoxypterocarpan at the lowest concentrations tested
(viz. at 0.05 and 2.5 pM, respectively) led to very high percentages (78.62 ± 2.16%) of cells
residing in G2/M phase thereby demonstrating that taxol and (+)-118 could be used
simultaneously without competitive mode of action problems.

7.3.2

Results of Studies on the MCF-7 and T47D (Breast Cancer) Cell Lines

Cell cycle analysis11' 1established that treatment of MCF-7 cells with compound (+)-118
for 24 h resulted in an increased population of prophase/prometaphase cells, when compared
with the control cell preparations (30.4% vs 1.5%) in which interphase nuclei were prevalent
(97.1%). A morphological analysis of the cells indicated arrest in the prometaphase with no
significant disruption to the organisation of the microtubule cytoskeleton.
To ascertain whether this mitotic arrest at prometaphase was permanent the MCF-7
cells were treated with compound (+)-118 for either 24 or 48 h then recovered in drug-free
media. When a 24 h treatment period was used, the majority of cells were able to progress
through the cell cycle and re-enter interphase, despite being bi- or multi-nucleated. However,
prolonged treatment (48 h) followed by recovery in drug-free media resulted in a persistent
blockage at G2/M phase and, as a consequence, irreversible mitotic arrest occurred. A large
number of the cells showed monopolar-like spindles as evidenced by the “double doting” of ytubulin in immunofluorescence assays. Such observations suggest that the treated cells had not
successfully separated the duplicated DNA centrosomes along the spindle and hence the spindle
checkpoint was enacted at prometaphase.
Similar experiments were conducted on T47D cells. The cell morphologies observed
using confocal microscopy techniques are shown in Figure 7.3. Control cells (1st row, A-D)
show a normal bipolar mitotic spindle whereas cells treated with substrate (+)-118 (2nd row, EG) showed monastral spindles with two y-tubulin positive dots in the spindle pole region.
The lack of microtubule network disorganisation seen in treated cells, when compared
to

control

cells,

indicates

that

(+)-2,3,9-trimethoxypterocarpan

[(+)-! 18]

elicits

its

124

Chapter Seven

antiproliferative activity via a mechanism not related to microtubule dynamics. The similarity in
cell morphology during arrest suggests that this activity is the result of kinesin inhibition similar
to that seen in monastrol-treated cells. Such conclusions prompted the computational docking
studies detailed in the following section.

Figure 7.3 Laser Scanning Confocal Microscopy Images ofT47D: cells treated with 8 pM (+)-118 for 24
h and submitted to immunofluorescence with anti a-tubulin (blue) or anti y-tubulin (green) antibodies.
Nuclei were stained with propidium iodide (red). A-D control cells (untreated), E-G treated cells.

7.4

Computational Docking Studies
Computational docking studies (see Appendix 1.11 for a full report) seeking to establish

the nature and position of binding of (+)-2,3,9-trimethoxypterocarpan [(+)-118] in the human
Eg5 motor domain (protein database entry 1X88) were completed by Asst. Prof. Jairo Filho
(UFC)[I5] and showed (Figure 7.4) that this substrate most likely binds in the same location as
monastrol. This similarity in binding location and its proximity to the ADP (adenosine
diphosphate) binding site, which is approximately 10 Ä away, suggests that like monastrol, (+)2,3,9-trimethoxypterocarpan is also an allosteric inhibitor. Further studies examining the
binding relationship between compound (+)-118 and the Eg5 kinesin will be required in order to
confirm this proposal.
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Figure 7.4 (+)-2,3,9-Trimethoxypterocarpan (Blue) Docked in the Kinesin Eg5 Motor Domain (Surface
View Shown). Monastrol (Red) Coordinates Superimposedfor Comparison.1'5'

7.5

Conclusions
In the work detailed above the cytotoxic activities for the (±)-, (+)- and (-)-forms of

pterocarpan 118 and two derivatives thereof, namely compounds (±)-195 and (±)-196, were
investigated. Whilst both compounds (±)-195 and (±)-196 showed poor activity as antimitotic
compounds against the cell lines tested, compound (+)-118 was active against both LH-60 and
OVCAR-8 cell lines with IC50 values that were comparable to those found for the clinicallyrelevant antineoplastic agent doxorubicin.
Mode o f action studies were conducted on substrate (+)-118. These reveal the
compound elicits its antiproliferative activity via arrest o f cell mitosis at the G2/M phase,
specifically through inhibition o f spindle pole separation. Where this arrest occurred for 48 h or
more it was typically followed by apoptosis. Comparison o f the cells treated in this way with
the morphologies o f those treated with the known Eg5 inhibitor monastrol suggest that this cell
cycle arrest is the result of kinesin inhibition, specifically o f Eg5. Computational docking
studies (as detailed immediately above) indicated that compound (+)-118 has a binding location
on the motor domain o f Eg5 similar to that o f monastrol. This suggests that a similar mode of
action to that known for this substrate is also likely to be operating for pterocarpan (+)-118. As
the Eg5 motor protein is not widely exploited as a target for chemotherapies in the clinic, this
feature o f (+)-2,3,9-trimethoxypterocarpan’s cytotoxicity profile highlights its potential as an
antimitotic drug.
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Experimental Procedures Associated
with the Work Described in Chapters Two to Six

8.1

General Experimental Protocols
Unless otherwise specified, proton ('H) and carbon ( L,C) NMR spectra were recorded at

18 °C in base-filtered CDCf on a Varian or Brucker spectrometer operating at 400 MHz for
proton and 100 MHz for carbon nuclei. For 'H NMR spectra, signals arising from the residual
protio-forms o f the solvent were used as the internal standards. 'H NMR data are recorded as
follows: chemical shift (o) [multiplicity, coupling constant(s) J (Hz), relative integral] where
multiplicity is defined as: s = singlet; d = doublet; t = triplet; q = quartet; m = multiplet or
combinations o f the above. The signal due to residual CHC13 appearing at 5 7.26 and the central
resonance o f the CDCI3 “triplet” appearing at 5 77.2 were used to reference ‘H and l3C NMR
spectra, respectively. The assignment o f signals observed in various NMR spectra were often
assisted by conducting attached proton test (APT), homonuclear ('H/'H) correlation
spectroscopy (COSY) or nuclear Overhauser effect (nOe) experiments.
Infrared spectra (vmax) were recorded on either a Perkin-Elmer 1800 Series FT1R or a
SpectrumTwo IR-ATR machine. Samples were analysed as thin films on KBr plates or as neat
samples. Low- and high-resolution electron impact (El) mass spectra were obtained on a double
focusing, triple-sector machine. Low- and high-resolution electrospray (ESI) mass spectra were
obtained on a triple-quadrupole MS instrument operating in positive ionisation mode.
Optical rotations were measured with a Perkin-Elmer 241 polarimeter at the sodium Dline (589 nm) using the spectroscopic grade solvents specified at 20 °C and at the
concentrations (c ) indicated (g/100 mL). The measurements were carried out in a cell with a
pathlength (1) o f 1 dm. Specific rotations, [a]D20, were calculated using the equation
[a]D=( 100.a)/(c.l) where a is the recorded rotation
Melting points were measured on an Optimelt automated melting point system and are
uncorrected.
Analytical thin layer chromatography (TLC) was performed on aluminum-backed 0.2
mm thick silica gel 60 F254 plates as supplied by Merck. Eluted plates were visualised using a
254 nm UV lamp and/or by treatment with a suitable dip followed by heating. These dips
included phosphomolybdic acid : ceric sulfate : sulfuric acid (cone.) : water (37.5 g : 7.5 g :
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37.5 g : 720 mL) or potassium permanganate : potassium carbonate : 5% sodium hydroxide
aqueous solution : water (3 g : 20 g: 5 mL : 300 mL). Flash chromatographic separations were
carried out following protocols defined by Still et al.[]] with silica gel 60 (40-63 pm) as the
stationary phase and using the AR- or HPLC-grade solvents indicated.
Starting materials and reagents were generally available from the Sigma-Aldrich,
Merck, TCI, Strem, AK Scientific or Lancaster Chemical Companies and were used as
supplied. Drying agents and other inorganic salts were purchased from the AJAX, BDH or
Unilab Chemical Companies. Reactions employing air- and/or moisture-sensitive reagents and
intermediates were carried out under an atmosphere of dry, oxygen-free nitrogen. Where
necessary, reactions were performed under an argon atmosphere.
Room temperature is assumed to be ca. 20 °C.
Tetrahydrofuran (THF), toluene (PhMe), methanol, ethyl acetate and hexane and
dichloromethane (DCM) were dried using a Glass Contour solvent purification system that is
based upon a technology originally described by Grubbs et al.[2]
Organic solutions obtained from the work-up of reaction mixtures were dried with
magnesium sulfate (MgS04). Petrol refers to petroleum spirits in the boiling range 40 to 60 °C
unless otherwise specified. Organic solutions were concentrated under reduced pressure on a
rotary evaporator with the water bath generally not exceeding 40 °C.
Where the expression “protected from light” is used this indicates that the reaction
vessel was covered in aluminium foil for the duration of the reaction.
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(3a/?,4/?,55,,7aiSr)-4-Bromo-7-iodo-2,2-dimethyl-3a,4,5,7a-tetrahydrobenzo[</][l,3]dioxol-5o l(42)
i. NBS

t h f /h 2o

o
o

Ö1

4:1 (v/v)
20 °C, 18 h

h° . . X

ii. 2,2-DMP
p-TsOH*H20
20 °C, 23 h

I

2

V
42

A solution of compound 2 (3.00 g, 12.6 mmol) in THF/water (38 mL of a 4:1 v/v mixture) was
treated with /V-bromosuccinimide (3.37 g, 18.9 mmol) and the ensuing mixture protected from
light and stirred magnetically at 20 °C for 18 h then quenched with Na2S20 3 (70 mL of a
saturated aqueous solution) and extracted with diethyl ether (2 x 70 mL). The combined organic
phases were washed with brine (1 x 70 mL) then dried (MgS04), filtered and concentrated
under reduced pressure to afford an orange solid. This material was dissolved in anhydrous 2,2dimethoxypropane (30 mL) and the resulting solution maintained under a nitrogen atmosphere
and, while being protected from light, was treated with p-toluenesulfonic acid monohydrate
(434 mg, 2.28 mmol). The resulting mixture was stirred at 20 °C for 23 h then treated with
NaHC03 (30 mL of a saturated aqueous solution) and extracted with ethyl acetate (2 x 40 mL).
The combined organic layers were then dried (MgS04), filtered and concentrated under reduced
pressure. The resulting light-yellow oil was subjected to flash chromatography (silica, hexane
-» 1:4 v/v ethyl acetate/hexane gradient elution) and gave, after concentration of the appropriate
fractions (Rf 0.2 in 1:4 v/v ethyl acetate/hexane), the title compound 42 (3.38 g, 71%) as a
voluminous, white solid, m.p. 80 - 82 °C.
!H NMR (400 MHz, CDC13) 8 6.65 (d, J 4.4 Hz, 1H), 4.67 (d, J 5.2 Hz, 1H), 4.57 (t, J 5.2 Hz,
1H), 4.30 (dd, J 5.6 and 4.4 Hz, 1H), 4.20 (m, 1H), 2.93 (d, J 8.8 Hz, 1H), 1.53 (s, 3H), 1.42 (s,
3H).
,3C NMR (100 MHz, CDC13) 8 138.9, 11 1.9, 100.6, 78.5, 77.5, 71.3, 48.3, 28.6, 28.0.
IR (neat) omax 3422, 3339, 2990, 2940, 2873, 1630, 1374, 1260, 1211, 1068, 1047, 1011, 857,
727 cm-1.
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Mass Spectrum (El) m/z 376 and 374 (M+\ both 6%) 361 (100), 359 (98), 302 (24), 299 (25),
174 (33), 172 (34).
HRMS (El) Found M+\

375.9006 and 373.9018. Calculated for C9H,281Br127I 0 3 and

C9H1279Br127103 M+\ 375.8994 and 373.9015, respectively.
Specific Rotation [a]D+14° (c 2.0, CHC13).

(3a5',5a)S',6a1S',6b5)-4-Iodo-2,2-dimethyl-3a,5a,6a,6b-tetrahydrooxireno[2f,3f:3,4]benzo[l,2</][!,3]dioxole (39)

NaOH (2.0 M aq.)

HO

1,2-dimethoxyethane
20 °C, 48 h

42

39

NaOH (4.5 mL of a 2.0 M aqueous solution, 9.00 mmol) was added, dropwise, to a
magnetically stirred solution of compound 42 (3.38 g, 9.00 mmol) in 1,2-dimethoxyethane (50
mL). The resulting mixture was protected from light and stirred at 20 °C for 48 h then
concentrated under reduced pressure. The residue thus obtained was partitioned between
dichloromethane (50 mL) and water (50 mL) and the separated organic layer washed with brine
(1 x 50 mL) before being dried (M gS04), filtered and concentrated under reduced pressure.
Subjection of the material so obtained to flash chromatography (silica, 1:7 v/v ethyl
acetate/hexane elution) provided, after concentration of the appropriate fractions fftfO.l), the
title compound39 (1.18 g, 44%) as a white solid, m.p. 46 - 47 °C.
'H NMR (400 MHz, CDC13) 6 7.00 (d, J 4.2 Hz, 1H), 4.78 (dd, J 6.7 and 1.7 Hz, 1H), 4.46 (dd,
J 6.7 and 2.7 Hz, 1H), 3.66 (ddd, J ~ 4.0, 2.7 and 1.7 Hz, 1H), 3.33 (t, J 4 .2 Hz, 1H), 1.55 (s,
3H), 1.41 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 138.4, 108.2, 100.1, 79.7, 73.8, 54.6, 51.0, 27.4, 25.4.
IR (neat) umax 2987, 2937, 2881, 1626, 1371, 1208, 1159, 1056, 864 cm-1.
Mass Spectrum (El) m/z 294 (M+\ 18%), 279 (100), 237 (26), 207 (22).
HRMS (El) Found M+\ 293.9750. Calculated for C9Hn 127I0 3 M+\ 293.9753.
Specific Rotation [a]D-82° (c 1.3, CHC13).
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(3a1S',4^5/?,7a.Sr)-7-Iodo-2,2-diinethyl-3a,4,5,7a-tetrahydrobenzo[</]|l,3]dioxole-4,5-diol
(44)
i. 2,2-DMP
p-Ts OH+H20
20 °C, 0.5 h

2

ii. 0 s 0 4, NMO
acetone/H20
1:4 (v/v)
20 °C ,17 h

44

/?-Toluenesulfonic acid monohydrate (181 mg, 0.95 mmol) was added to a solution of
compound 2 (5.00 g, 21.0 mmol) in anhydrous 2,2-dimethoxypropane (50 mL) maintained
under a nitrogen atmosphere. The resulting mixture was stirred magnetically at 20 °C for 0.5 h
then quenched with triethylamine (100 pL) and solvent removed by rotary evaporation (water
bath temperature no higher than 18 °C). The residue so obtained was dissolved in diethyl ether
(100 mL) and the ensuing solution washed with NaOH (1 x 70 mL of a 1 M aqueous solution)
then water (1 x 70 mL). The separated organic phase was dried (MgSG4), filtered and
concentrated under reduced pressure and the residue thus obtained dissolved in acetone/water
(100 mL of a 4:1 v/v mixture). The resulting solution was treated with A-methylmorpholine Noxide (3.82 g, 21.6 mmol) and osmium tetroxide (3 crystals) then stirred magnetically at 20 °C
for 17 h before being quenched with sodium metabisulfite (10 mL of a saturated aqueous
solution). After a further 1 h the solvent was removed under reduced pressure and the resulting
dark blue/purple oil was partitioned between ethyl acetate (100 mL) and brine (150 mL) and the
separated aqueous layer extracted with ethyl acetate (3 x 100 mL). The combined organic layers
were dried (MgS04), filtered and concentrated under reduced pressure and the residue thus
obtained subjected to flash chromatography (silica, 1:1 v/v ethyl acetate/hexane elution) to give,
after concentration of the appropriate fractions (Rt 0.4), the previously reported compound 40|3]
(1.36 g, 48%) as a white, crystalline solid, m.p. 133 - 136 °C (lit.[3] 139 - 141 °C).
'H NMR (400 MHz, CDC13) 6 6.43 (dt, J3 .6 and 1.0 Hz, 1H), 4.65 (dd, J5.2 and 1.4 Hz, 1H),
4.40 (t, J 5.2 Hz, 1H), 4.33 (td, J3 .6 and 1.4 Hz, 1H), 4.24 (ddd, J5 .2 , 3.6 and 1.0 Hz, 1H),
1.43 (s, 3H), 1.40 (s,3H).
13C NMR (100 MHz, CDC13) 8 139.1, 110.1, 100.6, 78.5, 76.3, 69.4, 67.9, 27.8, 26.4.
IR (neat) umax 3499, 3370, 2984, 2923, 2884, 1633, 1446, 1228, 1078, 1047, 1024, 941, 894,
854, 553 cm“1.
Mass Spectrum (El) m/z 312 (M+\ 11%), 297 (56), 254 (30), 209 (19), 110 (68), 101(100).
HRMS (El) Found M+\ 311.9862. Calculated for C9H13127104 M+\ 311.9859.
Specific Rotation [a]D+ 15° (c 1.3, CHC13).
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(SaiS^S^SS^a^-S-Chloro-T-iodo-l^-dimethyl-Sa^S^a-tetrahydrobenzolf/Kl^ldioxoMyl Acetate (45)

"‘V'CH,

C|

MeCN
0 to 20 °C
1.25 h
45

A magnetically stirred solution of diol 44 (1.36 g, 4.36 mmol) in acetonitrile (25 mL)
maintained at 0 °C (ice bath) was treated with a-acetoxyisobutyryl chloride (950 pL, 6.54
mmol) over 2 minutes. After an additional 0.25 h the ice bath was removed and the reaction
mixture allowed to warm to 20 °C over 1 h. The solvent was then removed under reduced
pressure and the residue so obtained dissolved in ethyl acetate (50 mL). The solution thus
obtained was washed with NaHC03 (1 x 40 mL of a saturated aqueous solution) then dried
(MgSCTt), filtered and concentrated under reduced pressure. The resulting light-yellow oil was
subjected to flash chromatography (silica, 1:1 v/v ethyl acetate/hexane elution) to give, after
concentration of the appropriate fractions (R{ 0.6), the title compound 45 (1.63 g, quant.) as a
white, crystalline solid, m.p. 124 - 126 °C.
‘H NMR (400 MHz, CDC13) 5 6.53 (d, J 2.8 Hz, 1H), 5.33 (t, J 7.5 Hz, 1H), 4.67 (d, J 5.8 Hz,
1H), 4.33 (ddd, J 7.5, 2.8 and ~1.3 Hz, 1H), 4.21 (dd, J 7.5 and 5.8 Hz, 1H), 2.14 (s,3H), 1.55
(s, 3H), 1.40 (s, 3H).
,3C NMR (100 MHz, CDC13) 6 169.7, 139.2, 111.3, 96.7, 79.2, 75.3, 72.3, 55.8, 27.7, 26.5,

21. 0 .
IR (neat) omax 3064, 2995, 2947, 1739, 1625, 1376, 1216, 1077, 1063, 1048, 893, 862, 862, 833,
713, 518 c m '1.
Mass Spectrum (El) m/z 359 and 357 [(M - CH3*)+, 27 and 75%], 312 (29), 257 (38), 255
(100), 254 (77).
HRMS (El) Found (M - CH3*)+, 358.9363 and 356.9392. Calculated for C,0H 1137Cl127lO4 and
C, oH,,35C1,27I04 (M - CH3*)+, 358.9391 and 356.9391, respectively.
Specific Rotation [a]D+19° (c 1.4, CHCI3).
A sample of this material suitable for single-crystal X-ray analysis was grown from a diethyl
ether/petrol solution.
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(Sa^Sa/^öa/f^bS^-Iodo-l^-dimethyl-Sa^a^a^b-tetrahydrooxirenoJlVJ'ri^lbenzoll,!-

</][!,3]dioxole (40)
OAc
NaOMe
Et20
0 to 20 °C
3.5 h
45

40

While working under a nitrogen atmosphere, sodium methoxide (939 mg, 17.4 mmol) was
dissolved in anhydrous methanol at 0 °C. The resulting solution was added, dropwise, to a
magnetically stirred solution of compound 45 (1.63 g, 4.36 mmol) in diethyl ether (50 mL)
maintained at 0 °C (ice bath). The ensuing mixture was allowed to warm to 20 °C over 3.5 h
after which time it was treated with water (50 mL) and the organic solvent removed under
reduced pressure. The residue thus obtained was extracted with diethyl ether (2 x 50 mL) and
the combined organic layers then dried (MgS04), filtered and concentrated under reduced
pressure. The resulting light-yellow oil was subjected to flash chromatography (silica, 1:4 -*•
1:1 v/v ethyl acetate/hexane gradient elution) to give, after concentration of the appropriate
fractions (/?f0.6 in 1:1 v/v ethyl acetate/hexane), the title compound 40|4] (652 mg, 51%) as a
white, crystalline solid, 73 - 76 °C (lit.!4] 74 - 76 °C).
'H NMR (400 MHz, CDC13) 8 6.80 (dd, J ~ 4.6 and 1.5 Hz, 1H), 4.85 (ddd, J6.6, 2.1 and 1.0
Hz, 1H), 4.37 (dd, J6 .6 and 1.5 Hz, 1H), 3.61 (dd, J3 .7 and 2.1 Hz, 1H), 3.18 (ddd,J4.6, 3.7
and 1.0 Hz, 1H), 1.47 (s, 3H), 1.43 (s, 3H).
,3C NMR (100 MHz, CDC13) 8 134.3, 111.3, 108.6, 76.0, 72.2, 49.3, 48.7, 27.7, 26.4.
IR (neat) nmax 2988, 2932, 2879, 1617, 1369, 1351, 1227, 1168, 1070, 1041, 1001, 975, 852,
825, 572 cm '1.
Mass Spectrum (El) m/z 294 (M+\ 29%), 279 (100), 237 (12), 207 (87).
HRMS (El) Found M+\ 293.9753. Calculated for CgH,,127^
Specific Rotation [a]D+145°

(c

1.3, CHCI3).

M+\ 293.9753.
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(3aS',4S',5/?,7a,Sr)-7-Iodo-5-inethoxy-2,2-dimethyl-3a,4,5,7a-tetrahydrobenzo[</][l,3]clioxol4-ol(51)

0 ,.

^

Q-0x

OH
(+)-CSA
MeOH/CHCI3
1:1 (v/v)
20 °C, 0.5 h

39

V
I

51

A magnetically stirred solution of epoxide 39 (1.18 g, 3.99 mmol) in methanol/CHCl3 (45 mL
of a 2:1 v/v mixture) was treated with (1 £)-(+)-10-camphorsulfonic acid (186 mg, 0.80 mmol)
and the resulting mixture allowed to stir in the dark for 0.5 h. The solvent was then removed
under reduced pressure and the residue thus obtained subjected to flash chromatography (silica,
1:1 v/v ethyl acetate/hexane elution). Concentration of the appropriate fractions (Rf 0.2) gave
the title compound 51 ( 1.21 g, 93%) as a clear, colourless solid, m.p. 72 - 78 °C.
‘H NMR (400 MHz, CDC13) 5 6.45 (d, J 1.2 Hz, 1H), 4.61 (dd, J 4.8 and 1.2 Hz, 1H), 4.47 (dd,
J 4.8 and 2.6 Hz, 1H), 3.94 (d, J 8.4 Hz, 1H), 3.81 (dd, J 8.4 and 2.6 Hz, 1H), 3.49 (s, 3H), 1.42
(s,3H), 1.40 (s, 3H).
,3C NMR (100 MHz, CDC13) 8 137.3, 110.7, 100.7, 80.7, 79.8, 76.5, 71.3, 57.7, 27.5, 26.6.
IR (neat) umax 3390, 2984, 2918, 2843, 1697, 1618, 1381, 1217, 1073 cm“1.
Mass Spectrum (El) m/z 311 [(M - CH3*)+, 14%], 239 (23), 226 (100).
HRMS (El) Found (M - CH3*)+, 310.9773. Calculated for C9Hi2127I04 (M -C H 3«)+, 310.9780.
Specific Rotation [a]D-29° (c 7.5, CHC13).

(l/?,25,,35',6/?)-4-Iodo-6-methoxycyclohex-4-ene-l,2,3-triol (49)
OH

51

AG-50W-X8

,OH

MeOH/THF
1:1 (v/v)
20 °C, 48 h

'OH

49

A magnetically stirred solution of acetonide 51 (1.21 g, 3.70 mmol) in methanol/THF (20 mL of
a 1:1 v/v mixture) was treated with acidified AG-50W-X8 ion exchange resin (2.40 g, 200 wt
%) and the ensuing mixture stirred vigorously at 20 °C and in the dark for 48 h. The solvent was
then removed under reduced pressure and the residue thus obtained subjected to flash
chromatography (silica, ethyl acetate elution). Concentration of the appropriate fractions (Rf

Experimental Section Associated with the Work Described in Chapter Two
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0.2) then provided the title compound 49 (379 mg, 36%) as a white, crystalline solid, m.p. 73 IT C .
‘H NMR (400 MHz, CD3OD) 5 6.48 (dd, J2 .6 and 1.8 Hz, 1H), 4.10 (dt,

3.8 and ~ 1.8 Hz,

1H), 4.00 (dd, J3.8 and 2.1 Hz, 1H), 3.89 (dt, J 7.3 and 2.6 Hz, 1H), 3.69 (dd,J7.3 and 2.1 Hz,
1H), 3.45 (s, 3H).
'H NMR (400 MHz, CDC13) 6 6.56 (s, 1H), 4.20 (s, 2H), 3.92 - 3.86 (complex m, 2H), 3.46 (s,
3H), 3.26 (m, 3H).
,3C NMR (100 MHz, CDC13) 8 136.7, 104.7, 80.3, 73.7, 72.1, 70.3, 56.5.
IR (neat) nmax 3217, 2918, 2861, 2821, 1660, 1620, 1415, 1336, 1099, 1081, 1045, 1028, 847
cm-1.
Mass Spectrum (ESI) m/z 309 [(M + Na)+, 100%].
HRMS (ESI) Found (M + Na)+, 308.9600. Calculated for C7H ,,127INa04 (M + Na)+, 308.9600.
Specific Rotation [a]D-61° (c 0.8, CHCI3).
A sample of this material suitable for single-crystal X-ray analysis was grown from a diethyl
ether/petrol solution.

(3a5’,4/?,5iS',7a5r)-7-Iodo-5-methoxy-2,2-dimethyl-3a,4,5,7a-tetrahydrobenzo[£/][l,3]dioxol4-ol (52)
(+)-CSA
MeOH/CHCI3
1:1 (v/v)
20 °C. 0.5 h
40

52

A magnetically stirred solution of epoxide 40 (0.326 g, 1.11 mmol) in methanol/CHCl3 (7.5 mL
of a 1:1 v/v mixture) maintained at 20 °C was treated with (1/>)-(+)-10-camphorsulfonic acid
(52 mg, 0.22 mmol) and the ensuing mixture maintained in the dark for 0.5 h. After this time
the reaction mixture was concentrated under reduced pressure and the residue subjected to flash
chromatography (silica, 1:1 v/v ethyl acetate/hexane elution). Concentration of the appropriate
fractions (Rf 0.4) then gave the title compound 52 (166 mg, 45%) as a clear, colourless oil.
'H NMR (400 MHz, CDC13) 5 6.53 (app s, 1H), 4.68 (d, J6 .8 Hz, 1H), 4.13 (m, 1H), 3.64 (s,
1H), 3.63 (m, 1H), 3.47 (s, 3H), 2.67 (broad s, 1H), 1.54 (s, 3H), 1.41 (s, 3H).
,3C NMR (100 MHz, CDC13) 8 140.4, 110.4, 93.3, 81.4, 79.6, 77.3, 72.5, 57.6, 28.2, 25.9.
IR (neat) umax 3442, 2986, 2933, 2828, 1632, 1455, 1376, 1249, 1217, 1163, 1072, 972, 948,
912, 868, 790, 744 cm’1.
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Mass Spectrum (El) m/z 311 [(M - CH3»)+, 100%], 251 (10), 239 (28), 226 (32).
HRMS (El) Found (M - CH3*)+, 310.9781. Calculated for C9H12127104 (M - CH3*)+, 310.9780.
Specific Rotation [a]D+ 34° (c 4.4, CHC13).

(15',25,3S,65)-4-Iodo-6-methoxycyclohex-4-ene-l,2,3-triol (50)
OH

OH
MeO,

AG-50W-X8

1

MeO,

MeOH/THF
1:1 (v/v)
20 °C, 48 h

52

V

.„OH
'OH

I

50

A magnetically stirred solution of acetonide 52 (489 mg, 1.50 mmol) in a mixture of
methanol/THF (10 mL of a 1:1 v/v mixture) was treated with acidified AG-50 W-X8 acidic resin
(979 mg, 200 wt%) and the ensuing mixture stirred vigorously while being protected from light
at 20 °C for 48 h. The reaction mixture was then filtered through a pad of CeliteIM that was
washed with ethyl acetate (2 x 20 mL). The combined filtrates were concentrated under reduced
pressure and the residue so obtained subjected to flash chromatography (silica, ethyl acetate
elution) to give, after concentration of the appropriate fractions (Rf 0.3), the title compound 50
(323 mg, 75%) as a white, crystalline solid, m.p. 123 - 124 °C.
*H NMR (400 MHz, CD3OD) 8 6.43 (d, J2 .4 Hz, 1H), 4.23 (d, J4 .2 Hz, 1H), 3.70 (dd, J 10.5
and 7.5 Hz, 1H), 3.59 (ddd, J 7.5, 2.4 and 0.7 Hz, 1H), 3.52 (dd, J 10.5 and 4.2 Hz, 1H), 3.45 (s,
3H).
‘H NMR (400 MHz, CDC13) 8 6.49 (d, J2 .2 Hz, 1H), 4.40 (t, J4.3 Hz, 1H), 3.81 (ddd, J 10.0,
7.5 and 2.2 Hz, 1H), 3.70 - 3.64 (complex m, 2H), 3.47 (s, 3H), 3.02 (d, J6.3 Hz, 1H), 2.85 (m,
2H).
13C NMR (100 MHz, CDC13) 8 139.3, 98.6, 82.8, 75.4, 70.8, 70.3, 57.5.
IR (neat) umax 3306, 2989, 2927, 2909, 2848, 1620, 1455, 1362, 1270, 1224, 1186, 1147, 1074,
993, 950, 877 cm"1.
MS (ESI) m/z 309 [(M + Na)+, 100%].
HRMS (ESI) Found (M + Na)+, 308.9600, Calculated for C7H n127INa04 (M + Na)+, 308.9600.
Specific Rotation [a]D -2.4° (c 0.5, CHC13).

Experimental Section Associated with the Work Described in Chapter Two
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(SaSVlSy/aS^-T-Iodo-l^-dimethyl-Sa^S^a-tetrahydrobenzol^/lIMldioxol-^oI (55)

DIBAL-H
Et20

-40 to 20 °C
20 h
39

55

A magnetically stirred solution of epoxide 39 (2.36 g, 8.06 mmol) in anhydrous diethyl ether
(40 mL) was cooled to -40°C then treated with a DIBAL-H (9.67 mL of a 1.0 M solution in
hexanes, 9.67 mmol) over 5 minutes. The resulting solution was allowed to warm to 20 °C over
20 h before being treated with tartaric acid (50 mL of a saturated aqueous solution). After a
further 1 h the aqueous layer was separated then extracted with diethyl ether (2 x 50 mL) and
the combined organic layers were then dried (M gS04), filtered and concentrated under reduced
pressure. The residue thus obtained was subjected to flash chromatography (silica, 1:1 v/v ethyl
acetate/hexane elution) and concentration of the appropriate fractions (Rf 0.4) afforded the title
compound 55 (1.57 g, 66%) as a colourless, micro-crystalline solid, m.p. 101 °C.
‘H NMR (400 MHz, CDC13) 5 6.35 (dd, J 5.9 and 2.7 Hz, 1H), 4.62 (dd, J 5.9 and 2.5 Hz, 1H),
4.39 (dd, J 5 .7 and 2.5 Hz, 1H), 3.99 (ddd,

9.5, 5.7 and 2.5 Hz, 1H), 2.39 (ddt, J 16.5, 9.5,

2.7 Hz, 1H), 2.30 (dt, J 16.5, 5.9 Hz, 1H), 1.45 (s, 3H), 1.43 (s, 3H).
,3C NMR (100 MHz, CDC13) 8 136.6, 110.4, 99.0, 80.7, 77.5, 66.7, 32.6, 27.5, 26.7.
IR (neat) umax 3413,2985,2932, 2870, 1629, 1371, 1230, 1083, 1046, 864 cm“1.
Mass Spectrum (El) m/z 296 (M+\ 6%), 281 (100).
HRMS (El) Found M+\ 295.9909. Calculated for C9H13127I03 M+\ 295.9909.
Specific Rotation [a]D+41° (c 1.2, CHC13).
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(3a5',45',7a1S)-7-Iodo-4-methoxy-2,2-dimethyl-3a,4,5,7a-tetrahydrobenzo[</][l,3)dio\ole (56)

Mel
Ag20
MeCN
8 2 °C, 19 h

55

56

Silver(I) oxide (1.35 g, 5.84 mmol) and iodomethane (730 pL, 11.7 mmol) were added to a
magnetically stirred solution of alcohol 55 (1.57 g, 5.31 mmol) in anhydrous acetonitrile (40
mL). The ensuing mixture was stirred at 82 °C for 19 h then cooled to 20 °C and filtered
through a pad of Celite™ that was washed with ethyl acetate (2 x 50 mL). The combined
filtrates were concentrated under reduced pressure and the residue thus obtained subjected to
flash chromatography (silica, 1:1 v/v ethyl acetate/hexane elution). Concentration of the
appropriate fractions

0.6) then provided the title compound 56 (1.17 g, 71%) as a light-

yellow oil.
‘H NMR (400 MHz, CDC13) 5 6.35 (dd, J 6.0 and 2.8 Hz, 1H), 4.59 (dd, J 5.2 and ~ 2.7 Hz,
1H), 4.49 (dd, J 5 .2 and 2.2 Hz, 1H), 3.59 (ddd, J9 .9 , 6.0 and 2.2 Hz, 1H), 3.44 (s, 3H), 2.41 2.36 (complex m, 2H), 1.44 (s, 3H), 1.43 (s, 3H).
,3C NMR (100 MHz, CDC13) 6 136.3, 110.7, 99.9, 80.9, 75.3, 75.1, 56.9, 28.9, 27.5, 26.9.
IR (neat) omax 2984, 2932, 2822, 1626, 1454, 1380, 1370, 1233, 1168, 1111, 1066, 1035, 865
cm"1.
Mass Spectrum (El) m/z 310 (M+\ 3%), 295 (100).
HRMS (El) Found M+\ 310.0069. Calculated for C 10H 15127IO3 M+\ 310.0066.
Specific Rotation [a]D-32° (c 1.2, CHC13).

(l/^S^S^-Iodo-ö-m ethoxycyclohexO -ene-l^-diol (53)

1

A

O

- O

O

OMe

56

AG-50W-X8
MeOH/THF
1:1 (v/v)
20 °C, 24 h

OMe
A ,O H
'o h

i
53

A solution of acetonide 56 (1.17 g, 3.78 mmol) in methanol/THF (30 mL of a 1:1 v/v mixture)
was treated with acidified AG-50W-X8 acidic resin (2.35 g, 200 wt%) and the ensuing mixture
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stirred vigorously at 20 °C for 24 h. The reaction mixture was then filtered through a pad of
Celite1M that was washed with ethyl acetate (2 x 10 mL). The combined filtrates were
concentrated under reduced pressure and the residue thus obtained subjected to flash
chromatography (silica, 1:1 v/v ethyl acetate/hexane elution) to give, after concentration of the
appropriate fractions (Rt 0.2), the title compound 53 (650 mg, 64%) as a light-yellow oil.
'H NMR (400 MHz, CDC13) 6 6.33 (t, J 4.0 Hz, 1H), 4.08 (d, J 4.8 Hz, 1H), 3.99 - 3.88
(complex m, 1H), 3.71 (td, J4 .4 and 2.0 Hz, 1H), 3.37 (s, 3H), 2.92 (broad s, 2H), 2.50 (dt, J
18.4 and 4.4 Hz, 1H), 2.19 (dt, J 18.4 and 4.0 Hz, 1H).
,3C NMR (100 MHz, CDC13) 5 135.6, 100.2, 78.3, 75.1, 69.5, 57.6, 31.2.
IR (neat) omax 3400, 2928, 2830, 1627, 1395, 1151, 1101, 1078, 980 cm"1.
Mass Spectrum (El) m/z 270 (M+\ 100), 252 (29).
HRMS (El) Found M+\ 269.9750. Calculated for C7H n127103 M+\ 269.9753.
Specific Rotation [a]D+1.5° (c 0.8, CHCI3).

(3a5',4/?,7a5)-7-lodo-2,2-dimethyl-3a,4,5,7a-tetrahydrobenzo[</][l,3]dioxol-4-ol (57)

DIBAL-H
EtzO
-4 0 to 20 °C
3h
40

57

A magnetically stirred solution of epoxide 40 (2.91 g, 9.88 mmol) in anhydrous diethyl ether
(60 mL) was cooled to -40 °C then treated with DIBAL-H (11.9 mL of a 1 M solution in
hexanes, 11.9 mmol) over 5 minutes. The ensuing mixture was maintained at this temperature
for 3 h then treated with tartaric acid (50 mL of a saturated aqueous solution) and stirred for a
further 0.5 h while being allowed to warm to 20 °C. The organic phase was separated and the
aqueous layer extracted with diethyl ether (2 x 50 mL). The combined organic layers were then
washed with water (1 x 100 mL) before being dried (MgS04), filtered and concentrated under
reduced pressure. The residue thus obtained was subjected to flash chromatography (silica, 1:1
v/v ethyl acetate/hexane elution) to furnish, after concentration of the appropriate fractions (R{
0.4), the title compound 57 (2.10 g, 72%) as a white solid, m.p. 101 - 103 °C.
‘H NMR (400 MHz, CDCI3) 5 6.43 (dd, J 5.1 and 3.5 Hz, 1H), 4.65 (d, J 5.9 Hz, 1H), 4.09 (dd,
J1.2 and 5.9 Hz, 1H), 3.96 (td, J 7.2 and 4.6 Hz, 1H), 2.47 (dt, J 17.6 and 5.1 Hz, 1H), 2.12
(ddd, J 17.6, 7.2 and 3.5 Hz, 1H), 1.78 (broad s, 1H), 1.48 (s, 3H), 1.40 (s, 3H).
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,3C NMR (100 MHz, CDC13) 5 137.8, 109.5, 94.7, 79.5, 78.7, 67.6, 33.7, 28.2, 26.3.
IR (neat) omax 3435, 2985, 2932, 1701, 1633, 1380, 1222, 1161, 1071, 1050, 867 cm”1.
Mass Spectrum (El) m/z 296 (M+\ 12%), 281 (100).
HRMS (El) Found M+\ 295.9913. Calculated for C9 H 13127I0 3 M+\ 295.9909.
Specific Rotation [a]D-9.3° (c 1.5, CHCI3 ).

(3a5’,4/?,7a1S)-7-Iodo-4-methoxy-2,2-dimethyl-3a,4,5,7a-tetrahydrobenzo[</][l,3]dioxole
(58)

Mel
Ag20
MeCN
8 2 °C, 1 6 h

57

58

Silver(I) oxide (1.81 g, 7.81 mmol) and methyl iodide (970 pL, 15.6 mmol) were added to a
magnetically stirred solution of compound 57 (2.10 g, 7.10 mmol) in acetonitrile (40 mL)
maintained under a nitrogen atmosphere. The ensuing mixture was heated at 82 °C for 16 h then
cooled to 20 °C and filtered through a pad of Celite™ that was washed with ethyl acetate (2 x
20 mL). The combined filtrates were concentrated under reduced pressure and the material so
obtained subjected to flash chromatography (silica,

1 :1

v/v ethyl acetate/hexane elution).

Concentration of the appropriate fractions (R{ 0.5) then provided the title compound 58 (1.04 g,
47%) as a light-yellow oil.
'H NMR (400 MHz, CDCI3) 5 6.37 (t, J4 .3 Hz, 1H), 4.59 (dt, J ~ 5.8 and 1.5 Hz, 1H), 4.21 (t,
J 5.8 Hz, 1H), 3.61 (td, J 5 .8 and 4.4 Hz, 1H), 3.42 (s, 3H), 2.34 (dtd, J 17.6, 4.3 and 1.5 Hz,
1H), 2.15 (dt, J 17.6 and 4.4 Hz, 1H), 1.47 (s, 3H), 1.40 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 136.7, 109.4, 96.9, 79.0, 76.4, 75.8, 57.8, 30.1, 28.0, 26.4.
IR (neat) omax 2985, 2932, 2896, 2824, 1749, 1728, 1636, 1455, 1379, 1370, 1339, 1213, 1163,
1104, 1071, 1032, 968 cm”1.
Mass Spectrum (El) m/z 310 (M+\ 11%), 295 (100).
HRMS (El) Found M+\ 310.0064. Calculated for C l0 H 15127IO3 M+\ 310.0066.
Specific Rotation [a]D-14° (c 1.0, CHC13).
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(l/?,2S',6./?)-3-Iodo-6-methoxycyclohex-3-ene-l,2-diol (54)
OMe

OMe

K

AG-50W-X8
MeOHTTHF
1:1 (v/v)
20 °C, 24 h

58

54

A solution of compound 58 (1.04 g, 3.36 mmol) in methanol/THF (20 mL of a 1:1 v/v mixture)
was treated with acidified AG-50W-X8 acidic resin (2.09 g, 200 wt%). The resulting mixture
was stirred vigorously at 20 °C for 24 h then filtered through a pad of Celite™ that was washed
with ethyl acetate (2 x 10 mL). The combined filtrates were concentrated under reduced
pressure and subjection of the residue to flash chromatography (silica, 1:1 v/v ethyl
acetate/hexane elution) gave, after concentration of the appropriate fractions (Rf 0.2), the title
compound 54 (797 mg, 88%) as a light-cream solid, m.p. 79 - 88 °C.
‘H NMR (400 MHz, CDC13) 5 6.38 (dd, J 5.3 and 3.0 Hz, 1H), 4.41 (d, J 4.2 Hz, 1H), 3.84 (dd,
J 9.2 and 4.2 Hz, 1H), 3.61 - 3.56 (complex m, 1H), 3.42 (s, 3H), 2.77 (m, 2H), 2.63 (dt, J 17.6
and 5.3 Hz, 1H), 2.01 (ddd, J 17.6, 8.2 and 3.0 Hz, 1H).
,3C NMR (100 MHz, CDC13) 6 137.9, 96.5, 74.9, 74.8, 72.3, 57.3, 33.2.
IR (neat) umax 3391,2971, 2926, 2821, 1633, 1432, 1395, 1196, 1097, 988, 961,823,684 cm"1.
Mass Spectrum (El) m/z 270 (M+\ 8%), 252 (13), 74 (100).
HRMS (El) Found M+\ 269.9757. Calculated for C7H i,127I 0 3 M+\ 269.9753.
Specific Rotation [a]D-140° (c 0.2, CHC13).

6-Methylhepta-l,5-dien-2-yl Trifluoromethanesulfonate (60)
i. LDA, THF
0 °C, 1 h

59

then
PhNT<2
- 7 8 to 20 °C
24 h

60

A 250 mL two-necked round-bottomed flask fitted to a nitrogen line and with a septum attached
was charged with A/A^-diisopropylamine (6.33 mL, 45.2 mmol) to which dry THF (50 mL) was
added and the resulting solution cooled to 0 °C (ice bath). «-Butyllithium (29.3 mL of a 1.6 M
solution in hexanes, 46.9 mmol) was then added dropwise and the ensuing mixture stirred at 0
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°C for 0.25 h then at 20 °C for a further 0.25 h before being cooled to -78 °C. Ketone 59 (5.12
mL, 34.7 mmol) was then added slowly and the resulting mixture stirred for 1 h before being
allowed to slowly warm to 20 °C and then maintained at this temperature for 20 h. After this
time the mixture was diluted with hexane (200 mL) and the resulting solution washed with H20
(2 x 150 mL). The separated organic layer was then dried (MgS04), filtered and concentrated
under reduced pressure (water bath temperature no higher than 30 °C). The residue so obtained
was subjected to flash chromatography (silica, petrol elution) to furnish, after concentration of
the appropriate fractions fftfO.3), the previously reported151 compound 60 (2.87 g, 32%) as a
clear, colourless oil.
*H NMR (400 MHz, CD3OD) 5 5.05 (tt, J 12 and 1.2 Hz, 1H), 5.04 - 5.03 (complex m, 1H),
5.00 - 4.99 (complex m, 1H), 2.33 (t, J7 .2 Hz, 2H), 2.18 (app q, J 7.2 Hz, 2H), 1.63 (s, 3H),
1.57 (s, 3H).
,3 CNM R(100 MHz , CD3OD) 5 158.5, 134.7, 123.0, 118.5, 105.5,35.1,26.0, 25.9, 17.9.
IR (neat) omax 2972, 2921,2861, 1670, 1418, 1249, 1211, 1145,933,899, 848,612 cm '1.
Mass Spectrum (El) m/z 258 (M+\ 4%), 215 (8 ), 69 (100).
HRMS (El) Found M+‘, 258.0538. Calculated for C9H ^ l9F30 3S M+\ 258.0538.

Trimethyl(7-methyI-3-methyleneoct-6-en-l-yn-l-yl)silane (61)
= — TMS
Pd(MeCN)2CI2
Cul
THF/piperidine
7:3 (v/v)
20 °C, 5 h
60

61

A magnetically stirred solution of compound 60 (2.87 g, 11.1 mmol) in THF/piperidine (40 mL
of a 7:3 v/v mixture) maintained under a nitrogen atmosphere was treated with
ethynyltrimethylsilane (1.90 mL, 13.3 mmol). The ensuing mixture was sparged with nitrogen
for 1 h then PdCl2(CH3CN)2 (57.6 mg, 0.22 mmol) and copper iodide (84.6 mg, 0.44 mmol)
were added. The resulting mixture was stirred at 20 °C for 5 h then diluted with hexane (200
mL) and washed with HC1 (2 x 50 mL of a 0.5 M aqueous solution) and NaHCC>3 (2 x 50 mL of
a saturated aqueous solution). The separated organic layer was dried (MgS04), filtered and
concentrated under reduced pressure (water bath temperature no higher than 30 °C) to give a
black oil. Subjection of this material to flash chromatography (silica, petrol elution) and
concentration of the appropriate fractions (Rf 0.6) then provided compound 61|5] (1.49 g, 65%)
as a clear, yellow oil.
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'H NMR (400 MHz, CDCI3) 5 5.36 (s, 1H), 5.23 (s, 1H), 5.11 (t, J 6.2 Hz, 1H), 2.22 - 2.16
(complex m, 4H), 1.69 (s, 3H), 1.63 (s, 3H), 0.19 (s, 9H).
,3C NMR (100 MHz, CDCI3) 5 132.3, 131.7, 123.5, 122.1, 105.8, 94.0, 37.4, 26.9, 25.8, 17.8,
0.10 (x3).
IR (neat) omax 2962, 2926, 2857, 2144, 1606, 1448, 1250, 899, 883 842, 759 c m '.
Mass Spectrum (El) m/z 206 (M+\ 8%), 191 (20), 163 (100).
HRMS (El) Found M+\ 206.1491. Calculated for Ci3H22Si M+\ 206.1491.

7-Methyl-3-methyleneoct-6-en-l-yne (7)

A magnetically stirred solution of silane 61 (2.77 g, 13.4 mmol) in THF (60 mL) was treated
with TBAF (14.1 mL of a 1.0 M solution in THF, 14.1 mmol) over 5 minutes and the ensuing
mixture maintained at 20 °C for 1 h then treated with NH4C1 (50 mL of a saturated aqueous
solution) and extracted with diethyl ether (3 x 50 mL). The combined organic phases were dried
(MgSOf), filtered and concentrated under reduced pressure (water bath temperature no more
than 30 °C) and the residue thus obtained subjected to flash chromatography (silica, petrol
elution). Concentration of the appropriate fractions (7?f 0.9) then furnished the title compound
7I?I (421 mg, 23%) as a clear, yellow oil. The 'H NMR spectrum of this material matched that
reported151 previously.
'H NMR (400 MHz, CDCI3) 8 5.42 (s, 1H), 5.29 (s, 1H), 5.17 - 5.03 (complex m, 1H), 2.88 (s,
1H), 2.19 (m, 4H), 1.69 (s, 3H), 1.62 (s, 3H).
This compound has a tendency to undergo decomposition within days of its preparation.
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(l./?,2./?,3/?,6/?)-6-Methoxy-4-(7-methyl-3-methyleneoct-6-en-l-yn-l-yl)cyclohex-4-ene1,2,3-triol (31)

Alkyne 7 (684 mg, 5.10 mmol) was added to a magnetically stirred solution of triol 49 (951 mg,
3.33 mmol) in Et2NH (30 mL) maintained at 20 °C. The ensuing mixture was sparged with
nitrogen for 0.5 h then PdCl2(PPh3)2 (234 mg, 0.33 mmol) and copper iodide (95.1 mg, 0.55
mmol) were added. After 21 h the reaction mixture was concentrated under reduced pressure
and the brown residue thus obtained subjected to flash chromatography (silica gel, hexane -*
9:1 ethyl acetate/hexane gradient elution). Concentration of the appropriate fractions (Rf 0.4 in
1:7:2 v/v/v methanol/ethyl acetate/hexane) gave the title compound 31 (331 mg, 34 %) as a
clear, light-yellow oil.
‘H NMR (400 MHz, CDCI3) 5 6.17 (dd, J 3 .0 and 1.4 Hz, 1H), 5.38 (s, 1H), 5.29 (s, 1H), 5.10
(m, 1H), 4.21 (m, 2H), 4.06 - 4.03 (complex m, 1H), 3.81 (d, J 6.8 Hz, 1H), 3.47 (s, 3H), 2.98
(broad s, 1H), 2.87 (broad s, 1H), 2.83 (broad s, 1H), 2.21 (m, 4H), 1.69 (s, 3H), 1.62 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 132.4, 131.9, 131.1, 124.6, 123.3, 122.1, 91.4, 86.9, 78.7, 72.1,
70.7, 69.3, 57.2, 37.4, 26.9, 25.8, 17.9.
IR (neat) umax 3390, 2958, 2923, 2857, 1634, 1438, 1377, 1261, 1084 cm“1.
Mass Spectrum (ESI) m/z 315 [(M + Na)+, 100%].
HRMS (ESI) Found (M + Na)+, 315.1573. Calculated for C,7H24Na04 (M + Na)+, 315.1572.
Specific Rotation [a]D-15° (c 0.8, CHC13).
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( l 1S',2/?,3^,65)-6-Methoxy-4-(7-methyl-3-methyleneoct-6-en-l-yn-l-yl)cyclohex-4-ene-l,2,3triol (32)

Alkyne 7(1.11 g, 8.28 mmol) was added to a magnetically stirred solution of iodide 50 (1.18 g,
4.14 mmol) in anhydrous Et2NH (40 mL). The resulting solution was sparged with nitrogen for
0.5 h then PdCl2(PPh3)2 (291 mg, 0.41 mmol) and copper iodide (118 mg, 0.62 mmol) were
added. The ensuing mixture was stirred at 20 °C for 22 h then concentrated under reduced
pressure and the dark brown residue so obtained subjected to flash chromatography (silica,
hexane -*■ 1:7:2 methanol/ethyl acetate/hexane gradient elution). Concentration of the
appropriate fractions (R{ 0.5 in 1:7:2 methanol/ethyl acetate/hexane) gave the product 32 (484
mg, 40%) as a clear, light-yellow oil.
‘H NMR (400 MHz, CDC13) 5 6.11 (d, J 2.4 Hz, 1H), 5.36 (s, 1H), 5.26 (s, 1H), 5.10 (m, 1H),
4.28 (d, J 4.1 Hz, 1H), 4.05 (m, 2H), 3.89 (dd, J 10.4 and 7.8 Hz, 1H), 3.79 (dd, J 7.8 and 2.4
Hz, 1H), 3.63 (m, 1H), 3.56 (dd, J 10.4 and 3.3 Hz, 1H), 3.49 (s, 3H), 2.19 (m, 4H), 1.68 (s,
3H), 1.61 (s, 3H).
,3C NMR (100 MHz, CDC13) 6: 134.2, 132.3, 130.9, 123.2, 123.1, 122.0, 90.6, 87.5,81.1,71.1,
70.2, 69.7, 57.1, 37.2, 26.7, 25.7, 17.8.
IR (neat) umax 3400, 2925, 1631, 1605, 1438, 1376, 1083, 943, 894 c m '1.
Mass Spectrum (ESI) m/z 315 [(M + Na)+, 100%].
HRMS (ESI) Found (M + Na)+, 315.1571 Calculated for C 17H24Na04 (M + Na)+, 315.1572.
Specific Rotation [a]D+34° (c 2.0, CHC13).
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(l/f^^öSyö-Methoxy-S-^-methyl-S-methyleneoct-ö-en-l-yn-l-yOcyclohex-S-ene-l^-diol
(33)

Alkyne 7 (485 mg, 3.62 mmol) was added to a magnetically stirred solution of compound 53
(650 mg, 2.41 mmol) in anhydrous Et2NH (20 mL). The resulting solution was sparged with
nitrogen for 0.5 h then PdCl2(PPh3)2 (169 mg, 0.24 mmol) and copper iodide (68.8 mg, 0.36
mmol) were added. The ensuing mixture was stirred at 20 °C for 21 h then concentrated under
reduced pressure and the residue thus obtained subjected to flash chromatography (silica, 1:4
1:1 v/v, ethyl acetate/hexane gradient elution). Concentration of the appropriate fractions (Rf 0.3
in 1:1 ethyl acetate/hexane) gave the title compound 33 (400 mg, 60%) as a clear, light-yellow
oil.
'H NMR (400 MHz, CDC13) 8 6.05 (t, J 4.0 Hz, 1H), 5.35 (s, 1H), 5.24 (s, 1H), 5.13 - 5.09
(complex m, 1H), 4.09 (m, 1H), 3.88 (m, 1H), 3.66 (td, J4.6 and 2.0 Hz, \H), 3.38 (s, 3H), 2.95
(broad s, 1H), 2.89 (d, J 10.0 Hz, 1H), 2.58 (dt, J 19.2 and 4.6 Hz, 1H), 2.30 (dt, J 19.2 and 4.6
Hz, 1H), 2.21 (m, 4H), 1.68 (s, 3H), 1.61 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 132.4, 132.1, 131.4, 123.5, 121.5, 89.7, 87.9, 78.5, 77.4, 69.8,
68.9, 57.5, 37.5, 28.6, 26.9, 25.8, 17.9.
IR (neat) omax 3427, 2931, 2190, 1717, 1667, 1446, 1376, 1217, 1085, 755 cm’1.
Mass Spectrum (ESI) m/z 299 [(M + Na)+, 100%].
HRMS (ESI) Found (M + Na)+, 299.1623. Calculated for C,7H24Na0 3 (M + Na)+, 299.1622.
Specific Rotation [a]D +11° (c 1.1, CHC13).
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(l/?,2/?,6/?)-6-Methoxy-3-(7-methyl-3-methyleneoct-6-en-l-yn-l-yI)cyclohex-3-ene-l,2-diol
(34)

Alkyne 7 (594 mg, 4.43 mmol) was added to a solution of compound 54 (519 mg, 2.95 mmol)
in anhydrous Et2NH (25 mL) and the ensuing solution sparged with nitrogen for 0.5 h.
PdCl2(PPh3)2 (207 mg, 0.30 mmol) and copper iodide (84 mg, 0.44 mmol) were then added and
the resulting mixture stirred at 20 °C for 20 h before being concentrated under reduced pressure.
The residue thus obtained was subjected to flash chromatography (silica, 1:4 —» 1:1 ethyl
acetate/hexane gradient elution) to give, after concentration of the appropriate fractions (R{ 0.3
in 1:1 ethyl acetate/hexane), the title compound 34 (519 mg, 64 %) as a clear, light-yellow oil.
‘H NMR (400 MHz, CDC13) 6 6.10 (dd, J 5.2 and 3.2 Hz, 1H), 5.33 (d, J 1.9 Hz, 1H), 5.24 (d, J
1.6 Hz, 1H), 5 .1 2 -5 .1 0 (complex m, 1H), 4.34 (d, J 4 .0 Hz, 1H), 3.74 (dd, J 9 .2 and 4.0 Hz,
1H), 3.61 (ddd, J 9.2, 7.9 and 5.4 Hz, 1H), 3.43 (s, 3H), 2.72 (dt, J 18.8 and 5.3 Hz, 2H), 2.19
(m, 4H), 2.08 (dddd, J 18.8, 8.0, 3.2 and 1.1 Hz, 2H), 1.68 (s, 3H), 1.61 (s, 3H).
,3C NMR (100 MHz, CDC13) 6 134.1, 132.4, 131.3, 123.5, 121.7, 121.5, 89.6, 88.0, 75.4, 71.7,
69.2, 57.2, 37.5, 30.3, 26.9, 25.8, 17.9.
IR (neat) nmax 3401, 2918, 2191, 1671, 1605, 1443, 1376, 1196, 1101,988, 903 c m 1.
MS (ESI), m/z 299 [(M + Na)+, 100%].
HRMS (ESI) Found (M + Na)+, 299.1623. Calculated for C 17H24Na 0 3 (M + Na)+, 299.1622.
Specific Rotation [a]D+86° (c 1.7, CHC13).
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l,2-Dimethoxy-4-(prop-2-yn-l-yloxy)benzene (219)

DMF
20 °C, 22 h
218

219

A magnetically stirred solution of 3,4-dimethoxyphenol (218) (3.08 g, 20.0 mmol) in DMF
(100 mL) was treated, dropwise, with propargyl bromide (3.57 g of 80 wt% solution in toluene,
24.0 mmol). Anhydrous K2C 03 (3.32 g, 24.0 mmol) was added to the resulting solution. The
ensuing mixture was stirred at 20 °C for 22 h then quenched with NH4C1 (150 mL of a saturated
aqueous solution) before being extracted with diethyl ether (3 * 100 mL). The combined
organic phases were washed with brine (2« 100 mL) then dried (MgS04), before being filtered
through a sintered glass funnel. The filtrate was concentrated under reduced pressure and the
ensuing residue dissolved in dichloromethane/hexane (5 mL of a 1:1 v/v mixture) and the
resulting solution filtered through a short pad of silica gel that was washed with
dichloromethane/hexane (20 mL of a 1:1 v/v mixture). The combined filtrates were
concentrated under reduced pressure to give the title compound 219[1] (3.47 g, 90%) as a clear,
yellow oil.
'H NMR (400 MHz, CDC13) 6 6.79 (d, J 8.8 Hz, 1H), 6.59 (d, J2 .8 Hz, 1H), 6.49 (dd, J 8.8
and 2.8 Hz, 1H), 4.65 (d, J2.4 Hz, 2H), 3.86 (s, 3H), 3.84 (s, 3H), 2.52 (t,J2 .4 Hz, 1H).
13C NMR (100 MHz, CDC13) 5 152.1, 149.9, 144.2, 111.5, 104.4, 101.4, 78.9, 75.5, 56.4, 55.9,
46.5.
IR (neat) umax 3283, 2937, 2834, 2119, 1598, 1513, 1454, 1373, 1261, 1229, 1196, 1026, 936,
836 cm '1.
Mass Spectrum (El) m/z 192 (M+\ 54%), 153 (100).
HRMS (El) Found M+\ 192.0788. Calculated for C,,H 120 3 M+\ 192.0786.

150

Chapter Eight

6,7-Dimethoxy-2//-chromene (193)
Echavarren's Au(l) catalyst

MeO

DCM
20 °C, 3 h

MeO

219

193

A magnetically stirred solution of the propargyl ether 219 (2.88 g, 15.0 mmol) in
dichloromethane (100 mL) maintained at 20 °C under an atmosphere of nitrogen was treated
with (acetonitrile)[(2-biphenyl)-di-ter/-butylphosphine]gold(I) hexafluoroantimonate (116 mg,
0.15 mmol, 1 mol%). The ensuing mixture was stirred at 20 °C for 3 h then concentrated under
reduced pressure and the dark green residue so-obtained subjected to flash chromatography
(silica, 1:4 v/v ethyl acetate/hexane elution) to give, after concentration of the appropriate
fractions (Rf 0.2), the title compound 121 193 (1.47 g, 51%) as a light-yellow oil.
'H NMR (400 MHz, CDC13) 5 6.53 (s, 1H), 6.42 (s, 1H), 6.34 (dt, J9 .7 and 1.8 Hz, 1H), 5.66
(dt, J9.7 and 3.7 Hz, 1H) 4.74 (dd, J3.7 and 1.8 Hz, 2H), 3.84 (s, 3H), 3.83 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 149.7, 148.7, 143.7, 124.6, 119.4, 114.5, 110.1, 100.7, 65.6,
56.7, 56.1.
1R (neat) omax 2997, 2955, 2833, 1614, 1578, 1511, 1278, 1226, 1194, 1137, 1037, 981, 864,
806, 743 cm '.
Mass Spectrum (El) m/z 192 (M+‘, 100%), 177 (38).
HRMS (El) Found M+\ 192.0783. Calculated for C,,H i20 3 M+\ 192.0786.
2-Iodo-4-methoxyphenol (194)

20 °C, 2 h

220

194

A magnetically stirred suspension of 3-methoxyphenol (220) (2.74 mL, 25.0 mmol) and silver
trifluoroacetate (5.52 g, 25.0 mmol) in dry chloroform (50 mL) maintained at 20 °C was
treated, dropwise over 1 h, with a solution of molecular iodine (5.90 g, 25.0 mmol) in dry
chloroform (250 mL). The ensuing mixture was stirred for a further 2 h at 20 °C then filtered
though a pad of Celite™ that was washed with chloroform (100 mL). The combined filtrates
were washed with Na2S203 (1 * 100 mL of a saturated aqueous solution), NaHCC>3 (1 * 100 mL
of a saturated aqueous solution), H20 (1 * 100 mL) and brine (1 * 100 mL) before being dried
(MgS04), filtered and concentrated under reduced pressure. The residue thus obtained was
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subjected to flash chromatography (silica gel, dichloromethane elution) to give, after
concentration of the relevant fractions (Rf 0.6), the title phenol 194,3] (4.67 g, 75%) as a white,
crystalline solid, m.p. 65 - 70 °C (lit.141 71.5 - 72.5 °C).
'H NMR (400 MHz, CDC13) 8 7.49 (d, J 8.8 Hz, 1H), 6.59 (d, J 2.8 Hz, 1H), 6.33 (dd, J 8.8
and 2.8 Hz, 1H), 5.36 (s, 1H), 3.77 (s, 3H).
,3C NMR (100 MHz, CDC13) 8 161.8, 155.7, 138.1, 109.5, 101.0, 74.5,55.6.
IR (neat) umax 3351, 2984, 2946, 2838. 1600, 1504, 1354, 1283, 1200, 1164, 1128, 1048, 1013,
831 cm-1.
Mass Spectrum (El) m/z 250 (M+\ 100%), 235 (23).
HRMS (El) Found M+\ 249.9481. Calculated for C7H7,27I 0 2 M+\ 249.9491.

(±)-2,3,9-Trimethoxypterocarpan (118)
Pd(OAc)2
dppe
Ag2C 03

MeO

acetone
56 °C, 22 h

MeO
194

193

A magnetically stirred solution of palladium acetate (180 mg, 0.8 mmol) in acetone (20 mL)
maintained

at

20

°C

under

a

nitrogen

atmosphere

was

treated

with

bis-

(diphenylphosphino)ethane (637 mg, 1.6 mmol). The ensuing mixture was stirred at 70 °C for
0.25 h then treated with 2-iodo-5-methoxyphenol (194) (3.00 g, 12.0 mmol) and after a further
0.17 h with silver carbonate (3.31 g, 12.0 mmol) then 2//-chromene (193) (1.54 g, 8.0 mmol).
After a further 20 h the reaction mixture was cooled to 20 °C then concentrated under reduced
pressure. The residue so obtained was diluted with ethyl acetate/toluene (20 mL of a 1:9 v/v
mixture) and the resulting mixture filtered through a short pad of TLC-grade silica gel. The
filtrate was concentrated under reduced pressure and the residue thus obtained subjected to two
different flash chromatography rounds (silica gel, 1:9 v/v ethyl acetate/toluene elution, isolating
the fraction with Rf 0.8, then a second separation using 1:4 v/v ethyl acetate/hexane elution) to
give, after concentration of the relevant fractions (Rf 0.8 in 1:9 v/v ethyl acetate/toluene), the
title compound (±)-118l?1 (506 mg, 20%) as an off-white solid, m.p. 114 - 117 °C (lit.[5] 123 125 °C).
!H NMR (400 MHz, CDC13) 8 7.13 (d, J 8.7 Hz, 1H), 6.98 (s, 1H), 6.49 (s, 1H), 6.46 (m, 2H),
5.49 (d, J 6 .6 Hz, 1H), 4.24 (dd, J 10.4 and 4.4 Hz, 1H), 3.90 (s, 3H), 3.86 (s, 3H), 3.77 (s, 3H),
3.59 (app q, J 10.4 Hz, 1H), 3.55 (dd, J 6.4 and 4.4 Hz, 1H).
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,3C NMR (100 MHz, CDC13) 5 161.2, 160.7, 150.7, 150.0, 144.4, 124.9, 119.2, 112.3, 110.7,
106.4, 100.9, 97.0, 78.9, 66.8, 56.4, 56.0, 55.6, 39.8.
IR (neat) umax 2938, 1620, 1496, 1465, 1419, 1269, 1194, 1146, 1085, 1030, 949, 848 cm '1.
Mass Spectrum (El) m/z 314 (M+\ 100%), 299 (33).
HRMS (El) Found M+\ 314.1151. Calculated for C 18H,80 5 M+\ 314.1154.

(+)- and (-)-2,3,9-Trimethoxypterocarpan (118)
Daicel
CHIRALPAK®IA
Sem iPrep
/'-PrOH/hexane
(7:3 v/v)
(±)-118

A sample of (±)-2,3,9-trimethoxypterocarpan [(±)-118] (113 mg) obtained as described
immediately above was subjected to preparative chiral HPLC on a Daicel CH1RALPAK®IA
SemiPrep 250 mm x 20 mm, 5pm column using 7:3 v/v isopropanol/hexane as the eluting
solvent at a flow rate of 8 mL/min and thereby affording two fractions, A and B.
Concentration of fraction A (Rt 15.7 min) afforded (-)-2,3,9-trimethoxypterocarpan [(—)-l 18]
(43.3 mg) as a clear, colourless oil, [a]D-253° (ethanol, c 1.0) {lit. [a]D-228 (ethanol)[6]). The
derived ‘H and l3C NMR spectral data were identical with those obtained from the racemate.
Concentration of fraction B (Rt 20.2 min) afforded (+)-2,3,9-trimethoxypterocarpan [(+)-118]
(48.6 mg) as a clear, colourless oil, [a]D +203° (ethanol, c 1.3) {lit. [a]D +266 (ethanol, c
0.001)[5]}. The derived 'H and 13C NMR spectral data were identical with those obtained from
the racemate.

(±)-8-Iodo-2,3,9-trimethoxypterocarpan (195)

12 . A g(0 2 CCF 3 )

OMe
(±)-118

CHCI3
20 °C, 16 h
I

(±)-195

A solution of molecular iodine (35.1 mg, 0.15 mmol) in chloroform (4 mL) was added dropwise
to a magnetically stirred mixture of (±)-2,3,9-trimethoxypterocarpan [(=t)-l 18] (46.8 mg, 0.15
mmol) and silver trifluoroacetate (32.9 mg, 0.15 mmol) in chloroform (5 mL) maintained at 20
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°C under a nitrogen atmosphere. The ensuing mixture was stirred at 20 °C for 16 h then filtered
through a pad of Celite™. The solids thus retained were washed with chloroform (20 mL) and
the combined filtrates concentrated under reduced pressure. The resulting light-yellow oil was
subjected to flash chromatography (silica gel, 1:9 v/v ethyl acetate/toluene elution) and thus
affording, after concentration of the relevant fractions (Rf 0.5), the title iodide (±)-195 (19.1 mg,
29%) as an off-white solid, m.p. 149 - 151 °C.
'H NMR (400 MHz, CDC13) 5 7.57 (s, 1H), 6.94 (s, 1H), 6.48 (s, 1H), 6.45 (s, 1H), 5.53 (d, J
6.3 Hz, 1H), 4.23 (dd, J9 .6 and 3.6 Hz, 1H), 3.89 (s, 3H), 3.85 (s, 3H), 3.82 (s, 3H), 3.60 (app
q, J 9.6 Hz, 1H), 3.53 (m, 1H).
,3C NMR (100 MHz, CDC13) 5 161.4, 159.2, 150.8, 150.0, 144.5, 134.3, 121.3, 112.1, 110.4,
100.9, 95.0, 79.4, 73.8, 66.7, 56.6, 56.4, 56.1, 39.8.
IR (neat) nmax 2924, 2854, 1619, 1512, 1496, 1465, 1445, 1268, 1193, 1135, 1085, 1037 cm '1.
Mass Spectrum (El) m/z 440 (M+\ 100%), 425 (23).
HRMS (El) Found M+\ 440.0114. Calculated for C,8H,7127I0 5 M+\ 440.0121.

Methyl (±)-2,3,9-trimethoxypterocarpan-8-carboxylate (196)
Pd(OAc)2, dppf
DMF, CO (g)
20 °C

OMe
(±)-195

then 195, Et3N,
MeOH in DMF
60 °C, 48 h

OMe
(±)-196

l,T-fos(Diphenylphosphino)ferrocene (157 mg, 0.28 mmol) was added to a magnetically stirred
solution of palladium acetate (63.7 mg, 0.28 mmol) in DMF (4 mL) maintained at 20 °C and the
resulting mixture placed under reduced pressure then purged twice with carbon monoxide.
Triethylamine (75.0 pL, 0.54 mmol), methanol (230 pL, 5.70 mmol) and a solution of iodide
(±)-195 (125 mg, 0.28 mmol) in DMF (4 mL) were then added to the reaction mixture that was
placed under reduced pressure once again then backfilled with carbon monoxide. The reaction
vessel was maintained under a balloon of carbon monoxide and its contents heated at 60 °C for
48 h before being cooled and concentrated under reduced pressure. The residue thus obtained
was filtered through a short pad of Celite™ and the solids thus retained washed with
dichloromethane (10 mL) then ethyl acetate (10 mL). The combined filtrates were concentrated
under reduced pressure and the residue thus obtained subjected to flash chromatography (silica
gel, 1:9 v/v ethyl acetate/toluene elution). Concentration of the relevant fractions (Rf 0.1)
afforded the title ester (±)-196 (95 mg, 91%) as an off-white solid, m.p. 165 - 167 °C.
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*H NMR (400 MHz, CDCI3) 5 7.80 (s, 1H), 6.95 (s, 1H), 6.50 (s, 1H), 6.49 (s, 1H), 5.59 (d, J
6.0 Hz, 1H), 4.27 (m, 1H), 3.90 (s, 3H), 3.87 (s, 3H), 3.86 (s, 3H), 3.86 (s, 3H), 3.62 (m, 2H).
13C NMR (100 MHz, CDC13) 5 166.3, 164.4, 162.5, 150.9, 150.2, 144.5, 128.5, 118.8, 112.2,
112.1, 110.2, 101.0, 95.0, 79.9, 66.7, 56.5, 56.4, 56.1, 51.9, 39.5.
IR (neat) Dmax 2948, 1720, 1621, 1511, 1487, 1436, 1419, 1250, 1194, 1136, 1070 cm-1.
Mass Spectrum (El) m/z 372 (M+\ 100%), 357 (12), 341 (6).
HRMS (El) Found M+\ 372.1212. Calculated for C20H20O7 M+\ 372.1209.
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Experimental Section Associated with the Work Described in
Chapter Five

l-Iodo-2-(methoxymethoxy)benzene (277)
MOM-CI
DIPEA
DCM
0 to 20 °C, 1.3 h

210

277

A magnetically stirred solution of 2-iodophenol (210) (3.03 g, 13.6 mmol) in anhydrous
dichloromethane (15 mL) maintained at 0 °C (ice bath) was treated, dropwise, with N,Ndiisopropylethylamine (3.10 mL, 17.7 mmol) then with chloromethylmethyl ether

[CAUTION:

carcinogen] (1.35 mL, 17.7 mmol) over 2 minutes. The ensuing solution was stirred at 0 °C for
0.3 h then at 20 °C for a further 1 h and after which time the solvent was removed under
reduced pressure and the light yellow oil so obtained subjected to flash chromatography (silica,
1:5 v/v ethyl acetate/hexane elution). Concentration of the appropriate fractions (Rf 0.6)
afforded the title compound 277 (3.33 g, 93%) as a clear, colourless liquid.
'H NMR (400 MHz, CDC13) 6 7.78 (dd, J 8.0 and 1.6 Hz, 1H), 7.33 - 7.23 (complex m, 1H),
7.07 (dd, J 8.2 and 1.4 Hz, 1H), 6.76 (tdd, J 8.0, 1.4 and 0.6 Hz, 1H), 5.24 (s, 2H), 3.52 (s, 3H).
,3C NMR (100 MHz, CDC13) 6 156.1, 139.6, 129.6, 123.8, 115.0, 95.0, 87.3, 56.6.
IR (neat) umax 2954, 2932, 2907, 1582, 1471, 1271, 1235, 1200, 1153, 1119, 1083, 1045, 1017,
988 cm-1.
Mass Spectrum (El) m/z 264 (M+\ 100%), 219 (23), 203 (29).
HRMS (El) Found M+\ 263.9645. Calculated for C8H9127I0 2 M+\ 263.9647
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((2-(Methoxymethoxy)phenyl)ethynyl)trimethylsilane (278)

a

Pd(PPh3)4
Cul

OMOM

Et3N
20 °C, 4 h

TMS

278

277

A magnetically stirred solution of iodide 277 (3.33 g, 12.6 mmol) in triethylamine (20 mL)
under a nitrogen atmosphere was treated with Pd(PPh3)4 (693 mg, 0.60 mmol). The resulting
mixture was stirred for 0.1 h then treated with copper iodide (229 mg, 1.20 mmol). After the
dropwise addition of ethynyltrimethylsilane (2.3 mL, 16.4 mmol), the reaction mixture was
stirred at 20 °C for 4 h then concentrated under reduced pressure. The residue so obtained was
subjected to flash chromatography (silica, 1:4 v/v ethyl acetate/hexane elution) to afford, after
concentration of the appropriate fractions (Rf 0.4), the title compound 278 (2.92 g, 99%) as a
clear, colourless oil.
'H NMR (400 MHz, CDC13) 5 7.44 (dd, J 7.6 and 1.8, Hz, 1H) 7.20 (td, J 8.2 and 1.8 Hz, 1H),
7.08 (d, J 8.2 Hz, 1H), 6.96 (t, J 7.6, 1H), 5.25 (s, 2H), 3.54 (s, 3H), 0.27 (s, 9H).
,3C NMR (100 MHz, CDC13) 8 158.2, 134.1, 130.0, 122.0, 115.8, 114.2, 101.4, 98.5, 95.3,
56.4, 0.2 (*3).
IR (neat) umax 2958, 2900,2158, 1595, 1487, 1449, 1403, 1248, 1196, 1154, 1109, 1080, 1042,
994, 868 c m 1.
Mass Spectrum (El) m/z 234 (M+\ 34%), 219 (36), 189 (100).
HRMS (El) Found M+*, 234.1075. Calculated for C,3H180 2Si M+\ 234.1076

l-Ethynyi-2-(methoxymethoxy)benzene (279)

TMS

278

20 °C, 1 h

279

A magnetically stirred solution of compound 278 (2.92 g, 12.4 mmol) in MeOH (50 mL) was
treated with K2C 0 3 (2.07 g, 14.9 mmol) and the resulting suspension stirred vigorously at 20 °C
for 1 h. The solvent was then removed under reduced pressure and the residue thus obtained
dissolved in diethyl ether (100 mL) and the resulting solution washed with H20 (3 x 50 mL)
then brine (3 * 50 mL) before being dried (MgS04), filtered and concentrated under reduced
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pressure. The crude yellow oil so obtained was subjected to flash chromatography (silica, 1:4
v/v ethyl acetate/hexane elution) to afford, after concentration of the appropriate fractions (Rf
0.5), the title compound 279 (1.75 g, 76%) as a clear, colourless oil.
'H NMR (400 MHz, CDCI3) 5 7.47 (dd, J 7.6 and 1.8 Hz, 1H), 7.29 (ddd, J 8.4, 7.6 and 1.8 Hz,
1H), 7.14 (dd, J8 .4 and 1.1 Hz, 1H), 6.97 (td, J7 .6 and 1.1 Hz, 1H), 5.27 (s, 2H), 3.52 (s, 3H),
3.29 (s, 1H).
,3C NMR (100 MHz, CDC13) 5 158.5, 134.2, 130.3, 121.9, 115.1, 112.6, 95.0,81.2, 80.2, 56.4.
IR (neat) omax 3281, 2954, 2918, 1597, 1575, 1488, 1238, 1153, 1107, 1077, 993 cm“1.
Mass Spectrum (El) m/z 162 (M+\ 49%), 161 (48), 131 (100).
HRMS (El) Found M+‘, 162.0681. Calculated for C,0H10O2 M+*, 162.0681

2-Iodophenyl Acetate (280)
AcCI
DIPEA
HO

DCM
0 to 20 °C, 0.5 h

A magnetically stirred solution of 2-iodophenol (210) (2.20 g, 10.0 mmol) in anhydrous
dichloromethane (50 mL) maintained at 0 °C (ice bath) under a nitrogen atmosphere was
treated, dropwise, with ACV-diisopropylethylamine (2.26 mL, 13.0 mmol) then acetyl chloride
(1.23 mL, 13.0 mmol) over 2 minutes. The ensuing mixture was allowed to warm to 20 °C over
0.5 h before being concentrated under reduced pressure. The residue thus obtained was
subjected to flash chromatography (silica, 1:4 v/v ethyl acetate/hexane elution) to give, after
concentration of the appropriate fractions (Rf 0.3), the title compound 280[l) (2.42 g, 92%) as a
clear, colourless oil.
'H NMR (400 MHz, CDC13) 5 7.83 (dd, J 1 A and 1.5 Hz, 1H), 7.37 (ddd, J 8.1, 7.4 and 1.5 Hz,
1H), 7.10 (dd, J 8.1 and 1.5 Hz, 1H), 6.98 (ddd, J 8.1, 7.4 and 1.5 Hz, 1H), 2.37 (s, 3H).
13C NMR (100 MHz, CDC13) 6 168.7, 151.3, 139.5, 129.6, 127.8, 123.1,90.7,21.4.
IR (neat) omax 3379, 3067, 2914, 1769, 1579, 1464, 1439, 1366, 1045, 1018, 906 cm '1.
Mass Spectrum (El) m/z 262 (M+\ 35%), 220 (100)
HRMS (El) Found M+\ 261.9495. Calculated for C8H7I0 2 M+\ 261.9491
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2-((2-(Methoxymethoxy)phenyI)ethynyl)phenyl Acetate (281)
OMOM

Pd(PPh3)4
Cul
Et3N/DCM
(2:1 v/v)
20 °C, 6 h
279

AcO

280

281

A magnetically stirred solution of iodide 280 (2.73 g, 9.24 mmol) in triethylamine (20 mL)
maintained at 20 °C under a nitrogen atmosphere was treated with Pd(PPh3)4 (121 mg, 0.10
mmol) and copper iodide (40 mg, 0.21 mmol). The ensuing solution was stirred for 0.1 h then
treated, dropwise, with a solution of acetylene 279 (1.69 g, 10.4 mmol) in dichloromethane (10
mL). The resulting mixture was stirred at 20 °C for 6 h then concentrated under reduced
pressure and the yellow oil thus obtained subjected to flash chromatography (silica,
dichloromethane elution). Concentration of the appropriate fractions (Rf 0.5) afforded tolan 281
(2.93 g, 95%) as a clear, colourless liquid.
‘H NMR (400 MHz, CDC13) 5 7.56 (dd, J 7 .6 and 1.7 Hz, 1H), 7.46 - 7.42 (complex m, 1H),
7.32 (ddd, J 8.2, 7.5 and 1.7 Hz, 1H), 7.26 (ddd, J 8.2, 7.4 and 1.8 Hz, 1H), 7.23 - 7.17
(complex m, 1H), 7.14 - 7.05 (complex m, 2H), 6.97 (td, J 7.5 and 1.1 Hz, 1H), 5.24 (s, 2H),
3.49 (s, 3H), 2.34 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 169.1, 157.9, 151.6, 133.7, 133.2, 130.1, 129.5, 126.0, 122.4,
122.1, 117.9, 115.6, 113.8, 95.3, 90.7, 88.2, 56.4,21.1.
IR (neat) umax 3370, 2920, 2849, 2330, 1960, 1609, 1401, 1142, 1075, 1049 cm-1.
Mass Spectrum (El) m/z 296 (M+\ 11%), 221 (100).
HRMS (El) Found M+\ 296.1048. Calculated for C, 8H ,60 4 M+\ 296.1049

2-((2-(Methoxymethoxy)phenyl)ethynyl)phenol (197)

281

197

A solution of acetate 281 (2.69 g, 9.04 mmol) in MeOH (100 mL) was treated with K2C 0 3 (1.92
g, 13.9 mmol) and the resulting suspension stirred vigorously at 20 °C for 2 h. The solvent was
then removed under reduced pressure and the residue thus obtained dissolved in diethyl ether
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(150 mL) and the resulting solution washed with H20 (3 x 70 mL) then brine (3 x 70 mL). The
separated organic phase was dried (MgS04), filtered and concentrated under reduced pressure
and the yellow oil thus obtained subjected to flash chromatography (silica, dichloromethane
elution). Concentration of the appropriate fractions (R{ 0.6) afforded the title compound 197
(1.74 g, 76%), as a clear, colourless oil.
’H NMR (400 MHz, CDC13) 5 7.49 (ddt, J 7.6, 2.0 and 0.5 Hz, 1H), 7.43 - 7.38 (complex m,
1H), 7.32 (ttd, J 8.0, 1.7 and 0.7 Hz, 1H), 7.31 - 7.25 (complex m, 1H), 7.19 (dd, J8.5 and 1.0
Hz, 1H), 7.04 (dd, J 7.5 and 0.9 Hz, 1H), 7.02 - 6.99 (complex m, 1H), 6.92 (m, 1H), 6.90 (tt, J
7.6 and 1.0 Hz, 1H), 5.36 (s, 2H), 3.55 (s, 3H).
,3C NMR (100 MHz, CDC13) 8 157.5, 157.4, 131.7, 130.5, 130.2, 130.1, 122.0, 120.2, 114.6,
114.2, 112.9, 110.0, 94.9, 93.5, 88.9, 56.7.
IR (neat) umax 3416, 2954, 2925, 1593, 1573, 1492, 1479, 1461, 1405, 1354, 1290, 1142, 1107,
1076 cm 1.
Mass Spectrum (El) m/z 254 (M+\ 32%), 221 (100).
HRMS (El) Found M+\ 254.0953. Calculated for C16H,40 3 M+\ 254.0943.

6//-Benzofuro|3,2-c]chromene

(90),

2-(Benzofuran-2-yl)phenol

(282),

and

6,6'-

Spirobi[benzofurol3,2-c]chromene| (283)

197

90

282

283

A solution of tolan 197 (254 mg, 1.0 mmol) in dry dichloromethane/acetonitrile (200 mL of a
1.5:1 v/v mixture) maintained at -30 °C (C 02/acetone bath) under a nitrogen atmosphere was
treated with aluminium(III) chloride (2.00 g, 15.0 mmol) and sodium iodide (2.25 g, 15.0
mmol). The ensuing suspension was allowed to warm to 20 °C and stirred at this temperature
for 21 h then filtered through a pad of silica that was washed with dichloromethane (2 x 30
mL). The combined filtrates were washed with Na2S20 3 (2 x 150 mL of a saturated aqueous
solution) and brine (2 x 100 mL) then dried (MgS04), filtered and concentrated under reduced
pressure. The residue so obtained was subjected to flash chromatography (silica,
dichloromethane elution) to afford three fractions, A, B and C.
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Concentration of fraction A (R{ 0.9) gave pterocarpene121 (90) (16.3 mg, 7.3%) as an off-white,
crystalline solid, m.p. 80 - 81 °C (lit.[2] 76.0 - 76.9 °C).
'H NMR (400 MHz, CDC13) 5 7.55 (dd, J 7.6 and 1.6 Hz, 1H), 7.54 (broad d, J7 .6 Hz, 1H),
7.40 (dd, J 12 and 1.4 Hz, 1H), 7.30 (ddd, J 7.6, 7.4 and 1.4, Hz, 1H), 7.26 (ddd, J 7.6, 7.2 and
1.2 Hz, 1H), 7.20 (ddd, J 8.1, 7.4 and 1.6 Hz, 1H), 6.99 (td, J 12 and 1.1 Hz, 1H), 6.92 (d, J 8.1
and 1.1 Hz, 1H), 5.63 (s, 2H).
13C NMR (100 MHz, CDCI3) 5 155.6, 154.2, 147.9, 129.9, 125.8, 124.5, 123.4, 121.7, 120.9,
119.0, 116.4, 111.7, 108.3,65.4, 29.9.
IR (neat) omax 3401, 1732, 1629, 1455, 1478, 1455, 1300, 1195, 1076, 751 cm“1.
Mass Spectrum (El) m/z 222 (M+\ 59%), 221 (100).
HRMS (El) Found M+\ 222.0680. Calculated for C15H10O2 M+\ 222.0681.
Concentration of fraction B (Rf 0.6) gave benzofuran121 282 (90.3 mg, 43%) as an off-white,
crystalline solid, m.p. 80.5 °C (lit.[2] 95 °C).
'H NMR (400 MHz, CDC13) 5 7.72 (dd, J 8.1 and 1.7 Hz, 1H), 7.54 (dd, J 1 A and 1.1 Hz, 1H),
7.46 (dd, J 8.0 and 1.2 Hz, 1H), 7.34 - 7.25 (complex m, 3H), 7.12 (s, 1H), 7.10 (d, J 1.1 Hz,
1H), 6.96 - 6.91 (complex m, 2H).
,3C NMR (100 MHz, CDC13) 6 154.5, 154.1, 153.5, 130.5, 128.6, 127.3, 124.6, 123.6, 121.2,
120.9,117.6,116.2,111.2, 103.4.
IR (ATR) omax 3280, 3230, 1591, 1498, 1457, 1439, 1381, 1260, 1226, 1159, 1020, 921, 819,
739 cm’1.
Mass Spectrum (El) m/z 210 (M+\ 100%), 181 (51).
HRMS (El) Found M+\ 210.0682. Calculated for C,4H10O2 M+\ 210.0681.
Concentration of fraction C (Rf 0.4) gave spirocycle 283 (88.4 mg, 21%) as a colourless,
crystalline solid.
'H NMR (400 MHz, CDC13) 7.46 (d, J 1.4 Hz, 2H), 7.44 (d, J 1.8 Hz, 2H), 7.34 (ddd,

7.9,

7.2 and 1.8 Hz, 2H), 7.24 (ddd, J 8.4, 7.2 and 1.4 Hz, 2H), 7.17 (dd, J 7.9 and 1.4 Hz, 2H), 7.07
(td, J 8.4 and ~1.2 Hz, 4H), 6.97 (td, J ~ 12 and 1.2 Hz, 2H), 6.58 (s, 2H), 4.43 (s, 2H).
,3C NMR (100 MHz, CDC13) 5 154.4, 153.9, 149.6, 131.2, 129.9, 129.2, 124.9, 123.3, 120.7,
120.2, 117.3, 116.5, 115.0, 111.2, 20.4.
IR (neat) umax 3386, 2795, 1450, 1142, 1075 cm“1.
Mass Spectrum (El) m/z 428 (4%), 235 (26), 210 (27), 192 (40), 174 (82), 107 (100).
A sample of this material suitable for single-crystal X-ray analysis was grown from a
dichloromethane solution.
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l-Iodo-2-((2-methoxyethoxy)methoxy)benzene (294)
MEM-CI
DIPEA
DCM
0 to 20 °C
1.5 h
294

210

A magnetically stirred solution of 2-iodophenol (210) (2.20 g, 10.0 mmol) in anhydrous
dichloromethane (20 mL) maintained at 0 °C (ice bath) under a nitrogen atmosphere was
treated, dropwise, with A^V-di isopropyl ethyl amine (2.09 mL,

12.0 mmol) then 2-

methoxyethoxymethyl chloride (1.37 mL, 12.0 mmol). The ensuing solution was stirred for 0.5
h at 0 °C then at 20 °C for a further 1 h before being concentrated under reduced pressure. The
residue so obtained was subjected to flash chromatography (silica, 1:4 v/v ethyl acetate/hexane
elution) to give, after concentration of the appropriate fractions (R{ 0.4), the title product 294
(2.89 g, 94%) as a clear, colourless liquid.
'H NMR (400 MHz, CDC13) 5 7.76 (dd, J7 .8 and 1.6 Hz, 1H), 7.26 (td, J8.3 and 1.6 Hz, 1H),
7.11 (dd, J 8.3 and 1.4 Hz, 1H), 6.75 (ddd, J 7.8, 7.3 and 1.4 Hz, 1H), 5.33 (s, 2H), 3.85 (t, J 4.8
Hz, 2H), 3.55 (t, J4.8 Hz, 2H), 3.37 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 156.1, 139.5, 129.6, 123.8. 115.1,94.0, 87.2,71.6, 68.1,59.1.
IR (neat) umax 2923, 2817, 1583, 1471, 1441, 1412, 1270, 1229, 1200, 1164, 1105, 1045, 1017
cm-1.
Mass Spectrum (El) m/z 308 (M+\ 9%), 233 (13), 219 (14), 203 (13), 89 (100).
HRMS (El) Found M+\ 307.9909. Calculated for C,oH,3127I03 M+\ 307.9909

((2-((2-Methoxyethoxy)methoxy)phenyl)ethynyl)trimethylsilane (295)
= — TMS

Cc,
294

Pd(PPh3)4
Cul
Et3N
20 °C, 17 h

TMS
295

A magnetically stirred solution of iodide 294 (2.89 g, 9.40 mmol) in triethylamine (20 mL)
maintained under a nitrogen atmosphere was treated with Pd(PPh3)4 (543 mg, 0.47 mmol) and
copper iodide (179 mg, 0.94 mmol). The ensuing solution stirred for 0.1 h then treated,
dropwise, with ethynyltrimethylsilane (1.74 mL, 12.2 mmol) and stirred at 20 °C for 17 h
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before being concentrated under reduced pressure. The residue so obtained was subjected to
flash chromatography (silica, 1:4 v/v ethyl acetate/hexane elution) to afford, after concentration
of the appropriate fractions (Rf 0.4), the title compound 295 (2.43 g, 93%) as a clear, colourless
oil.
'H NMR (400 MHz, CDC13) 5 7.43 (dd, J 8.0 and 1.7 Hz, 1H), 7.25 (t, J 7.6 Hz, 1H), 7.11 (d, J
8.0 Hz, 1H), 6.94 (td, J 7 .6 and 1.7 Hz, 1H), 5.33 (s, 2H), 3.90 (app t, J4 .8 Hz, 2H), 3.56 (app t,
J4 .8 Hz, 2H), 3.37 (s, 3H), 0.25 (s, 9H).
,3C NMR (100 MHz, CDC13) 8 158.2, 134.1, 130.0, 122.0, 115.8, 114.0, 101.4, 98.5, 94.3,
71.7, 68.0, 59.1, 0.2 (x3).
IR (neat)omax 2959, 2897, 2818,2158, 1595, 1575, 1488, 1448, 1411, 1281, 1249, 1201, 1164,
1103,990, 867, 843,758 cm '1.
Mass Spectrum (El) m/z 278 (M+\ 5%), 219 (44), 203 (29), 189 (24), 175 (46), 59 (100).
HRMS(EI) Found M+\ 278.1340. Calculated for C ,5H220 3Si M+\ 278.1338.

l-Ethynyl-2-((2-methoxyethoxy)methoxy)benzene (296)

k 2c o

3

MeOH
20 °C, 2 h
295

296

A magnetically stirred solution of compound 295 (2.43 g, 8.73 mmol) in MeOH (50 mL) was
treated with K2C 0 3 (1.45 g, 10.5 mmol). The ensuing suspension was stirred vigorously at 20
°C for 2 h before being concentrated under reduced pressure. The residue thus obtained was
dissolved in diethyl ether (100 mL) and the resulting solution washed with H20 (3 * 50 mL)
and brine (3 * 50 mL). The separated organic phase was dried (M gS04), filtered and
concentrated under reduced pressure and the yellow oil thus obtained subjected to flash
chromatography (silica, 1:4 v/v ethyl acetate/hexane elution). Concentration of the appropriate
fractions (7?f 0.3) then gave the title compound 296 (1.61 g, 89%) as a clear, colourless oil.
'H NMR (400 MHz, CDC13) 8 7.44 (dd, J 7 .6 and 1.7 Hz, 1H), 7.28 (td, J8 .4 and 1.7 Hz, 1H),
7.17 (dd, J 8.4 and 1.0 Hz, 1H), 6.95 (tt, J 7.6 and 1.0 Hz, 1H), 5.35 (s, 2H), 3.87 (app t, J 4.8
Hz, 2H), 3.54 (app t, J4 .8 Hz, 2H), 3.35 (s, 3H), 3.26 (s, 1H).
,3C NMR (100 MHz, CDC13) 8 158.4, 134.1, 130.3, 121.8, 115.1, 112.4, 93.9,81.1,80.1,71.6,
67.9, 59.1.
IR (neat) umax 3280, 2925, 2887,2107, 1596, 1575, 1488, 1448, 1413, 1367, 1280, 1232, 1164,
1101,988, 850, 757 cm '1.
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Mass Spectrum (El) m/z 206 (M+\ 7%), 131 (32), 89 (83), 59 (100).
HRMS (El) Found M+\ 206.0943. Calculated for C, 2H 140 3 M+\ 206.0943.

(2-((2-Iodophenoxy)methoxy)ethyl)trimethylsilane (297)
SEM-CI
DIPEA
DCM
0 to 20 °C, 1 h
210

I
SEMO
297

A magnetically stirred solution of 2-iodophenol (210) (2.00 g, 9.09 mmol) in anhydrous
dichloromethane (15 mL) maintained at 0 °C (ice bath) and under a nitrogen atmosphere was
treated,

dropwise,

with ACV-diisopropylethylamine

(1.74

mL,

10.0 mmol)

then

2-

(trimethylsilyl)ethoxymethyl chloride (1.77 mL, 10.0 mmol). The ensuing solution was stirred
at 0 °C for 0.3 h then at 20 °C for a further 0.6 h before being concentrated under reduced
pressure. The residue thus obtained was subjected to flash chromatography (silica, 1:4 v/v ethyl
acetate/hexane elution) to give, after concentration of the appropriate fractions (Rf 0.7), the title
compound 297 (2.96 g, 93%) as a clear, colourless oil.
'H NMR (400 MHz, CDC13) 5 7.77 (dd, J 7.8 and 1.6 Hz, 1H), 7.28 (ddd, J 8.3, 7.8 and 1.6 Hz,
1H), 7.09 (dd, J 8 .3 and 1.4 Hz, 1H), 6.75 (td, J 7 .8 and 1.4 Hz, 1H), 5.29 (s, 2H), 3.99 - 3.72
(complex m, 2H), 1.07 - 0.86 (complex m, 2H), 0.01 (s, 9H).
,3C NMR (100 MHz, CDC13) 5 156.3, 139.6, 129.5, 123.6, 115.1, 93.5, 87.4, 66.8, 18.1, -1.2 (x
3).
IR (neat) umax 2952, 2897, 1583, 1471, 1248, 1231, 1095, 988, 859, 853 cm“1.
Mass Spectrum (El) m/z 350 (M+\ 1%), 292 (58), 277 (100).
HRMS (El) Found M+\ 350.0201. Calculated for C I2H19127I02Si M+\ 350.0199
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(2-((2-((2-((2-Methoxyethoxy)methoxy)phenyl)ethynyl)phenoxy)methoxy)ethyl)trimethyl
silane (198)

A magnetically stirred solution of iodide 297 (2.93 g, 8.36 mmol) in triethylamine (20 mL)
maintained under a nitrogen atmosphere was treated with Pd(PPh3)4 (181 mg, 0.17 mmol) and
copper iodide (59.5 mg, 0.31 mmol). The resulting solution was stirred for 0.1 h before being
treated, dropwise, with a solution of compound 296 (1.61 g, 7.81 mmol) in triethylamine (10
mL). The ensuing mixture was stirred at 20 °C for 0.75 h before being concentrated under
reduced pressure. The residue thus obtained was subjected to flash chromatography (silica, 1:4
v/v ethyl acetate/hexane elution) to afford, after concentration of the appropriate fractions (Rf
0.3), the title tolan 198 (2.99 g, 89%) as a clear, colourless liquid.
‘H NMR (400 MHz, CDC13) 5 7.51 (d, J 8.8 Hz, 2H), 7.28 (t, J 8.0 Hz, 1H), 7.28 (t, J 8.0, 1H),
7.17 (t, J 8 .0 Hz, 2H), 7.00 (td, J 1.2 and 7.6 Hz, 1H), 6.99 (td, J 1.2 and 7.6 Hz, 1H), 5.39 (s,
2H), 5.34 (s, 2H), 3.92 (t, J ~ 4.4 Hz, 2H), 3.84 (t, J 8.4 Hz, 2H), 3.57 (app t, J 4.8 Hz, 2H),
3.37 (s, 3H), 0.97 (app t, J 8 .4 Hz, 2H), 0.01 (s, 9H).
,3C NMR (100 MHz, CDCI3) 5 158.1, 157.8, 133.5, 133.5, 129.6 (x 2), 122.1, 121.8, 115.9,
115.8, 114.5, 114.3, 94.4, 93.8, 89.9, 89.7, 71.7, 67.9, 66.5, 59.1,18.2, -1.3 (x3).
IR (neat) umax 3066, 3032, 2952, 2895, 2813, 1593, 1574, 1497, 1483, 1410, 1380, 1248, 1228,
1162, 1140, 1087, 1043, 990, 938, 915, 858, 836, 753 c m 1.
Mass Spectrum (El) m/z 428 (M+\ 5%), 370 (9), 311 (17), 295 (82), 221 (51), 59 (100).
HRMS (El) Found M+\ 428.2019. Calculated for C24H3205Si M+\ 428.2019.
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(2-((2-(2-((2-Methoxyethoxy)methoxy)phenyl)benzofuran-3-yl)methoxy)ethyl)trimethyl
silane

(298),

(2-((2-(3-((2-Methoxyethoxy)methyl)benzofuran-2-yI)phenoxy)methoxy)

ethyl)trimethylsilane (299) and 2-(3-((2-(Trimethyl silyl)ethoxy)methyl)benzofuran-2yl)phenol (300)

1 . PtCI2 (110 mol%)

CO (g), 4 Ä MS
PhMe
80 °C, 5 h
or

198

2. PtCI2 (10 mol%)
LiCI (2.0 equiv.)
CO (g), 4 Ä MS
PhMe
8 0 °C, 17 h

TMS

298

Method 1
A magnetically stirred mixture of tolan 198 (200 mg, 0.47 mmol) and molecular sieves (200 mg
of powdered/anhydrous 4 A material) in anhydrous toluene (15 mL) was purged with carbon
monoxide for 0.1 h before being treated with PtCl2 (137 mg, 0.51 mmol). The resulting mixture
was heated to 80 °C for 5 h under a carbon monoxide atmosphere (balloon) then cooled to 20
°C and filtered through a short pad of Celite1M that was washed with diethyl ether (2><10 mL).
The combined filtrates were concentrated under reduced pressure and the residue thus obtained
subjected to flash chromatography (silica, petrol -*■ \ :9 v/v ethyl acetate/petrol gradient elution)
to afford two fractions, A and B.
Concentration of fraction A (Rf 0.5, 1:4 v/v ethyl acetate/petrol) gave compound 299 (30.0 mg,
15%) as a clear, colourless oil.
'H NMR (400 MHz, CDC13) 5 7.76 (m, 1H), 7.55 (dd, J7 .6 and 2.0 Hz, 1H), 7.48 (d, J 7 .2 Hz,
1H), 7.42 (dd, J 7.6 and 1.6 Hz, 1H), 7.30 (m, 3H), 7.13 (td, J 7.6 and 1.2 Hz, 1H), 5.27 (s, 2H),
4.62 (s, 2H), 3.78 (m, 2H), 3.56 - 3.50 (complex m, 4H), 3.35 (s, 3H), 0.95 (m, 2H), -0.02 (s,
9H).
,3C NMR (100 MHz, CDC13) 5 155.4, 154.8, 150.8, 131.7, 130.9, 129.2, 124.3, 122.6, 122.1,
120.8, 120.7, 115.9, 115.1, 111.1,94.3,71.6,68.0, 67.6, 63.6, 59.1, 18.4,-1.3 (x3).
IR (neat) t)max 3059, 2951, 2922, 1593, 1490, 1454, 1248, 1079, 989, 836, 749 cm”1.
Mass Spectrum (El) m/z 428 (M+\ 6%), 311 (22), 222 (100).
HRMS (El) Found M+\ 428.2020. Calculated for Q ^ O j S i M+\ 428.2019.
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Concentration of fraction B (Rf 0.6, 1:4 v/v ethyl acetate/petrol) gave compound 298 (88.9 mg,
44%) as a clear, colourless oil.
*H NMR (400 MHz, CDC13) 8 7.81 - 7.76 (complex m, 1H), 7.54 (dd, J 7 .6 and 1.7 Hz, 1H),
7.48 (dt, J 8.2 and 1.0 Hz, 1H), 7.44 - 7.38 (complex m, 1H), 7.33 - 7.23 (complex m, 4H), 7.12
(tt, J7 .5 and 1.0 Hz, 1H), 5.21 (s, 2H), 4.72 (s, 1H), 3.74 - 3.64 (complex m, 2H), 3.57 (td, J4 .5
and 2.7 Hz, 2H), 3.51 (td, J4 .5 and 2.7 Hz, 2H), 3.34 (d, J 0.9 Hz, 3H), 0.94 - 0.87 (complex m,
2H), -0.05 (s, 9H).
13C NMR (100 MHz, CDC13) 8 155.6, 154.8, 151.2, 131.6, 130.9, 129.2, 124.4, 122.8, 121.9,
120.8, 120.6, 115.9, 114.7, 111.2, 93.7, 72.1,69.1,66.6, 64.7, 59.1, 18.2,-1.3 (*3).
IR (neat) nmax 2951, 2893, 1490, 1455, 1248, 1085, 993, 834, 747 cm '1.
Mass Spectrum (El) m/z 428 (M+\ 18%), 370 (46), 295 (75), 222 (100), 221 (91).
HRMS (El) Found M+\ 428.2019. Calculated for C24H3205Si M+\ 428.2019.
Method 2
A magnetically stirred mixture of tolan 198 (1.01 g, 2.36 mmol) and molecular sieves (1.00 g of
powdered/anhydrous 4 Ä material) in anhydrous toluene (25 mL) was treated with lithium
chloride (200 mg, 4.72 mmol) and the resulting suspension purged with carbon monoxide for
0.1 h. The ensuing mixture was treated with PtCl2 (62.7 mg, 0.24 mmol) and heated to 80 °C for
17 h under a carbon monoxide atmosphere (balloon). The reaction mixture was then cooled to
20 °C and filtered through a short pad of Celite™ that was washed with diethyl ether (2 * 20
mL). The combined filtrates were concentrated under reduced pressure and the residue so
obtained subjected to flash chromatography (silica, petrol -» 1:9 v/v ethyl acetate/petrol
gradient elution) to afford three fractions, A, B and C.
Concentration of fraction A (Rf 0.5, 1:4 v/v ethyl acetate/petrol eluent) gave compound 299
(100 mg, 10%) as a clear, colourless oil. The spectral data obtained on this material matched
those derived by the method described immediately above.
Concentration of fraction B (Rf 0.6, 1:4 v/v ethyl acetate/petrol eluent) gave compound 298
(427 mg, 42%) as a clear, colourless oil. The spectral data obtained on this material matched
those derived by the method described immediately above.
Concentration of fraction C (R{ 0.7, 1:4 v/v ethyl acetate/petrol) gave compound 300 (10.3 mg,
1%) as a white, crystalline solid, m.p. 63 - 65 °C
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!H NMR (400 MHz, CDCI3) 5 7.94 (s, 1H), 7.68 (m, 1H), 7.56 (dd, J7.8 and 1.2 Hz, 1H), 7.52
(m, 1H), 7.33 (m, 3H), 7.08 (dd, J8.3 and 1.2 Hz, 1H), 7.03 (td, J7.5 and 1.2 Hz, 1H), 4.64 (s,
2H), 3.74 (app t, J 8.4 Hz, 2H), 1.07 (app t, J 8.4 Hz, 2H), 0.04 (s, 9H).
,3C NMR (100 MHz, CDC13) 5 154.9, 154.4, 151.8, 131.4, 130.5, 129.2, 125.0, 123.4, 120.5,
119.5, 118.0, 116.6, 114.0, 111.4, 68.8, 62.1, 18.3,-1.2 (*3).
IR (neat) nmax 3249, 3064, 2952, 2924, 1692, 1612, 1486, 1456, 1249, 1070, 859, 836, 748
cm"1.
Mass Spectrum (El) m/z 340 (M+‘, 4%), 312 (4), 221 (100).
HRMS (El) Found M+\ 340.1491. Calculated for C2oH24 0 3Si M+\ 340.1495.

2-(3-((2-(Trimethylsilyl)ethoxy)methyl)benzofuran-2-yl)phenoI (300)

TMS

PPTS

TMS

f-BuOH

83 °C, 5 h
298

300

A magnetically stirred solution of compound 298 (86.4 mg, 0.20 mmol) in /-butanol (8 mL) was
treated with pyridinium p-toluenesulfonate (101 mg, 0.40 mmol) and the ensuing solution
stirred under reflux (83 °C) for 5 h. The resulting mixture was cooled to 20 °C then
concentrated under reduced pressure. The residue so obtained was subjected to flash
chromatography (silica, 1:8 v/v ethyl acetate/petrol elution) to give, after concentration of the
appropriate fractions (Rf 0.8, 1:4 v/v ethyl acetate/petrol), the title compound 300 (53.8 g, 78%)
as a white, crystalline solid. The spectral data obtained on this material matched those derived
from a sample of compound 300 obtained by the method described immediately above.

2-(3-(Hydroxymethyl)benzofuran-2-yl)phenol (301)

A magnetically stirred solution of compound 300 (50.0 mg, 0.15 mmol) in anhydrous N,Ndimethylformamide (5 mL) maintained under a nitrogen atmosphere was treated with anhydrous
caesium fluoride (44.7 mg, 0.29 mmol). The ensuing mixture was heated to 120 °C for 17 h
then cooled to 20 °C and diluted with water (50 mL). The resulting solution was extracted with
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diethyl ether (2 x 50 mL) and the combined organic layers washed with CuS04 (1 x 20 mL of a
saturated aqueous solution) then dried (M gS04), filtered and concentrated under reduced
pressure. The residue thus obtained was subjected to flash chromatography (silica, 2:3 v/v ethyl
acetate/petrol elution) to give, after concentration of the appropriate fractions (Rf 0.3), the title
product 301141 (24.5 mg, 69%) as an off-white solid, m.p. 119 - 123 °C (lit.141 128 °C).
'H NMR (400 MHz, CDC13) 6 7.74 (dt, J8 .1 and 1.4 Hz, 1H), 7.61 - 7.50 (complex m, 2H),
7.44 - 7.33 (complex m, 3H), 7.11 - 7.03 (complex m, 3H), 4.92 (s, 2H), 19.2 (s, 1H).
13C NMR (100 MHz, CDC13) 5 154.3, 154.3, 151.1, 131.3, 130.4, 128.7, 125.1, 123.5, 120.9,
119.7, 117.5, 116.5, 116.2, 111.4, 55.6.
IR (neat) umax 3454, 3141,2964, 1626, 1454, 1444, 1361, 1225, 1060 cm '1.
Mass Spectrum (El) m/z 240 (4%), 222 (60), 221 [(M - H20 - H‘)+, 100].
HRMS (El) Found (M - H20 - H«)+, 221.0605. Calculated for C ,5H90 2 (M - H20 - H«)+,
221.0603.

6//-Benzofuro[3,2-c]chromene (90)

DEAD, PPh3
THF
20 °C, 1 h
301

90

A magnetically stirred solution of diol 301 (131 mg, 0.54 mmol) in anhydrous THF (20 mL)
was treated with triphenylphosphine (144 mg, 0.55 mmol) then, dropwise, with diethyl
azodicarboxylate (86.7 pL, 0.55 mmol). The resulting mixture was stirred at 20 °C for 0.1 h
before being diluted with ethyl acetate (50 mL) and washed with water (3 x 20 mL) then H20 2
(1 x io mL of a 30% v/v aqueous solution - to oxidise any excess triphenylphosphine). The
separated organic phase was then dried (Na2S 0 4), filtered and concentrated under reduced
pressure and the residue thus

obtained

subjected to

flash chromatography

(silica,

dichloromethane elution). Concentration of the appropriate fractions (Rf 0.9) then afforded the
title product 90[2] (66.5 mg, 55%) as a white, crystalline solid, m.p. 80- 81 °C (lit.|2) 76.0 - 76.9
°C).
'H NMR (400 MHz, CDC13) 6 7.58 - 7.51 (complex m, 2H), 7.43 - 7.37 (complex m, 1H), 7.34
- 7.23 (complex m, 2H), 7.20 (ddd, J 8.1, 7.4 and 1.7 Hz, 1H), 6.99 (td, J 7.5 and 1.1 Hz, 1H),
6.92 (dd, J8.1 and 1.1 Hz, 1H), 5.64 (s, 2H).
,3C NMR (100 MHz, CDCI3) 6 155.6, 154.2, 147.9, 129.9, 125.8, 124.6, 123.4, 121.7, 120.9,
119.0, 116.4, 116.4, 111.7, 108.4, 65.4.
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IR (neat) omax 2923, 2852, 1546, 1493, 1458, 1379, 1302, 1216, 1190, 1032, 985, 831 cm-1.
Mass Spectrum (El) m/z 222 (70%), 221 [(M - H«)+, 100].
HRMS (El) Found (M - H*)+ 221.0609. Calculated for C,5H90 2 (M - H»)+, 221.0603.
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2-Hydroxy-4,5-dimethoxybenzaldehyde (325)

MeO

(CH20 ) n
MgCI2, Et3N

MeO

MeCN
8 2 °C, 18 h

218

325

A magnetically stirred solution of phenol 218 (7.57 g, 49.1 mmol) in dry acetonitrile (200 mL)
was treated with MgCl2 (7.01 g, 73.7 mmol), triethylamine (23.9 mL, 172 mmol) and
paraformaldehyde (7.08 g, 236 mmol). The ensuing mixture was stirred vigorously under reflux
for 18 h then cooled to 20 °C. The pH of the resulting mixture was adjusted to 3 with HCl (1 M
aqueous solution) then extracted with diethyl ether (3 * 200 mL). The combined organic layers
were washed with brine (2 x 200 mL) before being dried (MgS04), filtered and concentrated
under reduced pressure. The orange solid so obtained was subjected to flash chromatography
(silica, 2:3 v/v ethyl acetate/petrol elution) to give, after concentration of the appropriate
fractions (Rf 0.3), the previously reported compound 325|1J (4.45 g, 50%) as a light-yellow
solid, m.p. 105 - 106 °C (lit.111 104-106 °C)
!H NMR (400 MHz, CDC13) 5 11.39 (s, 1H), 9.70 (s, 1H), 6.90 (s, 1H), 6.47 (s, 1H), 3.93 (s,
3H), 3.88 (s, 3H).
13C NMR (100 MHz, CDC13) 5 194.1, 159.5, 157.4, 143.1, 113.4, 113.0, 100.3, 56.6, 56.5.
IR (neat) umax 3212, 2959, 2839, 1626, 1506, 1251, 1199, 1148, 999 cm '1.
Mass Spectrum (El) m/z 182 (M+\ 100%), 166 (79), 139 (24), 111 (24).
HRMS (El) Found M+\ 182.0580. Calculated for C9H10O4 M‘+, 182.0579.

172

Chapter Eight

4,5-Dimethoxy-2-((2-methoxyethoxy)methoxy)benzaldehyde (326)
MEM-CI
DIPEA

MeO
.0

MeO

OMEM

DCM
0 to 20 °C
24 h

325

326

A magnetically stirred solution of phenol 325 (2.24 g, 12.3 mmol) in dichloromethane (20 mL)
maintained at 0 °C (ice bath) was treated, dropwise, with 2-methoxyethoxymethyl chloride
[CAUTION:

carcinogen] (1.68 mL, 14.7 mmol) then jV(A-diisopropylethylamine (2.57 mL, 14.7

mmol) over 3 minutes. The resulting solution was stirred at 0 °C for 1 h then allowed to warm
to 20 °C and stirred at this temperature for a further 23 h. The solution thus obtained was
concentrated under reduced pressure and the ensuing residue subjected to flash chromatography
(silica, 2:3 v/v ethyl acetate/hexane elution). Concentration of the appropriate fractions (Rf 0.2)
afforded the title compound 326 (1.55 g, 47%) as a light-yellow oil.
!H NMR (400 MHz, CDC13) 5 10.32 (s, 1H), 7.30 (s, 1H), 6.84 (s, 1H), 5.34 (s, 2H), 3.94 (s,
3H), 3.88 (app t, J4.4 Hz, 2H), 3.87 (s, 3H), 3.58 (app t, J4.4 Hz, 2H), 3.38 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 188.2, 156.6, 166.8, 144.8, 118.5, 108.5, 99.8, 94.7, 71.7, 68.2,
59.2, 56.5, 56.3.
IR (neat) umax 2933, 2874, 1670, 1605, 1508, 1452, 1399, 1272, 1221, 1196, 1122, 1007 cm '1.
Mass Spectrum (El) m/z 270 (M+\ 46%), 166 (29), 182 (33), 167 (43), 89 (73), 59 (100).
HRMS (El) Found M+\ 270.1102. Calculated for C,3H180 6 M+\ 270.1103.

l-(2,2-Dibromovinyl)-4,5-dimethoxy-2-((2-methoxyethoxy)methoxy)benzene (327)

0 to 20 °C
6h
326

327

A magnetically stirred solution of tetrabromomethane (3.81 g, 11.5 mmol) in dichloromethane
(40 mL) maintained at 0 °C (ice bath) under a nitrogen atmosphere was treated, in portions over
0.1 h, with triphenylphosphine (6.03 g, 23.0 mmol). The ensuing bright-orange solution was
stirred for 0.3 h then treated, dropwise, with a solution of benzaldehyde 326 (1.55 g, 5.75
mmol) and triethylamine (6.41 mL, 46.0 mmol) in dichloromethane (20 mL). The ensuing
mixture was allowed to warm to 20 °C over 5 h then poured into water (100 mL). The separated
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aqueous phase was extracted with dichloromethane (2 x 100 mL) and the combined organic
layers washed with water (2 x 100 mL), NaHC03 (2 x 50 mL of a saturated aqueous solution)
then brine (2 x 100 mL) before being dried (MgS04), filtered and concentrated under reduced
pressure and the residue thus obtained subjected to flash chromatography (silica, 2:3 v/v ethyl
acetate/hexane elution). Concentration of the appropriate fractions (Rf 0.4) gave the title
compound327 (2.17 g, 89%) as a light-yellow oil.
*H NMR (400 MHz, CDC13) 6 7.58 (s, 1H), 7.34 (s, 1H), 6.81 (s, 1H), 5.22 (s, 2H), 3.87 (s,
3H), 3.85 (app t, 74.4 Hz, 2H), 3.85 (s, 3H), 3.57 (app t, 74.4 Hz, 2H), 3.38 (s, 3H).
,3C NMR (100 MHz, CDC13) 8 150.3, 149.7, 143.7, 132.3, 116.9, 111.5, 100.8, 95.0, 87.9,
71.7, 67.9, 59.2, 56.5, 56.1.
IR (neat) umax 2932, 2835, 1608, 1507, 1464, 1449, 1261, 1214, 1197, 1121, 1009, 977 cm“1.
Mass Spectrum (El) m/z 428, 426 and 424 (M+’, 16, 29 and 16%, respectively), 340, 338 and
226 (4, 8 and 4, respectively), 178 (34), 89 (86), 59 (100).
HRMS (El) Found M+\ 423.9529. Calculated for C,4H,879Br20 5 M+\ 423.9521.

l-Ethynyl-4,5-dimethoxy-2-((2-methoxyethoxy)methoxy)benzene (328)
MeO

/>BuLi
THF
- 7 8 to 20 °C
1h

MeO

327

328

A magnetically stirred solution of compound 327 (2.17 g, 5.10 mmol) in THF (50 mL)
maintained at -78 °C was treated, dropwise, with a solution of w-butyllithium (7.97 mL of a 1.6
M solution in hexanes, 12.7 mmol). The ensuing solution was stirred at -78 °C for 1 h then
treated with NH4C1 (50 mL of a saturated aqueous solution) and extracted with dichloromethane
(3 x 70 mL). The combined organic layers were washed with brine (2 x 50 mL) then dried
(MgS04), filtered and concentrated under reduced pressure. The residue thus obtained was
subjected to flash chromatography (silica, 2:3 v/v ethyl acetate/hexane elution) to deliver, after
concentration of the appropriate fractions (Rf 0.3), the title alkyne 328 (1.20 g, 88%) as a cream
solid, m.p. 39 - 40 °C.
'H NMR (400 MHz, CDC13) 8 6.90 (s, 1H), 6.80 (s, 1H), 5.28 (s, 2H), 3.89 (app t, 7 4.6 Hz,
2H), 3.86 (s, 3H), 3.82 (s, 3H), 3.56 (app t, 74.6 Hz, 2H), 3.36 (s, 3H), 3.20 (s, 1H).
13C NMR (100 MHz, CDC13) 8 153.8, 150.7, 144.1, 115.7, 103.8, 101.7, 95.1,80.3, 79.8,71.7,
67.8, 59.1,56.4, 56.2.
IR (neat) omax 3271, 2935, 2103, 1606, 1510, 1465, 1450, 1386, 1222, 1198, 1119, 1006 cm“1.
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Mass Spectrum (El) m/z 266 (M+\ 76%), 192 (62), 191 (73), 190 (87), 59 (100).
HRMS (El) Found M+\ 266.1157. Calculated for C,4H 1805 M+\ 266.1154.
(2-((2-Iodo-5-methoxyphenoxy)methoxy)ethyl)trimethylsilane (332)
SEM-CI
DIPEA
DCM
0 to 20 °C
18 h

194

SEMO
332

A magnetically stirred solution of phenol 194 (2.50 g, 10.0 mmol) in dichloromethane (50 mL)
maintained at 0 °C was treated, dropwise, with 2-(trimethylsilyl)ethoxymethyl chloride (1.95
mL, 11.0 mmol) followed by A^-diisopropylethylamine (1.92 mL, 11.0 mmol) over 3 minutes.
The ensuing solution was stirred at 0 °C for 0.3 h before being allowed to warm to 20 °C and
then stirred at this temperature for a further 18 h. The resulting mixture was concentrated under
reduced pressure and the residue so obtained subjected to flash chromatography (silica,
dichloromethane elution). Concentration of the appropriate fractions (Rf 0.7) gave the title
iodide 332 (3.77 g, 99%) as a light-yellow oil.
'H NMR (400 MHz, CDC13) 5 7.61 (d, J 8.5 Hz, 1H), 6.72 (d, J 2.8 Hz, 1H), 6.38 (dd, J 8.5 and
2.8 Hz, 1H), 5.26 (s, 2H), 3.80 (app t, J 8.4 Hz, 2H), 3.78 (s, 3H), 0.96 (app t, J 8 .4 Hz, 2H),
0.01 (s, 9H).
,3C NMR (100 MHz, CDC13) 6 161.3, 157.2, 139.2, 109.3, 109.1, 102.5, 93.6, 76.0, 66.8, 55.7,
18.1,-1.3.
IR (neat) umax 2953, 1582, 1475, 1249, 1203, 1167, 1094, 995 cm"1.
Mass Spectrum (El) m/z 380 (M+\ 9%), 322 (100), 307 (82), 180 (76).
HRMS (El) Found M+\ 380.0305. Calculated for C,3H2,127103Si M+\ 380.0305.

(2-((2-((4,5-Dimethoxy-2-((2-methoxyethoxy)methoxy)phenyl)ethynyl)-5-methoxyphenoxy)
methoxy)ethyI)trimethylsilane (199)

328

332

199

A magnetically stirred solution of acetylene 328 (1.19 g, 4.50 mmol) and iodide 332 (1.88 g,
4.95 mmol) in triethylamine (30 mL) was sparged with nitrogen for 0.5 h then treated with
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Pd(PPh3)4 (104 mg, 0.09 mmol) and copper iodide (34.3 mg, 0.18 mmol). The ensuing mixture
was stirred at 20 °C for 17 h then concentrated under reduced pressure and the residue so
obtained subjected to flash chromatography (silica, dichloromethane -*

1:9 v/v ethyl

acetate/dichloromethane gradient elution). Concentration of the appropriate fractions

0.7 in

1:9 v/v ethyl acetate/dichloromethane) gave the title compound 199 (1.80 g, 77%) as a lightyellow oil.
'H NMR (400 MHz, CDC13) 5 7.39 (d, J 8 .4 Hz, 1H), 6.96 (s, 1H), 6.79 (s, 1H), 6.75 (d, J 2 .4
Hz, 1H), 6.54 (dd, J 8 .4 and 2.4 Hz, 1H), 5.33 (s, 2H), 5.31 (s, 2H), 3.93 (app t, J 4 .4 Hz, 2H),
3.88 (s, 3H), 3.86 (s, 3H), 3.81 (s, 3H), 3.81 (app t, J 8.2 Hz, 2H), 3.58 (app t, J 4 .4 Hz, 2H),
3.37 (s, 3H), 0.96 (app t, J 8.2 Hz, 2H), -0.01 (s 9H).
13C NMR (100 MHz, CDC13) 6 160.9, 159.3, 152.8, 150.0, 144.4, 134.0, 115.2, 107.3, 106.7,
106.5, 102.8, 102.5, 95.7, 93.9, 88.7, 88.3, 71.8, 67.9, 66.6, 59.2, 56.5, 56.2, 55.6, 18.2, -1.3
(x3).
IR (neat) umax 2951,2901, 1609, 1515, 1464, 1445, 1243, 1216, 1195, 1080, 1006 c m 1.
Mass Spectrum (El) m/z 518 (M+\ 45%), 460 (48), 385 (87), 312 (71), 59 (100).
HRMS (El) Found M+\ 518.2337. Calculated for C ^ g O g S i M+\ 518.2336.

(2-((2-(4,5-Dimethoxy-2-((2-methoxyethoxy)methoxy)phenyl)-6-methoxybenzofuran-3y\)methoxy)ethyV)trimethy\si\ane (333) and (2-((2-(5,6-Dimethoxy-3-((2-methoxyethoxy)
methyl)benzofuran-2-yl)-5-methoxyphenoxy)methoxy)ethyl)trimethylsilane (334)
OMEM

SEMO

PtCIo CO (g)
4 AMS
PhMe
80 °C, 6 h
199

M e O ^ /" °
334

A magnetically stirred suspension of tolan 199 (89.6 mg, 0.17 mmol) and molecular sieves
(90.0 mg of powdered/anhydrous 4 Ä material) in dry toluene (5 mL) maintained under a
nitrogen atmosphere was treated with lithium chloride (14.6 mg, 0.35 mmol). The resulting
suspension was stirred for 0.25 h then sparged with carbon monoxide for 0.1 h before being
treated with PtCl2 (4.6 mg, 0.02 mmol). The ensuing mixture heated to 80 °C for 6 h then
cooled to 20 °C and filtered through a pad of Celite™ that was washed with diethyl ether (2 x
10 mL). The combined filtrates were concentrated under reduced pressure and the residue thus
obtained was subjected to flash chromatography (silica, 1:4 -» 3:7 v/v ethyl acetate/petrol
gradient elution). Concentration of the appropriate fractions

0.3 in 2:3 v/v ethyl

acetate/petrol) afforded a ca. 3:1 mixture of the title compounds, 333 and 334 (45.9 mg, 51%
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combined yield). These compounds could not be separated using standard chromatographic
techniques (see to page 108 for a discussion of the 'H NMR spectrum of this mixture).

2-((/erf-Butyldimethylsilyl)oxy)-4,5-dimethoxybenzaldehyde (329)

329

325

A magnetically stirred solution of phenol 325 (1.35 g, 7.42 mmol) in dry dichloromethane (50
mL) was treated ter/-butyldimethylsilyl chloride (1.174 g, 7.79 mmol) and imidazole (530 mg,
7.79 mmol). The resulting mixture was stirred at 20 °C for 24 h then treated with NH4C1 (50 mL
of a saturated aqueous solution). The separated organic layer was washed with brine (2 x 50
mL) then dried (MgS04), filtered and concentrated under reduced pressure. The residue so
obtained was subjected to flash chromatography (silica, 1:4 v/v ethyl acetate/petrol elution) to
deliver, after concentration of the appropriate fractions (Rf 0.5), the title compound 329 (1.32 g,
60%) as a clear, colourless oil.
'H NMR (400 MHz, CDC13) 5 10.3 (s, 1H), 7.26 (s, 1H), 6.35 (s, 1H), 3.90 (s, 3H), 3.87 (s,
3H), 1.02 (s, 9H), 0.26 (s, 6H).
,3C NMR (100 MHz, CDC13) 6 188.5, 155.6, 155.3, 144.5, 119.9, 108.3, 103.6, 56.2, 56.2, 25.8
(x3), 18.5, -4.2 (x2).
IR (neat) omax 2955, 2932, 2858, 1675, 1606, 1505, 1465, 1451, 1271, 1204, 1126, 1011, 921
cm-1.
Mass Spectrum (El) m/z 296 (M+\ 9%), 295 (7), 282 (22), 281 (100).
HRMS (El) Found M+\ 296.1440. Calculated for C,5H240 4Si M+\ 296.1444.

t^-Butyl(2-(2,2-dibromovinyl)-4,5-dimethoxyphenoxy)dimethylsilane (330)

0 to 20 °C
4h
329

330

A magnetically stirred solution of tetrabromomethane (5.40 g, 16.3 mmol) in dichloromethane
(50 mL) maintained at 0 °C (ice bath) was treated, in portions over 0.15 h, with
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triphenylphosphine (8.55 g, 32.6 mmol). The resulting solution was stirred for 0.3 h at this
temperature then treated with a solution of benzaldehyde 329 (2.42 g, 8.16 mmol) and
triethylamine (9.08 mL, 65.2 mmol) in dichloromethane (30 mL). The resulting mixture was
allowed to warm to 20 °C over 4 h then poured into water (70 mL). The separated aqueous layer
was extracted with dichloromethane (2 x 50 mL) and the combined organic phases washed
successively with water (2 x 50 mL), NaHC03 (2 x 50 mL of a saturated aqueous solution) and
brine (2 x 50 mL) before being dried (MgSCT}), filtered and concentrated under reduced
pressure. The residue so obtained was subjected to flash chromatography (silica, petrol -» 1:4
v/v ethyl acetate/petrol gradient elution) to give, after concentration of the appropriate fractions
(Rf 0.6 in 1:9 v/v ethyl acetate/petrol), the title compound 330 (2.71 g, 74%) as a white,
crystalline solid, m.p. 46 - 48 °C.
’H NMR (400 MHz, CDCI3) 5 7.54 (s, 1H), 7.29 (s, 1H), 6.36 (s, 1H), 3.85 (s, 3H), 3.84 (s,
3H), 1.02 (s, 9H), 0.18 (s, 6H).
,3C NMR (100 MHz, CDC13) 6 150.1, 147.7, 143.3, 133.4, 118.4, 111.4, 104.1, 87.6, 56.5,
56.0, 25.9 (x3), 18.4, -4.3 (x2).
IR (neat) umax 2954, 2931, 1608, 1504, 1463, 1448, 1403, 1256, 1215, 1123, 1013, 921 cm '1.
Mass Spectrum (El) m/z 454, 452 and 450 (M+‘, 43, 72 and 40%, respectively), 317 (27), 316
(100), 315 (27), 314(98).
HRMS (El) Found M+\ 449.9865. Calculated for C16H2479Br20 3Si M+\ 449.9861.

ter/-Butyl(2-ethynyl-4,5-diinethoxyphenoxy)dimethylsilane (331)

M eO

n-BuLi

M eO

-78 °C
0.75 h

THF

330

331

A magnetically stirred solution of compound 330 (2.71 g, 6.00 mmol) in THF (100 mL)
maintained at -78 °C was treated, dropwise, with w-butyllithium (7.50 mL of a 1.6 M solution
in hexanes, 12.0 mmol). The resulting solution was stirred for 0.75 h at -78 °C then quenched
with NH4CI (100 mL of a saturated aqueous solution) and extracted with dichloromethane (2 x
100 mL). The combined organic layers were dried (MgS04), filtered and concentrated under
reduced pressure and the residue so obtained subjected to flash chromatography (silica, 1:9 v/v
ethyl acetate/petrol elution). Concentration of the appropriate fractions (Rf 0.5) gave the title
compound331 (1.51 g, 86%) as a light-yellow solid, m.p. 60 - 62 °C.
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■h NMR (400 MHz, CDC13) 5 6.87 (s, 1H), 6.37 (s, 1H), 3.84 (s, 3H), 3.82 (s, 3H), 3.12 (s,
1H), 1.03 (s, 9H), 0.22 (s, 6H).
,3C NMR (100 MHz, CDC13) 6 152.2, 150.5, 143.5, 115.5, 105.3, 104.6, 81.4, 79.7, 56.4, 56.0,
25.9 (x3), 18.4,-4.1 (x2).
IR (neat) umax 3311, 3283, 2954, 2857, 2105, 1606, 1505, 1464, 1447, 1393, 1258, 1223, 1121,
1011 c m 1.
Mass Spectrum (El) m/z 292 (M ', 32%), 235 (100).
HRMS (El) Found M+\ 292.1496. Calculated for Ci6H 24 0 3Si M+\ 292.1495.

te/Y-Butyl(4,5-dimethoxy-2-((4-methoxy-2-((2-(trimethylsilyl)ethoxy)methoxy)phenyl)
ethynyl)phenoxy)dimethylsilane (200)

A magnetically stirred solution of acetylene 331 (1.22 g, 4.18 mmol) and aryl iodide 332 (1.59
g, 4.18 mmol) in triethylamine (50 mL) maintained at 20 °C was sparged with nitrogen gas for
0.5 h then treated with Pd(PPh3)4 (96.6 mg, 0.08 mmol) and copper iodide (31.8 mg, 0.17
mmol). The resulting mixture was stirred for 22 h at 20 °C then concentrated under reduced
pressure and the residue so obtained subjected to flash chromatography (silica, 1:9 v/v ethyl
acetate/petrol elution). Concentration of the appropriate fractions (Rf 0.4) gave the title
compound 200 (1.68 g, 74%) as a light-yellow oil.
‘H NMR (400 MHz, CDC13) 5 7.38 (d, J 8.8 Hz, 1H) 6.92 (s, 1H), 6.78 (d, J 2.0 Hz, 1H), 6.53
(dd, J 8.8 and 2.0 Hz, 1H), 6.40 (s, 1H), 5.29 (s, 2H), 3.84 (s, 6H), 3.81 (s, 3H), 3.81 (app t, J
8.4 Hz, 2H), 1.02 (s, 9H), 0.96 (app t, J 8.4 Hz, 2H), 0.24 (s, 6H), -0.01 (s, 9H).
,3C NMR (100 MHz, CDC13) 5 160.7, 159.3, 151.0, 149.9, 143.5, 134.1, 115.4, 107.3, 107.2,
106.9, 104.8, 102.2, 93.4, 89.3, 88.1, 66.6, 56.4, 56.0, 55.5, 26.0 (x3), 18.5, 18.2, -1.3 (x3),
-4.1 (x2).
IR (neat) t)max 2953, 2931, 1609, 1572, 1513, 1464, 1447, 1249, 1218, 1007 cm"1.
Mass Spectrum (El) m/z 544 (M+‘, 41 %), 414 (71), 316 (49), 314 (51), 235 (100).
HRMS (El) Found M+\ 544.2676. Calculated for C29H 4 4 0 6Si2 M+\ 544.2676.
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te/7-Butyl(4,5-dimethoxy-2-(6-methoxy-3-((2-(trimethylsilyl)ethoxy)methyl)-l//-inden-2yl)phenoxy)dimethylsilane (335)

OTBS

OTBS

PtCU CO (g)
4 AMS

SEMO

OMe

PhMe
60 °C, 16 h

A magnetically stirred suspension of tolan 200 (1.68 g, 3.08 mmol) and molecular sieves (1.68
g of powdered/anhydrous 4 Ä material) in dry toluene (60 mL) maintained under a nitrogen
atmosphere was stirred at 20 °C for 0.25 h. The ensuing suspension was sparged with carbon
monoxide for 0.1 h then treated with PtCl2 (69.4 mg, 0.31 mmol) and heated at 60 °C for 16 h.
The cooled reaction mixture was filtered through a pad of Celite1N1 that was washed with diethyl
ether (2><10 mL) and the combined filtrates concentrated under reduced pressure. The residue
thus obtained was subjected to flash chromatography (silica, petrol —> 1:9 v/v ethyl
acetate/petrol gradient elution) to deliver, after concentration of the appropriate fractions

0.5

in 1:9 v/v ethyl acetate/petrol), the title compound 335 (876 mg, 52%) as a clear, colourless oil.
'H NMR (400 MHz, CDC13) 5 7.56 (d, J 8.4 Hz, 1H), 7.02 (s, 1H), 7.00 (d, J 2.0 Hz, 1H), 6.88
(dd, J 8.4 and 2.0 Hz, 1H), 6.50 (s, 1H), 4.55 (s, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 3.86 (s, 3H),
3.52 (app t, J 8.4 Hz, 2H), 0.94 (app t, J 8.4 Hz, 2H), 0.85 (s, 9H), -0.04 (s, 15H).
,3C NMR (100 MHz, CDCI3) 5 157.9, 155.5, 151.2, 150.4, 148.0, 143.7, 122.7, 120.4, 114.1,
133.7, 113.6, 111.4, 105.4, 95.9, 67.6, 63.4, 56.3, 56.1, 55.8, 25.8 (x3), 18.5, 18.2, -1.3 (x3), 4.5 (x2).
IR (neat) umax 2952, 2887, 1625, 1510, 1494, 1219, 1204, 1149 cm \
Mass Spectrum (El) m/z 544 (M \ 100%), 427 (36), 414 (42), 371 (71).
HRMS Found (El) M+\ 544.2675. Calculated for C29H4406Si2 M+\ 544.2676.

4,5-Dimethoxy-2-(6-methoxy-3-((2-(trimethylsilyl)ethoxy)methyl)benzofuran-2-yl)phenol
(201 )
MeO.

T

f

^^TM S

TBAF
THF
20 °C, 1 h

MeO '

I

/

\= /
OMe

OMe
335

TMS

>

0sH >

MeO

- 0

MeCr

1

201
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A magnetically stirred solution of compound 335 (876 mg, 1.61 mmol) in THF (30 mL) was
treated, dropwise, with TBAF (3.54 mL of a 1.0 M solution in THF). The ensuing solution was
stirred at 20 °C for 1 h then quenched with NH4C1 (40 mL of a saturated aqueous solution) and
extracted with diethyl ether (2 x 70 mL). The combined organic layers were dried (M gS04),
filtered and concentrated under reduced pressure and the residue thus obtained subjected to
flash chromatography (silica,

1:18 -»

1:4 v/v ethyl acetate/petrol gradient elution).

Concentration of the appropriate fractions (Rf 0.3 in 1:4 v/v ethyl acetate/petrol) furnished the
title compound 201 (316 mg, 46%) as a light-pink solid, m.p. 69- 71 °C.
'H NMR (400 MHz, CDC13) 8 7.89 (broad s, 1H), 7.48 (d, J 8.4 Hz, 1H), 7.05 (d, J 2.0 Hz,
1H), 7.04 (s, 1H), 6.94 (dd, J 8 .4 and 2.0 Hz, 1H), 6.62 (s, 1H), 4.57 (s, 2H), 3.91 (s, 3H), 3.88
(s, 3H), 3.87 (s, 3H), 3.72 (app t, J 8.6 Hz, 2H), 1.05 (app t, J 8.6 Hz, 2H), 0.03 (s, 9H).
,3C NMR (100 MHz, CDC13) 8 158.4, 155.2, 151.5, 151.3, 149.7, 143.1, 122.7, 119.3, 112.6,
112.3, 112.2, 107.4, 101.8, 96.0, 68.8, 62.2, 56.5, 56.1,55.9, 18.3,-1.3 (*3).
IR (neat) umax 3436, 2951, 1625, 1514, 1495, 1454, 1440, 1250, 1212, 1150 cm-1.
Mass Spectrum (El) m/z 430 (M+\ 7%), 400 (6), 313 (41), 312 (100), 311 (48), 297 (38).
HRMS (El) Found M+\ 430.1810. Calculated for C23 H30O6Si M+\ 430.1812.

./V-(3,4-Diiiiethoxyphenyl)acetainide (341)

MeO

Ac 20
DMAP

MeO

DCM
20 °C, 4h
340

341

A magnetically stirred solution of 3,4-dimethoxyaniline (340) (895 mg, 5.84 mmol) in
dichloromethane (50 mL) was treated, over 1 minute, with DMAP (35.7 mg, 0.29 mmol) then
acetic anhydride (610 pL, 6.42 mmol). The ensuing solution was stirred for 4 h at 20 °C before
being quenched with water (50 mL). The separated organic layer was dried (M gS04), filtered
and concentrated under reduced pressure to give compound 341|2] (983 mg, 88%) as lightbrown solid, m.p. 126 - 133 °C (lit.[2] 130 - 131 °C). This material was used without purification
in the next step of the reaction sequence.
R{ 0.2 in 1:19 v/v ethyl acetate/chloroform
!H NMR (400 MHz, CDC13) 8 7.31 (d, J 2.2 Hz, 1H), 7.08 (s, 1H), 6.85 (dd, J 8 .7 and 2.2 Hz,
1H), 6.80 (d, J 8 .7 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H), 2.16 (s, 3H).
,3C NMR (100 MHz, CDC13) 8 149.2, 131.6, 112.1, 111.5, 105.3, 56.3, 56.1, 24.7, 11.6 (CO
not observed).
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IR (neat) omax 3250, 3085, 2927,2833, 1657, 1607, 1512, 1443, 1402, 1257, 1237, 1024 c m '1.
Mass Spectrum (E l) m/z 195 (M +\ 100%), 153 (36), 138 (95).
H R M S (E l) Found M 4\ 195.0895. Calculated for C i 0H 13N O 3 M +\ 195.0895.

jV-(2-Iodo-4,5-dimethoxyphenyl)acetamide (342)

NHAc
DCM/AcOH
(4.8:1 v/v)
20 °C, 20 h
341

A

magnetically

stirred

solution

342

of

compound

341

(983

mg,

5.11

mmol)

in

dry

dichloromethane/acetic acid (12.1 m L o f a 4.8:1 v/v mixture) maintained under a nitrogen
atmosphere was treated, over 5 minutes, with a solution o f iodine monochloride (11.2 m L o f a
1.0 M in dichloromethane, 11.2 mmol). The ensuing solution was maintained at 20 °C for 20 h
before being washed with Na2S203 solution (2 x 20 mL o f a saturated aqueous solution) and
brine (2 x 10 mL). The separated organic layer was dried (M g S 0 4), filtered and concentrated
under reduced pressure and the residue so obtained subjected to flash chromatography (silica,
19:1 v/v chloroform/hexane elution). Concentration o f the appropriate fractions (Rf 0.3) gave
compound 342l?] (781 mg, 48%) as an off-white solid, m.p. 138 - 140 °C (lit.[3] 140 - 141.5 °C).

'H N M R (400 MHz, CDC13) 6 7.86 (s, 1H), 7.23 (broad s, 1H), 7.16 (s, 1H), 3.88 (s, 3H), 3.84
(s, 3H), 2.23 (s, 3H).
,3C N M R (100 MHz, CDC13) 8 168.4, 149.7, 146.6, 132.4, 120.4, 106.4, 77.6, 56.5, 56.1, 24.8.
IR (neat) umax 3279, 2997, 2838, 1660, 1584, 1503, 1442, 1389, 1251, 1212, 1169, 1019 c m '1.
Mass Spectrum (E l) m/z 321 (M +\ 58%), 279 (19), 264 (62), 194 (100).
H R M S (E l) Found M +\ 320.9862. Calculated for C 10H 12,27IN O 3 M +\ 320.9862.

7V-(4,5-Dimethoxy-2-((trimethylsilyl)ethynyl)phenyl)acetamide (343)

= = — TMS

342

343

A magnetically stirred solution o f iodide 342 (781 mg, 2.43 mmol) in triethylamine (30 m L)
was sparged with nitrogen for 0.5 h then treated w ith Pd(PPh3)4 (281 mg, 0.25 mmol) and
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copper iodide (92.6 mg, 0.49 mmol). The ensuing mixture was treated, dropwise, with
ethynyltrimethylsilane (420 pL, 2.91 mmol) and stirred at 20 °C for 3.5 h before being filtered
through a pad of Celite™ that was washed with hexane (2><10 mL). The combined filtrates
were concentrated under reduced pressure and the residue so obtained subjected to flash
chromatography (silica, 19:1 v/v chloroform/hexane elution), to furnish, after concentration of
the appropriate fractions (Rf 0.2), the title compound343 (707 mg, quant.) as a beige solid, m.p.
101 °C.
‘H NMR (400 MHz, CDC13) 5 8.11 (s, 1H), 7.86 (broad s, 1H), 6.87 (s, 1H), 3.91 (s, 3H), 3.84
(s, 3H), 2.19 (s, 3H), 0.29 (s, 9H).
,3C NMR (100 MHz, CDCI3 ) 5 168.0, 150.4, 144.7, 135.0, 113.3, 103.4, 101.0, 100.7, 56.2,
56.2, 24.9, 0.2 (x3). One signal obscured or overlapping.
IR (neat) umax 3393, 2959, 2141, 1693, 1520, 1405, 1247, 1217, 1123, 1014, 843 cm '1.
Mass Spectrum (El) m/z 291(M+\ 100%), 249 (29), 234 (53).
HRMS (El) Found M+\ 291.1293. Calculated for Ci 5 H2 iN 03Si M+\ 291.1291.
/V-(2-EthynyI-4,5-dimethoxyphenyl)acetamide (344)
MeO

TBAF

MeO

THF

20 °C, 3 h
343

344

A magnetically stirred solution of silane 343 (707 mg, 2.43 mmol) in THF (30 mL) maintained
at 20 °C was treated with TBAF (3.56 mL of a 1.0 M solution in THF, 3.56 mmol) over 2
minutes. The ensuing solution was stirred at 20 °C for 3 h then concentrated under reduced
pressure and the residue so obtained subjected to flash chromatography (silica, 19:1 v/v
chloroform/hexane elution). Concentration of the appropriate fractions (R{ 0.2) delivered the
title alkyne 344 (380 mg, 71%) as a cream solid, m.p. 111 °C.
'H NMR (400 MHz, CDC13) 5 8.11 (s, 1H), 7.78 (broad s, 1H), 6.90 (s, 1H), 3.92 (s, 3H), 3.84
(s, 3H), 3.45 (s, 1H), 2.21 (s, 3H).
,3C NMR (100 MHz, CDC13)

8

168.3, 150.6, 144.8, 135.0, 113.9, 103.7, 101.8, 83.3, 79.6,

56.3, 56.2, 25.0.
IR (neat) nmax 3226, 2997, 2835, 1688, 1607, 1520, 1403, 1241, 1218, 1110, 1015 cm"1.
Mass Spectrum (El) m/z 219 (M+\ 100%), 177 (51), 162 (77).
HRMS (El) Found M+\ 219.0895. Calculated for C, 2 H, 3 NC>3 M+\ 219.0895.
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/V-(4,5-Dimethoxy-2-((4-methoxy-2-((2-(trimethylsilyl)ethoxy)methoxy)phenyl)ethynyl)
phenvl)acetamide (345)

A.

MeO
MeO

SEMO
344

332

Pd(PPh3)4
Cul
DCM/Et3N
(1:2 v/v)
20 °C, 20 h

MeOv^ - ^ N H A c
.

MeO
SEMO

'OMe

345

A magnetically stirred solution of alkyne 344 (380 mg, 1.73 mmol) and iodide 332 (691 mg,
1.82 mmol) in dichloromethane/triethylamine (30 mL of a 1:2 v/v mixture) was sparged with
nitrogen for 0.5 h before being treated with Pd(PPh3)4 (39.9 mg, 0.03 mmol) and copper iodide
(13.2 mg, 0.07 mmol). The resulting mixture was stirred at 20 °C for 16 h then filtered through
a short pad of Celite™ that was washed with petrol (2><10 mL) and the combined filtrates
concentrated under reduced pressure. The residue thus obtained was subjected to flash
chromatography (silica, 2:3 v/v ethyl acetate/hexane elution) to give, after concentration of the
appropriate fractions (R{ 0.2), the title compound 345 (529 mg, 65%) as a voluminous white
solid, m.p. 133 - 134 °C.
‘H NMR (400 MHz, CDC13) 6 8.24 (broad s, 1H), 8.20 (s, 1H), 7.40 (d, J8 .5 Hz, 1H), 6.94 (s,
1H), 6.78 (d, J 2.4 Hz, 1H), 6.59 (dd, J8 .5 and 2.4 Hz, 1H), 5.33 (s, 2H), 3.93 (s, 3H), 3.87 (s,
3H), 3.83 (s, 3H), 3.79 (app t, J 8.2 Hz, 2H), 2.25 (s, 3H), 0.95 (app t, J 8.2 Hz, 2H), 0.04 (s,
9H).
,3C NMR (100 MHz, CDC13) 6 168.2, 161.3, 159.1, 149.8, 144.8, 134.2, 133.4, 112.9, 107.5,
105.7, 103.8, 103.5, 102.3, 94.2, 92.2, 87.4, 67.0, 56.3, 56.2, 55.7, 25.1, 18.2, -1.3 (x3).
IR (neat) omax 3373, 2953, 1692, 1612, 1521, 1463, 1449, 1408, 1352, 1241, 1214, 989 cm"1.
Mass Spectrum (El) m/z 471 (M+‘, 62%), 413 (100), 398 (51), 356 (32), 431 (45).
HRMS (El) Found M+\ 472.2077. Calculated for C25H33N 0 6Si, M+\ 471.2077.
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7V-(4,5-Dimethoxy-2-(6-methoxybenzofuran-2-yl)phenyl)-7V-((2-(trimethylsilyl)ethoxy)
methyl)acetamide

(346)

and

7V-(4,5-Dimethoxy-2-(6-methoxy-3-((2-(trimethylsilyl)

ethoxy)methyl)benzofuran-2-yl)phenyl)acetamide (347)
SEM

PtCI, CO (g)

NHAc o

4 AMS
PhMe

70 °C, 16 h
345

A magnetically stirred suspension of tolan 345 (100 mg, 0.20 mmol) and molecular sieves (100
mg of powdered/anhydrous 4 Ä material) in anhydrous toluene (6 mL) was sparged with carbon
monoxide of 0.1 h. The resulting mixture was treated with PtCl2 (5.6 mg, 0.020 mmol) then
heated at 70 °C for 16 h before being cooled to 20 °C and filtered through a pad of Celite1Mthat
was washed with hexane ( 2 * 5 mL). The combined filtrates were concentrated under reduced
pressure and the residue thus obtained subjected to flash chromatography (silica, 1:1 v/v ethyl
acetate/hexane elution) to deliver two fractions, A and B.
Concentration of fraction A (Rf 0.6) afforded the title compound 346 (54.0 mg, 57%) as an offwhite solid, m.p. 90 - 92 °C.
'H NMR (400 MHz, CDC13) 5 8.07 (s, 1H), 7.29 (d, J8 .4 Hz, 1H), 6.98 (s, 1H), 6.80 (d, J 2 A
Hz, 1H), 6.64 (dd, J8 .4 and 2.4 Hz, 1H), 6.39 (s, 1H), 5.13 (s, 2H), 3.97 (s, 3H), 3.93 (s, 3H),
3.85 (s, 3H), 3.67 - 3.56 (complex m, 2H), 2.11 (s, 3H), 0.93 - 0.82 (complex m, 2H), -0.04 (s,
9H).
,3C NMR (100 MHz, CDC13) 5 171.7, 161.7, 156.4, 148.0, 146.8, 134.9, 131.8, 131.5, 122.0,
117.2, 111.1, 106.9, 102.0, 101.8, 100.4, 93.3,66.8, 56.3, 56.3, 55.6, 26.1, 18.2,-1.3 (x3).
IR (neat) omax 2952, 1698, 1614, 1564, 1484, 1466, 1372, 1304, 1218, 1142 cm“1.
Mass Spectrum (El) m/z 471 (M+\ 100%), 413 (50), 371 (46), 356 (64).
HRMS (El) Found M+\ 471.2075. Calculated for C25H33N06Si M+\ 471.2077.
Concentration of fraction B (R{ 0.2) afforded the title compound 347 (16.9 mg, 18%) as a
yellow oil.
'H NMR (400 MHz, CDC13) 5 8.36 (broad s, 1H), 8.05 (s, 1H), 7.54 (d, J8 .4 Hz, 1H), 7.05 (d,
J2 .0 Hz, 1H), 7.01 (s, 1H), 6.95 (dd, J8 .4 and 2.0 Hz, 1H), 4.49 (s, 2H), 3.97 (s, 3H), 3.88 (s,
6H), 3.68 (app t, J 8.4 Hz, 2H), 2.10 (s, 3H), 1.02 (app t, J 8.4 Hz, 2H), 0.03 (s, 9H).
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,3C NMR (100 MHz, CDC13) 5 168.6, 158.6, 155.5, 150.4, 150.1, 145.4, 130.8, 122.4, 120.2,
114.7, 112.9, 112.3, 111.9, 106.0, 95.9, 68.7, 62.7, 56.2, 56.2, 55.9, 24.9, 18.5,-1.3 (*3).
IR (neat) omax 3431, 3351, 2952, 1689, 1624, 1522, 1494, 1249, 1218, 1150, 1068, 1026 cm"1.
Mass Spectrum m/z 471 (M ’, 56%), 310(100)
HRMS Found: M+‘, 471.2082. Calculated for C25H33N06Si M+\ 471.2077.

l-Iodo-4-methoxy-2-nitrobenzene (351)

XX.

5M H C I, 100 °C, 0.17 h
then N aN 02, 0 °C, 0.5 h
thenKI, 0 to 7 0 °C, 16 h
H20

350

351

A magnetically stirred solution of aniline 350 (1.01 g, 6.00 mmol) in HC1 (15 mL of a 5 M
aqueous solution) was stirred at 100 °C for 0.17 h then cooled to 0°C (ice bath). The ensuing
solution was treated, dropwise, with chilled (ca. 0 °C, ice bath) sodium nitrite (1.50 mL of a
4.80 M aqueous solution, 7.20 mmol). The mixture thus obtained was stirred for 0.5 h then
treated, dropwise, with chilled {ca. 0 °C, ice bath) potassium iodide (1.50 mL of a 6.02 M
aqueous solution, 9.00 mmol) and the resulting mixture heated to 70 °C for 16 h. The cooled
reaction mixture was diluted with water (50 mL) then extracted with ethyl acetate (3 * 50 mL).
The combined organic phases were washed with HCl (1 * 50 mL of a 1 M aqueous solution),
NaOH (1 x 50 mL of a 1 M aqueous solution), Na2S 0 3 (1 x 50 mL of a 10% aqueous solution)
and brine (1 x 50 mL) before being dried (M gS04), filtered and concentrated under reduced
pressure. The residue so obtained was filtered through a short pad of silica that was washed with
ethyl acetate/petrol

(10 mL of a 1:6 v/v ethyl acetate/petrol mixture) to afford, after

concentration of the filtrate, compound 351[41 (1.31 g, 78%) as a bright-yellow solid, m.p. 59 62 °C, (lit.[4bl 62 °C).

Rf 0.6 in 1:6 v/v ethyl acetate/petrol
JH NMR (400 MHz, CDC13) 5 7.86 (d, J 8 .8 Hz, 1H), 7.40 (d, J 3 .0 Hz, 1H), 6.86 (dd, J8 .8 ,
3.0 Hz, 1H), 3.85 (s, 3H).
,3C NMR (100 MHz, CDC13) 6 160.3, 153.6, 142.2, 120.6, 111.1, 74.6, 56.1.
IR (neat) nmax 3102, 2930, 2857, 1731, 1532, 1472, 1453, 1334, 1036 cm”1.
Mass Spectrum (El) m/z 279 (M+‘, 100%), 233 (24), 203 (7).
HRMS (El) Found M+\ 278.9392. Calculated for C7H6127IN 0 3 M+\ 278.9392
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2-Iodo-5-methoxy-aniline (352)
FeCI3- 6H20
active carbon
MeOH

351

NH2NH2-H20
65 °C, 5 h

352

A magnetically stirred solution of compound 351 (1.31 g, 4.68 mmol) in methanol (25 mL) was
treated with iron(III) chloride hexahydrate (18.9 mg, 0.07 mmol) and activated charcoal (11.2
mg). The resulting mixture was heated at 65 °C then treated, dropwise, with hydrazine
monohydrate (450 pL, 9.36 mmol) and stirred at this temperature for 5 h before being cooled to
20 °C then concentrated under reduced pressure. The residue so obtained was subjected to flash
chromatography (silica, 1:9 v/v ethyl acetate/petrol elution) to give, after concentration of the
appropriate fractions (Rf 0.3), compound 352|4a| (816 mg, 70%) as a yellow oil.
'H NMR (400 MHz, CDC13) 5 7.48 (d, J 8.8 Hz, 1H), 6.33 (d, J 2.8 Hz, 1H), 6.14 (dd, J 8.8 and
2.8 Hz, 1H), 4.28 (broad s, 2H), 3.75 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 161.2, 147.7, 139.3, 106.8, 100.7, 73.6, 55.4.
IR (neat) umax 3458, 3366, 2953,2936, 2834, 1612, 1590, 1486, 1296, 1211, 1042, 1002 c m 1.
Mass Spectrum (El) m/z 249 (M+\ 100%), 206 (13).
HRMS (El) Found M+\ 248.9651. Calculated for C7H8127INO M+\ 248.9651.

yV-(2-Iodo-5-methoxyphenyI)acetamide (353)
Ac 20

20 °C, 21 h
352

353

A magnetically stirred solution of aniline 352 (816 mg, 3.27 mmol) in dichloromethane (25 mL)
was treated, over 2 minutes, with DMAP (20.0 mg, 0.16 mmol) then acetic anhydride (340 pL,
3.60 mmol). The ensuing solution was stirred at 20 °C for 21 h before being diluted with water
(25 mL). The separated aqueous layer was extracted with dichloromethane (2 * 30 mL) and the
combined organic layers washed with brine (2 * 30 mL) then dried (MgS04), filtered and
concentrated under reduced pressure to deliver compound 353I?1 (848 mg, 81%) as a white,
crystalline solid, m.p. 128 - 129 °C (lit.[5] 126- 128 °C).
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R { 0.2 in 1:9 v/v ethyl acetate/petrol
'H NMR (400 MHz, CDC13) 5 7.98 (m, 1H), 7.61 (d, J 8.8 Hz, 1H), 7.41 (broad s, 1H), 6.48
(dd, J 8.8 and 2.8 Hz, 1H), 3.80 (s, 3H), 2.24 (s, 3H).
,3C NMR (100 MHz, CDC13) 5 168.4, 160.7, 139.1, 138.7, 113.0, 107.3, 77.9, 55.6, 25.1.
IR (neat) umax 3253, 3037, 2953, 2927, 1659, 1580 1529, 1465, 1408, 1312, 1020, 1011 c m 1.
Mass Spectrum (El) m/z 291 (M+\ 22%), 249 (26), 164 (100).
HRMS (El) Found M+\ 290.9756. Calculated for C9H,o127IN 02 Mu, 290.9756.

7V-(2-Iodo-5-methoxyphenyl)-./V-((2-(trimethylsilyl)ethoxy)methyl)acetamide (354)

AcHN
353

354

A magnetically stirred solution of acetamide 353 (500 mg, 1.72 mmol) in dichloromethane (25
mL)

maintained

under

a

nitrogen

atmosphere

at

20

°C

was

treated

with

2-

(trimethylsilyl)ethoxymethyl chloride (330 pL, 1.89 mmol) then A/Af-diisopropylethylamine
(330 pL, 1.89 mmol). The ensuing solution was stirred at 20 °C for 8 d before being
concentrated under reduced pressure. The residue thus obtained was subjected to flash
chromatography (silica, 1:2 v/v ethyl acetate/petrol elution) to give, after concentration of the
appropriate fractions (Rf 0.5), the title compound 354 (552 mg, 76%) as an off-white, crystalline
solid.
‘H NMR (400 MHz, CDC13) 5 7.77 (d, J 8.8 Hz, 1H), 6.85 (d, J 2.8 Hz, 1H), 6.69 (dd, J 8.8 and
2.8 Hz, 1H), 5.60 (d, J 10.2 Hz, 1H), 4.26 (d, J 10.2 Hz, 1H), 3.81 (s, 3H), 3.77 - 3.59 (complex
m, 2H), 1.63 (s, 3H), 1.02 - 0.88 (complex m, 2H), 0.01 (s, 9H).
,3C NMR (100 MHz, CDC13) 5 171.1, 160.9, 144.9, 140.1, 119.1, 116.2, 88.6, 76.3, 66.6, 55.8,
23.0, 18.4, -1.2 (x3).
IR (neat) umax 2951,2892, 1680, 2587, 1470, 1289, 1247, 1221, 1068, 1007, 859, 835 cm '1.
Mass Spectrum (ESI) m/z 444 [(M + Na)+, 27%], 422 (9), 262 (100).
HRMS (ESI) Found (M + Na)+, 444.0468. Calculated for C , 5H24127INNa0 3 Si (M + Na)+,
444.0468.
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Ar-(2-((2-((/er/-ButyldimethylsiIyI)oxy)-4,5-dimethoxyphenyI)ethynyl)-5-methoxyphenyl)7V-((2-(trimethylsilyI)ethoxy)methyI)acetamide (355)

A magnetically stirred solution of alkyne 331 (1.17 g, 3.99 mmol) and aryl iodide 354 (965 mg,
3.99 mmol) in triethylamine (30 mL) maintained at 20 °C was sparged with nitrogen for 0.5 h
before being treated with Pd(PPh3)4 (92.4 mg, 0.08 mmol) and copper iodide (30.5 mg, 0.16
mmol). The resulting mixture was heated at 40 °C for 3 h then cooled to 20 °C and stirred for a
further 16 h before being filtered through a pad of Celite™ that was washed with petrol (2 x 20
mL). The combined filtrates were concentrated under reduced pressure and the residue so
obtained subjected to flash chromatography (silica, petrol - ^ 3 : 7 v/v ethyl acetate/petrol
gradient elution) to give, after concentration of the appropriate fractions (Rf 0.4 in 2:3 v/v ethyl
acetate/petrol), the title compound 355 (529 mg, 65%) as a light-yellow oil.
'H NMR (400 MHz, CDC13) 6 7.45 (d, J 8.6 Hz, 1H), 6.88 (dd J 8.6 and 2.6 Hz, 1H), 6.83 (d, J
2.6 Hz, 1H), 6.82 (s, 1H), 6.37 (s, 1H), 5.63 (rotamer d, J 10.2 Hz, 1H), 4.64 (rotamer d, J 10.2
Hz, 1H), 3.86 (s, 3H), 3.84 (s, 6H), 3.76 - 3.62 (complex m, 2H), 1.96 (s, 3H), 1.04 (s, 9H), 0.97
- 0.91 (complex m, 2H), 0.23 (s, 6H), -0.03 (s, 9H).
,3C NMR (100 MHz, CDC13) 5 171.8, 160.0, 150.9, 150.4, 144.7, 143.9, 133.2, 115.8, 115.4,
115.3, 114.0, 106.3, 104.5, 91.5, 87.6, 76.6, 66.3, 56.5, 56.1, 55.7, 25.9 (x3), 22.9, 18.5, 18.4, 1.3 (x3), -4.1 (x2).
IR (neat) umax 2953, 2932, 2857, 2210, 1676, 1608, 1513, 1464, 1367, 1288, 1218, 835 cm"1.
Mass Spectrum (El) m/z 585 (M+\ 15%), 426 (25), 292 (34), 235 (100), 207 (51).
HRMS (El) Found M+\ 585.2942. Calculated for C3iH47N06Si2 M+\ 585.2942.

Experimental Section Associated with the Work Described in Chapter Six

189

References
[1]

A. K. Sinhababu, R. T. Borchardt, Journal o f Organic Chemistry 1983, 48, 1941-1944.

[2]

M. Mizuno, A. Inagaki, M. Yamashita, N. Soma, Y. Maeda, H. Nakatani, Tetrahedron
2006, 62, 4065-4070.

[3]

S. Zhu, A. L. Ruchelman, N. Zhou, A. Liu, L. F. Liu, E. J. LaVoie, Bioorganic &
Medicinal Chemistry 2006, 74, 3131-3143.

[4]

a) A. Wetzel, F. Gagosz, Angewandte Chemie International Edition 2011, 50, 73547358; b) K. Hata, K. Tatematsu, B. Kubota, Bulletin o f the Chemical Society o f Japan
1935,10, 425-432.

[5]

S. b. Redon, Y. Kabri, M. D. Crozet, P. Vanelle, Tetrahedron Letters 2014, 55, 50525054.

Appendix 1.2 Synthesis o f Compound 32, a (-)-Phomentrioloxin Analogue

Appendix 1.2

193

Foldout Figure: Synthesis o f Compound32, a (-)-Phomentrioloxin Analogue

Reagents and Conditions:(\) 2,2-DMP. />Ts()H*H20 , 20 °C, 0.5 h; (ii) 0 s 0 4 (cat.), NMO, acetone/water (5:1
v/v), 0 to 20 °C, 18 h, 48% from 2; (iii) MeCN, 0 to 20 °C, 1.25 h, quant.; (vi) NaOMe, Et20 , 0 to 20 °C, 3.5 h,
51%; (v) MeOH, (+)-CSA, CHC13, 20 °C, 0.5 h, 45%; (vi) AG-50W-X8 acidic ion exchange resin, MeOH/THF
(1:1 v/v), 20 °C. 48 h, 75%; (vii) Pd(PPh3)2CI2, Cul, Et2NH, 20 °C, 22 h, 40%.

Appendix 1.3 Synthesis o f Compound 33, a (-)-Phomentrioloxin Analogue
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Foldout Figure: Synthesis o f Compound 33, a (-)-Phomentrioloxin Analogue

Reagents and Conditions: (i) NBS, THF/water (4:1 v/v), 20 °C, 18 h: (ii) 2,2-DMP, /?-Ts0H»H20 , 20 °C, 18 h,
78% from 2; (iii) NaOH (2.0 M aq.), DME. 20 °C, 2 d. 44%; (iv) DIBAL-H, Et20 , -40 °C, 3 h. 66%; (v) Mel,
Ag20 , MeCN, 82 °C, 16 h, 71%; (vi) AG-50W-X8 acidic ion exchange resin, MeOH/THF (1:1 v/v), 20 °C, 24 h,
64%; (vii) Pd(PPh3)2Cl2, Cul, Et2NH. 20 °C, 21 h, 60%.

Appendix 1.4 Synthesis o f Compound 34, a (-)-Phomentrioloxin Analogue
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Foldout Figure: Synthesis o f Compound 34, a (-)-Phomentrioloxin Analogue

Reagents and Conditions: (i) 2,2-DMP, /;-TsOH*H20 , 20 °C, 0.5 h; (ii) O s04 (cat.), NMO, acetone/water (5:1,
v/v), 0 to 20 °C, 18 h, 48% from 2; (iii) a-acetoxyisobutyryl chloride, MeCN, 0 to 20 °C, 1.25 h. quant.; (iv)
NaOMe, Et20 , 0 to 20 °C, 3.5 h, 51%; (v) DIBAL-H, Et20 , -40 °C, 3 h, 72%; (vi) Mel, Ag20 , MeCN, 82 °C, 16
h, 47%; (vii) AG-50W-X8 acidic ion exchange resin, MeOH/THF (1:1 v/v), 20 °C, 24 h, 88%; (viii) Pd(PPh3)2Cl2,
Cul, Et2NH, 20 °C, 20 h, 64%.

Appendix 1.5 Structures o f Phomentrioloxin Derivatives Testedfor
Non-specific Herbicidal Activity
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Foldout Figure: Structures o f Phomentrioloxin Derivatives Testedfor Non-specific Herbicidal
Activity

OMe
HOs A .. ,O H

M eO ,

(_)-1 XM

OMe

69ET

OMe

70 e t

OM e

OM e
H O ,, A . . , O H
^ K 'O H

M e O ^ J ^ ,.,OH

XXJ

81

Compound Synthesised by:
XM - XingHua Ma
PG - Prudence Guest
ET - Ehab Taher

OMe

71 e t

72 et

77ET

7 6 er

75^

OMe

82^

OMe

7 8 et

OM e
H O y L

f V
y

KJ

i,

l ^ ' 0H

8 3 ET

73ET

74ET

79^

80^

OM e

..'OH

8 4 ET

OMe

*1

Xs
I 0 ,x

v ^ S i — < OM e
I

.„0

M l T

8 5 ET

Appendix 1.6 The Use o f the Mizoroki-Heck Oxyarylation Reaction in the Synthesis o f Pterocarpans

Appendix 1.6

201

Foldout Figure: The Use o f the Mizoroki—Heck Oxyarylation Reaction in the Synthesis o f
Pterocarpans

OMe
(±)-195

vi

MeO
MeO '

k— o
s^Sr -TV
^

H O-

OMe

OMe

<±)-196

Reagents and Conditions (i) propargyl bromide, K2C 0 3, DMF, 20 °C, 22 h, 90%; (ii) Echavarren’s Au(I) cat (1
mol%), DCM. 20 °C, 3 h, 51%; (iii) I2, A g(02CCF3), CHC13, 20 °C 2 h. 75%; (iv) Pd(OAc)2, dppe, Ag2C 0 3,
acetone. 56 °C, 22 h, 20%; (v) 12, A g(02CCF3), CHC13, 20 °C, 16 h, 29%; (vi) Pd(OAc),. dppf, DMF, CO (g), 20
°C, 0.10 h then 195. MeOH, Et3N, DMF, 60 °C, 48 h, 91%; (vii) resolution via Chiral HPLC on a Daicel
CH1RAPAK®IA SemiPrep column, 'PrOH/hexane (7:3 v/v) elution.
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Foldout Figure: Synthesis o f the Pterocarpene Core via the Cyclisation o f Tolans

iv

Reagents and Conditions (i) MOMC1 or MEMO, DIPEA, DCM, 0 to 20 °C, ca. 1.5 h, 277: 93% 294: 94%; (ii)
TMS-acetylene. Pd(PPh3)4, Cul, Et3N, 20 °C, 4 to 17 h. 278: 99% 295: 93%; (iii) K2C 0 3, MeOH, 20 °C, 1 to 2 h,
278: 76% 296: 89%; (iv) AcCI or SEMC1, DIPEA, DCM, 0 to 20 °C, ca. 1 h, 280: 92% 297: 93%; (v) Pd(PPh3)4,
Cul, Et3N, 20 °C, 0.75 to 6 h. 281: 95% 198: 89%; (vi) K2C 0 3, MeOH, 20 °C, 2 h, 76%; (vii) A1C13, Nal,
DCM/MeCN (1.5:1 v/v), -30 to 20 °C, 21 h. 90: 7% 282: 43%, 283: 21%; (viii) PtCl2 (110 mol%), 4 A MS, CO
(g), PhMe, 80 °C, 5 h. 298: 44% 299: 15%: or LiCl (2.0 equiv), 4 A MS, PhMe, 0.5 h then PtCl2 (10 mol%), CO
(g), 80 °C, 16 h. 298: 42%. 299: 10%; 300: 1%; (ix) PPTS. 'BuOH, 83 °C, 5 h, 78%; (x) CsF, DMF, 120 °C, 17 h,
69%: (xi) DEAD. PPh3, THF, 20 °C, 0.1 h, 55%.
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F o ld o u t F ig u re: A ttem pted Synthesis o f the (±)-2,3,9-Trimethoxypterocarpan via the Cyclisation o f
Tolan Precursors
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Reagents and Conditions (i) (CH20)„, MgCl2, Et3N, MeCN, 82 °C, 18 h, 70%; (ii) 326: MEM-C1, DIPEA, DCM,
0 to 20 °C, 16 h, 47%, 329: TBS-C1, imidazole, DCM, 20 °C, 16 h, 60%: (iii) CBr4, PPh3, Et3N, DCM, 0 to 20 °C,
5 h, 327: 89%, 330: 74%; (iv) n-BuLi (2.0 equiv.), THF, -78 to 20 °C, 2 h, 328: 88%, 331: 86%; (v) SEM-C1,
DIPEA, DCM, 0 to 20 °C, 17 h, 99%; (vi) Pd(PPh3)4, Cul, Et3N, 20 °C, 16 h, 199: 77%, 200: 74%; (vii) PtCl2 (10
mol%), LiCl (2.0 equiv.), 4

A mol. sieves, PhMe, CO (g), 80 °C, 16 h; (viii) PtCl2 (10 mol%), 4 A mol. sieves,

PhMe, CO (g), 60 °C, 52%; (ix) TBAF. THF. 20 °C, 0.5 h, 46%; (x) various conditions: (xi) various conditions.
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Tetrahydroquinoline
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of

(±)-2,3,9-

Trimethoxypterocarpan via the Cyclisation o f Tolan Precursors

340

341

SEM

342

343

NHAc
TMS

OMe

Reagents and Conditions: (i) Ac20 , DMAP, DCM, 20 °C, 4 h. 88%; (ii) IC1, AcOH, DCM, 20 °C, 20 h, 48%; (iii)
TMS-acetylene, Pd(PPh3)4, Cul, Et3N, 20 °C, 3.5h, quant.; (iv) TBAF, THF. 20 °C, 1 h. 71%; (v) Pd(PPh3)4, Cul.
Et3N, DCM, 20 °C, 16 h, 65%; (vi) PtCl2 (10 mol%), 4 A mol. sieves, CO (g), PhMe, 70 °C, 16 h. 346; 57%, 347:
18% .
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Foldout Figure: Attempted Synthesis o f an Indoline Analogue o f (±)-2,3,9-Trimethoxypterocarpan via
the Cyclisation o f Tolan Precursors

Reagents and Conditions: (i) HCl, NaN 02, KI, H20 , 0 to 70 °C, 16 h, 78%; (ii) FeCl3*6EI20 , activated carbon,
MeOH, 65 °C then NH2NH2*H20 , 5 h, 70%; (iii) Ac20 , DMAP, DCM, 20 °C, 21 h, 81%; (iv) SEM-C1, DIPEA,
DCM. 20 °C, 8 d, 76%; (v) Pd(PPh3)4, Cul, Et3N, 60 °C, 5 h. 49%; (vi) PtCl2 (10 to 100 mol%), 4 A mol. sieves,
CO (g), PhMe, 60 to 100 °C, 24 h, no reaction.
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Docking Report
Ligand: 2-3-9_trimetil_pterocarpano (239tp)
Macromolecule: kinesin (Human Eg5 motor domain, 1X88)
Tools: Autodock4, AutogricM, ADT, mol. editor, visualizers
Numb. Crunch. : Physion 2. Exec.: Jairo
DFF-UFC 2011

Method
The docking of 2-3-9_trimetil_pterocarpano (239tp) into kinesin (pdb entry 1X88) was performed
using the version 4.0 of Autodock [1], The graphical interface AutoDockTools [2] was also used to
check molecular models, adding polar hydrogens (Kollman) and partial charges (Gasteiger), as well
as to produce the appropriate parameter files and to analyse the results. Magnesium charge was
assigned to 2.000. Furthermore, the interface associated programs were utilized to assign atomic
solvation parameters for the protein and flexible torsions for the ligand. Autogrid (part of the
Autodock package) allowed the construction of affinity grid fields, previously to the docking
procedure.
Among the searching methods available in the package, we used the genetic algorithm and local
search combined option. The above mentioned model of kinesin shows monastrol bound to the B
chain of the available crystallographic structure [3]. In order to investigate the possible preference of
239tp for the same location, we arbitrarily centered our docking study in B chain for which we just
had that information about monastrol binding site from those authors. Accordingly, the following
description is restricted to this B component of pdb file. Previously to the docking procedure,
monastrol representation was manually removed, leaving intact all other information in the original
pdb file [3]. The above chain was then considered in an earlier step (blind docking) for the affinity
grid calculations, the grid field being inside a 54.0 to 62.0 A side cube, with grid points separated by
1.0 A. For this step, the number of energy evaluations and docking runs were set to 2,500,000 and
10, respectively. All the other parameters were conserved as default. In a second step, the grid field
was focused according to the docked molecules obtained in the first step. This time, the grid cube
size was reduced, having sides in the range of 18 to 18 75 A , with the grid points separated by
0.37 A, centered on the alleged monastrol binding location, where we also detected one of our best
scored conformations during the first step. Accordingly, in the second step, the number of energy
evaluations and docking runs were set to 25,000,000 and 50, respectively. Protein structure was
considered rigid in all experiments. 239tp structure was made flexible, with 3 rotatable bonds.

Results
Analysis of the results formed in the second step of the docking approach showed fifty 239tp
docked conformations all placed at one main site on kinesin (Fig. 1). An overview of the entire set of
conformations revealed that the best scored ones were placed at a small region of the molecule.
This region seems to be the same that has been also showed by others [3] to contain the monastrol
atoms in the molecular model based on crystallographic studies, as can be observed by
superposing both our best docked 239tp and their original monastrol coordinates (Fig.2 and Fig.3).
The lowest energy conformation in this case was -7.33 Kcal/mol. Interestingly, this region is in
relatively close proximity (around 10 A) with ADP binding site (Fig.4), whose possible relationships
with 239tp and/or kinesin structure/function will require our attention in future experiments.
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Fig. 1. A picture of kinesin surface, where fifty 239tp docked conformations can be seen (in blue),
all placed at one main site.

wmamquj* .tm

y

Fig. 2. A view of 239tp (blue) docked into kinesin (surface shown). For comparison, monastrol
coords [3] were superposed (red).

213

Appendix 1.11

Fig. 3. A closer view of Fig. 2.
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Fig. 4. Distance between atoms in 239tp (blue) and ADP (green).
The best scored conformation of 239tp was then investigated for additional information in this site.
We adopted a possible interaction distance of 5 A with kinesin, within which there are atoms (at
least one) of the following residues: GLU116, GLY117, GLU118, ARG119, SER120, TRP127,
GLU128, ASP130, LEU132, ALA133, GLY134, ILE136, PRQ137, LEU160, LEU172, TYR211,

214
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ILE213, LEU214, GLY217, ALA218, ARG221 e PHE239 (Fig. 5). This same procedure was also
extended to monastrol, in order to find the kinesin residues situated within 5 A from monastrol given
coordinates [3], and the respective residues were: MET115, GLU116, GLY117, GLU118, ARG119,
SER120, THR126, TRP127, GLU128, ASP130, LEU132, ALA133, GLY134, ILE136, PR0137,
TYR211, LEU214, GLU215 and ALA218, as can be seen in (Fig. 6). In this description, the
sequence of common residues to both lists appears in bold face.

SF r 4 ^ )U 32 GLU118
. f '

^

4 ^ P 1 3 0 4 l A133
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/ \
„PB0137I .E’ j^>
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ALA 218
TRP127
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—,
7

“

ILE213
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Fig. 5. Residues of kinesin (red) with at least one atom within 5 A from 239t (blue).
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Fig. 6. Residues of kinesin (green) with at least one atom within 5 A from monastrol (red) [3].
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We later lowered the supposed interaction distance between 239tp and kinesin to 3 A and the
detected atoms were reduced to the following residues: GLY117, GLU118, ARG119 and TRP127
(Fig. 7).

Fig. 7. Residues of kinesin (red) with at least one atom within 3 A from 239tp (blue).
For comparison, the same interaction distance of 3 A was applied to monastrol [3] and the detected
atoms of kinesin were found in the following residues: GLU116, GLY117, GLU118, ARG119,
TRP127, ASP130 and LEU 214 (Fig. 8 ). Therefore, those typed in bold face are the closer, both to
239t and monastrol [3] studied conformations.
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Fig. 8. Residues of kinesin (green) with at least one atom within 3 A from monastrol (red) [3],
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X-ray Structure Report for Compound 45
A fu ll X-ray crystallographic report fo r compound 45 (as compiled
by Dr. A. C. Willis o f the Australian National University) is
provided in PDF-form at^ on the compact-disc fo u n d in the inside
back-cover o f this thesis.

Ctl

Figure 1.1 Structure o f Compound 45 with Labelling o f Selected Atoms. Anisotropic Displacement
Ellipsoids Display 30% Probability Levels. Hydrogen Atoms are Drawn as Circles with Small Radii.

*" PDF Files can be viewed by either MAC or PC computers using Acrobate Reader DC which is free and available
at https://acrobat.adobe.com/au/en/products/pdf-reader.html.
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X-ray Structure Report for Compound 49
A fu ll X-ray crystallographic report fo r compound 49 (as compiled
by Dr. A. C. Willis o f the Australian National University) is
provided in PD F-form at^ on the compact-disc fo u n d in the inside
back-cover o f this thesis.

09

Figure 1.1 Structure o f Compound 49 with Labelling o f Selected Atoms. Anisotropic Displacement
Ellipsoids Display 30% Probability Levels. Hydrogen Atoms are Drawn as Circles with Small Radii.

* PDF files can be viewed by either MAC or PC computers using Acrobate Reader DC which is free and available
at https://acrobat.adobe.com/au/en/products/pdf-reader.html.
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X-ray Structure Report for Compound 283
A fu ll X-ray crystallographic report fo r compound 283 (as compiled
by Dr. A. C. Willis o f the Australian National University) is
provided in PDF-format** on the compact-disc fo u n d in the inside
back-cover o f this thesis.

Figure 1.1 Structure o f Compound 283 with Labelling o f Selected Atoms. Anisotropic Displacement
Ellipsoids Display 30% Probability Levels. Hydrogen Atoms are Drawn as Circles with Small Radii.

* PDF flies can be viewed by either MAC or PC computers using Acrobate Reader DC which is free and available
at https://acrobat.adobe.com/au/en/products/pdf-reader.html.

