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ABSTRACT

Eastern spruce budworr@ljoristoneura fumiferan&lem) continues to be a major insect

pest that devastates millions of hectares of spruce and fir trees in Canada. Its pheromone
has successfully been used to monitor insect populations as an early warning tool for
forest managers. However, its effectivemeat helping to control insect populations as

part of an integrated pest management strategy has yet to be determined. The current
costs associated with manufacturing the pheromone makes it economically prohibitive if
large sectors of land need to be teel In an effort to elucidate a more economical route,

a stereoselective synthesis of a mixtureE6f-11-tetradecenal has been achieved from
easily accessible symmetrical aliphatic didsvironmentally benign protecting groups

and oxidation reactions eve used to help increase the yield and make the developed

routes viable for scale up.
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Chapter one

Introduction

Canadads Forest

Forty percent onfler fGrashcawktra The forest andits resources
partly shape the economy and way of life in Canada. It provides habitat to humerous
creatures, freshens air, purifies water and its industry supports hundreds of thousands of
direct jobs which inject$22.1bi | | i on to the countryds gros
20151

In New Brunswick, 85% of the larsurface is covered by forest arik tprovince
relies more on its forest industry than any other province in Canatia. industry
contributes over $1.5 bitin directly toN e w B r u nGDR and thévgood industry is
worth more than $500 million annually. THerestindustryin New Brunswickis the
largest employer with a workforce of nearly 22,800.

The forest in New Brunswickas many tree speciésit onlyfir and spruce trees
are destroyed bgpruce budworm (SBW)Thefir treesprevailin the north and mthwest
regions of the provinceged spruce prevails in the east and southwéde black spruce
prevailsin the eastern lowlandsoeregion® However, the trees are vulnerable to spruce
budworm (SBW) outbreaks as previdogestations havéed to high volume growth loss
and mortalityof trees* ® In 2002, MacLean predicted a 195 millior? tass of timber in
New Brunswick if a SBW outbreak wae occur® Such a significant loss of natural

resourcesvould deala direct blow to any employment relying on the forest industry.



Spruce budworm

SBW is atiny brown caterpillar witha characteristic black head and two rows
patterned with white round smoton the backand isprominentin most of North
America’ Spruce budwormis a moth species of the familjortricidae and genus
ChoristoneuraChoristoneurafumiferana C. occidentalisC. oraeandC. biennisare the
four prevalent species that feed on spruce and fir trees in CarfaGhoristoneura
fumiferanaClementsis known as the eastern SB#hd isfound in all the Canadian
provinces and territorie€horistoneuraoccidentalisFreeman, the western SBWivages
British Columbia and Alberta whil€. orae Freeman an€. biennisFreeman areoastal
SBW specie$ound inBritish Columbiaand partly in the territorie®: 1

The eastern SBWas a life cycle, Figurd, which spans one year proceeding
throughegg, larval, pupal and adult stages. The larval stage passes through six instar
levels The adult moth, like manyepidopteraspecies,lives for approximatelytwo
weeks mainly for mating, dispersal and ovipositibn.

In New Brunswick!? the SBW caterpillar turns into a pupasarlyor mid-July and
may hang on silk threads from lower defoliated branches of balsam fir or spruce trees.
The mothghenemerge in late June to midily, and layeggs on the underside of needles
of fir and/or sprucetrees in clusters of 10, with each female laying approximately 200
eggs. Tl yelloworange oval shaped egg masaes about 1.2 mm in length and after
incubation of 1614 days they hatch intc'instar larvae that seek refuge in host trees or
crevices weaving themselves in silk cocoons that molt intbistar larvae The 2"
instar larvaeremain in the cocoon over the winter period. At the end of the winter

period, late April or early May, the caterpillars free themselves and start feeding o
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flower pollens or old needle3he caterpillargontinue feeding onew shootshatappear

until theend of June when they are in th&ltand6™ instar. These last two instars are the
most voraciousand cause the most damagetridg aninfestationthey continue feeding

on previ ous glearendywafoiageisidoreptetely destroyed. The larvae
color transitons through the instars from yellogreen to pale brown and finally dark
brown for the mature larvae. The mature caterpillar, abdutnn in length, is
characterized by a black head and two parallel rows of whitish spots on the back. The
caterpillars pupate in early July feen days The pupae, which are brown in color and
slightly curved, emerge into a greyown moth that has silveryhite patches on the

forewings and wingsmof 21 mm to 30 mn? 13

May June
Young caterpillars ) % and 62 instar

move as buds open feed voraciously

May Early July
Meedles damaged by Pupa attaches
young caterpillars to foliage

Early May
Young caterpillars feed
of spruce tree flowers

Mid July
Idoth etnerge

Mid July early
August

End April early May
( 1t instars emerge

P instar frees itself

Figure 1. SBW life cycle



SBW Infestation

The history of SBWInfestatiors in eastern Canada has been recorded foi3200
years using dendroecological methatisit utilize treering width patterns to detect
insectinduced reduction in foliage cov&r® The infestatiors recur every 380 years
lasting 1015 years’® The most severinfestatiors in the 2 century occurred thrice
starting about 1910, 1940 andl970, and affected mainly the provinces of Ontario,
Quebec, New Brunswick and Newfoundldfid. The 1910 outbreak spread through
eastern Canada until 192At its height, i exteneédfrom Lakes Kipewa and Expanse, in
Western Quebec to Nova Scotia and Mathenwestward from Lake Expanse it spread
to Welcome Lake Region, Ontario. The southern part of Cape Breton Island, west of
Lake Superior in Ontario also experienced an extensive outbreak but only small
infestations occurred in northern Manitoba and tghmut New Brunswick.Twenty
million cords of fir and spruce were killed in New Brunswick with mortality being severe
on the Miramichi drainag¥.Severity increased in thafestationthat began in 1940 and
destroyed 25 million h# The height of the infstationwasr eal i zed i n t he
1951 severe mortalitgf fir/spruce treeoccurred on Cape Breton Island and it was not
until 1953 that the northeastern mainland of Nova Scotia and Prince Edward Island
suffered a similar fate. Infestation intengifien 1954 on Cape Breton Islandhile it
declinedon the Nova Scotia mainland and in southeastern New Brunswick. However,
from 1952until 196Q the northwestern regiori blew Brunswick wase\erely defoliated
before the population densjt of the insects weded® Thereafter, population of the
insects in the middle region of the province continued to rise triggering the last extensive

infestationin 1970. The outbreak that began in 1970 was the most severe thir¢ke
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outbreaksin 20" century coveringnortheastern Ontario, western Quebec, central New
Brunswick Newfoundland and Cape Breton Island in Nova Scéffde infestation was
so severe that young stands of fir and sptueesin some regions were badly damaged
despite initially thought to beingnmune from high budworm population densitlé8y
1981, 11.2 million haf fir and spruce treda Ontario and 10.2 million ha in Quebec had
been destroyed. Overa5 million ha in eastern Canada had been destroyed equaling a
loss of 44 million M of wood per year in Canad&At the end of the outbreak, mortality
and slow growttof treeshad cost Quebec annually 2298 million n? in timber loss?
damaged 18 million ha in Ontariof which slightly over one third occurred ie
Northwest regiorf® In Newfoundland, 5.1 million fof balsam fir trees suffered
mortality representing ninety ?Cape Bretont of
experienced the severagtestationin Nova Scotiawith eighty nine percent mortality of
host trees translating into 21.5 million®*hess of timber while New Brunswick lost 6.0
million m®in 1982 aloné®? By 1993, theinfestationhad subsided in the majority of the
areas with the exception of northwas Ontaric’®

The SBW infestation hasow begunonceagain. Quebec has seen an increase in the
SBW since 2006 leading to over 6.3 million hectacésseveredefoliation by 201527
Defoliation in southern parts of Quebec spread into New Brunswick in, 20d¢hpting
insecticide application. In thduly of 2016, numerous moths were observed carpeting
roads and buildings in Campbellton, Northern New Brunstielading to concerns that

another outbreak in New Brunswick is imminent.



SBW Chemical control

Historically, chemical insecticides, Figure Rave beemtilized to protect firspruce
foliage rather than suppress SBW populatitfrihe first aerial spray against SBW was
conducted in northwestern Ontario using dichlorodiphenyltrichloroethane (DOXB4iH
and 1946 at 1 kg/ha after initial successful trials of dosages ranging froBi@Kg/ha in
the province between 1944 and 1923t was not until 1952 that Quebec and New
Brunswick begara similar campaign against SBWhfestation spraying 3200 hand

48,000 ha, respectivef.°

o |
Cl
Cl cl 'F',/O/ |
o o0 o N
L I 0 ~
N <A
) Cl N~ O
Cl Cl H
DDT Phogphamidon Aminocarb
Cl (0]
ON S Cl n /
I Clﬂ\(ﬁ—o
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o 1~o” o—
O\ OH
Fenitrothion Trichlorfon

Figure 2: Chemical insecticides used agaiS8&W in New Brunswick

Throughout the 1950s and 1960s DDT was the control agent of choice with 6.6
tonnes being applied to forests in Can#dslew Brunswickhas beermore aggressive
than other provincem its use of pesticides to contain tiBW infestatiors employing a
variety of different chemicalsfrom 1962 The pesticides were used at varying dosages

and sprayed over millions of hectares:CRloro-2-diethylcarbamoyil-methylvinyl



dimethyl phosphate (phosphamidon) was introduced in 1963 in New Brunswick and used
until 19743 O,0-Dimethy+O-(3-methyt4-nitrophenyl) phosphorothioate (fenitrothion)
wasfirst introducedin 1967 andeventuallyreplaced DDT in 1969 after its ban as the
main insecticide. Dimethy(2, 2, 2trichloro-1-hydroxyethyl) phosphonate (trichlorfon)
and 4(dimethylamino)3-methylphenyllmethylcarbamate (aminocarb) were also used
between 1974 and 1987 in Newfoundland, Quebdd\mw Brunswick

DDT was used because it was cheap, very effective, readily available and
applicable. However, persistence in the environment, reported resistance, and toxicity to
birds and fish saw its withdrawal and subsequent ban in Canada in*%968.
Phosphamidon was less toxic to fish than DDT but more expensive and was also
withdrawn after it was realized it was killing many bifd€ Fenitrothion® which
replaced DDT, was used in New Brunswick until 1984 3886 in Quebec aswas not
toxic to fish and lasted longer after spraying. However, it stdgssequently found to be
toxic to pollinating insects, song birds andntarget aquatic organism¥. Although
aminocarb was very effective against SBW and less toxic and more environynental
friendly than fenitrothion, manufacture was discontinued in 1989 due to limited sales.

Trichlorfon was used in New Brunswick until 1997 siitosas not toxic to honey beé%

SBW Biological control

Continuous objections by the public on the use of cbahinsecticides prompted
the search for alternative control methdd¥he hological control agentsebufenozide
(Mimic) and Bacillus thuringiensis considered safe to the environment, -taxic to
humans and netarget insects, selective and biodegldelathen replack chemical

controlof SBW in eastern CanadBacillus thuringiensiss an environmentally friendly
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safebiopesticide that is highly selective for Lepidoptera larvae;toait to humans, and
exhibits negligible toxicity to fish and bird&°

Bacillus thuringiensiss a bacterium that naturally occurs in soils forming spores
that on maturity produces toxic protein crystals that are only released in the alkaline
conditions found in the gut afepidoptera species. On ingestidne toxinis released and
then destroyshe lining of the midgut. It then gets absorbed in the blood stream causing
infection that stops the larvae from feeding, thus leading to death several day/s later.

Bacillus thuringiensiswas first isolated in 1901 and scidically described in
1911% It was registered in the US in the 1950s but not tested for insect cBritralas
registered in Canada in 198-nd commercialized in 1970.In the 1970s, Canadian
scientists extensively researched ways to Baeillus thuringiensisin forests with a
breakthrough coming by 1980 in which they had developed an economically efficient
formulation using sorbitol that solved the evaporation probierearlier formulation
enhanced adherence to the needlesd prevented contamination and spore
fermentatior®’ Millions of hectares have been sprayed wBtcillus thuringiensisince
1985 in an effort to control SBW, thus replacing chemical insecticides. Continued
research hasmproved formulations leading tthe use of moredilute amounts, better
efficacy and lowered treatment co$té’

Bacillus thuringiensisn typical conditions poses no risk to ntargetorganismsas
it is appliedto the foliage whenthe larvae start feeding and the insecticad forweeks
on foliage?’ Compared to chemical insecticid@acillus thuringiensisffectiveness has
ahigh cost for preparation and applicatfdhere is no evidence of resistance to digte

SBW to Bacillus thuringiensis However, repeated usecould lead to resistancg,
8



jeopardizing efforts ircontrolling the insects. Furthermore, it is only applied to areas that
have shown serious defoliatimaused by '8 and 4" instars of SBWo suppress spread
thus its effectiveness at higher insect populations is unkfidown.

Tebuknozide Mimic), Figure 3, a growth regulator, is also currently used to
control theSBW in Canada?® It replaced organophosphates, dughtr toxicity, and is a

complanent to the use @acillus thuringiensisn controlling SBW in Canada.

Iz

Figure 3: Tebufenozide.

The formulation of Mimic used in Canada contains 25% tebufenozide, the active
ingredient® Tebufenozide behaves an ecdysone molting hormone that causes
premature molting of larva® Mimic is not harmful to hmans and does not harm non
target insects, but selectively kills SB¥ts advantage in carolling SBW is due to the
fact that it 8 highly toxic to SBW, resistant to rain wash ¢i&slonger residuatimes on
foliage andthere is evidence tsuppresgin of SBW populations several years after
application>->4

Tebufenozide was first sprayed in Manitoba to control SBW, and later in Alberta in
1999. After its formal registration for use to control forest and woodland pests in 2006,
other provinces, padularly New Brunswick, have since utilized it in controlling low
population densities of SBW. Although this makes it ideal as an integrated pest

management (IPM) tool, high comtdeations and exposure duratiaga harmful to
9



crustaceans. Additionally, Miim is not permitted to be sprayed over open bodies of
water since it remains in aquatic sediments for several weeks.

A pheromones a chemicasignal that members of the same speciese to
communicate® Releaser peromonescause a response in insectsvhile primer
pheromones cause physiological changesanimals. Pheromones are classified into
alarm, recruitment, aggregation, sex and many offiévimst insects are selective and
sensitive to the sex pheromonktbeir species. The sex pheromones sdapromote
mating or functiorin wayrelated with sexual reproductich.

The SBW male attractanthpromonetrans-11-tetradecenall was first isolated
and identified by Weatherstat al>® Weatherston accomplished this by ether extraction
of the cheesecloth and Mason jars that had contained moths for two days and biological
activity was confirmedy both laboratory and field bioassa{$-or attraction of males a
blend of theE andZ isomerswas necessary as either isomer on its own was ineffective.
Various blendof E/Z-tetradecenatanging from85:15" to 89:1F8 have been shown to
attract the male moths to some extent. It was initgtligwnthat a 96:4 ratio was optimal,

S9however, in 180 it was confirmed that a B%Z blend was most effectiv8.

e e e e\ FaN
1 O

Figure 4: The SBW pheromondrans-11-tetradecenal.

The SBW pheromone has been an additional tool for the effective early
management of this i nsect ds popthe aexi on .

pheromonan traps to monitor insect population densities and provide early warning of
10



outbreaks.The number of atches in traps in more than 500 hundred locations across
Canada can be used to estimate the size of the SBW population and forecast migratory
patterns of the insects.For example, a study in northwestern Ontario over a 21 year
period showed that a wang for a possible extensive defoliation can be provided 6 years

in advance. The findings were basedimeesuccessive years of increasing catfes.

With the ongoing outbreakf SBW in Quebec, both New Brunswick and Maine have
deployed pheromone traps since 2008 in hot spots that have shown a dramatic rise in

SBW population.

1000.0

~— North
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g

Average Moth Catch (# moths / trap)
3
<

1.0

01 -
1905 1906 1997 1008 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 20090 2010 2011 2012 2013 2014

Yeor

Figure 5: Number of catches in traps of SBW in New Brunswick.
Source: NewBrunswick Department of Natural Resources

Figure 5 shows catches SBWin New Brunswick since 1995 in three regions of
the provincelt reveals that there has beam @verallsteadyrise in the population since

1995, more noticeably in northern New BrunisW. This has ledhe New Brunswick
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governmentin the summer of 2016 to start spraying hot spots like Campbellton with
Bacillus thuringiensisind with mimicin order to suppress SBW populatidds.
Miller et al has showrthat the SBW sex pheromone can also be used in mating

disruption to monitor and control SBW without use of tréfddating disruption involves
use of synthetic insect sex pheromone appited specific aredo prevent males from
locating virgin females.The breakdown in the communication mechanism includes
neurophysiological effects, fald¢gail following or a combination of the$é Several trials
in the laboratory and field have shown that the synthetic SBW sex pheromone disrupts
mating behavior of thensects2®> % Hercor? Disrupt Microflake® was highly successful
in controlling the gypsy moth in the US with over 0.5 million acres of forest treated over
a 15 year periof After a decade of researchn environmentally benigrproduct,
Disrupt Micro-flakes SBW, was developed and in 2007 registered in Canada with field
trials in 2008 in Quebec showing mating disruption. However, the stuQuebedailed
to suppress the SBW population, leadindgrtmaindet aldé suggestion that SBW mating
success is geendent on the density of the populatt®r® Recently independent studies
by Silk and Rileyindicatedthatthe SBW pheromone does lower populatich&
Predicted impact of an uncontrolled SBW outbreak in New Brunswick

Changet al in 2012 usedhe spruce budworm decision support system (SBW
DSS), combined with a dynamic computable general equilibrium mntodetedict an
economic loss of $3.3 billion and $4.7 billion for moderate and severe outbreaks,
respectively, covering unprotected 2.8 moitlihectares for a 30 year periGdMacLean
et al earlierin 2002had predicted that the volume of wood loss would hit 83 million and

195 million n? in normal and severe outbreaks, respectiVely.i nce New Br unsw
12



economy dependgeavily on the forest industry with wood value of $500 million
annually?, this type of economic devastation would be disastrous for the protinss

great deal of effort is being expended to explore the options available for mitigating the
next SBW infestation. If theise of mating disruption technology is to be one these
options then that ability to access large quantities of pheromone at an economical price is

crucial.
SBW Pheromone Synthesis

Previous syntheses of trand 1-tetradecenal(1)

The first synthesisof trans-1l-tetradecenal was achieved ik ssteps from
commercally available 1, Sctanediol 2 A stereoselective preparation of the
unsaturated aldehydke employed a novel metal reduction of acetylenic intermedate
and its subsequent oxidation 1o Reduction of the alkyne was the key step in the
synthesis and introduced the requisite stereochemistry-At @ give a pureE
unsaturated alcohoClayden showedhat the stereospecificity of the reduction resulted
from the stability of the intermediatadical anion due to steric interaction of unbound
electrms and the alkyl groupEigure6.”

Na, NH

4 geps
HO g Non 1Ty ST oM

2 3

CI’03 HzSO4 Hzo

OH Acetone 0-10°C, 30 nin ~o

4 1

Schemel: Synthesi®f trans-11-tetradecenal by Weatherstoet al.
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Figure 6: Stability of radical aniontermediate.
Alcohol 4 was oxidized by chromic acid generatadsitu giving a poor yield of
the productl. Although the synthesis was stereoselective, the usedtim metal to
form alcohol 3, liquid ammonia, low temperatures and toxic chromic acid nihde

synthetic route unattractive for scale up.

1. OJMeOH
socl, _ 2. Me,S, H*, Ca80,
T M o — T M T
5 6
1. Mg/THP

OMe 2. Pentenyl chloride, CuCl
WL < .

al > T Y+ X0 + N oY

7 8 9 1

Scheme2: Wiesner and Tan synthesis.

In 1980, Wiesner and Tan synthesized the first stereoisomeric mixture- of 11
tetradecenal starting from oleyl alcol®lScheme 2° Oleyl alcdiol 5 was reacted with
thionyl chloride to poduce the unsaturated chloride which generated chlorid&
through ozonolysisand ketalizabn. A Grignard reagent was prepared fromand
treating this with a catalytic amount of CuCl and a mixture-ohl®dropentl-ene and 1
chloropent3-ene allowed foformation ofthe carboncarbon bondthus resulting in the
introduction of stereochemistry at-X1. A mixture of8, 9 and 1 in a ratioof 1:1:8,

respectively, was obtained. The terminal alkéhaas removed by distillation, thus
14



providing an 89:11 mixture ol and 8 in an overall yield of 39% for the sistep
sequence. Although the route was shorter than that reported by Weatle¢rdtehit
was not commercialized because of the use of ozone, production of side products, and a
tedious distillation.

Sharmaand Lynch,”” Scheme 3, accomplished a synthesis of the $B#fomone
by coupling a @ and G unit, much like Weatherston but usiagdifferent acetylenic
route starting with 1@ndecenall0. They began by protecting the aldehyb@ with
triethylorthoformate in preparation for reduction of the aldehyde formed by ozonolysis of
11. Theresulting alcoholl2 was subjected to an Appel oti@n to form bromidel3 that
was then coupled with lithium butynylide in dry DMS®@ give the diethoxytetradecyne
14 in 87% vyield after work up. The alkyne was then reduced with sodium in an
ammonia/THF mixture resulting in a mixture of products comgstof 85%
diethoxytetradecentb and 5%tetradecadien&6. Acid catalyzed hydrolysis of the acetal
yielded 94%E/Z-11-tetradecenal with an isomeric ratio ranging from 98:2 to 96¥he
overall yield was 4817%, which was an improvement on the synthesi¥\@esner and
Tan, however, despite the improved yield and stereoselectivity, the method still suffered
problems due to the use of ozone, liquid ammonia and solvents such as DMSO and

carbon tetrachloride that are considered dangerous to the environment.
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1O OEt
Cl) (EtO)sCH OEt 2. NaBH, PhsPBro/EtzN
% Eto)\Hg\ EtO 8 ccl,
10 11 12
OFEt o OEt Na/NHg, THF
— —_— %
Br ——8 —
Eto)\Mg\/ DMSO or HVIPA EtO 9
13 14
OEt
+
EtOW W > OW
15 16 1

Scheme3: SharmaandLynch synthesis.

Ishumuratovet al’ in 1997 approached the synthesis from a very different
perspective, namely employing a modified Knoevenagel reaction for the stereospecific
installation of the double bond. In seven steps, starting froomil@cenoic acid?, they
prepared the SBW pherommrn anoverall yield of 27% Scheme 4The unsaturated
acid 17 was first reduced to alcohaB followed by oxidation to aldehydd9. Grignard
addition of vinyl magnesium bromide to aldehyi® followed by protection of the
resulting alcohol as an estert $ke stage for Grignardopper mediated carbararbon
bond formation via asv2Njeaction. Following coupling, anMarkovnikov hydration of
diene 24 with 9-BBN generated alcohal. Alcohol 4 was then oxidizedising PCC to
provide the desired SBW pheronsof. Unfortunately the authors did not report the
stereoisomeric ratio, therefore it is hard to assess the overall usefulness of this route.

Regardlesghe use of expensive starting materials, lower yields and employment of toxic

16



chromium compounds aregsiificant impediments to the use of this route for any large

scale synthesis.

O
LiAIH 4 PCC VinyIMgBr
MOH — g o —» ANy —
17 18 19
Ac,O/Pyridine MeMgBr/Cul S
/\MM e F 7 X —»N/B\/\
OH OAc
9-BBN, H,0O,/AcONa i
AN Pee A
AR e T S 7 T
1 4

Schemed: Ishumuratowet al synthesis.

Justification of study

A review of earlier syntheses was desirable as this laid the foundation for the
design of several short synthetic pathways to access a pheromone blende/Z9&t®
of 11-tetradecenallt is evident from the literature reported to date that all attedhpt
syntheses empl oyed "% %Iwthréeqf theesynthesespkey stepsc h e s .
involved alkylation using liguid ammoniawhich is expensive, requires specific
equipment setup, low temperature, use of a reactive moisture sensitive metal and gives
varying yields. Toxic solvents such as DMSO, HMPA and reagents like chromic acid,
and ozone were also utilized. Additionally, a number of steps employed low temperatures
that are undesirabl®r large scalesynthesisWith all theselimitations combined,the
synthesis of the SBW pheromoriseprohibitively expensivefor large scale application

To illustrate this point, wrrently there are a number of commercial suppliers of the SBW
17



pheromone and the price per gram is shown in Tablhé& cost per gramanges from

the lowest of $84 to the highest of $634.75. Also, it is clear from the table that it is more

expensive to purchase the SBW pheromone from suppliers that haperéstisomer

To put this in perspective, 6 million hectares of forest in New Bvighkswere sprayed

during the last outbreak, applying the pheromone at 50 g/ha would cost $77.9 billion

dollars to combat ammfestation using the prices noted in Table 1. Therefore, for the sex

pheromone to be used as an effective IPM tbohust be prodiced at a signifiaatly

lower cost
Supplier Country % Purity  Qty (g) Price $/g
Yick-Vic Chemicals &
Hong Kong 90 10 84
Pharmaceuticals
ChemSampCo Dallas, TXUSA - 1 255.95
Matrix Scientific Columbia, SGUSA 95 5 259.9
Finetech Industry Ltd  China 95 5 493.5
BOC Sciences Shirley, NY-USA 96 5 634.75

Table 1. Retail price oftrans-11-tetradecenal.
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Objectives

This study embarked on developing short, efficient and economical routes to
synthesize the SBW pheromone in the effectiesired ratio of 95:5Z, starting from
readily and cheaply available aliphatic diols and unsaturated alkenols. Two approaches
were envisaged

1) Starting with a commercially available precursor containing a known alkene
isomeric mixture. This had the advagea of retaining the known
stereochemistry after the coupling. The key step in this approach utilized the
Grignard copper mediated catalysis coupling to elongate the carbon chain.
This reaction uses magnesium and copperodige, whichare inexpensive,
non-toxic, usemild conditions and arscalable.

2) The second approach employs the Julia olefination coupling as the key step to
introduce the stereochemistry. Thisute would allow for the use of cheap
starting materials, the ability to potentially contranditions such that the
desired isomeric ratio could be obtained.

This resulted in seven short synthetic routes being targeted, four proceeding through five
steps and the shortest via four steps. Disconnection of the molEmues 7 at any of

the idenified locations led to the choice of relatively cheap commercially available
symmetrical diols as starting materi&lisconnection of carbon bonds at C11 and C12
allows the use cheapgropanae or propanal and 1-diddecanediol as starting materials.
Cheap1,10d e c a n e d ibo lu na ragentatoait axid are the starting materials by
disconnecting at C10 and C11. Disconnection of the molecule at C10 and C9, C9 and C8

results into carbon units consisting of five, six, seven and nine carbons. Cheap and
19



readily commerciallyavailable unsaturated bromohalicesd symmetrical diols of eight

and nine carbonsere starting materials for these routes.

Ce +Cs
° __—Ci* G
SO Vg
1
bres  Tcu+s

Figure 7: Retrosynthetic disconnections for the synthesisasfs-11-
tetradecenal.
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Chapter two
Results and Discussion

Synthetic strategy

Analysis of the retrosynthetic disconnectionsldat various GC bonds, Figure 7,
led to the design of viable synthetic routed taa a Grignarecopper mediated reaction
and modified Julia olefinationThe Grignardcopper mediatedoute would entail the
coupling of an-halo-1-O-protected long chain alkane with a short chain unsaturated
halide or some other appropriate leaving grdeigure 8. The use of copper makés t
reaction fairlypractical due to the ability ofopperorganometallics to toleratmany
sensitive reactive functional grouf¥sJulia olefination reaction would involve coupling
of a 120-protected long chain aldehyade propanal with dIboromopropane on-halo-1-

O-protected long chain alkane respectively.

+ /W
RO/\%\ X X RO/%\ X + /\/\ X
42 24 and 25
45 46
Ce+ GCs
Ciot+ G4
OVWV \,2%/\ {{i ~
1
RO 7 X Ciut+G
43 Cot G 0,
/\/S N
+ —~ \N
/\/\/X " M OM/Q\X + N\,\]'
28 or 50 PH
X
55

Figure 8: Retrosynthetic disconnections leading to proposed units for the synthesis of

SBW pheromoné.
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Preparation of homoallylic halides

My study began with preparation of the various unsaturated halides as shown in
Schemes 5, 6 and 7 since commercially available hatidesxpensive. There are many
inexpensive starting materials that contain the alcohol functionality and numerous studies
that replacehe hydroxyl group with chlorine, bromine and iodine have been reg8rted.
The search for milder conditions, shorter reaction times and higher yields are often the
impetus for these studies. One method that has gained much favor in recens year
Appel reaction that directly converts an alcohol to a halidesingle step usuallin high
yield, with very few side reactions, and is tolerant to a wide variety of functional groups.
Additionally, the reaction conditions are neutral, thusaklg for alcohols that are acid

and base sensiti8

O
= _S
/\/\/\O
LiBr, Acetone
pTsCl, Pyridine 26 rt, 20 h, 50%
CH2C|2, 0°C tort,
20 h, 94% Br,, PPhg, CH,Cly,
0°Ctort, 2.5 h, 85%
WOH W Br
23 24

l,, PPhs, Imidazole
CH,Cl,, 0°C to rt, 2.5 h, 92%

M\/\|
25

Schemeb: Synthesis of homoallylic halidé®t and?25.

The initial synthesis of24 began with alcohol23 taking advantage of the
stereochemistry in the starting commerciians-3-hexenol 23 (96%) and a

chemoselective substitution of the alcohol functional group waudd alter the
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stereochemistry. The first attempt at utilizing the Appel reaction with al@3iollowed

the procedure of Belmast al® This reactioninvolved treating a cooled solution of
triphenylphosphine (PBhin CHCl, at 0 °C with bromine to form a phosphonium
dibromide salt. Alcohol23 was then added at rt and allowed to react for 12 h.
Unfortunately, after work up and purification a low yield of 3@#s obtained. Although
Belmar was able to demonstrate that this procedure routinely produced high yields of
product, typically in excess of 85%, he used much larger quantities of starting material
suggesting his method may not be as effective for smadl sgathesis.

In an attempt to improve the vyield it was decided to employ the procedure
reported by Kabalkaet al® To this end, conversion of alcoh@B to tosylate 26
proceeded as expected in 94% yf&ldHowever, treatment of tosyla®6 with LiBr in
acetone at rt for 20 h gave only a 50% yiefdbromide® Attempts to improve this,
including increasing the temperature, changing the solvent, increasing the amounts of
LiBr, all proved fruitless. Unfortunately, this meant that the ovetalt of transforming
the alcohol to the halide was 47%. Although this was not an unworkable amount, it was
felt that improvements could be made.

In an attempt to improve the yield it was decided to employ the procedure
reported byShakhmae$! Thus, alchol 23 was again added to triphenylphosphonium
dibromide, only this time the temperature was raised to 10 °C and retained the solvent as
in previous reaction, Cil,, instead of chloroform used by Shakhmaev. Following
addition of the alcohol stirring wa®wtinued at room temperature for 2 h. In contrast to

the previous result an excellent 85% yiefd4 was obtained.
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With the success of this reaction it was decided to make the iodide as well since it
was thought that the iodide might participate in toeipling reaction better than the
bromide. Therefore, halid25 was prepared by adding iodine to a solution of P&l
imidazole in CHCI, at 0 °C, stiring for 30 min and theradding alcohol23.8 After
stirring for 2 h 25was produced in an outstandi®g%.

Preparation of allylic leaving groups

With these halides in hand, the synthesis € @llylic halides andh carbonate
were investigated. This strategy was attractive as depending on the starting allylic halide
the coupling could proceed througtsa2 or aSn2Npathway. TheSv2Npathway offered
the possibility of using an extremely cheap starting material, but suffered from the
unknownof how cheme and regioselective the coupling would be.

The allylic halide mixture28 and 29, 30 and 31, Scheme6, were prepared
according to the procedure by Labrouilfrén an E/Z ratio of 60:40. Allylic
halogenation of the unsaturated secondary alc@falsing 0.5 eq of the Lewis acid
bismuth (lll) halid€® and dropwise addition of chlorotrimethylsilane (NBCI)
produced low yields (Table 2) of mixtures28 and29in only 10% yield an@0and31
in a slightly improved 15% yield. These yields are based on column chromatography
separations on Si3ince distillation was practically impossible with such small amounts
of product. The resulting yields were very poor compared to the 60% yield repatted in
literature®® and may reflect some loss due to evaporation pobduct after
chromatography. Repéing the procedure by increasing the time to 1 h did not improve
the yield, nor did doubling the equivalents of the Lewis acid. With lack of success in this

green synthesis of the allylic halide, a different approach to converting the alcohol to a
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suitabke leaving group, such as a carbonate, was undertaken. We suspected that a
carbonate would serve as a suitable partner for the-cegiwolled coppecatalyzed
Grignard coupling reaction sincé N; addi ti on to all yl car bon

resultin products with high selectivity/Z ratios of up to 99: %

MeSiX, BiXas,
/Y\ rt, 15 nin V .\ XX
E—
OH X
27 28X =Cl 29X =Cl
30X =Br 31X =Br
(CH3),CHCOLCI,

rt, 12 h, 98%

Pyriding CH,Cl, /\(\
© O\)\
=
@)

32

Scheme6: Synthesis of allylic halide and carbonate.

Time Yield
Entry Alcohol  Product BiX3 eq (min) (%)
1 27 28 BiCls 0.5 15 10
29
30 :
2 27 31 BiBrs 0.5 15 15
28 :
3 27 29 BiCls 0.5 60 10
4 27 30 BiBrs 0.5 60 15
31
28 :
5 27 29 BiClz 1 15 10
6 27 30 BiBr3 1 15 15

Table 2: Allylic halogenation ofpent1-ene3-ol 29.
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With this goal in mind, the carbona®@ was prepared following the procedure by
Li® in which a solution of unsaturated allylic alcot&in CH.Cl, at 0°C was treated
with isobutyl chloroformate and pyridine to give an excellent yield of 94%. Isobutyl
chloroformate was preferred as it was believed that it would offer greater selectivity than
methyl or ethyl carbonates since the bulky isobutyl group would provide greater steric
hindrance to the incoming nucleophile and thus prorBgBjeactionas oppose to Si2

reaction®

Preparation of vinyl halide

To wrap up the synthesis of the shorter carbon chain synthons, attention was
focused on the preparation of vinyl bromigi& Scheme 7. It was believed that this could
be accomplished in a straightforward man following a recent report by Furstile
where he demonstrated a highly chemoselective modified Hunsdiecker reaction to
generate a number of vinyl bromides, Scheme Ac cor di n-grisaiuratedU , b
carboxylic acid33 was treated with 1.1 equivalents tatraethylammonium bromide
(TEAB) and 0.5 equivalents of diacetoxy iodobenzene (IBD). After stirring for 8 h the
brown color had disappeared and a colorless solution was formed. Despite TLC analysis
showing that the starting acid had been consumed, no miagnide 34 was able to be
isolated. Repeating the reaction by doubling the equivalents of IBD did not yield positive
results. It is not clear wh$4 was not isatable, especially considering that Fursule had
shown that the reaction worked for this examinpound. It may be that the reaction needs

to be done on larger scale such that any halide formed can be isolated via distillation. Its
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volatility was a worry from the start and it appears that extreme caution will need to be
taken in future in order twy and obtain this compound.
y PhI(OAC),, TEAB,

/\/\n/o . SN

O CH2C|2, It 8h

33 34

Scheme7: Attempted synthesis of vinyl bromics.

Preparation of long chained saturated bromides

With the short chain units now synthesized, attention was next focused on
synthesizing the long carbon chain saturated bromides from symmetrical diols.
Symmetrical diols are numerous, readily available and cheap. The monobromoalcohols
38, 39, 40 and 41, Stheme 8, were selectivelgynthesizedfrom the commercially
available symmetrical diols L-@&ctanediol2, 1,9nonanediol35, 1,16decanedioB6 and
1,1%undecanedioB7, r especti vely, f o ThesymmegicaQiolongo s
in dry toluene was ¢ated with 1 equivalent of 48% concentrated hydrobromic acid and
initially heated at reflux for 36 h, then an additional amount (38 mol %) of the acid was
addedin order to complete the reactiamd stirring continued foa further 36 hStrictly
adheringto these conditions routinely produced thbromao1-alkanols in 8892% vyield.
It should be noted that a small quantity of dibromide forms if the reaction is overheated
but it is easily separated by Si©olumn chromatography. The yields are consistently
outstanding and the yield is independent of the length of the carbon chain. The efficiency
of this reaction is ascribed to the differences in solubility of the starting material and

product in the solverdt

27



ConcHBr, Toluene
Ho” > on > HO T Y e

Reflux, 72 h
2 n=6 38n=6
3B n=7 39n=7
36 n=8 40 n=8
37n=9 41 n=9

Scheme8: Synthesis of bromalcohols38-41.

Entry Product % Yield
1 38 92
2 39 90
3 40 88
4 41 92

Table 3: Yield of bromaealcohols38-41.

Preparation of bromoethers

To prepare for theoupling, the obtained bromradcohols were protected as their
THP ethers42, 43, 44 and 45 according to the procedure employed by Zafbif, 4
Dihydro-2H-pyran (DHP) was used becauseisitcheap, inert to strong nucleophiles,
scalable and easy to deprmiteConsequently, broralcohols38-41 were treated with a
slight excess of DHP and a catalytic amount of pTSA at rt fort@! groduce bromo

ethers42-45in 96%, 95%, 93% and 96%, respectively, Table 4.
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DHP, pTSA, THF, 11, 4 h
HO™ 7 Br > Br” ) otHe

38n=6 42 n=6
39n=7 43 n=7
40n=8 44 n=8
41 n=9 45 n=9

Scheme9: Synthesis of bromethers42-45.

Entry Product % Yield
1 42 96
2 43 95
3 44 93
4 45 96

Table 4: Yields of bromeethers42-45.
sp’- sp® and sp*- sp? Cross coupling via copper mediated catalysis

With a variety of synthons now prepared, the first attempts at coupling utilizing
the keycopper catalyze@rignardreactionwas undertaken and is summarized in Scheme
10.

Grignard reagentd7, 48, 49 and 50 were prepared from the respective alkyl
halidesfollowing the procedure of Belmé&t.The powdered magnesium was introduced
to an oven dried flask which was fitted with a condenser wdtilehot and evacuated
using agon for 2 h. Dry THF was introduced to the flask followed by a few drops ef 1,2
dibromoethane. The flask was slightly warmed and the alkyl halide dissolved in THF was
introduced very slowly while stirring over 15 min and maintaining reflux. Grignard
reagent47, Scheme 10, was prepared at various oil bath temperatures, Table 5, to

optimize gneration of the Grignard reagent. A small amount was syringed out of the
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cooled mixture and titrated with-methylbenzaldehyde. The concentration of Grignard
reagent was determined based on the amount of aldehyde consumed. From Table 5, entry
1 gave lowesmol eq of the Grignard reagent while higher temperatures, entries 4 and 5,

showed the amount of Grignard reagent decreasing.

Mg, THF, Reflux, 1-2 h

THPO™ % “Br > THPO™ %~ MgBr
47

42

SchemelO: Formation of Grignard reaged?

Entry Oil bath  Aldehyde Grignard reagent Grignard reagent

Temp °C mmol volume used (mL) molarity (mol/dm3)
1 60 1.0 2.50 0.40
2 66 1.0 1.40 0.70
3 72 1.0 1.15 0.87
4 78 1.0 1.75 0.57
5 84 1.0 1.85 0.54

Table 5: Optimization of Grignard formation.

With the concentration of Grignard reagent determined, coupling was attempted
between Grignard reageA? and unsaturated halid®, Figure 9,by varying thecopper
catalyst, the amount of catalyst used as well as the temperature of the reactioniz® optim
the coupling conditions, Table 6. When CuCl was used as a catalyst it did not favor
coupling, regardless of the temperature or the amount of catalyst used, entries 1, 10 and

16. The use of CuBr improved the situation as yields in the 55% range eooidained
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when 10 mol % of catalyst was used ateritry 5 Similar yields could be obtained at a
lower temperature (0 °C) but more catalyst was required, 20 mé&irtally, when Cul

was used it gave ¢ghbest coupling yields (76%78%), entries 6 and 3equired a shorter
reaction time (2 h at rt), and could be performed equally efficiently at lower temperature

(0 °C), although a highecatalyst loading was requireehtry 18.

cul, THF,
1-15h
THPO™ 6 Mgbr + X~ B D e NS
47 24 52

Figure 9: Coupling Grignard reaged with alkyl halide24.

Entry Catalyst moleq Temp °C) Time (h) % Yield

1 CucCl 1 rt 12 nr
2 CuBr 1 rt 12 35
3 Cul 1 rt 12 46
4 CucCl 10 rt 2 15
5 CuBr 10 rt 2 56
6 Cul 10 rt 2 78
7 CucCl 20 rt 2 20
8 CuBr 20 rt 2 58
9 Cul 20 rt 2 76
10 CucCl 1 0 12 Trace
11 CuBr 1 0 12 25
12 Cul 1 0 12 38
13 CucCl 10 0 12 32
14 CuBr 10 0 12 48
15 Cul 10 0 12 60
16 CuCl 20 0 12 30
17 CuBr 20 0 12 52
18 Cul 20 0 12 63

Table 6: Optimization of coupling conditions.

No reaction(nr)
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Usingoptimized conditions (oil bath temperature of 72 °C), the magnesium metal
was all dissolved after 30 min using alkyl halides of a shorter carbon chain, but 1 h
otherwise. Carbowgarbon coupling was achieved using a shorter reaction time than
previously desribed® by reacting the generated nucleophile, catalyzed by Cul, with
either24, 25, 32, 42, 43, or 46. The yields for the coupling using optimized conditions are
shown in Table 7. Examining Table 7, it appears that the coupling with the Grignard
reagent from the alkyl iodid25 gave the highest yield indicating that the strength-0f C
bond presumably ihdences the ability to efficiently form the Grignard. Additionally,

better yields were obtained by coupling+3Ce units rather than & Cs,

Mg, THF,
Reflux, 1-2 h 24
1. THPO™ % Br — 3 THPO™ G “MgBr ————
42 47
Mg, THF,
Reflux, 1-2 h o5
2. THPO™ Y% “Br — 3 THPO™ G “MgBr — 2> |
42 47
Mg, THF,
_ Reflux, 1-2 h _ 42
3 Br —» MgBr
24 48
Cul, THF,
g‘gi TH';' ah i, 1-1.5 h “
ux, 1-
4 AN 5 WMgI 42 THPO™ g XN
25 49 52
Mg, THF,
Reflux, 1-2 h
5. THPO ™7 B — 3 THPO 47 Mger 32 /Y\
43 50 5 o\)\
Mg, THF, \ﬂ/
Reflux, 1-2 h 26 0
6. THPO™ Y7 Br — 3 THPO™ 7 > MgBr 32
43 50
Mg, THF,
7. NGB R—>dl w2 h/\/\/ MgBr 13
46 51

Schemell: TheGrignardcopper mediatedross coupling of alkyl halides
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Grignard % E/Z

Entry reagent Alkyl halide Yield  ratio
1 47 24 56 96:4
> 47 25 78 96:4
3 48 42 76 96:4
4 49 42 82 96:4
5 50 3> 78 50:50
6 50 46 62 95:5
7 51 43 72 95:5

Table 7: Isolated yields of the keyi@© coupling step usingptimized conditions.
A carbonate was used rather than an alkyl halide
The E/Z ratios are based on the stereochemistry of the starting materiavas it
not alteredduring the reaction. The one exception, however, is entfable 7,in which
GC-MS analysis of the coupled product indicated that a virtual steardom E/Z
mixture was obtained. This was a surprising result considering that both \Wiesmr
Ishumuratovet al.”® demonstrated that similar allylic electrophiles generated products
with much better stereoselectivity. With the halide or acetate leaving groups, it is
suggested that the carboarbon double coordinates to the metal with no chelation to the
leaving group thus allowing slower reductive elimination of the alkyl ligand giving
better selectivity since attack of the nucleophile comes from less hinderé@vgidie, in
this case it seems that the metal may chelate with the carbonate leaving group, thus
allowing the nucleophile to attack the electrophile from either face of the intermediate

allylic complex.
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Unfortunately, coupling of vinyl halidd4 and alkyl halidet1 was not carried out
since the modified Hunsdiecker reaction to form the vinyl halide wassunatessful.
Hence the Grignard reagent could not be generated to explore?hg’® $yybridized
carboncarbon formation of &Cio units. Similarly, the mixture of allylic halide28 and
29, 30 and 31 could not be generated in desirable quantities, thascthupling was not
explored either. Clearly, these are routes that should be explored in future studies.
With the coupling completehe resulting unsaturated etheBheme 12were
then deprotected to alcohdlfollowing standard conditions, MeOH awdtalytic pTSA,
in 8690% vyield”? Subsequently oxidation using the
chemistryo pr &preddoedtiee désiyed pheramdnm92% yield.

A
PO e N — o TN e oMY

52 4 1

Schemel2: Oxidation of alcohol to pheromorie

From the 7 pathways utilizing Grignard copper mediated catalyssreport
synthesis of predominantB-11-tetradecenal in 5 steps, Scheme 13, with an overall yield
of 57 %. The overall reaction time of the synthesis of the pheromone is shorter than those
previously reportetd 7 since fewer steps were required, the coupling step took less
than 2 h, and the highest overall yield of the pheromone was obtained by coupling of 1

iodohex3-ene25 with bromoethe”d9.
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DHP, pTSA, THF, Cul, THF 1,

4h. 1t 96% .~~~ LhE2%
HO” M R — e THPG™ MG YBr Mgl ——
_ 42 49
HBr, Tolueneg, 2 R=CH _
Reflux, 72 h, CuQTt, Bipy,
920k BR=BI o1 orsa TEMPO, NMI,
» PTSA, MeCN, 8 h, 92%
A rt, 6 h, 86% X W
THPO Yo XN o Mg TN — >0 5
52 4 1

Schemel3: Best Grignard copper mediated catalysis pathway.

sp*- sp? Cross coupling via modified Julia olefination

With the copper catalyzed Grignard couplings complete, attention was now turned
to the C11C3 coupling strategy. A variety of regio and stereo comttothethods have
been used to directly form olefins from carbonyl compounds. Examples include: Wittig,
HornerWadsworthEmmons® ¥ Petersorf® Johnsor?? andclassical Julia olefinatiotf®
A number of these olefinations have been used to synthesize insect pherdmobaes
limited by the use of toxic solvents, expensive catalysts, formation of side products, and
formation of mixtures oE/Z isomers that require additional steps to imprsskectivity.
The classical Julia olefination, Figud®, involves many steps, including the use of
sodium amalgam, thus making it unattractive for large scale synthesis. Improvements
were made to the classical method by varying the heteroogdlgesulfone 1°°

In this study the use of the modified Juacienski olefination reaction was
targeted as it is superior to the classical Julia olefination for generating products with a
high degree of stereoselectivif§f. The modified Juliakocienski is a sigle step reaction
that is highly selective, more efficient and gives high yields. This apparently is due to the
stability of phenyltetrazolyl sulfone anion which permits metallation before addition of
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aldehyde'® In addition, trans selectivity increases ith increasing size of the cation in

the bulky base, polarity and coordinating ability of the solv&nt.

JJ\ SO,Ph H
SGO,Ph n-BuLi, THF SGO,Ph H Ry R)\/ R; Na/Hg, Sml, R)\( R,
e —_—
R -78°C R” L Ac,0 OAc H

Figure 10: Classical Julia olefination reaction.

The mechanisi®1% of the modified Juliekocienski reaction, Figurel] begins
with the formation of a carbanidn then addition of the aldehyde resulting in an unstable
b-alkoxysulfone intermediatdl (anti or syn) that undergoes Smiles rearrangement
leading to a spirocyclic intermediaté that undergescleavage to a sfihate saltlV by
transfer of the heterocycl e f-elimnmatiosWudff ur t o
sulfur dioxide.The mechanism for the modified Jukkacienski is believed to proceed
via an open transition state rather than a closed transitze'” The closed transition
state occurs in nepolar solvents which promote metal coordination with small counter
ions and thus leading to unfavorable steric hindrance between the large phenyl group and
alkyl group as wellas oxygen in the sulfone, §ure 2. However, in polar solvents
coordination with large counter ions is favored and an open transition state predominates

and this leads to amti-configurationand less steric hindrané®.
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Figure 11 JuliaKocienskireaction mechanism.
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Figure 12 Steric hindrance in nepolar solvent.
The secondstrategyin this studycommenced with the formation of the sulfides
54 and 56, Scheme 14. Thereford;-phenytlH-tetrazole5-thiol 53 was treated with

sodium hydrid&® to form the sulfide anion which was then reacted witirdmopropane

and54 respectively.
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Schemel4: Synthesis of sulfides and sulfones.

The reactions erecomplete after 8 h as shown by TLC and NMR and generated
54 and56 in good vyields, 82% and 65%, respectively. The sulfides were then oxidized
uneventfully to sulfone§5and57in 90-93% yield using a short reaction time according
to the procedure of Kaadamy:® This procedure utilized ammonium heptamolybdate
catalyst which is cheap, air stable, commercially available, and ehetions gae high
yields at rtt®

With sulfones in hand, the stage was set to prepare alde69dés and 62 via
bromoalcobl 41, bromoethed5 and acetat&8, Scheme 15. This decision was made
since a commercial source of the aldehydes was expensive compared to cheap readily

available symmetrical di@7.
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CuOTf, Bipy,
TEMPO, NMI,
MeCN, 8 h, 92%
Ho” Mg Br > Br 90

HBr, Toluene,
Reflux, 72 h 41 60
Me3NO, DM SO,
a rt, 5h
HO N oH s R oTHP > THPO T ™Moo
37 45 CuOTf, Bipy, 61
\ TEMPO, NMI,
ACOH, HySQ,(1), H,0 MeCN, 8 h, 92%
Toluene, Reflux, 4 h HO/\M/g\OAc —_— Acomo
58 62

a= i) HBr, TolueneReflux, 72 h i) DHP, pTSA, THF, 4h, rt 96%
Schemel5: Preparation of €11 aldehydes.

Bromoalcohol41 and bromoethed5 were prepared as earlier described. Acetate
58 was prepared in 86% vyield by refluxing d®r with glacial acetic acid catalyzed by
concentrated bBQw. This reaction was scalable and produced a high vyield of
monoacetate wh very minute percentages of diacetate in a short reaction time. This
reaction was remarkable as it is well known that mpratection of symmetrical diols is
difficult as it tends to give not more than 50% yigi@xceptions to this are known. For
exampe, symmetrical diols can be protected as their THP ethers in very high yields but
the method has serious disadvantages because the ethers form very rapidly after most of
the diols hae been consumed requiring attention to stop the reaction, and longer cha
diols are protected less efficientf{. Also, protection of diols using acetic anhydride
gives moderate yields in very basic and strong refluxing conditions, howeveruwask
tedious and on industrial scale, anhydrides are much more expensive edntpar

corresponding carboxylic acid¥.
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Alcohols 41 and 58 were oxidized according to a recently reported procedure by
Hoover?* producing60 and 62 in excellent yields 986%. The alcohols were treated
sequentially with 0. @Qrelyl, #EMP® and B.1 eq 6f MEthyO T f
imidazole(NMI) at ambient temperature and stirred rapidly open to the atmosphere for 8
h. This catalytic system is highly selective for primary alcohols and tolerant to a wide

number of functional groups.

Bromoethe5 was oxidized using trimethylamine-dkide (TMANO) in DMSO
in 65% yield!*? With all the synthons prepared, the key coupling step was accessed by
utilizing the bulky base KHDMS to generate the anion7& °C from the sulfones,
Scheme 16, which were theoupled with aldehyde80, 61, 62 and propanal®” Isolated
coupling yields and/Z ratios were determined by G@S and are shown in Scheme 16.
From this set of reactions it appears that the type of protecting group has little effect on
E-selectivity. The acetate and bromide showed slightly higher selectivity than the THP

protecting group, but this was not that significant.

40



E/Z ratio

B NN 8712
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OS5~ ACO/\M/Q\/\ 8r-11
55 61 64, 50%
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N Propand o X 80 :20

0,5 52, 48%
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Condtions i) KHDMS, THF, -78°C, 1 h,i) -78°C, 1h
551052 gave 46%

Schemel6: JuliaKocienski coupling products.

Deprotection and subsequent oxidation ofoupling products

Both the unsaturated ether and acet®®and64, respectively, were dprotected
and oxidized as described earlier to give a mixturd/Fll-tetradecenal. With this
accomplished, this study became the first to utilize the -Kd@enrski olefination
reaction for controlling the stereochemisty 63 in a short synthesis of the SBW
pheromone. The route allowed for the production of a stereocisomeric mixtlE& of
(87:12)11-tetradecenal in four steps with an overall yieBl93, Scheme 1. This has
great promise as the isomeric mixture is close to the ideal mixtureEcbQ3herefore
improvements to the stereoselectivity and overall yield, especially the olefination step,

should be explored.
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Schemel7: Shortest synthetic pathway to the SBW pheronbne
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CONCLUSIONS

This study embarked on developing short synthetic pathways that were
economical and utilize green methods to synthesize the SBW pheromone as close to the
optimum 9%:5Z ratio as possible. #é most important step in this synthesis was the
carboncarbon coupling of two units of varying length that involved coupling primary
alkyl halides or alkyl halides with aldehydes. To explore this, two-kvedlvn reactions,
the Grignard reaction and Jukacienski olefination, were used. Both reactions have
been extensively utilized in forming carboarbon bonds and in particular the Julia
Kocienski reaction for the installation of highskereoselectivity, if carefully controlled.
Though both reactionsre& moisture sensitive and temperature dependent, they are still
applicable for large scale synthesis.

The seven Grignard coupling pathways involved the use of alkyl bromides and
alkyl iodides. The results demonstrated that coupling of the Grignard didriva an
alkyl iodide gave the best yield while coupling of @hd G units gave better yield than
coupling of G and G units. Use of an allyl carbonate as an electrophile in this reaction
produced an undesirable 50:50 stereoisomeric mixture. Addiyyortb# yields of the
coupling step indicated independence from length of the carbon chain used to form the
Grignard reagent.

The JuliaKocienski olefination reaction was explored for the first time in
synthesis of the SBW pheromone but the yields in thgling step were more modest
when compared to the Grignard reaction. Three different-Bual@enski pathways were
explored but the yields were unfortunately all in the mid 50% range. Further optimization

should be explored in order to improve the yiatd atereoselectivity. This is particularly
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important as this route allows the SBW pheromone to be synthesized in just four simple

steps.

FUTURE STUDIES

Grignard reagents are versatile nucleophiles in organic synthesis due to their high
reactivity. They s among the most inexpensive organometallics that are readily
prepared on large scale industrially and in the laboratory. However, they are extremely
sensitive to moisture requiring anhydrous solvents and moisture free magnesium as a key
in their prepargon. The high basicity and reactivity of these hard nucleophiles is
softened by the use of organocopper W2 &ndSy2 Mjactions for cross coupling alkyl
halides.

This study employed Grignard copper mediated catalysis in seven pathways that
involved generating a Grignard reagent from long carbon chain aliphatic THP protected
bromides and short chain unsaturated homoallylic and allylic halides. While initial
preparabn of the reagent was problematic, a key to its success was owed to complete
elimination of air, drying of the magnesium powder under inert conditions, careful
control of amount of solvent used and optimizing the temperature. Another problem
posed was theolidifying of Grignard reagent on transfer, this resulted in the need for
rapid addition of the Grignard reagent to the alkyl halide, which may have contributed to
the reduced yield of coupling product and side products observed. Despite these

limitations the method could be improved in future for synthestsanfs-11-tetradecenal
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1 by investigating the rate and order of addition of the reactants, reaction temperature,
solvent effects and alternative catalysts.

No experiments were done where the halides vadded to the already formed
Grignard reagent. As the organometallic is likely to be stable at room temperature or
lower this may allow for the addition of the catalyst and halide to be added to the anion.
This could allow one to investigate whether thpid or slow addition of halide has an
effect on yield and overcome the probl ems
required to be added slowt}?

The Grignard experiments were carried out in THF and it would be interesting to
investigate othr aprotic solvents that enhance nucleophilicity f@2,Sfor example
diethyl ether or dimethoxyethan®ME) which are both inexpensive. Future studies
should also explore the use of ligands in Grignard copper mediated catalysis to improve
the yields sinceghe absence of ligands requires slow and regular addition of Grignard
reagent for high yields3

More studies need to be targeted towards allylic carbonates, acetates, halides, etc,
as this would allow for the use of an extremely cheap staraterial. As it was
believedthat there was increased coordination of the carbonyl oxygen in the carbonate to
the metal, Figure 3, and that this may have contributed to a low stereoselectivity, then
less basic acetates and halides may improve this. Coupled heitle studies, more
experiments need to be done with different copper (1) salts, like CuCN, and solvents to

assess their impact on the selectivity.
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Figure 13: Regioselectivésy2 hljcleophilic addition.

Another futureconsideration for exploration is searching ways to form a vinyl
bromide to enable cross coupling betweehasul sp hybridized carbons. This has not
yet been explored for the synthesis of the SBW pheromone. Bxesgl bromides are
useful precursors forinyl anions and coupling partners in metal catalyzed coupling. A

method by Abba$®™ Figure #, could be used to prepare the vinyl bromide starting from

propanal.
o
llé
MeO” 1 ~OMe
H CBr,, PPh Br H Br
/& i R/ﬁ/ > RN
%
R 0 Br Et;N, DMF

Figure 14: Proposed pathway to prepare vinyl bromide.

Sinceonly KHDMS base was used in the Julia olefination resulting & BZ
ratio, other bases should be explored to improve the ratio, particularly for the shortest
pathway. Also using solvents of different polarities, like DME, and different temperatures

mayalso prove beneficiaf”
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Chemicals and Instrumentation

All solvents used were of analytical grade (Sigma Aldrich, Fluka, Fischer) or
distilled and dried before use. Commercial reagents purchased from Sigma Addfiach,
Aesar, AK Scientific BDH and VWR analytical The reagentavere used without
purification. Thin layer chromatography (TLC) was performed usingcpated silica gel
60 Fs4 plates or alumina (28 20 cm, thickness 0.25 mm) with fluorescence indicator.
Spots were visualized gy a UV-254 nm lampor by dipping the plates in a solution of
potassium permanganate or phosphomolybidic acid stain and then heating on a hotplate at
350 °C for < 5 minutes. For preparative thin layer chromatography (PTLC), 20 x 20 cm,
thickness 0.25 mmlates were used. Flash chromatography was performed witb310
£ m230- 400 mes)y 60 A irregular silica gel, superior grade purchaseth SiliCycle
Inc, Quebec, Canada.

H NMR was recorded at 300 MHz or 400 MHz usinyaxian Inova 300 MHz
or Varian Unity 400 MHz instrument at 25 °G3C NMR were recorded at 100 MHz
using aVarian Unity 400 MHz instrument at 25 °CAll NMR spectra were processed
and analyzed using the Mnova NMR program, Version 94@1 or Version 10.0-2
15465 (Santiago de Comgtela, Spain). Chemical shifts are reported in parts per million
(ppm) and referenced to residual NMR solvent or tetramethylsilane. All ppotdon
coupling constants are reported in Hertz (HAlkene isomer ratio was determined by
gasliquid chromatogaphymass spectrometry (GC/MS) using an Agilent Technologies
6890N Gas Chromatograph and Agilent 5973N Mass Selective Detector at Canadian
Forest Servicé Atlantic Forestry CentreFredericton, NB. A Zebron ZBMS capillary

GC column oflength30 m internal diamete0.25 mmand0.25 pmfilm thickness was
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used with a temperature range from 50 to 220 °C. The sample was injected and the start
temperature was held for 2 min, theteaperature ramp of 6.00 °C/min 220 °C was
performed. Once 220 °C was obtained it was held at 220 °C for 35 min. Fourier
transformed infrared (FIR) spectra were recorded using a NEXUS 470 Infrared
spectrometer. Neat samples were prepared on a 32 mm diameter KBr window by
evaporatig the solvent that resulted from dissolving the compounds ¥CGH

Melting point was determined using Gallenkamp melting point apparatus and are

uncorrected.

Experimental procedures
Synthesis offf)-1-bromohex3-ene24. 8
WOH e P O N

The compound was prepartallowing the procedure by Shakhmaev except with
slight modifications. PP(2.21 g, 8.43 mmol) was dissolved in &Hb (40 mL) and the
solution cooled to 10C in an icewater bath. Bromine (800mmol, 0.0 mL) dissolved
in CH2Cl> (10 mL) was then added dregse with stirring under argon over 5 minutes.
After stirring for an additional 30 min while allowing the solution to warm to rt, a yellow
suspension was formed. To this was added commeEeghexenl-ol (0.94 g, 8.2
mmol, 100 mL) in CH.Cl> (10 mL) dropwise over 5 minutes, after complete addition
the solution was stirred at rt for 2 h. The mixture was diluted with hexane (150 mL) and

then filtered over a pad of silica gel to yield a yellow liquid. Trace triphenylphosphine
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oxide was removed by Sgolumn chromatography eluting witiexane R = 0.5) to

give abromide24 as apale yellow liquid. Yield: 1.26 g, 87%.

IH NMR (400 MHz, CDCly): U 5. 5X3=1%.3) 6.3, 1.3 Hz, 1H), 5.39 (d&t=
15.2, 6.7, 1.5 Hz, 1H), 3.37 (t= 7.2 Hz, 2H), 2.58

i 2.51 (m, 2H), 2.07 1.98 (m, 2H), 0.98 (1) = 7.4

Hz, 3H).
13C NMR (100 MHz, CDCls): a 135.5, 125.4, 36.0, 32.9,
FT-IR (neat, cm™): 3056, 2967, 2996, 1460, 1262, 957.

Synthesis b(E)-1-iodohex3-ene25 %

NN Ny NI

The compound was prepared following the procedure by Myron except with some
minor changes. PRI2.7 g, 10.4 mmol), 1Hmidazole (0.0 g, 9.8 mmol) and CHCI>
(20 mL) were sequentially added to a round bottom flask uadgm. The mixture was
stirred and cooled to @ in an icewater bath at which time (2.4 g, 9.6 mmol) was
added in portions over-2 minutes. After complete addition the solution was stirred for
0.5 h and themommercialE-3-hexen1-ol (0.80 g, 8.0 mmd 1.00 mL) in CHCl2(2 mL)
was added drepvise over 5 min and the mixture warmed slowly to rt. After stirring for 2
h, pentane (20 mL) was added and the solution stirred at rt for 30 min to precipitate
excess PPrand triphenylphosphine oxide. The sahutiwas filtered over a pad of silica
gel to give a brown liquid. Further purification by Si€lumn chromatography eluting

with hexangRq= 0.50) gaveiodide25asa dark brown liquid.
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Yield: 1.55 g, 92%.
'H NMR (300 MHz, CDClIs): 0 5. 5J~=1%.1d 6.2, 1.3 Hz, 1H), 5.35 (d&=
14.9, 6.6, 1.4 Hz, 1H), 3.14 @~= 7.3 Hz, 2H), 2.68

i 2.41 (m, 2H), 2.15 1.88 (m, 2H), 0.99 () = 7.5

Hz, 3H).
13C NMR (100 MHz, CDCls): a 135.1, 127.3, 36.8, 25.5,
FT-IR (neat, cm™Y): 3029, 29582359, 1454, 1166, 960.

Synthesis of [E)-hex-3-enyl] 4methylbenzenesulfonat@6. 8

O,
NGNS
/WOH - 7 \©\

Following the procedure of Kabalkapmmercial E-3-hexenl-ol (2.06 g, 20
mmol, 1.64 mL) was added to GEl> (20 mL) and cooled to TC in an icewater bath.
To the stirring solution, pyridine (3.24 mL, 40 mmol) was added followed by p
toluenesulfonyl chloride (5.7 g, 30 mmol) in small portions ovied &in. The solution
was warmed to room temperature and then stirred for 20 h. Water (14 mL) and ether (60
mL) were added and the separated organic phase was washed with 5% HCI (40 mL),
saturated NaHC®(20 mL x 2), brine (20 mL x 2) and dried (Mg9OFollowing
filtration, the solution was concentrated and the crude extract purified by SiO
chromatography eluting withexane/EtOAc (9:2R= 0.50) to give a pale yellow oil.

Yield: 4.74 g, 94%.

50



IH NMR (400 MHz, CDCl3): 0 71 B7B (m, 2H), 7.3 7.32 (m, 2H), 5.51
(dtt, J = 15.3, 6.3, 1.4 Hz, 1H), 5.23 (dft= 15.3,
6.8, 1.6 Hz, 1H), 4.01 (] = 6.9 Hz, 2H), 2.45 (s,
3H), 2.33 (qqJ = 6.9, 1.2 Hz, 2H), 2.01 1.92 (m,
2H), 0.93 (tJ = 7.5 Hz, 3H).
13C NMR (100 MHz, CDCl): 8 144.6, 136.1, 133.3, 129
32.1, 25.5, 21.6, 13.5.
FT-IR (neat, cm): 3029, 2964, 1914, 1590339, 1172, 1096, 966,

656.

Synthesis of gpentl-eneyl) isobutyl carbona2. 8

In a dry 100 mL RBF, ‘penten3-ol (2.4 mL, 23.2 mmol) and Ci€l> (50 mL)
were added and solution cooled t6@ Isobutyl chloroformate (30mL, 23.2 mmol)
was added droewise over 10 min under argon while stirring, followed by pyridine(1.9
mL, 24.8 mmol). The solution was allowed to slowly warm to rt and stir for 12 h. The
reaction was quenched by addition of 6 M HCI (25 mL), the orgardasepivas separated
and the aqueous phase was washed wit® ER5 mL x 2). The combined organic
extracts was washed with saturated NaHC5 mL), brine (25 mL x 2), dried (MgS{

filtered and concentrated to yield a yellow liquid. The crude product wigedlby SiG
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column chromatography eluting with hexane/EtOAc (®15 0.84) to give a colourless

liquid.

Yield: 4.24 g, 98 %.

IH NMR (400 MHz, CDCl3): U 51 578 (m, 1H), 5.34 5.16 (m, 2H), 5.04
4.94 (m, 1H), 3.91 (dd] = 7.0, 2.5 Hz, 2H), 2.1D

1.86 (m, 1H), 1.84 1.60 (m, 2H), 0.95 (dql = 6.1,

2.3, 1.8 Hz, 9H).

13C NMR (100 MHz, CDCly): O 154.9, 135.9, 117.4, 80.
9.4,

FT-IR (neat, cm-Y): 3029, 2904, 1914, 1590, 1359, 1172, 1096, 966,
656

General procedure for the synthesis dfromo 1-alcohols38-41.%

HO” Y SoH ——>Ho” 7 Br

2 n=6 38n=6
35n=7 39n=7
36n=8 40n=8
37n=9 41n=9

The n-bromao1-alcohols were prepared according to the procedure outlined by
Chong® In a dry round bottom flask was put the symmetrical diol, toluene and 48%
concentrated HBr (1.0&0l eq). The solution was stirred and heated at reflux for 36 h, at
which time an additional amount of concentrated HBrqOmbl eq) was added. The
mixture was heated at reflux for a further 36 h. Upon cooling the mixture to rt, the lower

aqueous phase waeparated, and the organic layer was diluted wit® Bhd washed
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with 1 M NaOH, dried (MgS@ and solvent removed under reduced pressure. The

residue was purified on Si@ash chromatography column eluting with hexane/EtOAc.

Synthesis of &romo-1-octanol 38, %
Following the general procedure Ip8tane diol2 (3.00 g, 200 mmol), toluene
(100 mL) and 48% concentrated HBr (2.70 mL, 21.0 mmol) were used. An additional
amount of concentrated HBr (D.0nl, 8.00 mmol) was added. Purification using SiO
flash chromatography eluting with hexane/EtOAc (Rd5 0.52) gave38 as a colorless
oil.
Yield: 3.95 g, 92 %.
IH NMR (400 MHz, CDCly): U 3. 646.9(Hg, 2H), 3.41 (t) = 6.8 Hz, 2H),

1.927 1.81 (m, 2H), 1.63 1.52 (m, 2H), 1.49

1.27 (m, 8H).
13C NMR (100 MHz, CDCls): i 62.9, 33.9, 32.8, 32.7,
FT-IR (neat, cm™): 3321, 2934, 1456, 1051.

Synthesis of bromo1-nonanol39.

Following the general procedure tnénane dioB5 (3.21 g, 200 mmol), toluene
(100 mL) and48% concentrated HBr (2.70 mL, 21.0 mmol) were used. An additional
amount of concentrated HBr (0.0nl, 8.00 mmol) was added. Purification using 5iO
flash chromatography eluting with hexane/EtOAc (R1= 0.50) gave39 as a white
crystalline solid.

Yield: 4.02 g, 90 %.
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MPt: 32-34°C
IH NMR (400 MHz, CDCl3): U 3. 646.6(Hz, 2H), 3.41 (tJ = 6.9 Hz, 2H),
1.917 1.81 (m, 2H), 1.62 1.52 (m, 2H), 1.52
1.39 (m, 2H), 1.39 1.26 (m, 8H).
13C NMR (100 MHz, CDCls): U 63.0, 3429@,29.38328.7,28.1,%57.. 8,

FT-IR (neat, cm™): 3388, 2925, 1460, 1060.

Synthesis of 1®dromao1-decanokO.

Following the general procedure 1,-d8cane diol36 (3.49 g, 200 mmol),
toluene (100 mL) and 48% concentrated HBr (2.70 mL, 21.0 mmol) were used. An
additional amount of concentrated HBr @.®l, 8.00 mmol) was added. Purification
using SiQ flash chromatography eluting with hexane/EtOAc (R% 0.50) gavetOas a
white solid.

Yield: 4.17, 88%.

MPt: 42-45°C

IH NMR (400 MHz, CDCly): U 3. 646.6(Hg, 2H), 3.41 (t) = 6.8 Hz, 2H),
1.907 1.81 (m, 2H), 1.56 (m, 2H), 1.481.39 (m,

2H), 1.32 (m, 10H).

13C NMR (100 MHz, CDCl): ia 63.0, 3 4 .295, 29372 29836, 2872 . 6,
25.7.
FT-IR (neat, cm™Y): 3553, 2930, 2845, 1465, 1043.
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Synthesis of 1-bromol-undecano#il

Following the general procedure l;ttddecane dioB7 (3.77 g, 200 mmol),
toluene (100 mL) and 48% concentrated HBr (2.70 mL, 24mol) were used. An
additional amount of concentrated HBr @.l, 8.00 mmol) was added. Purification
using SiQ flash chromatography eluting with hexane/EtOAc (R1= 0.53) gavedlas a
white crystalline solid.
Yield: 4.62 g, 92 %.
MPt: 46-50°C.
IH NMR (400 MHz, CDCly): U 3. 646.7(Hz, 2H), 3.41 (t) = 6.9 Hz, 2H),

1.937 1.77 (m, 2H), 1.65 1.50 (m, 2H), 1.52

1.21 (m, 14H).
13C NMR (100 MHz, CDClg): i« 63.1, 34.0, 33.0, 32.
28.8, 28.2, 25.7.
FT-IR (neat, cm™Y): 3375, 2930, 2845, 1465, 1052.

General synthesis ofloromo-1-(tetrahydropyranyloxyplkanesA2, 43, 44 and 4%

HO Y Br — B M oTHP

39n=7 43n=7
40n=8 44n=8
41n=9 45n=9

Following the protocol of Zarbiff, to a solution ofh-halo-1-alkanol in dry THF,
was added pTSA (cat.) and dihydropyran. Thetiea was stirred at rt for 4 h and then

the mixture was washed with brine, dried over anhydrous MgSikered and
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concentrated under reduced pressure. The residue was purified using SiO

chromatography to give the halidé3 43, 44and45.

Synthesis of &romo-1-(tetrahydropyranyloxy) octard2
Following the general procedure, reaction38f(3.49g, 16.7 mmol), THF (50

mL), pTSA (cat. 400 mg) and dihydropyran (1.67 mL, 18.4 mmol) gave after SiO

chromatography using hexanes/EtOAc (Rds 0.66) as eluent2 a colorless oil.

Yield: 4.70 g, 95%.

IH NMR (400 MHz CDCl3): 0 4. 58=46d2a8 Hz, 1H), 3.94 3.83 (m,
1H), 3.74 (dtd,J) = 9.5, 6.9, 0.7 Hz, 1H), 3.563.47
(m, 1H), 3.45( 3.34 (m, 3H), 1.90 1.79 (m, 3H),
1.771 1.67 (m, 1H), 1.65 1.48 (m, 5H), 1.44
1.28 (m, 8H).

13C NMR (100 MHz, CDCls): G 98.9, 67.6, 62.4, 34.1,
28.1, 26.1, 25.5, 19.

FT-IR (neat, cm™Y): 2930, 1739, 1460, 1029.

Synthesis of dbromao-1-(tetrahydropyranyloxy) nonamks.

Following the general procedure, reaction38f(3.73 g, 16.7 mmol), THF (50
mL), pTSA (cat. 400 mg) and dihydropyran (1.67 mL, 18.4 mmol) gave Siter
chromatography using hexanes/EtOAc (Rds 0.74) as eluent3 a colorlessoil.

Yield: 4.87 g, 95%.
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IH NMR (400 MHz, CDCl3): 0 4. 5JF=45d27, Hz, 1H), 3.92 3.83 (m,
1H), 3.73 (dtd,) = 9.6, 6.9, 0.7 Hz, 1H), 3.553.46
(m, 1H), 3.45 3.34 (m, 3H), 1.9 1.78 (m, 3H),
1.767 1.66 (m, 1H), 1.65 1.48 (m, 5H), 1.47
1.26 (m, 10H).
13C NMR (100 MHz, CDCl): i 98.9, 67.6, 62.5, 34.0,
28.2,26.2, 25.5, 19.

FT-IR (neat, cm™Y): 2930, 1466, 1262, 1029.

Synthesis of 1®dromao1-(tetrahydropyranyloxy) decar.
Following the general procedure, reaction46f(3.96 g, 16.7 mmol), THF (50

mL), pTSA (cat. 400 mg) and dihydropyran (1.67 mL, 18.4 mmol) gave after SiO

chromatography using hexanes/EtOAc (BRds 0.74) as eluent4 a colorless oil.

Yield: 4.99 g, 93%.

IH NMR (400 MHz, CDCly): U 4. 5JF45 @dH, 1H), 3.87 (ddd) = 11.1,
7.4, 3.3 Hz, 1H), 3.73 (d§,= 9.5, 6.9 Hz, 1H), 3.54
i 3.47 (m, 1H), 3.44 3.37 (m, 3H), 1.91 1.79 (m,
3H), 1.76i 1.67 (m, 1H), 1.64 1.48 (m, 5H), 1.48
i 1.26 (m, 12H).

13C NMR (100 MHz, CDClg): iU 98. 6, 38.8, 3%8, 30.6,29.7229.4, 29.3,
28.6, 28.1, 26.2, 25.6, 19.6.

FT-IR (neat, cm™Y): 2921, 2845, 2252, 1452, 1034, 728.
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Synthesis of 1-bromo1-(tetrahydropyranyloxy) undecadé.

Following the general procedure, reaction4df(4.20g, 16.7 mmol), HF (50

mL), pTSA (cat. 400 mg) and dihydropyran (1.67 mL, 18.4 mmol) gave after SiO

chromatography using hexanes/EtOAc (BRds 0.74) as eluet5 a colorless oil.

Yield: 5.36 g, 96%.

IH NMR (400 MHz, CDCl3): U 4. 5J4.5,@dHz, 1H), 3.87 (ddd = 11.1,
7.4, 3.6 Hz, 1H), 3.73 (df,= 9.6, 6.9 Hz, 1H), 3.54
i 3.46 (m, 1H), 3.43 3.35 (m, 4H), 1.91 1.80 (m,

3H), 1.64i 1.48 (m, 5H), 1.46 1.24 (m, 15H).

¢

13C NMR (100 MHz, CDCla):
29.47, 2942, 28.8, 28.2, 26.2, 25.5, 19.7.

FT-IR (neat, cm™Y): 2921, 1465, 1128, 1020.

Synthesis of 1-acetoxyl-undecanob8.

HO/\Hg\OH — AcO/\Mg\OH

37 58

Toluene (20 mL), 1,2-undecanedioB7 (1.00 g, 5.3 mmol), glacial acetic acid

(3.00 mL, 53.1 mmol), water (1.0 mL), and concentrate@@; (10 drops) were added to

98. 9, 67. 7, 62. 4, 34.

a dry 100 mL round bottom flask. The mixture was stirred and heated at reflux for 4 h at

110 °C. After cooling to rt, the mixture was washed with water (10 mL), 10% NgHCO

(2 x 25 mL), brine (25 mL), dried (MgSf filtered, and the solvent removed under

reduced pressure to give a colorless liquid which solidified after standing at rt to a white
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solid. Purification by Si@column chromatography eluting with hexane/EtOAc (R3;

0.50) gaveéb8 as a white crystalline solid.

Yield: 1.07 g, 88%.

MPt: 59-60 °C.

IH NMR (300 MHz, CDCl3): U 4. D=56.8{Hz, 2H), 3.64 (t) = 6.6 Hz, 2H),
2.05 (s, 3H), 1.58 (dq),= 14.0, 6.9 Hz, 8H), 1.42

1.17 (m, 10H).

¢

13C NMR (100 MHz, CDCl): 171.2, 64.6, 62.9, 32.7,
29.09, 28.5, 25.8, 25.7, 21.0

FT-IR (neat, cm™Y): 3455, 2926, 1732, 1235, 1033.

Synthesis of 1-acetoxyundecan®2. %

AcO” Mg SoH — Ac0” ™Moo

58 62

Hoover 6s pr oc e &biaaedry®aml RBFacbntaioingeldohbs8
(0.48 g, 2.0 mmol) was added dry G&N (2 mL) followed sequentially by CuOTf
(0.038 g, 0.10 mmol in 2 mL of G& N) , -bbyridin2 @.016 g, 0.10 mmol in 2 mL
of CH:CN), TEMPO (0.016 g, 0.120 mmol in 2 mL of @EN) and Nmethylimidazole
(0.008 g, 0.20 mmol in 2 mL of GEN) at rt. The brown solution was rapidly stirred
until the solution turned green, approximately 8 h, 84dNMR showed reaction was
complete. The mixture was neutralized witMIHCI (10 mL) and duted with water (20
mL). The organic phase (pale green) was separated and the agueous phase (pale blue)

was washed with Cl> (25 mL x 5). The combined organic extracts was washed with
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brine (25 mL x 2), dried (MgS%), filtered and concentrated to givepale brown oil.

Purification by SiQ column chromatography eluting with hexane/ EtOAc (R 0.74

gave62as a brown oil.

Yield: 0.44 g, 96%.

IH NMR (400 MHz, CDCl3): U 9. J=1.8(Hg, 1H), 4.05 (td) = 6.8, 1.4 Hz,
2H), 2.561 2.27 (m, 2H), 2.07 2.03 (m, 3H), 1.69
i 1.57 (m, 4H), 1.39 1.24 (m, 12H).

202. 9, 171. 2, 64. 6, 43. 9,

¢

13C NMR (100 MHz, CDCl):
28.6, 25.9, 22.1, 21.0.

FT-IR (neat, cm™Y): 3053, 2933, 2715, 225%742.

Synthesis of 1-bromoundecanal60. **

Br” g SoH —Br M50

41 60
Hoover s procedure was followed. To a d

41 (0.50 g, 2.0 mmol) was added dry GE&N (2 mL) followed sequentially by CuOTf

(0.04 g, 0.10 mmolin2mLof & N) , -bByriding @.02 g, 0.10 mmol in 2.0 mL of

CHsCN), TEMPO (0.02 g, 0.10 mmol in 2 mL GEN) and Nmethylimidazole (0.008 g,

0.20 mmol in 2 mL of CkCN) at rt. The brown solution was rapidly stirred until the

solution turned green,pproximately 8 h, andH NMR showed that the reaction was
complete. The mixture was neutralized witMIHCI (10 mL) and diluted with water (20

mL). The organic phase (pale green) was separated and the agueous phase (pale blue)

was washed with C¥l> (25 mL x 5). The combined organextracts was washed with

60



brine (25 mL x 2), dried (MgS%), filtered and concentrated to give a pale brown oil.

Purification by SiQ column chromatography eluting with hexane/ EtOAc (&2 0.59)

gave60as a brown oil.

Yield: 0.46 g, 92 %.

IH NMR (400 MHz, CDCl3): U 9. 771.9Hz, 1H), 3.41 (tt) = 6.9, 1.7 Hz,
3H), 2.43 (tq,d = 7.3, 1.6 Hz, 3H), 1.86 (dtf] =
15.6, 6.9, 1.7 Hz, 3H), 1.681.59 (m, 3H), 1.48

1.39 (m, 2H), 1.37 1.26 (m, 6H).

13C NMR (101 MHz, CDCls): 0 202. 9, 3248 2993, 29.3429.85, 29.1,
28.7, 28.1.
FT-IR (neat, cm™Y): 3032, 2926, 2701, 1721.

Synthesis of 1{(tetrahydre2H-pyran2-yl)oxy]- undecanab1.!?

THPO g B —— THPO Moo

45 61

Anhydrous TMANO (0.59 g, 7.8 mmol) was added to a dry 25 mL RBF and
flushed with Ar for 15 minutes. Dry DMSO (4 mL) was added under inert atmosphere at
rt followed by bromide45 (0.65 g, 1.94 mmol, in 1 mL of dry DMSO). The colorless
mixture was stirred wer under an argon atmosphere for 5 h with the colour changing to
a white gray opaque solution. The reaction was monitored using TLC and NMR, once
complete it was quenched by pouring into ice cold brine (10 mL) and extracted ¥@th Et
(10 mL x 4). The comined organic extracts was washed with brine (10 mL x 2), dried

(MgSQy), filtered and concentrated to give a colorless oil. Purification usingc®idmn
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chromatography and eluting with hexane/EtOAc (2= 0.60 gave 61 as a clear

colorless liquid.

Yield: 0.33 g, 62%

IH NMR (400 MHz, CDCl3): U 9. J=r3.7Hz, 1H), 4.57 (dd] = 4.4, 2.5 Hz,
1H), 3.921 3.83 (m, 1H), 3.78 3.69 (m, 1H), 3.55
i 3.46 (m, 1H), 3.43 3.34 (m, 1H), 2.41 (td) =
7.4, 2.8 Hz, 2H), 1.90 1.78 (m, 1H), 1.77 1.68
(m, 1H), 1.67i 1.48 (m, 7H), 1.41 1.22 (m, 10H).

203. 1, 98. 9, 67. 7, 62. 4,

¢

13C NMR (101 MHz, CDCl):
29.44,29.4,29.3, 29.2, 26.2, 25.5, 22.1, 19.7.

FT-IR (neat, cm™): 3061, 2930, 2854, 2719, 1716, 1137, 1034.

Synthesis b1-phenyt5-(11-tetrahydropyras2-yloxyundecylsulfanyl) tetrazolg6.'®

N=N,
| N—Ph
N§<
s
Br” g YOTHP — = 10 OTHP
45 56

Fol |l owi ng Du s but witld somepminorcaktedationse to a dry 100
mL round bottom flask under an argon atmosphere was put NaH (60 wt% in oil, 0.15 g,
6.40 mmol) and THF (15 mL). To this stirring suspension cooled in an ice bath, 1
phenytlH-tetrazole5-thiol 53 (1.06 g, 6.0 mmol) in THF (5 mL) was added dwise.
After stirring at this temperature for 10 min, bromi(2.00 g, 6.0 mmol) in THF (4

mL) was added and then the solution was warmed slowly to rt and stirred for 8 h. The
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mixture was quenched by the addition of saturated@IH2 x 20 mL). The organic
phase was separated and the aqueous phase was washed with EtOAc (2 x 10 mL). The
combined orgami phases was dried (Mg9Q filtered and concentrated to give a
colorless liquid that solidified on standing at rt. Purification by >Si€lumn
chromatography eluting with hexane/ EtOAc (7E3,= 0.15) gave56 as a colorless
liquid.
Yield: 1.68 g, 65%.
IH NMR (400 MHz, CDCl3): U 71 B4 (m, 5H), 4.57 (dd) = 4.5, 2.7 Hz,
1H), 3.911 3.84 (m, 1H), 3.77 3.69 (m, 1H), 3.54
i 3.47 (m, 1H), 3.43 3.35 (m, 3H), 1.89 1.77 (m,
3H), 1.761 1.67 (m, 1H), 1.63 1.49 (m, 6H), 1.44

(p,d=7.1Hz, 2H), 1.87 1.23 (m, 11H).

Cc

13C NMR (100 MHz, CDClg): 154. 8, 130. 1, 129. 8, 129
67.8, 62.4, 33.4, 30.8, 29.7, 29.5, 29.47, 29.45,
29.41, 29.06, 29.02, 28.6, 26.2, 25.5, 19.7.

FT-IR (neat, cm™Y): 2916, 1739, 1586, 1505, 1375, 759, 687.

Synthesis of Iphenyt5-(11-tetrahydropyras2-yloxyundecylsulfonyl) tetrazol§7.1%®

N=N, N=N,
I N—Ph | N—Ph
N Q( > NQ(
S 0,S
10 OTHP 10 OTHP
56 57
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Using the procedure described by Kadasathg, dry 50 mL round bottom flask

was charged with sulfides6 (1.00 g, 2.31 mmol), ammonium heptamolybdate

tetrahydrate (0.29 g, 0.23 mmol, 0.6hmol) and MeOH (10 mL). Then 30% aqueous

H202 (0.94 mL, 9.24 mmol, 9.8 M) was added dmwwjze at rt and a yellow solution

resulted. After stirring for 8 h, MeOH was evaporated #re residue was diluted with

EtOAc (10 mL), washed with aqueous NaHCQ@O mL), brine (10 mL x 2), dried

(MgSQy), filtered and concentrated to give a colorless oil. The residue was purified by

SiO; flash column chromatograplejuting with hexane/EtOAc (3, Rr = 0.41) to giveb7

as a colorless oil.
Yield: 1.0 g, 93%.

IH NMR (400 MHz, CDCl3):

13C NMR (100 MHz, CDCl):

FT-IR (neat, cm™Y):

O 71 76F (m, 1H), 7.64 7.57 (m, 4H), 4.58

(dd,J = 4.6, 2.6 Hz, 1H), 3.92 3.84 (m, 1H), 3.77

i 3.69 (M, 2H), 3.55 3.46 (m, 1H), 3.42 3.35 (m,

2H), 2.01i 1.90 (m, 1H), 1.64 1.45 (m, 6H), 1.40

i 1.24 (m, 14H).

a 153.5, 133.1, 131. 4,
56.0,32. 8, 30.8, 29.7, 29.5, 29.43, 29.38, 29.16,
28.9, 28.1, 26.2, 25.5, 22.0, 19.7.

2925, 1501, 1343, 1146, 1024, 755.
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Synthesis of §(1-propyl) sulfanyl}1-phenyl1H-tetrazole54.

N =N
N—Ph

|
N~
\/\Br — \<
S
54

Using the procedure described for the formation of comp&énceaction of NaH

(60 wt% in oil, 0.23 g, 9@mmol), THF (15 mL), iphenyt1H-tetrazole5-thiol 53 (1.59

g, 9.0 mmol) and ibromopropane (1.11 g, WAmol) yielded, after purification by

SiO; column chromatography eluting with hexane/ EtOAc (R3~= 0.20) 54 as a

colorless oil.

Yield: 1.63, 82%.

IH NMR (400 MHz, CDCls) U 71 7568 (m, 1H), 7.56 7.53 (m, 4H), 3.43
3.34 (m, 2H), 1.94 1.81 (m, 2H), 1.06 (td] = 7.3,
0.7 Hz, 3H).

154. 5, 133. 7, 130. 0, 129.

Cc

13C NMR (100 MHz, CDCls)

FT-IR (neat, cm™Y): 2966, 2849, 2238, 1595, 1487, 1235, 921, 755, 687.

Synthesis of phenyt5-(propylsulfonyl)} 1H-tetrazoles5.

N:N\ N:N\

|~ N—=Ph | N—Ph

NQ( —>N§<
SaN 05 A~

54 55

Using the procedure described for the formation of compdufideaction of

sulfide 54 (1.0 g, 4.54 mmol), ammonium heptamolybdate tetrahydrate (0.56 g, 0.45
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mmol), MeOH (10 mL) and 30% aqueousQd (1.85 mL, 18.2 mmol, 9.8 M) yielded,
after purification ly SiO; flash column chromatograp®uting with hexane/EtOAc (7:3,
Rr =0.37),55as a white solid.

Yield: 1.1 g, 93%.

MPt: 47-50 °C

IH NMR (400 MHz, CDCl3): U 71 7768 (m, 2H), 7.65 7.59 (m, 3H), 3.81

3.65 (m, 2H), 2.08 1.96 (m, 2H), 1.15 (td] = 7.5,

0.7 Hz, 3H).
13C NMR (100 MHz, CDCla): & 153.5, 133.3, 131.7,
12.8.
FT-IR (neat, cm-Y): 2970, 2872, 1596, 1156, 764.

Synthesis of (11E)-tetrahydropyranyloxtetradee3-ene52. 81 1®

/\/\/\/\/\/\/\OTHP
52

General procedure for the Grignard copper mediated coufling
Method A

Following the procedure described by Belngtral® a 50 mL oven dried
(overnight) three necked flask wealkarged with powdered Mg (4.2 eq) and fitted with a
reflux condenser while still hot. The flask and contents were flushed with argon gas for 1
h and therthe whole apparatus was driedce more with a heat gun under inert gas.
After cooling to rt and flushg with argon gas for a further 1 h, dry THF (5 mL) was

added to the flask via syringe followed by idiBromoethane (1 mL). Once reaction was
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observed, as evidenced by the formation of bubbles and warming of the solution, the
bromoether (4.0 eq) in diyHF (10 mL) was added drapise via syringe over 130
minutes while stirring. Once the solution began to reflux, an oil bath heated@twéas
introduced to maintain the reaction at reflux temperature. After complete addition the
mixture was further stied and heated at reflux for 30 minutes. The mixture was then
cooled to rt and immediately transferred via syringe to a stirring suspension of Cul (cat.
10% mmol) in THF (10 mL) at rt which immediately formed a dark blue solution.
Stirring was continuedofr 30 min and then unsaturated halide/carbonate (2.0 eq) in THF
(5 mL) was then added at rt and the mixture stirred farhl Saturated NiCI solution

(15 mL) was then added and mixture stirred for 30 min. The organic phase was separated
and aqueous layavashed with EO (15 mL x 3). The combined organic extract was
washed with brine (20 mL), dried (Mg@Qfiltered, concentrated and purified by $iO
column chromatography eluting with hexane/EtOAc (&1,= 0.63) to give52 a
colourless liquid.

Yield: 0.541 0.75 g, 56 78%

Br” 7 NOTHP
43 Mg, Cul
" e NN N N N N N O THE
52
/\/\/ Br
46

Following the general procedure, M{.33 g, 13.7 mmol), ‘Bromol-

tetrahydropyranyloxynonané3 (4.00 g, 13.0 mmol) and brom2-pentene46 (0.48 g,
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3.25 mmol) yieldedb2 following purification by SiQ column chromatography eluting

with hexane/EtOAc (2:1Rq= 0.63) as a clear colorless liquid.

Yield: 0.60 g, 62%.

IH NMR (400 MHz, CDCly): U 51 526 (m, 2H), 4.58 (dd) = 4.4, 2.7 Hz,
1H), 3.91i 3.83 (m, 1H), 3.76 3.69 (m, 1H), 3.54
i 3.46 (m, H), 3.42i 3.35 (m, 1H), 2.08 1.91 (m,
2H), 1.83 (dtJ = 10.4, 5.3 Hz, 4H), 1.77 1.67 (m,
3H), 1.647 1.41 (m, 3H), 1.40 1.16 (m, 14H),
0.96 (t,J=7.5 Hz, 3H).

13C NMR (100 MHz, CDCls): 8 131.9, 131.5, 129. 4,

30.8,30.3, 29.8, 29.7, 29.6, 29.5, 29.2, 26.3, 25.7,

19.8, 14.5, 14.0.
FT-IR (neat, cm™): 2970, 2871, 2359, 1595, 1487, 1343, 1155, 764.

Br” g “OTHP

42 Mg, Cul

4 e NN N N N N N TP

P 52

SN gy

24

Following the general procedure, M{.33 g, 13.7 mmol),8-bromol-
(tetrahydropyranyloxy)octard? (3.8 g, 13.0 mmol) an(E)-1-bromohex3-ene24 (0.53
g, 3.25 mmol) yielde®?2 following purification by SiQ column chromatography eluting
with hexane/EtOAc (2:1R = 0.63) as a clear colorless liquid.

Yield: 0.54 g, 56%.
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Br 6 “OTHP

Following the generalprocedure, Mg (0.33 g, 13.7 mmol),8-bromo1-
(tetrahydropyranyloxy)octané? (3.80 g, 13.0 mmol) andE)-1-iodohex3-ene25 (0.68
g, 3.25 mmol) yielde®?2 following purification by SiQ column chromatography eluting
with hexane/EtOAc (2:1R = 0.63) as alear colorless liquid.

Yield: 0.75 g, 78%.

Br” % NOTHP
43 Mg, Cul
N —>/\/\/\/\/\/\/\OTHP
52
/\/\/BI’
46

Following the general procedure, M{.33 g, 13.7 mmol), ‘Bromol-
tetrahydropyranyloxynonar&3 (4.00 g, 13.0 mmol) andK)-1-bromo2-pentenet6 (0.48
g, 3.25 mmol, 95% assay) vyielde82 following purification by SiQ column
chromatography eluting with hexane/EtOAc (Ri= 0.63) as a clear colorless liquid.

Yield: 0.60 g, 62%.
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Br 7 SOTHP

43 Mg, Cul
+ g—>/\/\/\/\/\/\/\
OTHP
A/\ 52
°wr°*
@)
32

Following the general procedure, M{.33 g, 13.7 mmol), Bromol-
tetrahydropyranyloxynonané3 (4.00 g, 13.0 mmol) anccarbonate32 (0.61 g, 3.25
mmol) yielded52 following purification by SiQ column chromatography eluting with
hexane/EtOAc (2:1R = 0.63) as a clear colorless liquid.

Yield: 0.72 g, 78%.

Method B
Cul
W Mgl —>/\/\/\/\/\/\/\OTHP
49 52

A 50 mL oven dried (overnight) three necked flask wharged with powdered
Mg (0.12 g, 5.04 mmol) and fitted with a reflux condenser while still hot. The assembled
apparatus was flushed with argon ¢as1 h and then it wadried with a heat gun once
more. The apparatus was allowed to cool to rt while do@ushed with Ar gas for an
additional 1 h and then dry THF (2 mL) was added via syringe followed by 1, 2
dibromoethane (0.2 mL). After reaction was observed, as evidenced by bubbles and
warming of the solution,H)-1-iodohex3-ene25 (1.0 g, 4.8 mmol) irdry THF (3 mL)

was added viayringedrop-wise over 5 minutes. Once the solution began refluxing, an
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oil bath heated at 72 was introduced to maintain the solution at reflux. An additional
amount of THF (5 mL) was added and the reaction was heatetuataed stirred for 30
minutes. The mixture was cooled to rt and immediately transferred via syringe to a
stirring suspension of Cul (cat. 91.4 mg, 0.48 mmol) in THF (2.5 mL) at rt forming
immediately a dark blue solution. After stirring for 30 min, broe¥2 (0.47 g, 1.6
mmol) in THF (5 mL) was then added and the mixture stirred for an additieRdi.1
Saturated NECI solution (10 mL) was added and the mixture stirred for 30 min. The
organic phase was separated and the aqueous layer was washed@vi(e Bt x 3).

The combined extract was washed with brine (15 mL), dried (MySfitered,
concentrated and purified by Si@olumn chromatography eluting with hexane/EtOAc

(2:1,R = 0.63) to give a colourless oil.

Cul
AN MgBr — > PO e e N e

48 52
Following the general procedundg (0.12 g, 5.0 mmol), (E)-1-bromohex3-ene
24 (0.78 g, 4.8 mmol) and8-bromao1-(tetrahydropyranyloxy)octané? (0.47 g, 1.6
mmol) yielded52 following purification by SiQ column chromatography eluting with
hexane/EtOAc (2:1R = 0.63) as a clear amiless liquid.

Yield: 0.732 g, 76%.
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Following the general procedure, N@12 g, 5.0 mmol), E)-1-bromo2-pentene
46 (0.72 g, 4.8 mmol, 95% assay) andl@omao 1-tetrahydropyranyloxynonard3 (0.49
g, 1.8 mmol) yielded52 following purification by SiQ column chromatography eluting
with hexane/EtOAc (2:1R = 0.63) as a clear colorless liquid.

Yield: 0.69 g, 72%.

General procedure for the Juk@cienski coupling®

Following the procedure outlined by Blakeméfesulfone (1 eq) was added to a
dry round bottom flask and flushed with Ar for about 15 min. Dry THF (20 mL) was
added and the solution was cooled#8 °C at which time potassium bis (trimethylsilyl)
amide (KHDMS) (1.1 eq, 0.5 M in toluene) was added awige over 12 min to form a
yellow solution. After stirring for 1 h, aldehyde (1 eq) in THF (1 mL) was added drop
wise over 5 min and then the mixture was stirred78°C for 1h. The mixture was
poured into HO (15 mL), stirred for 30 min, the organicgse was separated and the
agueous phase was washed withCE{10 mL). The combined organic extracts was
washed with brine (10 mL x 2), dried (Mg@Qfiltered and concentrated to give a
colorless oil. Purification by Sidcolumn chromatography eluting withexane/EtOAc
(2:1,Rs= 0.63) gave a clear colorless liquid.

Yield: 0.460.49 g, 5656%.
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Synthesis of ) -1-(tetrahydropyranyloxy) tetradell-ene52.

N=N

I N—P
NQ(

0,5
o oTHP KHDMS

h

— /\/\/\/\/\/\/\OTHP

57
+

N

52

Following the general procedure above, prop&ddl9 g, 3.18 mmg] sulfone57

(1.48 g, 3.18mmol) and KHMDS (7.0 mL, 3.50 mmol) yielded52 following

purification by SiQ column chromatography eluting with hexane/EtOAc (Bl 0.63)

as a clear colorless liquid.
Yield: 0.49 g, 52%.

IH NMR (400 MHz, CDCl3):

13C NMR (100 MHz, CDCl):

FT-IR (neat, cm™Y):

O 51 526 (m, 2H), 4.68 4.44 (m, 1H), 3.92
3.83 (m, 1H), 3.77 3.69 (m, 1H), 3.55 3.46 (m,

1H), 3.43i 3.34 (m, 1H), 2.06 1.93 (m, 3H), 1.88

i 1.79 (m, 1H), 1.76 1.67 (m, 1H), 1.64 1.47 (m,

6H), 1.45( 1.19 (m, 10H), 0.96 (f] = 7.5 Hz, 3).

Cc

131. 6, 131. 5, 129. 38,
32.3, 31.6, 30.8, 29.8, 29.7, 29.6, 29.57, 29.52, 29.5,
29.2,27.1, 26.3, 25.5, 22.7,19.7, 14.1, 14.0.

2970, 2871, 2359, 1595, 1487, 1343, 1155, 764.

73

12



55 — NN NN NN o1
+ 52
THPO 9 >0
61

Following the general procedure above, alderyt€).86 g, 3.18 mmg) sulfone
55 (0.80 g, 3.18 mmgland KHMDS (7.0 mL, 3.50 mmol) yielded52 following
purification by SiQ column chromatography eluting with hexane/EtOAc (RE 0.63)
as a clear cofless liquid.

Yield: 0.61 g, 65%.

Synthesis off)-11-Tetradecenyl acetal.

N=MN
|

N~

55 —— NN N N NN TR
+ 52
AcO 9 >0
62

Following the general procedure above, alde§2i€0.73 g, 320 mmol), sulfone
55 (0.80 g, 3.18 mmol) and KHMDS (@W0mL, 3.50 mmol) yielded64 following
purification by SiQ column chromatography eluting with hexane/EtOAc (R15 0.74)
as a clear colorless liquid.

Yield: 0.40 g, 50%.
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1H NMR (400 MHz, CDCl3): O 5i 588 (m, 2H), 4.05 () = 6.8 Hz, 2H), 2.05
(s, 3H), 2.02i 1.92 (m, 2H), 1.67 1.56 (m, 3H),

1.397 1.21 (m, 16H), 0.96 (] = 7.5 Hz, 3H).

Cc

13C NMR (100 MHz, CDClg): 171. 3, 131. 9, 129. 4, 6 4.
29.5, 29.3, 29.2, 28.6, 25.9, 21.0, 14.0.

FT-IR (neat, an 1): 3160, 2935, 2858, 2260, 1721, 1267, 1034.

Synthesis of)-14-bromo-3-tetradecené3.

N=N

I N—Ph

N§<

0,S

2>\ KHDMS P
55 - /\/\/\/\/\/\/\OTHP
+ 52

Br 9\0
60

Following the general procedure above, aldelg@€0.79 g, 3.18 mmol), sulfone

55 (0.80 g, 3.18 mmol) and KHMDS (@W0mL, 3.50 mmol) yielded63 following

purification by SiQ column chromatography eluting with hexane/EtOAc (R15 0.64)

as a clear colorless liquid.

Yield: 0.49 g, 56%.

IH NMR (400 MHz, CDCl3): U 51 528 (m, 2H), 3.41 (ddd] = 9.1, 6.4, 4.2
Hz, 2H), 1.99 (dpJ = 19.4, 6.8 Hz, 2H), 1.84 (4,
= 7.5 Hz, 2H), 1.50 1.18 (m, 12H), 0.97 (¢ =

7.9, 5.5 Hz, 2H), 0.98 0.80 (m, 3H).
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13C NMR (100 MHz, CDClg): a 131. 9, 129. 3, 34. 0, 32.

29.41, 29.1, 28.8, 28.2, 25.6, 14.0.

FT-IR (neat, cm™): 2926, 2845, 2355, 2112, 1452, 1375, 1087.

Synthesis off) - 11-tetradecefi-ol 4. %

52 4

Method A
According to the method outlined by ZarlSthunsaturated ethes2 (0.5, 1.7
mmol), pTSA (0.08 g, 0.42 mmol) and MeOH (5 mL) were added to a dry 25 mL round
bottom flask and the mixture stirred under Ar at rt for 6 h. The solvent was evaporated
and the residue taken up in,@t(10 mL) and washed with saturated NakGDOD mL),
brine (10 mL), dried (MgS%), filtered and concentrated to yield a colorless liquid.
Purification by SiQ column chromatography eluting with hexane/EtOAc (R 0.63)
gave a clear colorless oil.
Yield: 0.32 g, 90%.
IH NMR (400 MHz, CDCl3): 0 81 588 (m, 2H), 3.64 () = 6.6 Hz, 2H), 2.12
i 1.86 (M, 4H), 1.73 1.47 (m, 2H), 1.48 1.15 (m,
12H), 0.96 (td,J) = 7.4, 0.7 Hz, 3H).

13C NMR (100 MHz, CDCla):

¢

29.5, 29.4, 29.1, 25.7, 25.6, 2218.0.

FT-IR (neat, cm™): 3339, 2925, 2849, 1460, 1375, 1047.
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Method B

MVWVV\OAC s AW/\A/\OH
64 4

Following the procedure outlined by Bafés, acetate64 (0.42 g, 1.65 mmol),
K2C0z(0.68 g, 4.95 mmol) and MeOH (10 mL) were added to a flask and stirred at rt for
2.5 h. Thesolvent was evaporated and the residue taken up® @O mL) and washed
with saturated NaHC® (10 mL), brine (10 mL), dried (MgSp filtered and
concentrated to yield a colorless liquid. Purification by ;Se©lumn chromatography
eluting with hexane/EAc (2:1,R: = 0.63) gave a clear colorless oil.

Yield: 0.35 g, 92%.

Synthesis of ) -11-tetradecenal.

/\/\/\/\/\/\/\OH—>/\/\/\/\/\/\/\O
4 1
Method A*
Hooverdos procedure was foll owed. To a ¢

alcohol4 (0.43 g, 2.0 mmol) was added dry €N (2 mL) followed sequentially by
CuOTf (0.04 g, 0.10 mmol in 2 mL of GB N) , -bigyridihé (0.02 g, 0.10 mmol in 2
mL of CHCN), TEMPO (0.02 g, 0.10 mmol in 2 mL of GEN) and Nmethyl
imidazole (0.008 g, 0.20 mmol in 2 mL of @EN) at rt. The brown solution waapidly
stirred until it turned greened in approximately 8 h, 34dNMR showed reaction was
complete. The mixture was neutralized witMIHCI (10 mL) and diluted with water (20

mL). The organic phase (pale green) was separated and the aqueous pkaski€pal
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was washed with Cil> (25 mL x 5). The combined organic extracts was washed with

brine (25 mL x 2), dried (MgSf), filtered and concentrated to give a pale brown oil.

Purification by SiQ column chromatography eluting with hexane/ EtOAc (Ril=

0.76) gavel as a colourless oil.

Yield: 0.42 g, 100%.

IH NMR (400 MHz, CDCly):

13C NMR (100 MHz, CDCl):

FT-IR (neat, cm™Y):

Method B2

O 9. D% 1.71Hg,1H), 5.40 (dg] = 15.1, 9.4,
7.3 Hz, 2H), 2.41 (td) = 7.2, 3.4 Hz, 2H), 1.98 (h,
J= 7.1 Hz, 5H), 1.79 1.47 (m, 3H), 1.29 (d) =
11.2 Hz, 10H), 1.07 0.89 (m, 3H).

202. 9, 131. 9, 129. 3,

¢

29.3, 29.2, 29.1, 25.6, 22.1, 14.0.

3020, 2925, 2849, 2714, 1716, 1456, 1375, 957.

/\/\/\/\/\/\/\Br _»/\/\/\/\/\/\/%o

63

Anhydrous TMANO (0.59 g, 7.83 mmol) was added to a dry 25 mL RBF and

1

flushed with Ar for 15 minutes. Dry DMSO (4 mL) was added under inert atmosphere at

rt followed by bromide63 (0.53 g, 1.94 mmol, in DMSO (1 mL) and the colorless

mixture stirred under gon for 5 h with the colour changing to a white gray opaque

solution. The reaction was monitored using TLC and NMR, and when complete was

guenched by pouring into ice cold brine (10 mL) and extracted with @0 mL x 4).

The combined organic extracts svavashed with brine (10 mL x 2), dried (Mg80O
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filtered and concentrated to give a colorless solution. Purification by &@@mn
chromatography eluting with hexane/EtOAc (2RL= 0.76 gavel as a clear colorless

liquid. Yield: 0.25 g, 60%.
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Appendix 1: *H NMR Spectra
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