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Abstract

Dictyoxetane, a structurally novel diterpene isolated from the brown algae, Dictyota
dichotoma, is related to the dollabellane class of natural products. Dictyoxetane contains a
dioxatricyclic subunit that has never been encountered in any other natural product. This
thesis describes studies towards a first total synthesis of dictyoxetane, based on a proposed
intramolecular Paterno-Blichi [2+2] photocyclisation reaction between a ketone and a cyclic
enol ether to generate the oxetane heterocycle of the natural product.

Chapter 1 introduces the dolabellanes, their proposed biosynthesis and biological activities.
The isolation, structure and proposed biosynthesis of dictyoxetane are discussed, along with
existing synthetic studies towards the core dioxatricyclic ring system. Key aspects of the

Paterno-Buichi reaction of alkenes with carbonyl compounds are presented.

In Chapter 2 a model system, designed to test the key Paterno-Biichi [2+2] photocyclisation
reaction, is proposed, based on the use of isopulegol as a readily available starting material. A
number of strategies are investigated for the overall conversion of the double bond of
isopulegol into a six-membered ring enol ether. A successful route based on epoxide ring-
opening and intramolecular addition of a tertiary alcohol across a triple bond allows for

preliminary studies into the photocyclisation reaction to be performed.

Chapter 3 describes studies towards the synthesis of the [4.3.0]-trans-hydrindane ring system
contained within dictyoxetane, a structural feature that has yet to be addressed in the
literature. y-Functionalisation of the enone in 241 is achieved through acetal protection with
concomitant double bond migration. Stereoselective hydroboration, epoxidation and
dihydroxylation of the resulting double bond are demonstrated in approaches towards
installation of the trans-ring junction. An alternative approach to an appropriately
functionalized trans-hydrindane, based on conjugate addition-enolate trapping of 3-
methylcyclopentenone, is also described.

Chapter 4 contains the experimental procedures and analytical data of all compounds prepared
during the course of this study.
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Chapter 1

Introduction



1.1 Dolabellanes

Chemical investigations of different species of Dictyotales (brown algae) indicated an
exceptionally rich source of secondary metabolites. More than 300 diterpenes belonging to a
number of structural classes from at least 35 algae species collected from all over the world
have been analysed." Analysis established a correlation between geographic distribution of the
species and structural variation of their associated diterpenes. Among the wide list of
terpenoids, the class of dolabellanes represents one of the principal groups. Even though
dolabellanes are mainly produced by marine organisms (seaweeds, molluscs, corals), they are

also found in territorial sources (fungi, moss, higher plants).2

In 1975, Borschberg reported the discovery of S-araneosene, a novel diterpene isolated from
the terrestrial mould Sordaria araneosa (Figure 1).*> There was no precedent for this bicyclic
skeleton which was later called “dolabellane” when, in 1976, Faulkner and Ireland isolated a

series of related diterpenoids from the sea hare Dolabella californica.’

Figure 1 p-araneosene

In a review published in 1998, Rodriguez discussed the isolation, total syntheses, reactivity
and biological activity of about 140 different dolabellanes.? An update on the chemistry of
dolabellanes was published by Hiersemann in 2005.° In recent years, the number of isolated

dolabellane natural products has continued to grow steadily.

Naturally occurring diterpene compounds isolated from populations of Dictyotaceae species

are assumed to be biosynthesised by an anabolic pathway that employs the achiral



geranylgeranyl pyrophosphate precursor. They have been organized into three chemical

groups depending on the first normal cyclisation of the geranylgeranyl diphosphate (Scheme

Geranylgeranyl pyrophosphate Extended sesquiterpene

Group III

Al Group 11 \‘B
1

™ 2 Xenicane

2

Dolabellane Dolastane

Scheme 1 Cyclisation of geranylgeranyl diposphate

Compounds from group | result from a cyclisation between positions 1 and 10 and are mainly
prenylated derivatives of known sesquiterpene skeletons. Compounds from group Il arise
from cyclisation between positions 2 and 10, resulting in a xenicane type skeleton. Finally,
dolabellanes are the result of cyclisation between positions 1 and 11. It is assumed that
geranylgeranyl diphosphate is first ionised (Scheme 2). The first cyclisation generates the
vibsyl cation which undergoes a second cyclisation to give the dolabellyl cation. The loss of a
proton or nucleophilic attack by water provides the dolabellane skeleton. A 5-exo-trig
cyclisation would be favoured over a 6-endo-trig type cyclisation, avoiding formation of
bicyclo [9.4.0] tetradecane derivatives. The methyl group and the proton at the ring junction
are also in an trans relationship. Consequently the ring system of dolabellanes is characterised

by an unusual trans-bicyclo [9.3.0] tetradecane framework.
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Dolabellane

Scheme 2 Proposed biogenesis for dolabellanes

Group Il also includes dolastane diterpenes (Scheme 1). Indeed dolabellanes may be

considered to be their biogenetic precursors through transannular cyclisations.

Of great interest is the observation that most of the dolabellanes studied to date exhibit a wide
array of biological activity, such as cytotoxic, antibacterial, antifungal, antiviral, antimalarial,
molluscicidal, ichthyotoxic or phytotoxic activity.? The list is too exhaustive to discuss all of

them, and two examples are listed below.

The dolabellane 1 has been extracted from the marine sponge Sigmosceptrella quadrilobata
collected along the coast of the (Comorian archipelago) (Figure 2). It is cytotoxic against four

cancer cell lines with an 1Csq between 7.7 and 17.2 mg/mL.’



Figure 2 Dolabellane 1

Six dolabellanes 2-7 were isolated from the soft coral Clavularia inflata collected at Orchid
Island located off Taiwan’s southeast coast (Figure 3).® They are cytotoxic against the cell
lines A549 (human, lung carcinoma), HT-29 (human, colon carcinoma) and P388 (mouse,
leukaemia). Hydroperoxide 7 proved to be the most potent compound with EDs values of

0.56, 0.31 and 0.052 mg/mL respectively.

0
| (¢ |
o 0 0
2 3 4
0 | ¢ | 0 OOH
o HO 0
5 6 7

Figure 3 Dolabellanes 2-7

These fascinating natural structures represent challenging target molecules for total synthesis.
As natural products they are very difficult to obtain in any significant quantity and it is not
surprising that many research groups have reported the total and enantioselective synthesis of

a large number of dolabellanes, and that advances in this field are still being published.’



1.2 Dictyoxetane

Studies of a specimen of the brown algae Dictyota dichotoma (Hudson) Lamouroux,™
collected by hand at Kursadai Island, Gulf of Mannar in India, have proved it to be a prolific
source of diterpenes. The algae contains some fifteen new dolabellanes, a dolastane derivative
and a new dictyoxetane 8 structurally related to the class of dolabellanes (Figure 4).'* In 1985,

Pullaiah and co-workers reported the structural determination of this dictyoxetane by single-

crystal X-ray analysis, but to date the absolute configuration remains unknown.*?

Figure 4 Dictyoxetane 8

This intricate dioxatricyclic framework had never been encountered in any other natural
product. This unusual diterpene embodies within its tricarbocyclic skeleton a highly strained
novel 2,7-dioxatricyclo[4.2.1.0]nonane ring system. It is a compact molecule containing a
small ring ether (n=4), three normal ring ether (n=5-7) and a medium 1,4-dioxacyclooctane

medium ring ether (n=8).

As yet, very little is known about the biogenetic origin of dictyoxetane. In 1995, Hoffmann

and co-workers proposed the following hypothetical biogenesis (Scheme 3).:



5-exo-tet

Scheme 3 Proposed biosynthesis for dictyoxetane

The known dolabellane metabolite 9 is proposed to undergo a transannular cyclisation. Attack
of water would occur preferentially from the exo face leading to a tricyclic triol 10.
Stereoselective epoxidation followed by epoxide rearrangement would generate a new
epoxide which could then be opened to give a tetrahydrofuran ring 13. Formation of the

oxetane ring could then occur via a 4-exo-tet cyclisation to deliver dictyoxetane.

There are as yet no reports outlining biological activity data for dictyoxetane although

naturally occurring oxetane-containing compounds show important bioactivity (Figure 5).*

SL NH,
(0] O OH
N
\\NHZ l —~ >
O "NH O s N~ N
: . RN o—, OH
N E H O “, e
: (0) O :H o COzH 0 1
OH }7 Oxetin :
O O antibacterial HO
Taxol : antitumor Oxetanocin A : antiviral

Figure 5 Naturally occurring bioactive oxetanes



A total synthesis of dictyoxetane has yet to be reported. However the interesting

dioxatricyclic core has been studied and syntheses have been described by two groups.

In 1995 Hoffmann and Reinecke presented the first synthetic attempts towards the key four-
membered oxetane ring by using a stereoelectronically favourable intramolecular nucleophilic

displacement reaction (Scheme 4).2

o 0 (0] ) (=)H
N Br Br _2 _ =
Oy
14 15

OMs OMs

R e

16
lforg

) 3
LYo ey
ROH ROH
h

19R=H ——> 21R=H ——  23R=H
20R=CH, ——=  22R=CH, —> 24 R = CH,

Conditions: a) Zn, B(OEt);, THF, rt, then Zn, CuCl, NH,CI, MeOH, 15 °C—rt, 59%; b) DIBAL-H, THF, -78
°C—rt, 88%; ¢) CH3SO,CI, Et3N, 0 °C, 73%; d) BH3, THF, 0 °C, then PCC, CH,Cl,, rt, 79%; e¢) DBU, CHsCN,
reflux, 79% combined yield; f) DIBAL-H, THF, -78 °C—-10 °C, 94%; g) CH;MgBr, THF, -78 °C, 55%; h) m-
CPBA, CH,Cl,, 0 °C—rt, 75%; i) m-CPBA, CH,Cl,, 0 °C, 58%; j) KOH, DMSO/H,0, rt, 82%; k) KOH,
DMSO/H,0, rt, 80%.

Scheme 4 Synthesis of oxetanes 23 and 24

First, bicyclic enone 14 was prepared through the method of Hoffmann and Igbal.* Triethyl

borate was used as a Lewis acid to generate an allyl cation from tetrabromoacetone which



underwent cycloaddition with 2,5-dimethylfuran. Stereoselective reduction of the ketone with
DIBAL-H gave the unsaturated endo alcohol 15. Mesylation of the secondary alcohol
followed by a combined hydroboration/oxidation furnished the ketomesylate 17 with
desymmetrisation of the bridged bicycle. The regiochemistry of the functionalisation of the
three-carbon bridge in 17 was expected to be controlled by the o-acceptor effect of the
carbonyl. Therefore a base-mediated elimination afforded keto olefin 18a as the major
product (18a:18b 8:1). Stereoselective reduction of the ketone with DIBAL-H or alkylation
with methyl magnesium bromide gave homoallylic alcohols 19 and 20. Again attack
proceeded via the exo face. Stereoselective epoxidation of the double bond with m-CPBA led
to epoxy alcohols 21 and 22, which upon treatment with base delivered the tricyclic oxetanes
in very good yields. Hydroxyoxetane 23 was also obtained under Lewis acid catalysis. In this
case, isomeric bistetrahydrofuran 26 was also formed (23:26 2:1) probably via an Sy1-like

cyclisation (Scheme 5).

l

/@\ BF,.E,0 /@\ Sy1-like /@
b OH
l Sx2-like l

&

Scheme 5 Formation of oxetanes 23 and 26

Unfortunately, subsequent attempts to remove the hydroxyl group in 23 in a radical process

failed (Scheme 4). Therefore they developed an alternative route to the dioxatricycle 25



(Scheme 6). Starting from the pure stereoisomer alcohol 19, protection as a silyl ether
followed by epoxidation afforded exo epoxide 28. This was converted under basic conditions
to allylic alcohol 29. Hydrogenation of the double bond and tosylation led to 31. Silyl ether 31

was deprotected and cyclised in one pot using TBAF, delivering the desired oxetane.

e

OTBDMS OTBDMS OTBDMS
19 27 28 29

ld
R o

OTBDMS OTBDMS
25 31 30

O
L
o

Conditions: a) TBDMSOTT, Et;N, CH,Cl,, 0 °C, 86%; b) m-CPBA, CH,Cl,, 0 °C, 93%; c) LDA, DMPU, Et,0,
rt, 94%; d) H,, Pd/C, EtOH, 99%; ) n-BuLi, THF, TsCl, -78 °C—rtt, 97%; f) TBAF, THF, rt—reflux, 39%.

Scheme 6 Cyclisation to oxetane 25

In continuation of this work, Hoffmann published progress on the functionalisation of the

dioxatricyclic structure, and reported the biological activities of these oxetanes.*®

Ketone 32 was converted into the silyl enol ether 33 and was submitted to trimethylsilyl
triflate-catalysed [4+3] cycloaddition with 2,5-dimethylfuran (Scheme 7). Diastereoselective
reduction of the bicyclic adduct 34 gave endo alcohol 35. Barton-McCombie deoxygenation
afforded oxabicycle 36, which was further epoxidised and deprotected. Finally, cyclisation

with boron trifluoroetherate furnished tricyclic hydroxy oxetane 38.

10



0]

OTMS
)J\/OBn _a o

0]
O b ~OBn
/]‘\/OBn + \@/ @
OBn OBn
32 33 34
lc

nQ

H
OH .OBn *_ (OBn
,@ - -
HO o 36 35
38 37

Conditions: a) LDA, TMSCI, THF, -78 °C—rt; b) TMSOTT cat., CH,Cl,, -78 °C, 53% over 2 steps; c) DIBAL-

H, THF, -78 °C, 94%; d) i) NaH, CS,, CHsl, THF, 0 °C—rt, 77%, ii) BugSnH, AIBN, toluene, 95 °C, 92%; e) i)
m-CPBA, CH,Cl,, 0 °C—rt, 85%, ii) H,, Pd/C, MeOH, 85%; f) BF;-Et,0, CH,Cl,, 0 °C, 72%.

Scheme 7 Synthesis of hydroxy oxetane 38

Alcohol 35 was also used as a precursor for the creation of bisoxygenated oxetanes 40, 41 and
42 (Scheme 8).

H

" o

OCH; OCH;

OCH;
35

OBn ‘. OH
G N R
—_— —_— — —_—
HOM
(@) HO (0)
39 40 41 ==
42

OCH;

Conditions: a) i) NaH, CHsl, THF, 0 °C—rt, 100%, ii) m-CPBA, CH,Cl,, 0 °C, 97%, iii) H,, Pd/C, MeOH,
AcOH, 80% over 3 steps; b) 'BUOK, THF, rt, 85%; c¢) DMSO, (COCI),, CH,Cl,, Et;N, -78 °C—rt, yield not
given; d) allylMgBr, Et,0, -30 °C—-10 °C, 70%.

Scheme 8 Synthesis of oxygenated oxetanes 40, 41 and 42

O-Methylation, epoxidation and debenzylation of 35 gave 39. Subsequent treatment with base
furnished alcohol 40. Swern oxidation provided the expected keto oxetane 41. The stability of

the oxetane ring towards Grignard reagents was indicated with the stereoselective formation

11



of the endo tertiary homoallylic alcohol 42 when ketone 41 was treated with allylmagnesium

bromide.

Cytostatic and cytotoxic activites of 38, 40, 41 and 42 were investigated in vitro, via the
HMO2 (human gastric carcinoma) and the HEP G2 (human heptocellular carcinoma) cell
lines.’®*” All four oxetanes showed cytostatic activity. The most potent 41 towards the HMO2

cell line inhibited cell growth by 68% at 1 umol/l.

In 2002 Hoffmann and co-workers presented further functionalised dictyoxetane subunits.*®
Starting from rac-34, a sequence of reduction, protection and epoxidation delivered epoxy
alcohols 43 and 44 necessary for the cyclisation (Scheme 9). Cyclisation was carried out
under Lewis acid conditions and the ester group in 45 was then reductively cleaved to give

tricyclic diol 47. One pot double oxidation of diol 47 gave diketone 48.

o) 0
o) R)J\(z) R)J\Q OH o)
+OBn i OH H :
e —_— R —
34 (0) HO HO 6]
43 R='Bu 45 R='Bu 47 48
44 R=Ph 46 R=Ph

Conditions: a) i) DIBAL-H, THF, -78 °C—0 °C, 94%, ii) RCOCI, Py, DMAP, THF, 0 °C—rt, 43 90%, iii) m-
CPBA, CH,Cl,, 0 °C—rt, 43 89%, iv) Pd/C, H,, EtOAc, AcOH, rt, 43 and 44 90%; b) BF;-Et,0, CH,CI,, 0 °C,
45 71% and 46 69%; c) DIBAL-H, THF, -78 °C, Na, K-tartrate, 98% from 45; d) (COCI),, DMSO, E;N,
CH,Cl,, -78 °C—rt, 50%.

Scheme 9 Formation of diketo oxetane 48

Diketone 48 could be used for further transformations of the dioxatricyclic framework.

An alternative route to different functionalised oxetanes started with oxidation of 45 to keto
ester 49 which was reduced to epimeric alcohol 56 (Scheme 10). Wittig olefination of keto

ester 49 furnished exocyclic olefins 50 and 51. The ester group in 51 adopts selectively the

12



less hindered E-configuration. A subsequent sequence of deprotection of 50, reprotection and
oxidative cleavage gave ketone 53 which underwent reaction with a Grignard reagent with
total stereoselectivity. The exocyclic double bond in 52 also acted as a dipolarophile in a
nitrile oxide cycloaddition with complete z-facial selectivity (55).° This indicated that
nucleophilic addition to the carbonyl and the pericyclic reaction proceeded selectively from

the exo face, trans to the oxetane oxygen.

QPiv
HO 45
la
OPiv OPiv OTBDMS OTBDMS OTBDMS
@ b @ C d : @
—_— . —_— —_—
HO™,
o / o
49 R 52 53 [ sa
50 R=H Ph
g £
51 R=CO,Me

OPiv OTBDMS

/

HO N~
56 Y

Br
55
Conditions: a) (COCI),, DMSO, Et3N, CH,Cl,, -78 °C—rtt, 77%; b) PhsP=CHR, CH,Cl,, rt, 50 53% and 51 82%;
c) i) DIBAH, THF, -78 °C, 66% from 50, ii) TBDMSCI, CH,Cl,, imidazole, rt, 98%; d) i) O;, CH,Cl,, -78 °C, ii)
PPhs, 81% over 2 steps; e) Phenylacetylene, '‘BuMgCl, THF, -20 °C—rt, 81%; f) Br,C=N-OH, DBU,
acetonitrile, 0 °C—rt, 20%; g) NaBH3CN, MeOH, rt, 50%.

Scheme 10 Creation of functionalised oxetanes

A series of aminated oxetanes were prepared via reductive amination?® of oxabicyclic ketone

34 followed by protection as an N-benzamide to give the aminated bicyclic olefin 57.

13



Epoxidation of the double bond and deprotection of the alcohol gave precursor 58, which was

cyclised to oxetane 59 (Scheme 11).

e e /@ #

34 57

|IIZ

Conditions: a) i) NH,OAc, NaBH;CN, MeOH, rt, ii) BzCl, Py, DMAP, 0 °C, 65-80% over 2 steps; b) i) m-
CPBA, CH.Cl,, 0 °C—rt, 82%, ii) Pd/C, H,, MeOH, AcOH, 49% over 2 steps; ¢) LiH, ‘BUOK, THF, 0 °C—rt,
18%.

Scheme 11 Formation of aminated oxetane 59

The dioxatricyclic ester rac-51 did show cytostatic but no cytotoxic activity towards tumor
cells (cell lines: HepG 7, MCF 7), and it has been suggested that the presence of the C3

hydroxyl group appeared to be essential to maintain the anti-tumor activity.

In parallel to Hoffmann’s work, Heathcock and co-workers also studied a new synthetic
method to prepare the dictyoxetane core structure.> In 1996 they reported a synthesis of
heterocycles 60 and 61 (Figure 6) using a known dipolar cycloaddition of a 3-oxidopyrylium

salt?® to create the carbon skeleton and an intramolecular Sn2 displacement to obtain the

- -

Bu Me Bu
60 61

oxetane ring.

Figure 6 Oxetanes 60 and 61 prepared by Heathcock et al.

Methylation of commercially available 5-methylfurfural gave 2-furylcarbinol 62, which was
rearranged, by treatment with m-CPBA, to the enone 63 (Scheme 12). Pyrylium betaine 64

could then be obtained via reaction of 63 with methanesulfonyl chloride and triethylamine.
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Conditions: a) MeLi, THF, -78 °C, 100%,; b) m-CPBA, CH,Cl,, 85%; c) MsCl, Et;N, CH,Cl,.

Scheme 12 Formation of 3-oxidopyrylium betaine 64

Reaction of the 1,3-dipole with different dipolarophiles was then investigated. Initial attempts
using ethyl vinyl ether yielded only dimer 66, probably as a result of 1,3-dipolar cycloaddition

of the ylide 64 with dienone 65, obtained via an internal proton transfer (Scheme 13).

O —
(0]
+ N a
| 0 = ~OFEt - > 0 o)
R 66

OH
63 P
. 64 7
‘o o -
N H' transfer |
0" e}
64 65

Conditions: a) MsClI, Et;N, CH,CI,, 52%.

Scheme 13 Formation of dimer 66
These results showed that electron rich dipolarophiles (ethyl vinyl ether, vinyl acetate and
ketene thioacetals) generally did not undergo cycloaddition with 63, and only dimerisation or
degradation was observed. However more reactive dipolarophiles underwent cycloaddition

and offered different cycloadducts (Scheme 14).
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Conditions: a) MsCl, ('Pr),EtN, CH;CN, 140 °C, 45%; b) MsCI, (Pr),EtN, CHsCN, 140 °C, 48%; c) MsCl,
(Pr),EtN, CH;CN, 110 °C, 30%.

Scheme 14 Cycloaddition with different polarophiles

The use of acrylonitrile as the dipolarophile gave a 10:1:1 mixture of regioisomers and
diastereoisomers. Reactions with chloroacrylonitrile and acetoxyacrylonitrile resulted in
single cycloadducts 67and 68 in moderate yields. At this stage, the stereochemistry was not
determined because these stereocentres would be destroyed upon later conversion to a
carbonyl group. On the other hand, the regiochemistry observed in cycloadducts 67 and 68
did not turn out to be the required one, which would be where the two functions are proximal,

directly situated for the closure of the oxetane (Figure 7).

OMs OMs
0 OH \)

distal proximal

H

Figure 7 Position of the substituents for cyclisation
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Nevertheless Heathcock suggested that 69a might be employed by using a Wharton enone
transposition (Scheme 15).2* Epoxidation followed by reductive elimination furnished allylic
alcohol 71, albeit in low yield. Hydrogenation of the double bond gave the saturated cyano
alcohol 72 which did not undergo oxidative decyanation®* as expected but instead gave
cycloheptanol 73. 73 was envisaged to be obtained through simple g-elimination of the

intermediate nitrile-stabilized anion.

(0) 9 (0] HO HO
a b C @\ d
E— E— —_— E———
NC NC NC NC
69a 70 71 72

PR o @
li

78

Conditions: a) 'BuOOH, Na,CO;, MeOH, H,0, 40%:; b) i) H,NNH,, ii) AcOH, 30% over 2 steps; c) H,, Pd/C,
THF, 100%; d) i) LDA, THF, ii) O,, iii) SnCl,, 56% over 3 steps; €) TBDMSCI, imidazole, DMF, 90%; f) i)
LDA, THF, -78 °C, ii) O,, iii) SnCl,, 62% over 3 steps; g) 2% HF in CH5;CN, 100%; h) i) MsCl, EtsN, CH,Cl,,
ii) NaBH,;, MeOH, 68% over 2 steps; i) NaH, THF, yield not given.

Scheme 15 Cyclisation to oxetane 78

Suppression of g-elimination was attempted by protecting the secondary alcohol as the silyl
ether. Oxidative decyanation did then occur to give 75 along with 20% of the elimination
product. A sequence of deprotection, mesylation and reduction of the keto mesylate delivered

the cyclisation precursor 77. Treatment with base appeared to lead to the formation of the
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oxetane 78 as evidenced by ‘H NMR analysis. However, this product was too volatile to
easily handle and they decided to synthesise a heavier analogue by adding an alkyl chain.
Reaction of ketone 75 with butyllithium allowed introduction of a butyl substituent (Scheme
16). Deprotection of the silyl ether and selective mesylation of the secondary alcohol gave 81,
which underwent smooth oxetane cyclisation. Oxetane 60 still appeared to be somewhat

volatile but was more convenient to handle than 78.

TBDMSO, TBDMSO,

HO
a b C
—_— . —_—
HO™; HO™, HO™,
o Bu Bu
75 79 80

Bu
60

Conditions: a) n-BuLi, THF, -78 °C; b) 2% HF, CH;CN, 84%; c) MsCl, Et;N, CH,Cl,, 0 °C, 93%; d) NaH, THF,
reflux, 77%.

Scheme 16 Formation of butyl oxetane 60

Two model oxetanes 60 and 78 were successfully synthesised via a method based on a dipolar
cycloaddition and an intramolecular Sn2 displacement. However this route displayed several
disadvantages. First, the sequence epoxidation/Wharton rearrangement was low yielding, and
secondly g-elimination was competing with the oxidative decyanation. Heathcock intended to
bypass those problems by accomplishing carbonyl transposition in the two-carbon bridge

instead of in the three-carbon bridge (Figure 8).
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Figure 8 Function transpasition on the 3 or 2 carbon bridge

Cycloadduct 69a was converted to hydroxy ketone 84 via hydrogenation, selective reduction
and oxidative decyanation, and the obtained alcohol was then protected as the benzyl ether 85
(Scheme 17). PhI(OACc), in methanolic KOH has been reported to oxidise cyclic ketones to
the corresponding a-hydroxy ketones.” Attempts to oxidise ketone 85 at the a-position under
those conditions led to the unexpected dimethoxy ketone 86. With the ketone in place and the
acetal protected carbonyl, introduction of the butyl group in this case occurred together with

20% of the reduction product 88.

0 0 OH OH
—_— —_— —_—
NC NC NC o
69a 82 83 84
ld
OBn OBn OBn
f : /@
- -
MeO \ 'OH MeO
R 0
86

MeO MeO 0

87 R=Bu 85
88 R=H

Conditions: a) H,, Pd/C, 85%; b) L-Selectride, THF, -78 °C, 80%; c) i) LDA, THF, -78 °C, ii) O,, iii) SnCl,,
77% over 3 steps; d) BnBr, NaH, THF, 88%; €) Phl(OAc),, KOH, MeOH, 0 °C—rt, 66%; f) n-BuLi, TMEDA,
THF, -20 °C, 101 65%, 102 20%.

Scheme 17 Transposition of the carbonyl on the 2 carbon bridge

Benzyl ether 87 was then deprotected and directly mesylated. 90 was cyclised into oxetane 91
using the same conditions as for 60 and in an improved yield (Scheme 18). The acetal was

hydrolysed under acidic conditions to afford 92 without affecting the oxetane moiety. Wittig
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olefination of ketone 92 afforded alkene 93. Finaly, hydrogenation of the exocyclic double
bond was investigated. Standard conditions, H, over Pd/C, gave a mixture of products,
presumably due to insertion of palladium into the allylic oxetane which would form a z-allyl
complex and open the four-membered ring.?° When the reaction was performed with H, over
Rh/Al,03,%" a 1:3 mixture of diastereomers 61:94 was isolated. It was assumed that rhodium
would coordinate to the oxygen of the oxetane, thus directing hydrogenation from underneath
the ring system to give the exo methyl. To prevent this facial selectivity, hydrogenation was
attempted using diimide, which would not coordinate to oxygen. H, was delivered to the less

sterically hindered face and furnished essentially isomeric product 61.

OBn OH OMs
a b c &
— > — —
MeO \"'OH MeO \"'OH MeO \"'OH MeO -
u u u v
87 89 90 91

MeO B MeO B MeO B MeO

d
-
Mes: Bu Me Bu Bu (@) Bu
61 94 93 92

Conditions: a) H,, Pd(OH),, EtOAc, 100%; b) MsCl, Et;N, CH,Cl,, 0 °C, 92%; c) NaH, THF, reflux, 88%; d)
TFA, CHCI;, H,0, rt, 92%; e) PhsP=CH,, THF, reflux, 93%; [H]: H,, Rh/Al,Os, 1:3 61:94, 84% or tosyl
hydrazide, NaOAc, >15:1 61:94, 89%.

Scheme 18 Carrying the oxetane through the synthesis

In summary, studies towards the synthesis of dictyoxetane have led to the successful
preparation of a number of novel dioxatricyclic ring systems. Hoffmann’s strategy towards
the oxetane ring is based on an intramolecular nucleophilic attack of a hydroxyl group onto an
epoxide.***® Heathcock, on the other hand, developed an Sx2 reaction of an alcohol on a

mesylate, and proved that oxetanes were stable to acid-catalysed conditions, suggesting that

20



oxetane formation may not need to be the last step in a synthesis.”* Hoffmann’s work also
showed the dioxatricyclic ring system to be stable to a variety of conditions, including acids,

phosphonium ylides and hydrogenation.

1.3 Aims and objectives

The aim of our research is to investigate a new approach to the total synthesis of dictyoxetane
8 and to establish the absolute configuration of the natural product. The dioxatricyclic ring
system is proposed to be obtained via an intramolecular Paterno-Bichi [2+2] photocyclisation

reaction between a ketone and a cyclic enol ether (Scheme 19).

HO HO

o) [2+2] photocyclisation 0

95 8

Scheme 19 Proposed Paterno-Biichi [2+2] photocyclisation to form dictyoxetane 8

Studies have been focused on the creation on a model system 97 designed to probe the
intended photocyclisation (Scheme 20). Commercially available isopulegol 96 was chosen as

a starting material towards the formation of a dihydropyran ring system (Chapter 2).

96 97 98

Scheme 20 Model system to test cyclisation

The second aim of this project was to investigate the formation of the trans-hydrindane type
core structure of the natural product precursor 99 (Scheme 21). Several approaches are

discussed (Chapter 3).
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Scheme 21 Trans-hydrindane system

1.4 The Paterno-Buchi reaction

The Paterno-Buchi reaction is named after Emanuele Paterno and George Hermann Biichi and
is the photochemical [2+2] cyclisation of carbonyl compounds and alkenes.?®° It is a simple
and convenient route for the formation of functionalized oxetane rings and can generate up to
three stereogenic centres.®* The first intermolecular photocycloaddition of benzaldehyde to 2-
methyl-2-butene was reported by Paternd in 1908.%% It was only in 1950 that the oxetane
structure of the main product was confirmed when Buchi and co-workers reinvestigated the

reaction.?®

In Paternd-Biichi reactions, it is generally the carbonyl which undergoes photoexcitation.*?

The wavelength absorption band for alkanones appears at 280-300 nm and involves excitation
of a non bonding lone pair electron from the oxygen resulting in a n—z* transition (Figure 9).
This excitation is formally forbidden since the two orbitals are orthogonal and the lone pairs
lie in the node of the z-system. Yet, excitation occurs and because the two singly occupied

orbitals are orthogonal, the two radical centres behave independently.

hv
D
\\\\\\\\ \,

Figure 9 Carbonyl excitation
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Considering orbital interactions between a n,z* excited carbonyl and an alkene, a 1,4-

biradical intermediate may be generated through two possible pathways.*

Following excitation, the more electrophilic half-filled oxygen n-orbital can interact with the
empty z*-orbital of an electron-rich alkene, perpendicular to the z-plane. Formation of the C-

O bonded biradical is called the “perpendicular approach” (Scheme 22).

EDG

>:O - }%% EDG—> \(\i/ > ﬂEDG
o

Scheme 22 Perpendicular approach

Alternatively, attack of the more nucleophilic half-filled z*-orbital of the carbonyl towards
the empty z*-orbital of an electron-deficient alkene may occur parallel to the n-plane (Scheme

23). Such orientation is called the “parallel approach” and creates a C-C bonded biradical.

N EWG
O L ﬁ}(@ —_» EWG ./-\ O. — > m
>: EWG.0 O \]/x
7

Scheme 23 Parallel approach

Thus, in these two mechanisms, addition of the carbonyl is directed by the electronic nature of

the alkene and the most stable 1,4-biradical intermediate is formed.**

The n,z* transition forms the corresponding singlet state S; (approximate lifetime: 1-2 ns)
with paired electron spins. However most Paterno-Blchi reactions occur from the carbonyl
triplet state T4, having unpaired electron spins, which can be accessed by intersystem crossing

(1SC) (Figure 10).%

23



f |

n %JF J J
I I

S S, T,

Figure 10 ISC from S; to T,

Nevertheless, with a large excess of alkene, it has been observed that the singlet excited state
S; can add to the double bond before ISC occurs (Scheme 24). In fact, since S; has two
radical electrons possessing opposite spin, the radical electron from the carbonyl couples with
the radical electron of opposite spin from the alkene. The two remaining radical electrons are

also of opposite spin and thus quickly bond to close the oxetane ring.*®

On the other hand, ring-closure takes longer for the triplet excited state. In T4, the two radical
electrons possess the same spin (Scheme 24). When the radical electron from the carbonyl
couples with the radical anion of opposite spin from the alkene, the key 1,4-biradical
intermediate is formed. The two radical electrons are of the same spin and thus cannot form a
bond. To progress from this triplet state to the ground state singlet product, spin-inversion is
necessary and ISC occurs. The lifetime of the 1,4-biradical is remarkably increased and is
determined by the ISC rate (tgr= 1/kisc). As the spin flips, the bond can then be formed to

close the system.
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Scheme 24 Oxetane formation via S; or T

Control of the regioselectivity and stereoselectivity of the oxetanes formed during the
nucleophilic attack (via a perpendicular approach) of an excited carbonyl to an electron-rich
alkene is a challenge for organic chemistry. The advantage of the Paterno-Buichi reaction is
that both the singlet (*A*) and the triplet (*A*) states of the excited carbonyl can take part in
the reaction to deliver oxetane (Scheme 25). In the most common cases of unsymmetrical

alkenes, C and D represent therefore different regio- and stereoisomers.

k
1A= 1 C
7-»
hv B
A lklsc
3A~k k2 [3X] k3 D
B

Scheme 25 Formation of regio- and stereoisomers

Regioselectivity in the oxetane product may be predicted with the formation of the transitional
1,4-biradical. However, the radical stability is not the only factor determining the geometry of
the final oxetanes. Stereochemical, electronic and steric factors should also be considered. In

the example below, oxetanes 101, 103 and 104 are obtained from the Paterno-Biichi reaction
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of benzophenone with 1,1-disubsituted alkene 100 and 1-monosubstituted alkene 102
(Scheme 26). Addition of 100 gives 101 as the only product,®"® however cyclisation with
enol ether 102 is not completely selective, giving a 3:1 mixture of regioisomers 103 and

104.

Ph
100 101
OEt
5 R G & W
+ L\ v /7%_:]\\ +
Ph”™ " Ph OEt Ph Ph
PH OEt PH
3:1
102 103 104

Scheme 26 Regiochemistry in the formation of oxetanes

For 1,2-disubstituted alkenes, the question of stereochemistry arises. If the photocyclisation
occurs from the singlet state (high concentration of alkene), the reaction is expected to be
stereospecific, thus conserving the relative configuration of the alkene (conformational
memory).*® However, in the triplet state reactions, the stereochemistry is scrambled in the
process and the information is largely lost during oxetane formation. Whether cis- or trans-2-

butene reacts with benzophenone, the same mixture of oxetanes 105 and 106 is obtained

o) o—"
Ph “, Ph [ “h,

Ph Ph
105 106

(105:106 6:1) (Figure 11).%

Figure 11 Stereochemistry in the formation of oxetanes

Generally, Paterno-Biichi reactions of alkenes within five and six-membered rings are
reported to lead to cis products.** The stereoselectivity of reactions of alkenes in larger rings

and acyclic alkenes depends upon whether reaction proceeds via the singlet or triplet
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pathway.** For cyclic monoalkenes, formation of the thermodynamically less favoured endo-
oxetanes has been observed. The Paterno-Bichi reaction of 2,3-dihydrofuran with triplet
excited state benzaldehyde was reported to give oxetane with perfect regioselectivity and to
strongly favour the endo product (Table 1).* Very good selectivity was also observed with
cyclisation with 2,3-dihydropyran (endo:exo 9:1), and with an aliphatic aldehyde such as
propionaldehyde, good endo selectivity is obtained (75%) when the concentration of alkene is
kept low (< 0.1 M). The selectivity in the benzaldehyde cycloaddition is due to the the rapid

ISC rate of aromatic aldehydes.

o)
m (o)
I
nt o nt 0
n R [alkene] | Endo %
1 Ph - 100
1 Et <01M 85
2 Ph - 90
2 Et <01M 75

Table 1 Endo selectivity

To explain this selectivity, Griesbeck has proposed that the stereochemistry in the product
would be induced by the preferred geometry in the triplet 1,4-biradical, which is prone to

rapid ISC to the singlet state due to optimal spin-orbit coupling (SOC) (Scheme 27).
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Scheme 27 Endo selectivity and SOC

Favourable SOC geometry is provided by the phenyl ring being positioned perpendicular to
the dihydropyran ring, such that the axes of the p-orbitals at the radical centres are oriented
perpendicular to each other. Furthermore SOC is proportional to the distance between the two
radical centres and the dihedral angle ¢ between the p-orbitals situated on these positions

(Salem rules) (Scheme 28).**
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Scheme 28 Dihedral angle for endo/exo selectivity

The two conformers 107 and 109 possess the appropriate geometry for effective SOC, but
minimisation of interactions are greater in 109 which therefore favours the endo conformer.
ISC from anti conformer 108 leads to cleavage of the singlet biradical and formation of

starting material.

In the case of substituted cycloalkenes, the endo:exo ratio dropped significantly (Scheme 29).
For instance, methyl dihydrofuran biradical 110 gave a 65:35 ratio of endo:exo bicycles. The
methyl group plays a stabilising effect on the adjacent radical, leading to a high level of
regioselectivity in the addition step. However, biradical 110 suffers from interactions between
the methyl and the g-alkoxy substituents.*> Conformers 111 and 112 have to be considered,

and for steric reasons, 112 is preferably converted to the exo cycloproduct.
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Scheme 29 Effect of substitution on the endo/exo ratio

The first intramolecular Paternd-Biichi reaction was published by Srinivasan in 1960.* Hex-
5-en-2-one 113 was cyclised to form 2-oxabicyclo[2.2.0]hexane 114 along with regioisomer

115, which degenerated to cyclopentenol 116 during purification (Scheme 30).

0 ) o OH
6:5
113 114 115 116

Scheme 30 Intramolecular Paterno-Biichi reaction

They suggested that the observed regioselectivity could be explained by the stability of the

intermediate biradicals (Scheme 31).
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Scheme 31 Biradical and selectivity

Major oxetane 118 was obtained via formation of the most stable biradical intermediate,

while, minor product 119 arose from closure of a five-membered ring biradical.

A very interesting example of an intramolecular Paterno-Bichi reaction has been reported
between a ketone and the double bond of an enol ether (Scheme 32).*" Irradiation of 120 in
benzene gave a mixture of adducts 121 and 122 where a 8-endo-trig is favoured over a 7-exo-

trig mode of cyclisation.

(o) )\ hv (0] (0]
(0] - O +
O
1:5
121 122

120

Scheme 32 Cyclisation of an enol ether system

In general, however, the regio- and stereochemical outcome of the intramolecular Paterno-

Biichi reaction is hard to predict, and each system should be considered independently.
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Chapter 2

Synthesis of a photocyclisation precursor model

system
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In order to probe the possibility of synthesising dictyoxetane via a key Paterno-Buchi
reaction, a model system 97 was proposed (Figure 12). It was envisioned that the keto enol
ether 97 could be prepared from isopulegol 96. The ketone functionality could be obtained by
oxidation of the secondary alcohol in isopulegol, whereas the dihydropyran ring could be

elaborated from the disubstituted alkene.

o 0 hv O
=T0H T SRR
I \ \ |
(0] (0]
97

isopulegol

96 98

Figure 12 Proposed model system

A comparison can be made between model system 97 and the proposed photoprecursor to

dictyoxetane 95 (Figure 13).

HO
O W o
! &
) & )
95 97

Figure 13 Comparing the photoprecursor to the model system

In 95, the [5,6]-fused bicycle is a conformationaly “locked” structure, where the substituents
on the six-membered ring are equatorial. The six-membered ring in 97 was anticipated to
adopt a stable chair conformation, where the two alkyl substituents, and most importantly the
dihydropyran ring, would be expected to be equatorial. Therefore, isopulegol is an ideal

structure for further elaborations into a model photocyclisation precursor.

Racemic isopulegol 96 is commercially available in technical grade, also containing neo-
isopulegol isomer 123 and isopulegone 124 (Figure 14). However, it could be purified by

column chromatography.
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isopulegol 96 neo-isopulegol 123 isopulegone 124

Figure 14 Technical grade isopulegol

Isopulegol could also be obtained via a carba-ene reaction.*® Cyclisation of citronellal with

zinc bromide provided isopulegol in 84% yield (Scheme 33).

/&\
a X—T0u
—_— 1
0

Citronellal 96

Conditions: a) ZnBr,, toluene, rt, 84%.

Scheme 33 Cyclisation of citronellal

Because technical grade isopulegol was more expensive than citronellal and required

purification, fresh isopulegol was cyclised when needed.

From isopulegol, several approaches were investigated to construct the dihydropyran ring

system.

2.1 Hg?" catalysed cyclisation
The initial approach investigated was based on cyclisation of ¢,e-unsaturated ketone 125 into

a six-membered ether ring using a mercury salt (Scheme 34).

,0
i) HgX ¢ h O
XTon -, Aere S L m-l»
o) ii) [O] \O v
(6]
98

96 125 97

Scheme 34 Proposed cyclisation using mercury(I1)

A study published in 1972 presented electrophilic cyclisation of isoprenoids using mercury

salts as initiators.”® Geranylacetone 126 gave rise to a bicyclic product 128 through
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mercuration of the double bond and reduction of the organo-mercurial intermediate 127

(Scheme 35).

126 127 128
Conditions: a) Hg(CO,CF3),, CH3NO,, -20 °C; b) NaBH,, 62% over 2 steps.

Scheme 35 Mercury-mediated cyclisation of geranylacetone

Towards the formation of the dihydropyran ring system 131, it was expected that addition of
mercury onto the double bond in 125 would be directed by the presence of the oxygen of the
adjacent alcohol (Scheme 36). Formation of the new stereocentre would therefore be
controlled as mercuration of the double bond would occur from the top face and subsequent

nucleophilic attack of the carbonyl from the opposite face in 129.

\
125 Q X 129
-HX
v
XTou||  — o NaBHy o
[ NaOH U
HgX
131 130

Scheme 36 Proposed directed mercuration and cyclisation

This approach necessitated access to olefinic ketone 125. Starting from isopulegol, formation
of a carbon-carbon bond could be achieved via a Lewis acid promoted intermolecular ene

reaction with methyl vinyl ketone (MVK) 133. Snider et al. have reported the ene reaction of
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a,f-unsaturated ketones in the presence of alkylaluminium halides to generate ¢,e-unsaturated

ketones (Scheme 37).%°

O
a
55 + \)J\ ——
132 133

Conditions: a) Me,AlCl, CH,Cl,, -20 °C, 39%.

134

Scheme 37 Ene reaction

The Lewis acid catalysed ene reaction is a pericyclic reaction between an alkene possessing
an allylic hydrogen (ene) and a compound containing a double or triple bond (enophile).** It
proceeds either via a concerted mechanism with a polar transition state or a stepwise
mechanism with a zwitterionic intermediate (Scheme 38). It is often difficult to distinguish
between the two mechanisms, and it has been suggested that the energies are similar and that
the lower energy process is substrate and catalyst dependant. The initial compound (ene) must
possess a transferable allylic hydrogen, and the enophile should be electron deficient. The
choice of the Lewis acid depends of the enophile as it is required to “activate” the system.

Thus the reaction of the reactive 4 m-electron system MVK 133 with 96 could in principle be

achieved with mild Me,AICI.
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Scheme 38 Ene reaction mechanism

However, attempted ene reaction between isopulegol and MVK using Me,AICI failed to

produce ketone 125, and only starting material was recovered (Scheme 39).%2

on e o Y
Il bo)
96 125
Conditions: a) MVK, Me,AICI, CH,Cl,, -20 °C.

Scheme 39 Ene reaction on isopulegol

Interactions between the free alcohol in 96 and the Lewis acid may possibly inhibit the
reaction. Therefore the secondary alcohol was protected with different protecting groups,
which could also potentially direct the subsequent cyclisation (vide infra). Silyl ether 135,
benzyl ether 136 and acetate ester 137 were obtained in 89, 94 and 52% yields respectively
(Scheme 40). With these substrates in hand, ene reactions using equimolar amount of MVK

and aluminium catalyst were performed under Snider’s conditions.>®
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Conditions: a) TBDMSCI, imidazole, DMF, rt, 89%; b) BnBr, NaH, DMF, rt, 94%; ¢) Ac,0, pyridine, toluene,
rt, 52%; d) MVK, Me,AICI, CH,CI,, -20 °C, 138 41%, 139 14%, 140 27%.

Scheme 40 Ene reaction on protected isopulegol

The three unsaturated ketones 138, 139 and 140 were obtained in modest yields. In each case,
starting material was recovered and by products were also obtained but not characterised.
Silyl ether proved to be the most efficient substrate in this reaction and so compound 138 was

used to test the proposed cyclisation.

Triflate and acetate mercury salts were tested under several conditions (Table 2).%*
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138 141 TBDMS

Entry Conditions Results

i) HJ(OAC), 1.5 eq
1 CH3CN, 0°C,3h not obtained
i) NaBH,4
i) HJ(CO,CF3), 1.5 eq
2 CH5NO;,, 0 °C—rt, o/n not obtained
i) NaBH,4
i) HY(CO,CF3), 1.5 eq
3 CH5sCN,0°C,3h not obtained
i) NaBH,4
i) HQ(CO,CF3), 1.5 eq,
4 CH4CN, 0 °C—rt, o/n not obtained
i) NaBH,4
i) Hg(CO,CF;), 2 eq,
5 CH4CN, -20 °C, 20 min not obtained
i) NaBH,4

Table 2

All reactions gave complex mixtures which were difficult to purify. Unfortunately the desired

heterocycle 141 was never obtained via this method.

An alternative approach was considered, using acidic conditions. Desmaéle reported the acid-
catalysed cyclisation of 6-methylhept-5-en-2-one 142 to 2,2,6-trimethyl-3,4-dihydropyran 143

(Scheme 41).>

142 143
Conditions: a) H,SO,, 0 °C—20 °C, Amberlite® IR 120, rt, 85%.

Scheme 41 Acid-catalysed cyclisation

The acid-catalysed cyclisation conditions were applied to ketones 139 and 138. (Table 3).
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Entry  Substrate Conditions Results

1 139 R=Bn H,SO, 40%, rt not obtained

2 139 R=Bn H,SO, 40%, reflux not obtained

H,SO, 40%, rt

Amberlite® IR 120 "ot obtained

3 139 R=Bn

CISO;zH 5 eq,
4 139 R=Bn nitropropane not obtained
-78 °C—rt
138 p-TSA 0.2 eq, CH,Cl, _
> R=TBDMS reflux not obtained
138 p'TSA 0.4 €q, CH2C|2 .
®  R=TBDMS reflux not obtained
Table 3

Unfortunately, when the acid-catalysed cyclisation conditions were applied to ketones 138
and 139 none of the desired cyclisation product was observed. Starting materials were
recovered in most cases with formation of small amounts of products. Analyses did not match

with the required structure.

2.2 Diels-Alder cycloaddition
A second approach towards the six-membered cyclic enol ether 97 was a thermal hetero [4+2]

cycloaddition between isopulegol and MVK (Scheme 42).
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Scheme 42 Proposed hetero Diels-Alder cycloaddition

It has been shown that nonactivated mono olefins undergo thermal cycloaddition with
acrolein as a diene.”® In 1971, Joyce et al. reported the Diels-Alder addition of isobutylene to

acrolein (Scheme 43).°’

L

Conditions: a) 300 °C in a pressure vessel, 21%.

Scheme 43 [4+2] cycloaddition of acrolein

For the synthesis of 97, MVK would be the diene and the dienophile would be the olefin of

isopulegol.

Diels-Alder cycloaddition of MVK with isopulegol 96 and benzyl ether 136 was investigated
at different temperatures and reaction times (Table 4). The use of three equivalents of
dienophile has been reported to limit polymerisation.”® However, in most cases polymers were
obtained due to the ease of polymerisation of MVK. Analysis of the isolated products after
column chromatography never proved the formation of the desired structure. The Diels-Alder
reaction between MVK and the activated olefin methyl methacrylate 146 has been reported to
give a mixture of pyran 144 and dimer 145.°® Attempts to achieve this reaction failed to give

the cyclised compounds and again polymerisation was observed.
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146 133 144 145
Entry Substrates Solvent ~ Temperature  Time Results
R=H, )
toluene 80 °C 20 h not obtained
96:1333:1
R=H, .
toluene 165 °C 3h not obtained
96:133 3:1
R=H, . .
toluene 250 °C 20 min  not obtained
96:133 3:1
R=H, .
toluene 300 °C 1h not obtained
96:133 3:1
R= Bn, .
5 toluene 80 °C o/n not obtained
136:133 3:1
200°Cina )
6 146:133 3:1 toluene 1h not obtained
sealed tube
100°Cina
7 146:133 3:1 toluene 1h not obtained
sealed tube
230°Cina )
8 146:133 3:1 toluene 2h not obtained
sealed tube
180°Cina )
9 146:133 3:1 benzene 2h not obtained
sealed tube
Table 4
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2.3 Takai-Utimoto metathesis
A third approach towards the cylic enol ether involved cyclisation of an olefinic ester using

the Takai-Utimoto titanium alkylidene (Scheme 44).

o
on XX For 0 T W
\/\ ii) deprotectlon
9% 146 iif) [0]

Scheme 44 Proposed Takai-Utimoto metathesis

In 2006, Rainer et al. reported the total synthesis of Gambierol, a marine toxin containing

eight ether rings and eighteen stereocentres (Figure 15).>°

Figure 15 Gambierol

Their strategy towards the fused tetrahydropyran rings relied on the formation of cyclic enol
ethers using the Takai-Utimoto reagent (Scheme 45).*° When olefinic acetate 148 was
subjected to titanium alkylidene conditions, a 1:1 mixture of cyclic 149 and acyclic 150
products was obtained. The mixture could then be submitted to Grubbs Il catalyst to cyclise
the remaining acyclic material.®* Subsequent epoxidation and ring opening with allyl
Grignard reagent furnished C-ketoside 151 which could then be subjected to the same

conditions after acetylation.
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Conditions: a) TiCl,, CH,Br,, PbCl,, TMEDA, Zn, THF, CH,Cl,; subsequent RCM with 2n generation Grubbs
catalyst, 80%; b) DMDO, CH,Cl,, allyl magnesium chloride, 50%.

Scheme 45 Takai-Utimoto strategy

In his study of methods of generating the cyclic enol ether, Rainer chose the Takai-Utimoto
reagent over Tebbe or Petasis reagents because of its in situ preparation and its lower Lewis
acidity. He also showed that formation of a cyclic enol ether was the result of an olefin
metathesis-carbonyl olefination sequence, and was dependent on the steric environment of

both the ester and olefin (Scheme 46).%?

OBn

152 R=CH,4 154 155
153 R="Bu .
Ester 154 : 155 Yield (%)
152 1:2.8 84
153 >95:5 70

Conditions: a) TiCly, Zn, PbCl,, CH,Br,, THF, TMEDA, CH,Cl,, 65 °C.

Scheme 46 Selectivity in Takai-Utimoto olefination

Creation of the required olefinic ester system 147 was investigated. Starting from isopulegol,
epoxidation of the double bond with m-CPBA gave a 1:1 mixture of epoxides 156 and 157
(Scheme 47). Epoxidation of isopulegol has been reported by Kim et al.®® They were unable
to improve the stereoselectivity of this homoallylic epoxidation reaction. Epoxide

stereochemistries were determined by comparison with the literature data. Opening of epoxide
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157 with commercially available allyl magnesium bromide gave diol 158 in a 74% yield.
Addition of Cul did not improve the yield of this process.®® With the desired stereochemistry

in place, selective protection of the secondary alcohol gave silyl ether 159 in 89% yield.

. OH OH
w”a{ _— w Z(O + \DO
1 : 1
96 156 157
b
YO
0 s,0H . s,0H
NXTOTBOMS ~x— OTBDMS ~—— m&w
\/\ \/\
160 159 158
E nTi:n
]
5 O\I/
w\o/:\TBDMS
141

Conditions: a) m-CPBA, CH,Cl,, 0 °C