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Abstract 

frodudion of methyl branched, secondary alcohots as aggregation 

pheromones in the African pafm weevil, Rhynchophom phoenicis (F.) (3-methyi- 

4-octano1, phoenicoi), the palmetto weevil, R. ementatus (F.)  (5-methyt-4-octanol, 

cruentof), and the Asian palm weevil R. bilineatus (Montr.) (4-methyl-5-nonanol, 

ferrugineo!) was established. Stereoisomeric mixtures of aggregation 

pheromones (cruentot, phoenicol and ferrugineol) in combination with host 

material strongly attracted weevils in fieH experiments. 

Sharpiess asymmetric epoxidation of the appropriate dlylic alcohol 

followed by diastereoselective epoxide opening with trimethylaluminum; selective 

monotosylatlon and a!!qjlation provided the syntheses of all ster@oisomers, of 

phoenicol, cruentczl, fenugineol and ferrugineone, from common and inexpensive 

reagents. The stereoselective production of these pheromones, as well as their 

antenna1 and field response, was demonstrated in R, cruentatus, R. phoenicis, R. 

bilineatus, R. ferrugineus and R. vulneratus. 

Coupled gas chronatographic-electroantennographic detection analyses 

and coupled GC-mass spectrometry of the volatiles produced by male and female 

West Indian sugarcane weevils (WISW), Metamasius hernipterns seticeus (Oliv.), 

revealed eight male specific, EAD-active compounds: 4-methyl-5-nonanol, 2- 

methyi-4-heptanol, 2-methyl-4-octanol, 3-pentanol, and the corresponding 

ketones. Field experiments in Florida demo n~tfat8d that the alcohols, in 

combination with sugarcane were most attractive, whereas addition of the 

ketones or replacement of atcohols with ketones significantly reduced attraction. 

field e>rpe&metlts irr Costa Rica exzmined this attraction to abhois singly and in 

all binary, ternary a d  quaternary combinations. 4-Methyl-5-nonanol was the 

major aggregation pheromone, equally attracting both male and female WISW. 

Stereoisomeric mixture of the nonanol and the (4S,5S)-isomer were equally 



attractive. Addiition of (S)-, (R)- or (k)-2-methyl-4-heptanof to (4S,5S)-4-methyl-5- 

nonanol sfighfiy enhanced attraction. 2-Methyl-4-heptanul was also found to be 

the male-produced ;zggregation pheromone of the sympatric weevil Paramasius 

distofius. 

Maie coconui rhinoceros beetles, Oryctes monoceros (Ofiv.) and 0. 

rhinoceros (L.), produce three sex-specific compounds, ethy I 4-methyloctanoats, 

ethyl 4-methyiheptanoate, and 4-methy loctanoic acid, the first of which was 

demonstrated to be an aggregation pheromone in each species. The racemic 

pheromones were prepared by conjugate addition of organocuprates to ethyl 

acrylate whiie chiraf isomers were prepared from enantiomerically enriched 

citmnellol. FieM experiments demonstrated that racemic and ethy 1 (4s)- 

rnethyfoctanoate were equally attractive to 0. rhinoceros. 

The EAD-active compounds from the mango fruit fiy, Anastrepha obligua 

(Macq.) volaiiles were identified as Z,E-farnesene, E,E-farnesene and (3Z,62)- 

3,6-nonadien-1-0:. The compounds occurred at approximate 40, 8 and 52 %, 

respctivety. Effoes towards the regiosefective syntheses of these farnesenes 

are presented. 

Exposure of mountain pine beetles males, Dendroctonus ponderosae 

(Hopkins), spruce beetles, D. rufipennis (Kirby), pine engravers, Ips pini (Say), 

and i. tridens (Mannerheim), and West Indian sugarcane weevils, Metamasius 

hemipterus sericeus (Olivier) to 4,@H2- of protio-6-methyl-6-hepten-2-one 

resulted in production of deuterio- or protio-frontalin, respectively. Similarly, 

exposure of spwce beetfes, M. hemipterus and I. tn'dens to (Z)-6-n~nen-2-one 

resubeb in the p r d ~ d i o n  of exo-breYimmin. Produdion of enantiomerically 

enriched frontalin and exo-brevicomin by all beetles exgoseci to these prewrsors 

demon strated widespread occurrence of non-specific polysu bst rate 

monooxidases in these Coleoptera. 
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Chapter 1 

General InProduction 

1 -1. Chemical Ecology and Interactions Between Organisms. 

Chemical ecology is defined as "the study of structure, function, and 

biosynthesis of natural products; their importance at all levels of ecological 

organizations; their evolutionary origin, and their applications to social needsW.l 

The subject of chemical communication is considered as part of chemical 

ecology. Chemical communication is a mode of information transfer among 

members of the class lnsecta, and it is arguably the primary communication 

mechanism in the insea world. Sernitchemicais aie enpioyed for both int?a- 

and interspecific communication and are divided in two major groups: 

pheromones and allelochemics. Many types of interactions mediated by 

semischemicals have been identified. In this thesis, special attention is focused 

on two of them. 

1 .I .I .  Plant-Insect Interactions. 

Many plants produce secondary metabolites that are attractive, distasteful 

or toxic to insects. The majority of these compounds are not essential for the 

normal growth and reproductive functions of the plant. Compounds that mediate 

interspecific interactions are classified as allelochemics. These are divided in 

two main groups: allomones and kaifomones.1~2 Allomones are those chemicals 

that favour their producers and kairomones are the ones that benefit their 

receivers. However, is worth to mention that these roies are not mutually 
---As. --:- -A 
~ X U I U ~ I W ~ .  

In this work, only the effects of plant kairomones in the chemical ecology of 

palm weevils and beetles will be discussed. 



Chemical structures of kairomones are diverse. Many tergenoids, 

alcohols, aldehydes, esters and sulfur compounds have been reported as plant 

kairomones. The majority are volatile (boiling points lower than 3400C), with 

molecular weights less than 250; and are believed to be readily released by 

diffusion, leaching, exudation, plant damage or decay. They are often active at 

nanogram to microgram tevets. The ability of insects to respond is considered an 

adaptative process. It has been suggestdd that kairomones first gave benefit to 

the emitter but later in the evoiutionary process became beneficial to the 

receiver.ll*C 

4 4 - 
I. I .z. insect-insect Iniera@ii@ns. 

Compounds which convey information between members of the same 

species are known as pheromones. They are secreted by one individual and 

perceived by a second individual of the same species producing specific 

reactions in the latter, for example, a 3sfinitive behavior or developmental 

process3 

Evidence for the presence of pheromones dates from the 17th century.4a 

In 1875, Jean Henri Fabre, a French naturalist, placed a newty emerged female 

moth (the Great Peacock, Europe's biggest moth), inside a wire-gauze cage.4b 

That night, his home was visited by about forty male moths seeking the female. 

The first isolation and identification of an insect pheromone was published in 

1959, from the silkworm moth, Bombyx moti (L.)!cld The pheromone was named 

bombykol and was identified as (E,Z)-1 OJ2-hexadecadien-l -ol. Since then 

pheromones have ken identified for -i000 insects ~ ~ e s . ? ~ ~  

Pher~mones are c!assif;,d acmrdinl; to !he response they e!kk !! fhn 

chemical stimulus trigger an inmediate and reversible change in the behaviour of 

the recipient is ailed "rehsef, and if this stimulus cast- delay, last rsqmnse is 



refereb to as 'prirnef.4e Pheromones are known which eiicit the following 

responses: a) sexual; b) aggregation; c) dispersal; d) oviposition; e) alarm, and f) 

trait-marking. f ome pheromortes appear to have more than one function. 

The most widespread and widely documented types of pheromone are 

those which are used to increase the probability of mating. Sex pheromones 

may be produced by females or mates. In some cases, both sexes contribute to 

the chemical communication involved In mating. In many cases, different 

pheromone components are responsible for the principal behavioural phases of 

mate location and courtship. Sex pheromones are primarily used by the 

Lepiboptera. Usuafiy, a virgin female moth will announce her availability through 

rnfnaco of @eramane ('ca!!ingm behaviour) 2nd this will cagse flight = -i-u&€it-i 

response and approach by perceiving males. Most female moths call at dusk or 

at night. Thrs behaviour is in fine tune with their circadiam rhythm. Their 

photoperiod and environmental temperature play important roles in defining this 

behanour.4g-i The pheromonal blend is produced in specialized glands on the 

teminaf segment of the fernaie abdomen and are perceived by chemosensory 

sensilla of male antennae. Mate moths respond to the pheromone by flying 

upwind in a zig-tag pattern (arremotaxis). This movement allow them to prugress 

upwind in an odour plume. Ftight manoeuvres are dictated by the interaction of 

tPe male with individual odour pulses.4i-l Baker and coworkers,4m demonstrated 

the operation of at feast two changes in receptor output that may be responsible 

for cessation of upwind flight in moths which correspond to an adaptation and 

aftentiattion of the antenna to pheromone concentration in the plume. After 

i~fiding, mzles are f w h r  induced to initiate courtship behaviou: which 

terminates in rnathg-2 

Aggregation pheromones have been reported for members of the 

Cokoptera, Dicfyoptera, Hemiptera, Hornoptera and Brthoptera. These 



pheromones can be released by either sex and serve to attract both sexes. In 

bar% and ambrosia beetles, :he pheromones aie 'risually ieleased %om the hind- 

gut and are synergized by tree-produced kairomones. The reasons for 

aggregation are numerous and include reproduction, defence against predators, 

shelter, colonization and overcoming host resistance by mass attack. 

Aggregation usually occurs by chemotaxis in which the insect detects a gradient 

of pheromone to which it orients by anemotaxis.4n2* Dispersive or spacing 

pheromones eficit behavior resulting in increased spacing between conspecifics 

and a reduction in intraspecific ~ompetition.1~2~4P Oviposition pheromones are 

compounds that stimulate oviposition. Alarm pheromones are characteristic of 

social insects such as termites, ants, wasps and h0neybees.1~2~4p These 

compounds stimulate escape and other defensive behaviours. They are 

generally highly volatile, low molecular weight compounds that can be spread 

rapidly through a colony, acting quickly and over short time periods. 

Trail pheromones induce recruitment or emigration and are commonly use 

by many foraging ants and termites. They are used to recruit insects in a colony 

to new food sources or to facilitate migration of a colony to a new site. These 

compounds are more persistent than many other types of pheromones.49 

f -2. Stereobioiogy. 

The olfactory character of an organic compound is a function of both 

structure and stereochemistry. These two factors lead to yeslfio responses in 

orfactation, making the task of structure determination, stereochemistry and 

synthesis (geometry and chirarity) important.= The chemical and stereochemical 

purities of synthetic pheromones are often import determinants of biological 

activity. The problems associated with the presence of the "wrong" stereoisomer 

that may resuit in antagonistic responses require, in general, that the synthetic 



pheromones have high chemical and geornetrical/~piical purity. Often precise 

mixtures of ~;eometricaf isomers are essential f ~ r  effective fieir? response. Optical 

purity is rarely important in determination of pheromonal activity. 

Silversteins has defined nine possible response categories for chiral 

insect pheromones (Table 1.1). 

Table 1 .l. Silverstei n's response categories. 

Category Enantiomer Activity 
produced 

Occurrence* 

Single 

Single 

Single 

Single 

Single 

Both 

Both 

Both 

Both 

Natural enantiomer more 
active than the other 
Both enantiomers equally 
active 
Unnatural enantiomer 
more active than natural 
Unnatural synergized 
response of natural enantiomer 
Unnatural blocks response 
to natural enantiomer 
Strongest response to natural 
ratio 
Strongest response to one rather 
than other or natural ratio 
Equal response to both 
enantiomers in all ratios 
One inhibits response to other 

(*) (+) = Present in nature. (-) = Never reported in nature. 

Recently, Morisf extended this table to include the effect of responses to 

diastereoisomets and combination of enantiospecific and geometric specific 

responses. 



1.3. insect Ulfacti0n.7~% 
7 

1 he receptor sites for pherornoiies are loc;iied in iiiseet aiiieiiiiae. tA4heii 

pheromone molecules are received by and excite a suitable insect 

chemoreceptor, the behavioural message is transmitted. Antennae occur in pairs 

and are located on the head and fortified by the deutocerebrum of the brain. 

These organs have movement in all directions, possess nerve channels directly 

connected to the midbrain and have a great variety of hairs, sensilla (each 

sensillurn contains two or more olfactory receptor neurons) and pore plates 

(these pores allow odour molecules to interact with the neuron receptors) that 

typically cover the flagellum (distal portion of the antenna). The sensilla are 

responsible for the response to chemical stimuli. They exist as hair-like (sensilla 

trichodea) , cone-li ke (sensilla basiconica) , sensory pits (sensilla coeloconica) , 

and as pore-plates (sensilla p la~odea).~~5b~7a~b The degree of sensitivity is 

determined by two main aspects: the sensory information (data transfer from the 

olfactory environment to the central neural system) and the sensory transduction 

(all biophysical processes which transform the chemical stimulus into a nervous 

exitation) which is given by the threshold of the bioactive molecule.7b-d The 

specificity of a receptor cell is determined by the stimulus-response curves of all 

effective substances together with the threshold concentrations which would 

provid a semilog plot (response curve)? 

The mechanism of action of insect chemoreceptors is still under 

investigation. It is believed that membrane-bound macromolecules act as 

receptors which are complementary in size, shape and stereochemical 

configuration to the bioactive molecules.7e9f This complementarity causes a 

conformational change in the receptor when it is associated with the bioactive 

molecuie, opening ion channels that induce changes in conductance across the 

membrane. A resultant electrical current is transmitted to the brain. Such 



potential changes can be rneasixed and are the fundamental phenomenon on 

which the eledmphys!n!ogical technique known as e!ectroantenncgram (EAG) is 

based. EAG recordings correspond to a summation of the receptor potentials 

from several olfactory cells. If the EAG is coupled to a gas chromatograph, a 

powerful analytical tool is obtained (gas chromatographic electroantennographic 

detection: GC-EAD) that allows continuous examination of candidate bioactive 

compounds that have been resolved in time by GC techniques. In this system, 

antennae of the insect are used as GC detector. Comparison of retention times of 

antennally active insect volatiles with those detected by flame ionization 

facilitates identification of candidate pheromones. 

1.4. Objectives of This Thesis. 

Rhynchophorus palm weevils and Oryctes palm/coconut beetles are 

destructive pests of commercial and ornamental palms in the tropics. At the 

commencement of this work very little was known about the chemical 

communication systems of these insects. In view of the agronomical importance 

of their hosts, the structure, stereochemistry and field testing of the insect- 

produced pheromone(s) and the identification of host volatiles were the main 

objectives of this work. Preliminary work on the identification and synthesis of the 

male-produced pheromones of the mango fruit fly Anastrepha obliqua (Macq.) 

was also carried out. Finally, hypotheses concerning the biosynthetic origin of 

frontalin in Dendroctonus mfipennis (K.) were tested. 

This thesis is divided into six chapters. Chapter 2 describes the 

ideniiiication, synthesis, configurational assignment and field testing of the 

aggregation pheromones of iiityncitophorus pnoenicis, R. cruentatus, 8. 

bilineatus, R. fermgineus and R. vulneratus. Synthetic methodologies including 

St?atpt%ss asjmrnetric epoxicfatitn, stereoselective epoxide opening by AiMe3 



and Mitsumobu reactions have been applied Po achieve the synthetic goals. Use 

of mup!ed gas chromatography-e!edroantennographlc detection (GC-&AD) and 

chiral chromatography among other techniques, allowed the determination of the 

absolute configuration of the weevil-produced compounds. Chapter 3 describes 

the identification, synthesis, configurational assignment and field testing of the 

aggregation pheromones of the sugarcane weevil Metamasius hemipterus 

sericeus and the sympatric Paramasius distortus. Synthetic and analytical 

methodologies similar to those describe in Chapter 2 were employed. Chapter 4 

outlines the identification, synthesis, configurational assignment and field testing 

of the aggregation pheromones of the coconut beetles Oryctes monoceros and 0. 

rhinoceros. The pheromones were synthesized through conjugate addition of 

organocuprates to ethyl acrylate, which provided a shorter route to racemic 4- 

alkyl substituted ethyl esters than those previously reported. Use of readily 

available enantiomers of citronellol allowed synthesis of both enantiomers of 

ethyl 4-methyloctanoate. Chapter 5 describes the identification and attempts to 

synthesize the male-specific EAD active volatiles of the mango fruit fly 

Anastrepha obliqua. Synthetic strategies such as zirconium-catalyzed 

carboalumination, DIBAL-H reduction of propargylic alcohols and selective 

enolization of a$-unsaturated ketones were used in this endeavor. Protocols 

toward the regioselective preparation of E- and 2-enolphosphates of a,P- 

unsaturated ketones are presented. Chapter 6 describes the transformation of 

presumptive precursors to frontalin and exo-brevicomin by bark beetles and the 

sugarcane weevil. Production of enantiomerically enriched frontalin and exo- 

brevicumin by all beetles exposed to respective precursors represent non- 

specific and non-selective biotransformations, and demonstrate widespread 

occurrence of non-specific poiysubstrate monooxidases in these Colesptera. 



Chapter 2 

Aggregation Pheromones of the African Palm Weevil, Rhynchophsrus 

phoenicis (Fabricius), the Palmetto Weevil, R. cruentatus (Fabricius) 

end the Asian Palm Weevils 8. bilineatus (Montr.), R. ferruglneus 

(Olivier), and R. vulneratus (Panzer). (Coleoptera: Curculionidae). 

2.1. Description of the Oil Paim. 

The oil palm, Elaeis guineensis (Jacq.) a native of West Africa, is an 

established plantation crop in West Africa, Southeast Asia, Mexico, Central 

America, and the northern half of South America. A typical palm stem can reach 

15 m at maturity, and is terminated with a crown of large, dark green, pinnate 

fronds. Fruit-bearing starts in the fourth year and reaches full yield within a few 

years. The economically productive life of oil palm is about twenty five years. 

Palms are typically planted at a density of 143 per hectare; each of which yields 

12 fruit bunches annually. Bunches weigh about 20 kg of palm 20 % is oil. In the 

New World, there are 350,000 hectares of cultivated oil palm, with a 1990 oil 

production estimated to be valued at more than $ 400,000,000.* 

2.2. The African Palm Weevil, Rhynchophorus phoenicis (F.): Its 

Habitat. 

The African palm weevil, R. phoenicis, is confined to tropical Africa, and 

has been reported in C6te d'lvoire, Sierra Leone, Nigeria, Angola, Ghana, Zaire 

and East Africa.8b It inflicts damage on oil palms when larvae bore into the 

meristem.9 The cycle from egg to adult covers about 2-4 months. The adult is a 

iarge (40-55 mm), reddish-brown insect, with two reddish bands on the thorax. 





El-Mass Spectrum 
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OH 
I n EAD 

Retention Time [min] 
Figure 2.1. FID and EAD responses to volatiles obtained from male 

Rhynchophorus phoenicis feeding on sugarcane. The antenna1 
recording was carried out with an antenna of a female weevil. Gas 
chromatographic conditions : linear flow velocity: 35 cm s-1, injector 
and detector temperatures: 2200C, temperature programming : 700C 
(1 min), 10% per min to 180%; SP-1000 column (30 m X 0.25 mm 
ID). The molecular ion of 1 was not observed. 



Two field experiments (1 3-20 August l992ii) were conducted in a ten-year 

o!d stand of oil pa!ms in the !A Me Research Station, C6te d'lvaire.1~ Thirty 15-L 

bucket traps12 were attached at chest height to mature oil palms in complete 

randomized blocks with traps at 27 m intervals and blocks 81 m apart.12 The first 

3-treatment, 10-replicate experiment tested the attraction of fresh palm stem 

pieces alone or in combination with synthetic 1 released at 0.4 and 4 mg per day, 

respectively (Figure 2.2, Experiment 1). The second 3-treatment, 1 0-replicate 

experiment tested the attraction of fresh palm stem pieces, 1 released at 4 mg per 

day, and combination thereof (Figure 2.2, Experiment 2). While traps baited with 

palm pieces or pheromone 1 alone captured few R. phoenicis, palm pieces and 

pheromone combined were significantly more attractive. Attraction to oil palm 

stem pieces peaked 2-3 days after cutting (Figure 2.3), as was found for the 

American palm weevil, R. palmanrm,l2 the palmetto weevil, R. cruentatus (see 

next section), the Asian palm weevils R. bilineatus (see section 2.8 of this 

chapter), R. ferrugineus and R. vulneratus, and the West Indian sugarcane weevil, 

Metamasius hemipterus sericeus (Olivier) (see Chapter 3). 

ii Tests conducted by Dr. Gem& Gries and Ms. Regine Gries, DepaNnent of Biological Science, 
S i n  Fraser University 
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pheromone (4 rngl24 h) 
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b 

Palm 
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Figure 2.2. Captures of male and female Rhynchophorus phoenicis, La Me 

Research Station, Cdte d'lvoire. A) Experiment 1 : traps baited with 
fresh palm pieces alone or in combination with 3-methyl-4-octanol 
(1) at two release rates; 13-1 7 August 1992, N = 10. B) Experiment 
2: Traps were baited with fresh palm pieces, 1, and the combination 
thereof; 18-20 August i 992, id = i 0. For each experiment, bars with 
the same fetter are not significantly different: ANOVA on data 
transformed by log (x+l), followed by Tukey's test, p < 0.05. 
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Figure 2.3. Age-dependent attraction to oil palm stem tissue alone and in 
combination with 3-methyl-4-odansl (1). 



2.4. The Ssbai Palm Weevil, Rhynchophorus cruentatus (F,): Its 

Habitat and Current Control. 

Rhynchophorus cruentatus (F.), the palmetto weevil, is the only species of 

palm weevil found in the continental United Stated3 The range of this large (24- 

33 mm) beetle is from the coastal regions of South Carolina through the Florida 

Keys and Texas coast. Preferred hosts for R. cruentafus include the cabbage 

palmetto, Sabal palmetto (Walter), coconut palm, Cocos nucifera (Linnaeus), date 

palm, Canary Island date palms, Phoenix canariensis (Ortorum ex Chabaud) and 

the saw palmetto, Serrenoa repens (Bartram)?a The weevil usually attacks only 

transplanted or otherwise stressed palm~.l4~15 Females lay eggs in leaf bases or 

dirsdy in wounds d host palms, and immature stages develop in the crown and 

stem. Damage is due to larval tunneling which can be lethal if the terminal bud is 

killed. Weevil presence is not usually detectable until fatal damage and its 

associated rot have occurred. Prophylactic insecticide treatment applied to palms 

before planting, and removal and destruction of infested palms are the current 

control methods for R. cmentatus. Economic loss for Canary Island date palm 

can be important since the wholesale price is between $ 1,000 and 4,000 per 

palm compared with - $50 for a mature sabal palrn.14a 

Volatiles emanating from wounded and moribund S. palmetto are 

attractive to palmetto weevils and freshly chopped crown and stem tissue are 

used to trap R. cruentatus.l4b Otfactometer bioassay and field tests of male 

volatiles, female volatiles and caged adu tts plus palm tissue, demcnstrated the 

presence of a male-produced aggregation pheromone.16 



2.5. Aggregation Pheromone of the Palmetto Weevil. 

Thirty to forty male and female weevils (collectedlli in a native S. pa!metto 

stand 12 km south of La Belle, Florida or laboratory-reared") were aerated 

separately in a modified Nalgene desiccator with and without sugarcane for 

seven days. Volatiles were eluted from Porapak Q with distilled pentane and 

concentrated by distillation (for detaifs see experimental section).lo 

GC and GC-€AD analysis of volatiles from fed and unfed male weevils 

revealed a strongly EAD-active compound (Figure 2.4). Mass spectra (El and CI 

mode) of the candidate pheromone (Figure 2.5) suggested a methyl-branched, 

secondary alcohol with a m/z = 143 (M+-1) and a strong m/z = 127 (M++H+-H20) 

in the Ci MS spectrum. Hign resolution mass spectra of the weevii-produced, 

€AD active compound, indicated a molecular formula of C9H200. Fragmentation 

leading to m/z = 73 (M+-C5H1 1) suggested that the hydroxyl group was bonded to 

C-2, C-3 or C-4. Based on mass spectrometric data and retention index (DB-210 

and DB-23 columns) comparison with authentic methyl-branched secondary 

alcohols (Table 2.1), it was hypothesized that EAD active compound was 5- 

methyl-4-octanol, which was named cruentol, (2). Although only a few examples 

are presented, it was possibie to conelate the methyl and hydroxyi group position 

with retention time. Moving the methyl toward the middle of the molecule 

decreased elution time. 

Identical mass spectra and Kovats retention indices on two columns with 

different retention characteristics (DB-5: 1060, DB-23: 1489Jl432) and similar 

iii Coifeded by Dr. Robin M, GibbDavis, IFAS, University of Fbrida, Fort Laudendaie. FbW. 
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F$ure 24. Flame ionization detector (FID) and electroantennographic detector 
(EAD) responses to volatiles collected for seven days from unfed 
Rhynchophonrs cmentatus males. Antenna1 recordings (EAD) were 
carried out with a R. cruentatus male antenna. Gas 
&matographic corrditions : linear flow vetocity: 35 crn s-1, injector 

or temperatures: 220oC, temperature programming: 700C 
(1 min), 10% -permin to 240%; DB-5 cotumn (30 rn X 8.25 mm ID). 
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Figure 2.5. Mass spectra of weevil-produced 5-methyl-4-octanol. 



Table 2.1. Retention indices of standard alcohols on DB-210 and DB-23 fused 
silica columns. 

Compound Retention index 

DB-210 198-23 



GC-EAD responses to equivalent amounts of synthetic 2 and the male-produced 

compound confirmed the structural assignment. 

Field experimentsi~ conducted in a 300-ha pasture interspersed with S. 

palmetto and S. repens 12 km south of La Belle, Flsrida,l6 using a complete 

randomized block design with traps at 20 m intervals and blocks 300 m apart, 

tested attraction of 2 in combination with palm stem tissue (Figure 2.6). Traps 

employed for these tests allowed entering weevils to "smell" the volatiles emitted 

from the traps but not to see the food bait. Entering weevils were killed by 

drowning in soapy water. Low (0.4 mg per day) and high (4 mg per day) release 

of pheromone equally enhanced attraction of weevils to palm tissue. Ten to 

fifteen times more weevils were captured in traps baited with palm plus 

pheromone than any of the other treatments (Figure 2.5). The addition of live 

conspecific males to traps baited with palm tissue and pheromone did not 

enhance weevil capture over traps baited only with palm plus pheromone (Figure 

2.7), suggesting that cruentol is the major male produced volatile essential for 

optimal attraction. While a stereoisomeric mixture of synthetic cruentol combined 

with palm tissue attracted large number of weevils, optimal attraction may require 

only one stereoisomer in cumbination with synergistic host volatiles. This issue 

will be discussed in the next sections. 

iv Conducted by Dr. Robin GiMin-Davis, IFAS, University of FbW, Fort Lauderdale, Florida. 



Pheromone (0.4 mg/24 h) 

i i 

Palm (1.5 kg; 1-7 days old) 

Palm (1.5 kg; 1-7 days old) c + Pheromone (0.4 mg124 h) 
b 

TREATMENT FEMALES PER TRAP (x+SE) MALES PER TRAP (xaSE) 

Figure 2.6. Mean (&EM) capture of Rhynchophorus cruenfafus in lethal traps 
baited with S. palmetto tissue, 5-methyl-4-octanol (2), or both 
combined, La Belle, Florida, June 5-19, 1992, N = 5. Means within 
a sex followed by the same letter are not significantly different (p < 
0.05; least significant difference), treatment effects; males: F = 25.9; 
df = 3,12; p c 0.01 ; females: F = 38.0; df = 3, 12; p < 0.01. 



1 Palm (1 -5 kg; 1-7 days OW 1 + 10 male R. cruenfatus b 

Palm (1.5 kg; 1-7 da s OM) 
+ Pheromone (0.4 m&4 h) a ab 

I I- 
Palm (1.5 kg; 1-7 da s OM) 

+ Pheromone (0.4 mgh l  h) a a 
+ 10 male R. crueniatus 

TREATMENT FEMALES PER TRAP (x+SE) MALES PER TRAP (x+SE) 

Figure 2.7. Mean j+SEivij capture sf RAyPrchsphsrus cruentatus in lethal traps 
baited with S. palmetto tissue, 5-methyl-4-octanol (2), ten R.  
cruentatus males, or both combined, La Belle, Florida, July 2-16, 
1992, N = 4. Means within a sex followed by the same letter are not 
significantly different (p  < 0.05; least significant difference), 
trealmenf effects; males: F = 6.0; df = 2,6; p < 0.04; females: F = 6.9; 
df = 2,6; p < 0.03. 



2.6. Palm Volatiles: Synergistic Kairomones. 

Selection of specific piants for feeding and reproduction has been well 

documented in the Coleoptera, particularly for scolytid and curculionid 

beetles.1 $18 Short-chain aicohols, ketones, esters, carboxylic acids, aldehydes, 

oleoresin, monoterpenes and sesquiterpenes alone or in com bination have been 

associated with host selection behavior.19 Ethanol, myrcene, a-pinene, P- 

phellandrene, and camphene enhance response to aggregation pheromones in 

bark and ambrosia beetles.20 a-Cubebene, typically released from moribund 

elm trees, enhances attraction in the elm bark beetle, Scolytus multistriatus 

Mars ham.21 Propanoic and butanoic acids, methanol, 2-propanol, 1 - heptanol, 

methyl butanoate and propanal synergize pheromone attraction of the dried fruit 

beetle, Carpophilus hemipterus Linnaeus.22 In mimicking whole-wheat bread 

dough odour, a blend of acetaldehyde, ethyl acetate, ethanol, 1-propanol, 2- 

methyl-1 -propanol, 2-methyl-1 -butanol and 3-methyl-1 -butan01 attracted the 

nitidulids Carpophilus lugubris Murray, Glischrochilus quadrisignatus Say, and G. 

fasciatus Olivier23 and synergistically enhanced attraction to C. lugubris 

pheromone .a As in the maize weevil, Sitophiius zeamais Motschulsky,25 

attraction of Rhynchophorus weevils to aggregation pheromones invariably 

requires the presence of synergistic plant tissue.11J2116b126 Therefore, 

identification of attractive host volatiles is the next step in understanding the 

chemical ecology of these insects. 

Four oil palm stem volatiles elicited good antenna1 responses in GC-EAG 

analyses (Figure 2.8).27 El and CI mass spectra of these compounds and 

authentic standards indicated that they were ethyl acetate (EA, 3), ethyl 

propionate (EP, 4), ethyl isobutyrate (EIB, 5) ,  and ethyl butyrate (EB, 6). Field 

experiments in a t e  d'lvoire,27a disclosed that EA and EP but not all synthetic 

esters combined enhanced attraction to phoenicol (1). Ethyl propionate alone 



enhanced pheromone attraction more than any other EAD active oil palm stem 

volatile, but was still less effective than freshly cut oil palm stem tissue (Figure 

2.9). Increase, culmination, and decrease of attraction to palm tissue within three 

to five days after ~ u t t i n g ~ ~ ~ ~ 2 ~ ~ ~ b ~ 2 6 ~ 2 7  indicate the semiochemical composition is 

probably critical for optimal attraction of weevils. Potato leaf volatiles, e.g., cis-3- 

hexen-1-01, cis-3-hexenyl acetate, trans-2-hexanal, and trans-2-hexen-1-01 only 

induce positive anemotaxis in the Colorado beetle, Leptinotarsa decemlineata 

Say, when released in natural ratios.28 Antennaily active palm volatiles should 

therefore be field tested at ratios and release rates equivalent to those of palm 

tissue at peak attraction. Abundance and ratio of palm volatiles in extracts may 

not accurately reflect natural release rates of palm tissue and may depend on the 

volatile collection technique. This lack of knowledge of natural palm volatile 

composition, aside from the presence of unknown components, may explain the 

higher activity of palm tissue versus EP as a pheromone synergist (Figure 2.9). 

Absorbents, such as charcoal and glass-wool as well as cry~genic traps should 

be evaluated. Only if synthetic palm volatiles were chemically simple and 

required in small amounts would they be an economicaily feasible replacement 

for the currently used insecticide-treated sugarcane or palm stem tissue in 

commercial, serniochemical-based management of Rhynchophorus weevils in oil 

and date palm. 

2.7. The Asian Palm Weevil, Rhynchophorus bMneatus (Montr.): Its 

Habitat. 

Rhynchophorus bilineatus (Montr.), occurs in eastern Indonesia and 

Papua New Guinea, and is particularly associated with the indigenous sago 

palm, Metroxylon saw, but also attacks coconut. In Papua New Guinea, this 
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Figure 2.8. Fiarne ionization detector (FID) and male Rhynchophorus phoenicjs 
antenna (EAD) responses to African oil palm volatiles 
chromatographed on a SP-1000-coated, fused silica column (30 m 
X 0.25 mm ID) (1 min at 500C, 10% per rnin to 180%). 



Pheromone (3 mg/ 24 h) 
Paim tissue (1 kg) 

I I 
Pheromone (3 mg124 h) 
Ethyl propionate (30 mg/24 h) 

b 

I I 

Pheromone (3 m@24 h) l a 

TREATMENT CAPTURED WEEVILS 
PER TRAP (x + SE) 

Figure 2.9. Mean (+SEM) capture of Rhynchophorus phoenicis in traps baited 
with pheromone alone or in combination with either ethyl propionate 
or 1 kg of one to three-day old palm tissue. La Me Research 
Station, C6te d'lvoire, May 14-1 7, 1993, N = 10. Bars followed by 
the same letter are not significantly different; p < 0.05, ANOVA 
followed by Scheffe test. Traps and experimental design as for 
experiments in Figures 2.6 and 2.7. 



palm weevil causes mortality of coconut palms used as shade trees in cocoa 

piantations. While the weevil may directly attack the palms, they are frequently 

attracted to and oviposit in feeding tunnels of the New Guinean rhinoceros beetle, 

Scapanes australis (B0isd.j. As for the two previous described weevils, R. 

bilineatus larvae feeding often destroys the terminal bud contributing to death of 

the palrn.13 

2.8. Aggregation Pheromone of The Asian Palm Weevil, R .  

bWneatus. 

Male and female R. bilineatus of mixed age and sex were collected in 

cocoa plantations interspersed with coconut palms near Rabaul, East New Britain 

Province, Papua New Guinea." Twenty five male and twenty female R. bilineatus 

were aerated separately for 6-7 days in a modified Nalgene desiccator containing 

0-4 day-old sectioned apples (apple was found to be a suitable food for 

Rhynchophorus spp. in the laboratory and has been successf~~lly used as an 

additive to pheromone baited traps for R. ferrugineus in the United Arab 

Emirates26d). Insect- and host-produced volatiles were collected on Porapak Q 

traps. Volatiles were eluted from Porapak Q with pentane; the eluent was 

concentrated by distil lation and subjected to gas chromatographic analysis which 

revealed several male-specific compounds (Figure 2.10). GC-EAD (Figure 2.1 1 ) 

disclosed only one male-specific compound that elicited strong antenna1 

response from male and female weevils. GC-MS in both El and CI mode (see 

experimental section for details), and retention characteristics were consistent 

with 4-methyl-5-nonanol (7), the recently identified aggregation pheromone of 

two other Asian palm weevils R. ferrugineus Olivier and R, vulneratus Panzer.29 

Collections and fieM experiments were conducted by Dr. Robert N. Prior, Papua New Guinea 
Coma and Commit Research fmtjtiit?, R W f ,  Papua New Guinea. 

27 



Field experiments" were conducted in coconut palm-shaded cocoa 

plantations near Kervera and Vunabang, Papua New Guinea. Modified white 19- 

L plastic bucket traps were attached to palms at chest height in complete 

randomized blocks with traps at 27 m intervals and blocks 80 m apart.'* 

Detergent-laced (0.3 %) water (2- 3 cm) in the bottom of each trap retained 

captured weevils. A wire mesh above the water held sugarcane stalks (4-5 pieces 

-20 cm long). Every three to four days sugarcane was changed and weevils 

counted. The first 3-treatment experiment tested the attractiveness of 7 (3 mg per 

day), sugarcane stalk and both combined (Figure 2.1 2). The second 4-treatment 

experiment tested sugarcane alone and in combination with 7 released at 0.3, 

3.0 or 30 mg perday (@ 250C, Figure 2.1 3). 

The first field experiment indicated that 7 or sugarcane alone were not very 

attractive but both in combination caught significant numbers of weevils (Figure 

2.1 2). Synergistic attraction of R. bilineatus to traps containing both aggregation 

pheromone and sugarcane is consistent with findings in five other species of the 

Rhynchophorinae. 

Sugarcane tested in combination with 7 released at 0.3, 3.0 or 30 mg per 

day resulted in dose-dependent attraction of weevils with optimal response at 3 

mg perday (Figure 2.13). R. palmarum responded equally well to the same three 

release rates of its pheromone when combined with food but without food 

preferred the 30 mg per  day d o s d e  In the presence of palm tissue, R. 

ferrugineus is more strongly attracted to traps from which 3 mg per day rather 

than 0.3 mg per day of 7 are released.Ba Traps containing 7, sugarcane and 
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Figure 2.10. Gas chromatograms of volatiles obtained from female and male 
Rhynchophorus bilineatus feed ng on apples. Chromatog rap h y : 
SP-1000 fused silica column (30 m X 0.5 mm ID); temperature 
program: 1 min at 5WC, 1 0% per min to 1 800C. 
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Figure 2.11. Flame ionization (FID) and electroantennographic detector (EAD: 
female Rhynchophorus bilineatus antenna) responses to volatiles 
obtained from male R- bilineaius feeding on apples (' = apple- 
derived components). Column: SP-1000 fused silica (30 m X 0.25 
mm ID). Chromatography as in figure 2.10. 



/ sugarcane (tour lo cm halves) b 
t 

I Sugarcane (tour 10 crn halves) 
I 4-Methyl-5-nonanol(3 rng/24 h) c 

I I 

TREATMENT WEEVILS CAPTURED 
PER TRAP (MEAN + SE) 

Figisre 2.t 2. Mean (+SEMI captures of Rhyncnophorus biiineatus in traps 
baited with sugarcane, 7 or both in combination. Experiment (N = 

16) was conducted in Kervera plantation, 2 November to 4 

December, 1992. Data transformed [ ( X  + 0.5)o-51 to approximate 
homogeneity are presented untransfonned. ANOVA, F = 29.1 8; df = 

2J5; p < 0.001. Means foliowed by the same letter are not 
signifhMly different (Bnferroni's test, p < 0.05). 



Sugarcane (ten 10 ern halves) 

Sugarcane (ten 10 cm halves) 
4-Methyl-5-nonanol (0.3 mg/24 h) 

Sugarcane (ten 10 cm halves) 
4-Methyl-5-nonano (3 mg/24 h) C 

Sugarcane (ten 1 0 cm halves) 
4-Methyl-5-nonanol (30 mg/24 h) 

TREATMENT WEEVILS CAPTURED 
PER TRAP (MEAN + SE) 

Figure 2.13. Mean (+SEM) captures of Rhynchophorus bilineatus in buckets 
traps baited with sugarcane alone or combined with 7 at three 
release rates. Experiment (N =15) conducted at Vunabang 
plantation, 25 November, 1992 to 5 January, 1993. Data 
transformed [jX + 0.5)0-51 to approximate homogeneity are 
presented ~tntransfomed. ANOVA, F = 24.67; df = 3, 14; p c 0.001. 
Means followed by the same letter are not significantly different 
(Banfenoni's test: p < 0.05). 



detergent-laced water are presently used in Papua New Guinea to mass trap R. 

biiineatus (R. Prior and S. Laup, personal communication). 

2.9. Chirality and Pheromone Perception. 

Many coleopteran pheromones are optically active.5a130 Enantioselective 

production of and response to chiral isomers of pheromones contribute to the 

species specificity of semiochemical communication.31 In some cases, the 

presence of non-natural enantiomers in synthetic pheromones has been 

demonstrated to alter response. For instance, the male-produced aggregation 

pheromone in the southern pine beetle, Dendroctonus frontalis Zimm., 

(1 R15S,7~-(+)-sndebr8'~Ic3min, en&~-7-eihgil-5-i578thyI-6,8-dI~'xa-[3.2.1 ]ociane, 

markedly enhances the response by both sexes to female-produced frontalin 

(1,5-dimethyl-6,8-dioxa-13.2.1 ]octane), whereas the presence of the antipode in 

racemic endo-brevicomin interferes with attraction.32 In the Japanese beetle, 

Popillia japonica New man, female-produced Japonilure, (R,Z)-(-)-5-(1- 

decenyf)oxacyciopentan-2-one, strongly attracts males, whereas the antipode 

inhibits response.33 In the scarab beetle, Anomala cuprea Hope, only the (R,ZJ- 

(-)-5-(1 -octenyl)oxacyclopentan-2-one attracts conspecifics while the presence of 

the non-natural enantiomer reduces attraction.30b 

Pheromone specificity also contributes to habitat and resource partitioning 

among competing species in the Coleoptera. Only rarely has intraspeeific 

attraction and interspecific intarruption of response been attributed to 

enantiospecific production of more than one aggregation pheromone. (+)- 

Ipsdiend and (-)-ipsenol produced by Ips paraconfusus Lanier interrupt the 

aggregation of sympafric !. phi Sziy.3l*.34 Tmgcde.m;: y"rm~rh7: (Evert& GSBS 

the (R)-(-)-enantiorners of (4- and (E)-trogodermal in a 92: 8 ratio, while beetles 

in three other TrugMerma spp respond to the (R)-(-f-enantiorners of either (4- or 



(2)-trogoderrnai.35 Ratios of both geometrical and optical isomers of brevicomin 

determine response and pheromonal specificity of sympatric Dryocoetss 

confusus (Swaine) and D. afXaber (Mannerheim)? Determination of insect- 

produced pheromone stereoisomers is required to fulfy elucidate the chemical 

communication system for a target insect and to implement efficient pheromone- 

based monitoring andlor management. The aggregation pheromones of R. 

cruentatus, R. phoenicis and R. biiineatus identified above are chiral secondary 

alcohols, in addition, 4-methyl-5-nonanol (ferrugineol, 7) has recently been 

shown to be a male-produced aggregation pheromone of the two Asian palm 

weevils, R. ferrugineus (Oliv.) and R vuineratus (Pant.)? 4-idat hy l-5-nonanone 

(fsrn;$ineons, 8) is also prduced bjr male R. ferru~ineus and R. i.ulne~i$us and 

elicits antenna! responses by both palm weevils, but seemed to have behavioral 

activity only in R ferrugine~s.~ga Lack of pronounced differences in response to 

isomeric 7 and 8 suggested that pheromone chirality may impart species 

specificity of semiochemical communication. Therefore, it was hypothesized that 

enantiospecific production of and response to 8 contributes to species isolation. 

Ir! this study, optically active isomers of phoenicol,37a (1), cruentol.37a (2). 

ferr~gineol,3~b%c (7) and ferrugineone,37b (8), were prepared, the chirality of 

natural isomers determined and attraction to natural and non-natural 

stereoisomers examined in field tests. 

2.1 0. Synthesis of a-Methyl Secondary Alcohols. Background. 

Optically active a-met hyl secondary alcohols have been synthesized 

through diverse r n e t h d s . ~  [2,3]-Sigm&apie rea;r;mgarnm:e of alfyfie ethers 

provide arze-ss to syn stereoisomers in high nptka! puri?y5/. For exampie, A- 

methyl-Sheptanol, 9, one of the pheromone components of the elm bark beetle, 



Scol'us multistriatus Marsham, was synthesized in 98 % enantiomeric excess 

(ee) from aiiyiic ether 1 O via I 1  f Scheme 2.1 ).39 

Raney-Ni 
11 9 

98 % ee 

Scheme 2.1. f2,3]-Sigmatropic rearrangement of chiral allylic ethers to chiral a- 

methyl secondargr alcohols. 

Chiraf aiiyiboration, using diisopi~roeamphetiyiboraites,~~ also offers 

access to the target compounds in good optical purities (Scheme 2.2). The 

availability of cis and trans erotylboranes 12 provides entry to both anti and syn 

stereoisomers (e.g. 1 %anti and 13-syn). 

EtCHO 
-780c 

1Pff;ans 
H24/NaoH ikanti 99 0 eee 

Scheme 2.2 Allylboration of aldehydes with diisopinocamphenylboranes, 

Lewis acid catalyzed mupiing of atlyl- or crotyf-urganometaliics, 14 

(Scheme 2.3) and akbhydes has been used by several groups to prepare 

s u W e d  secondary alcohols with excellent synlanti and enantio-seIectivities.41 



Scheme 2.3. Atkylation of aldehydes by crotyl organometallics catatyzed by 
Lewis Acids. 

Matteson42 has devefspeb a one carbon homologation prombum, using 

(dichloromethyi)lithium and pinanediol boronic esters (e.g., 15). The process 

generated chiral boronic esters 16 which can be further elaborated (17) before 

oxidative removai of the boron to give chiral substituted alcohols in >99 O h  

enantiomeric excess. The utilit\j of this methodology has been demonstrated in 

the syntheses of exo-breviwrnin and 4-methyl-3-heptanoi, 9 (Scheme 2.4). 

Scheme 2.4. Matteson one-carbon homologation using pinanediof hronic 
me=- 

Sharpless asymmetric epoxidation (Scheme 2 4 9  in its stoichiornetrifla 

or catatytic"b.c version, combined with diastermseIective oxirane opening45 has 



been extensively used in the synthesis of chiral alcohols and amines. This 

methodology has been applied in the synthesis of verntcarinic acid (18),46 amino 

alcohols e.g., 19. (total synthesis of anti-cancer aminosugars)47 and 20 [C(26)- 

C(37) fragment of the phosphatase inhibitor calyculin A].45d 

70-90 % yield 
>96 % ee 

Scheme 2.5. Sharpless asymmetric epoxidation. 

Oi all methods used to prepare chiral a-methyl secondary alcohols, the 

Sharpless asymmetric epoxidation combined with diastereoselective ring 

opening was the most appealing for preparation of chiral palm weevil 

phemmnes. This strategy uses inexpensive reagents and allows synthesis of all 

fmr stermiscmrs cf ~H&I pbrarncw from common isemdistes. 



2.1 1. Stereoselective Synthesis of All Stereoisomers of Phoenicol 

(I), Cruentol (2), Ferrugineol (7) and Ferrugineone (8). 

2.1 1 .I. Synthesis of Pnoenicol Steresisomers. 

(3RJ 4R)-, (3SJ 45)-, (3RJ #Sf-, and (3S, 44-3-methyl-4-octanol [(RJR)-, 

(SJS)-, (R,S)- and (S,R)-phoenicol)] were synthesizeda7a according to a method 

modified from Nakagawa and Marie which involved: 1) asymmetric epoxidation 

of (Z-) or (E)-2-penten-1 -ol;44c949 2) regioselective epoxide opening with 

trimethylaluminum;45a-d 3) selective monotosylation, and 4) alkylation using an 

organomagnesium cuprate (Schemes 2.6 and 2.7).50 This strategy has 

previously been used by Nakawaga and Mori to prepare two stereoisomers of the 

elm bark beetle pheromone, 4-meth yl-3-heptanol (91.48 By this protocol, 

(3S,4S)-4-methyl-3-heptanol was obtained in 11 % yield (over four steps) and 84 

"rb ee, whereas its (3S,4#)-isomer was obtained in 12 % overall yield (four steps) 

and 92 % ee. 

In the present work, the asymmetric epoxidation of commercially available 

(2)-2-penten-1-01 (21) was initially optimized. The nature of the tartrate (diethyl 

vs. diisopropyl tartrats), temperature and ratio of Ti@-i-Pr)4 and t-BuOOH were 

varied to maximize the enantiomeric excess of the product (see Table 2.2, pp. 42 

and iater discussion). 

Synthesis of the syn-isomers commenced with the asymmetric epoxidation 

of 21 to afford epoxides 229 and 22b in modest chemical and optical yields 

(Scheme 2.6). Diastereoselective oxirane opening using three equivalents of 

AlMe3 in the presence of a catalytic amount of n-Buti allowed introduction of the 

a-methyl group without stereochemical scrambling. Selective monotosylation 

and chain extension afforded (3S,4S)-1 in 16 % overall yield and 93 % $6. Its 

antipode, (3RI4R)-1 was obtained in 20 % overall yield and in 87 % ee. 



Scheme 2.6. Synthesis of syn-isomers of phoenicol. 

Optical purities of epoxides were determined by GC analyses of the 

corresponding 0-acetyltactyl estersS1 on a DB-23 fused silica column. 

The analogous anti-isomers were synthesized according to the same 

synthetic scheme using (E-)-2-penten-1-01, 26, (Scheme 2.7). Alkenol 26 was 

prepared by hydride reduction oi 3pentynol (25) in 83 % yield.52 (3R4S)-1 was 



prepared in 13 % overall yield and 96 % ee and (3S,4R)-1 was obtained in 14 % 

overall yield and 95 % ee. 

Scheme 2.7. Synthesis of the anti-isomers of phoenicol. 

En contrast ta the synthesis of Nakagawa and M0ri~48 which used 

stoichiometric amounts of tartrate, the present epoxidatisn used 0.5 equivalents 

of catalyst in the presence of 4A molecular sieves coupled with addition of the 

oxidizing agent at -78% to increase optical purity of the epoxide (Table 2.2). 

Examination of the reaction conditions showed that higher enantioselectivities 

were achieved with diethyi tartrate compared to diisopropyl tartrate and when the 

oxidizing agent (t-BuOOH) was added at -78% rather than at -20% (Table 2.2). 

Epoxidations maintained at -200C until 97-98 % conversion required two days for 

22a and 22b and 3-4 h for 27a and 27b. Since the epoxides are slightly 

soluble in water, non aqueous w o r k - u v  was used. This was followed by flash 

chromatography. Separation of tartrate from epoxides required two or more 

chromatographic cycles (non-aqueous work-up only removes titanium as the 

citrate complex) and may explain the modest isolated yields.. 



Diastereoselective epoxide ring-opening was conducted with neat AIMe3 

rather than AIMe3 in hexane solution. This modification accelerated the reaction 

to completion in less than one hour compared to 2-3 days reported by previous 

workers. Work-up via addition of saturated NaF45b at -40•‹C rather than the 

recommended aqueous HCI, improved isolated yields of 3-methyl-1,2- 

pentanediols (59-82 %). This is probably due to the high solubility of the diols in 

water. Products arising from breakage of the a-bond or retention of configuration 

during the cleavage of the f3-epoxide bond were not detected by GC or 1 H NMR 

analysis. 

Syn isomers of 1 were obtained with moderate optical purities from 

asymmetric epoxidation of Z-alkenols. This is not surprising, since Z-alkenols are 

only slowly epoxidized (epoxidation takes 2-3 days for 22 versus 3-4 h for 27) 

and give variable enantio~electivity.~3b 

In the synthesis of enantiomers of (32,SZ)-cis-6,7-epoxy-3,9- 

nonadecadiene, 30, a pheromone component of the European moth, Erannis 

defoliaria, Mori and Brevet ,53 generated chi rally pure epoxides through several 

recrystallizations of 3,5-dinitrobenzoate derivatives, a process that leads to yields 

in the range of 40 % for the pure dinitrobenzoates (e-g., 31). In similar fashion, 

optically pure pine s d e  pheromones were synthesized.54 

This strategy failed when applied to epoxides 22a and 22b since the p- 

nitrobenzoates and 3.5-dinitrobenzoates of both epoxides were oils between OoC 

and 2 9 C .  



Table 2.2. Effect of temperature, nature of the tartrate and epoxidation method 
on the optical purity of selected epoxides. 

Substrate Method* Tartrate5 Temperature Product %eeY 

(+) -D I PT 

(+) -D I PT 

(+)-Dl PT 

(+)-DET 

(+) - D ET 

(+)-Dm 

(+) -D I PT 

(a)-DIPT 

(+)-D IPT 

(+)-DET 

(+)-Dm 

(+)-DET 

I+)-DIPT 

(+)-DIPT 

(+)-DIPT 

(+)-Dm 

(+)-Dm 

(+)-Dm 

(a) Tartrate, Ti(kOPr)4 and alksnol mixed at -78DC and aged for 15 min before addition of t-BuOOH and warming 
to -20•‹C. 
@) Same as (a) but at -20•‹C. 
(') Method A: stoichiometric. no molecular sieves added. Method B: 50 moloh tartrate, molecuiar sieves 
added. Metlrad C: caa@ic. 5 mop? iariraie moieariar sieves added. 
(5) (+)-DIPT: (+)diisopropyl tartrate. (+)-DET: (+)diethy1 tanrle. 
tfl Determined by GC anaiys8s d Qm=ie-i -6iS Oii a DB-23 P i  silica mkmn. Slmi!ar rewits were 
obtained when (-)-tartrates were used. 



2.1 I .2. Synthesis of Cruentol Stereoisomers. 

Anti-a-substituted alc~hols of high optical purity are easily obtained from 

the corresponding epoxides (e.g., (3R,4S)-1 from 27a or (3S,4R)-1 from 27b). 

Sharpless asymmetric epoxidation of E-alkenols produces epoxides with high 

enantiomeric excess. It is possible to prepare to the syn-isomers through 

inversion of configuration of the hydroxyl group without perturbation of the 

adjacent stereogenic centre or reduction of the overall optical purity (Scheme 

MAJOR 
"-OH - 

High ee % I 
I 
INVERSION 1 0. 

Scheme 2.8. Proposed obtention of syn-stereoisomers through configurational 
inversion of hydroxyl bearing carbon. 

The syn isomers of 5-methyl-4-octanol, [cruentol, (2)] were obtained in 

high enantiomeric excess through ~itsunobu55 mediated inversion of 

configuration of the hydroxyi bearing carbon of (4S,5R)-2 and (4R15S)-2 

(Scheme 2.9). 

Scheme 

OCOR - 
OH- 

2.9. Mitsunobu mediated inversion of (4S,5R)-cruentol . 



Synthesis of the anti isomers of 5-methyl-4-octanol was achieved following 

the procedure used above for preparation of the anti isomers of 3-methyl-4- 

octanol (phoenicoi) (Scheme 2.1 0). Thus, commercially available (a-2-hexen-1 - 

ol (32) was epoxidized using (2R,3R)- or (2S,3S)-diethyl tartrate to give epoxides 

33a and 33b, respectively, in good chemical yield (80-82 %) and optical purity 

(95 % ee) (Scheme 2.10). Epoxidations were maintained at -20% until 97-98 % 

conversion (3-4 h). Ferrous sulfate/tartaric acid work-up44c followed by 

chromatography (single cycle) cleanly gave the epoxides. Diss!sreoselective 

epoxide ring-opening with neat AIMe3, followed by quenching with 3 M HCI, 

afforded the corresponding diols after flash chromatography (70-78 % yield, 95- 

98 % ee). As above, products arising from breakage of the a-bond or retention of 

configuration during cleavage of the epoxide were not detected by GC or 1 H 

NMR analysis. Tosylation and cuprate displacement afforded (4S,5R)-2 (37 % 

yield over four steps) and (4R,5S)-2 (38 % yield over four steps) in high optical 

purity (98 % ee). 

Use of p-nitrobenzoic acid/PPh3/diet hyl azocarboxy late (DEAD) in THF 

(Mitsunobu reaction), yielded less than 25% of the corresponding p- 

nitrobenzoates. Successful Mitsunobu conditions (-51 % yields) employed 

benzoic acid/PhgP/diisopropyl azocarboxylate (DtAD) and benzene as a 

solvent.47.56 No epimerization or retention of configuration was observed by 1H 

NMR analysis of the reaction mixtures. 

Syn stereoisomers of cruentol were obtained in 18-19 % yield (96-98 % 

ee) over six steps. Optical purities of the alcohols were determined by GC 

analyses on the Cyclodex-3 column and by GC analyses of the 0-acstyllactate 

esters. Opticat purities of epoxides 33a (95 %) and 33b (95 %) were determined 

by GC analysis of conespcnding Oacetyllactyl esters51 on a DB-23 fused silica 

column. 



32 

~ 2 . i  Scheme sane= 2.6 \~;ee 

33a 33b 

78 9/. Same as Scheme 2.6 
95%ee/ 

i 

i I 
76% / Same as Scheme 2.6 

i 
i 

&hem 210- Synthesis of stereoisomers of 5-methyl-4-octanoi. 



2.1 1.3. Synthesis of Ferrlsgine~l and Ferruginesne Steaeoisomess. 

Stereoisomers of 7 were prortuced according to routes used for 

preparation of structurally related pheromones of R. phoenicis and R. cruentatus. 

(2S,3S)-3-Methyi-l-tosytoxyhexan 2-01 (35b) and its antipode were alkylated via 

cuprate (Grignard) displacement of (4S,5R)-7 and its enantiomer. The hydroxyl 

bearing carbons of both stereoisornew were inverted through Mitsunobu 

chemistry (e-g., via 36b) to produce (45,5S)-7 and its antipode in 95-98 % ee 

(Scheme 2.1 1). 

Scheme 233, Synthesis of ferrugineol stereoisomers. 

Ketone (m-8 has previousiy been prepared by E nders and coworkers in 

excellent optical purity (98 % ee) using (3 -1  -amino-2-methoxymethyl-pyrrolidine 

(SAhW, 38) as a chiral auxiliary (Scheme 2.1 q.57 

Although both enantiomers of the chiral auxiliary are available, this method 

requires stoichiometric amounts of these expensive reagents. Since the 

steresisarnefs of 7 were obtained with very high enantiomeric excess, the 

oxidafion of these aicohok to the corresponding ketone was investigated. Brown 

and coworkers,% found that Jones' oxidation of aimhots possessing chiral a- 



Scheme 2.1 2. Frevious synthesis of (R)-8 using SAMP- hydrazone met hod 

carbons proceeds without loss of optical activity if conducted in a two-phase 

system (Et20:H20). Applying Brown's procedure, (4S,5R)-7 and its antipode 

yielded (S)-2 and (R)-2, respectively, in high chemical yield and optical purity. 

Synthesis of ketones (59-2 and (R)-2 in 30-35 % yield over six steps (95 % ee) 

from (0-2-hexen-1 -01 is comparable to the 44% overall yield obtained in the 

previous three step synthesis of (R)-2.57 Optical purities of (4S,5/3-7 (96 %), 

(4R,5S)-7 (95 %), (4SP5S)-7 (98 %), (4R,5R)-7 (98 %), (5)-8 (95 %) and (R)-8 

(95 %) were determined by GC analyses on a Cyclodex-B fused silica column. 

2.12. Determination of Configuration of Weevil-Produced 

Pheromones. 

Individually, phoenicol, cnrentul and ferrugineoi each elute from a polar 

SP- t 000-coated fused silica column as two resolved stereoisorners. The 

components eluting with the shorter retention times coincided with the rnale- 

produced pheromone of each weevil and were hypothesized to be the syn 



diastereoissmers. This assignment was made by analogy with the 

chromatographic behaviour of the aggregation pheromone 4-methyl-3-heptanol 

of the smaller European elm bark beetie, Scolytus muffistriatus (Marsham), which 

also has two stereogenic centres and exists as two diastereoisorneric forms 

which are separabte by GC on a poiar Carbowax 20M column and the naturally- 

produced pheromone was identified as (4S,3S)-4-methyl-3-heptano1.4~1~9t6~ 

Analysis of stereosetectively prepared syn and anti stereoisomers of phoenicol, 

ctuentol and ferrugineol confirmed the assignments. 

Synthetic (R,R)-, f S,S)-, (R,S)-, and (S,R)-isomers of each pheromone 

(phoenicol, cruentoi and ferrugineol) were separated with baseline resolution on 

a Cyci'sdex-B fused silica reiumn. GC-MS aiia!yses ui;der se!ec?ed ion 

monitoring (GC-MS-SfM) on a Cyclodex-B column of weevil-produced 

pheromones revealed that males of R. phoenicis , R. cmentatus, R. bitineatus, R. 

ferrugineus and R. vu!nemtus produce the (S, S)-stereoisomers of their 

pheromones (Figures 2.1 4, 2.1 5, 2.1 6, 2.1 7).  5. multistriatus also produces the 

S.S-steret?isomer of 4-methyl-3-hepianop whereas the iaige f uropean elm 

bark beetle, Scolytus ~ ~ ~ f f l u s  (F.), pruduces both (3S,4S)- and (3R,4S)-4-methyl- 

3-heptanol.60 

Because (4S,5S)-7 is an aggregation pheromone in both R. ferrugineus 

and R. vuInerafus it was hypothesized that enantiospecific production of and 

response to 8 may impart spedes-specificity of pheromone communication. Lack 

of pronounced differences in response to 7 and 8 suggested that pheromone 

chirality may impart species specificity of semiochemical comrnunication.*ga 

Koivever, GC-MS-SlM a;;afii;scs or; a Cjclobex-B column of wee%-!-prdumd 8, 

synthetic 8 and each of the two enantiomers of 8 indicated that bath R .  

femgineus and R. vuhemtus produce (9-8 (Figure 2.1 7).mb 



Production of and response solely to (455s) -7  by R. bilineatus (Figure 

2.181, R. ferrugineus and R. wlneratus (Figure 2.19) suggest other 

(semiochemicai) sign& contributing to reproductive isolation of these weevils. 

Male-produced 4-mefhyf-5-nonanone in sympatric R. ferrugineus and R. 

vulneratus may impart specificity of pheromone communication, if its production 

were enantio- and species-specific. Geographically isolated R. bihheatus, in 

contrast, does not compete with other Rhynchophorus weevils for pheromone 

communication channels, and for that reason may only produce (4S,55)-7 but 

not the corresponding ketone. GC-EAD analysis on a Cyclodex-B column of 

weevil-produced 8, synthetic 8 and each of the two enantiomers of 8 indicated 

that both R fet'mgin~us and Re w!-?eratus axtennally respnd more s$rmg!y to 

(9-8 than to (R)-8 (figure 2.1 9). 

Coupled gas chromatographic-e1ectroantennographic detection (GC-EAD) 

of synthetic phoenimt (Figure 2-20], cruentol (Figure 2.21) ana ferrugineol 

(Figure 2.18 and 2.19) revealed strong antenna1 responses to weevil-produced 

(S, S)-phoenicof (S, f )-cruentof and (S, S)-ferrugineoi. Lack of or reduced 

response to later eluting stereoisomers cannot be explained by an antennal 

refractory period. t n GC-EAD recurdings with the same Cyclodex-B column, 

antennae of the Asian palm weevils R. femrgineus and R. vulneratus distinctively 

respund to both, closely eluting (9- artd (R)-4-methyt-5-nonanone (Figure 2.1 9). 

Similady, fn GC-€AD anslyses of oil palm stem volatites antennae of male and 

female R. phoenicis responded within 2.5 minutes to four esters of which two 

were barely baseline separated (Figure 2.8). Strong antennal activity of the 

(S,S)-, a& eeak activity of (S,.S)- zed (I?,S)-is~rr,ers of phoenica! 2nd cmento! 

(Figures 2-20 and 2-21) swgest that sensory reqnitbr! of the natural (S,S)- 

stereoisomer is more dependent on the stereochemistry of the methyl than the 



Selected Ion Chromatogram of 
3-methyl-4-octanols 

Produced by male R. phoenicis 

Retention Time [min] 

Figure 2.14. Selected ion chromatogram (m/z 127) of stereoisomeric and 
weevil-produced 3-methyl-4-octanol. ion m/z 127 f(M++H+-H20)] is 
the base ion of the bii sem mass spectrim ifi Ci mode (Cycldex-B 
fused silica column (30 rn X 0.25 mm ID); 90% isothermal; linear 
Row velocity of carrier gas : 35 cm s-1; injector temperature: 220%). 



Selected Ion Chromatogram of 5-methyl-4-0~tanols 

Produced by male R. mentatus 

Retention Time [min] 

Figure 2.1 5. Selected ion chromatogram (m/z 127) of stereoisomeric and 
weevil-produced 5-methyl-4-octanol. Ion m/z 127 [(M++H+-H20)] is 
the base ioi; of the fiill scan mass spectrum iii CI mode 
(chrcmatographic conditions as in Figure 2.14). 



Selected ion Chromatogram of 
4-methyl-5-nonanols 

Produced by male R. bilineatus 

-- 
17 I 8  19 20 

RETENT ION TIME [min] 

Figure 2.16. Selected ion chromatogram (m/z  = 69, 87 and 101) of 
stereoisomeric and weevil produce 7. Ion m/z 101 [(M+-C4H9)] is 
the base ion of full scan in El mass spectrum (Cyclodex-B fused 
silica column (30 rn X 0.25 mrn ID); 100% isothermai; spiit injector; 
!inear fbw ~e!ocI!y of carrie!. gas: 35 cm s-1; injector temperature: 
22WC). 



Selected 
Ion Chromatogram of: 

Produced by male R. ferrugineus 

Produced by male R. vulneratus 

RETENTION fmin] 

Figure 2.17. Selected ion chromatograms (m/z 157 and m/z 141) of 
stereoisomeric and weevil-produced 4-methyl-5-nonanone (8) and 
4-methyl-5-nonanol (7 ). Ions m/r 157 [(M++H+)] and m/z 141 
[(M++[H+-H20)] are respectively the parent ions of the full scan mass 
spectra in CI mode of 8 and 7, column and chromatography as in 
Figure 2.16 but conditions were slightly different. Retention time 
variation pharfty due to differential MS vacuum between runs. 



FID: Synthetic 4-methyl-5-nonanol 

EAD: Antenna of a female R. bilineatus 

Retention Time [min] 

Figure 2.18. Representative GC-EAD recordings of female R. bilineatus 
antenna responding to stereoisomers of 4-methyl-5-nonanol (7) .  
Column and chromatographic conditions as in Figure 2.16. Use of 
different gas cfir~matsgiaph instrument in this determination 
accounts for the difference in retention times between Figure 2.16 
and Figure 2-18. 



FID: 4-methyl-5-nonanone 4-met hyl-5-nonanol 

Antenna of a female R. vulneratus I I 

i 
i 
i 

RETENTION TIME [min] 

Figure 2.1 9. Representative GC-EAD recordings of female R. ferrugineus and 
R. vulneratus antenna responding to stereoisomers of 4-rnethyl-5- 

nonanone (8) and 4-methyl-5-nonanol (7). Different weevil 

antennae and chart speeds of 0.5 and 1.0 em per min were used for 

the analyses of 8 and 7, respectively. Column and 

chromatographic conditions as in Figure 2.16. Use of different gas 

chromatograph instrument in this determination accounts for 

difference in retention times between Figures 2.16 and 2.19. 



FID: Synthetic 3-methyl-4-octanol 

EAD: Antenna of a male R. phoenicis 

I I I I I 

22 26 30 34 36 
Retention Tilne [min] 

Figure 2.20. Representative GC-EAD recording of a female Flhynchophorus 
phoenicis antenna responding to st-reoisomers of 3-methyl-4- 
octanol (1); split injection; column and chromatographic conditions 
as in Figure 2.14. Use of different gas chromatograph instrument in 
this determination accounts for the difference in retention times 
between Figures 2.14 and 2.20. 



FID: Synthetic 5-methyl-4-octanol 

EAD: Antenna of a female R. cruentatus 

18 22 26 30 34 38 
Retention Time [min] 

Figure 2.21. Representative GC-EAD recording of a female Rhynchophorus 
cwenfatus antenna; respoilding to stereoisomers cf 5-methyl-4- 
octanol (2); split injection; column and chromatographic conditions 
as in Figure 2.16. Use of different gas chromatograph instrument in 
this determination accounts for difference in retention times between 
Figures 2.15 and 2.21. 



hydroxyl group. Similar response was not observed in any of the Asian palm 

weevils. 

2.1 3. Field Activity of Pheromone Stereaisomers. 

2.1 3.1. R. phoenicisvi 

A &replicate, 5-treatment experiment in a 10-year-old oil palm stand (La 

Me Research Station, Cdte d'lvoire) tested attraction of oil palm stem tissue (250 

g) alone or in combination with either stereoisomeric, (S,S)-, (R,R)- or (S,S)- plus 

(R,R)-phoenicol. Traps were attached at chest height to oil palms in randomized 

biocks with traps at 27 m intervals and blocks 81 m apart.12 (S, S)- or (R,R)- 

phoenicol were released at 0.5 mg per day (@ 25•‹C) from single 1 .O mm ID 

capillary tubes cut 4 -0 cm above pheromone meniscus and placed inside 1.5 mL 

capped polypropylene centrifuge tubes with two 2 rnm holes below the top. 

Racemic phoeniwl was dispensed at 2 mg per day (@ 25•‹C) from four capillary 

tubes inside a 400 pL capped polypropylene centrifuge tube. Fresh palm tissue 

in eacn trap was treated with ihe insecticide (biodegrdabie) Evisect "S" (0.3 % 

thiocyclam-hydrogenoxalate in water) to retain captured weevils. Trap catch data 

were subjected to anatysis of variance followed by Scheffe test for comparisons 

of means.61 

2.13.2. R. cruentatusvii 

A 12-replicate, 4-treatment experiment in the same location as for weevil 

collection tested attraction of Sabai palmetto tissue (1.5 kg) alone or in 

combination with either stereoisomeric, (S,S)-, or (R,FF)-cruentol. Trapslsa were 

vi Field test conducted by Dr. Gemard Gries and Ms. Regine Gries, Departmnt of Biobgii 
Sciences, Simon Fraser University. 
di Fie@ tests conducted by Dr. M n  Giblin-Davis, IFAS, University of Fbrida, Fort tauderdaJe, 
Fbrida. 



secured on the ground in randomized complete Ofucks with traps at 20 m 

intewafs and blacks at least 50 m apart. The test used a modtficatto:: of 

Weissling's trapslea which contained a tapered, i~vepted white plastic container 

(4.9 t) with a screened lid suspended screen side down irz the mouth of the 

bucket by a capped PVC pipe (1.3 cm diameter) from which pheromone release 

devices were hung. (S,S)-, or (R,R)-cruentol were refeased at 0.06 mg per day 

(@ 25•‹C) from one and stereoisomeric cruentol from four bottom-sealed 1 mm ID 

capillary tubes cut 1.0 cm above pheromone liquid meniscus and placed in 

bottom-sealed microhematwrit tubes (length 75 mm, 10 1 .l-1.2 mm). Hematocrit 

tubes were placed into 400 pL capped polypropylene centrifuge tubes (6 mm 

noies were ariiied 1.8 crn from the top). Placement of the pheromone filled 

capiitary tubes inside a second hematocrit tube slowed release of the pheromone 

by eight times compared to the experiment conducted with phoenicol. Trap catch 

date were subjected to square root (x + 0.5) transformation and ANOVA followed 

by Waller-Duncan k-ratio f test to test differences between means (p I 0.05). 

2.1 3.3. R. bi/ineatus.vi'i 

Field experiments were conducted in the Vimy plantation, Papua New 

Guinea, which is near the location used for testing sf the diastereoisomeric 

mixture. Traps and experimental design were as described in section 2.8. 

A 3-treatment, 10-replicate experiment tested sugarcane alone and in 

combination with 7 (0.4 mg per day), (4S,55)-7 or (4R,5R)-7 (each stereoisomer 

at 0.1 mg p e r  day). Compounds were released from one or four glass capillary 

tubes ( 5  rnm ID), art 1 ern above the iiquid meniscus and piaced inside 306 pL 

capped pia& cenfdhge t u b s  with two 2 mrn hoies near the top. Assumptions 

of data normality and homogeneity of variance were tested by graphical 

'jii Fiekl test conducted by Dr. F b k R  N. Prior, Pqma New Guinea Cocoa and Coconut Research 
Institute, Rab;uti. Pqma New (;uinea. 



assessment of tog (variance) versus tog (means), and Bartlett's test respectively. 

Data were transformed by f x  + 0,5)o-5 to eliminate heteroscedasity60 and were 

subjected to ANOVA with means compared by Bonfeifoni's Nest. 

2.3 3.4. R. ferrugineus and R. vufnemtus.ix 

Traps and experimental design were as described in Section 2.1 3.1 for 

testing of chiral isomers of phoenicot. A 4-treatment, 20-replicate experiment (1 6- 

30 August 1993) tested attraction of bcth R. ferruginetrs and R. vulneratus to 

coconut tissue alone or in combination with stereoisomeric 7 (0.4 mg per day @ 

250C), (4S,5S)-7 or (4#?,5Rj-7 (0.1 mg per day @ 25%)- A second 4-treatment, 

20 replicate experiment (29 November4 December, 7-1 5 December, 1993) 

tested attraction of both R. fermgineus and R. vulneratus to Goconut stern alone or 

in combination with racemic (0.4 mg per day @ 250C), (S)- or (R)-8 (0.2 mg per 

day @ 250C). A finaf 4-treatment, 19-replicate experiment (9-21 July and 21 

November-6 December 1994) tested attraction of both R. ferrugineus and R. 

vujneiatus to (45,55)-7 f l  mg per day @ 25oC) plus a m n u t  stern alone or in 

combination with either racernic (0.2 rng per day @ 25 OC), (9-, or (9-8 (0.1 rng 

per day @ 25OC), approximating the natural 10 : 1 ratio.2ga Despite 

transformation by tog@ + l ) ,  data for all field experiments were not normally 

distributed and were therefore subjected to analysis by X2 tests (a = 0.05) for 

species and treatment differences31 

2.44. FIeid Activity Resutts. 

2. f 4.1, ,5, phoe,r?icis and 8. cruenfafus. 

in field experiments (S, S)-phoenicol and (S,S)-cruentoi strongly 

syrrergized attraction of mmds to palm stem tissue (Figures 2.22 and 2.23). 



Stereoisomeric mixtures were as aflrrtctive as {S,S)-isomers and weakly EAD- 

~ d i v a  (S,f?f-isomers (Figures 2-20 and 2.21) neither enhanced nor reduced - v s r  - Y 

behavioural activity oof the stereoisomeric mixtures. Lack of strong antennal and 

any behaviourai activity (Figures 2.22 and 2.23) of non-natural isomers suggests 

that each species utilizes only one stereoisomer as a pheromone. In practice, 

mixfures sf all four stereoisomers of each pheromone are used in combination 

with host materials to mass trap R. phoenicis and R. cruentatus. 

2.1 4.2. R, bifr'neatus. 

in field experiments, 7 and {4S,5S)-7, but not (4R,5R)-7, enhanced 

attraction of weevifs to sugarcane baited traps (Figure 2.24). Siighiiy higher 

attraction of 7 compared to (45,551-7 is not understood because only the latter 

stereoisomer was detected in male volatiies and elicits antennal responses. 

The occurrence of (4S,5S)-7 in the Americanzga and three Asian palm 

weevils supports the hypothesis that the American palm weevil speciated from 

Asian weevils. This would be consistent with the prevailing theory that palm trees 

evolved in Southeast Asia, spread through Africa and eventually arrived in the 

Arnericas.62 

2.1 4.3. R. ferrt~gineus and R. vulneratus. 

in field experiments, 7 or (4S,5S)-7, but not (4R, 5R)-7, significantly 

enhanced attraction of both R. femgineus and R. vulneratus to traps baited with 

coconut stem tissue (Figure 2.27). No significant differences in attraction were 

found between the two species. As reported in other Rhynchuphorinae, non- 

natura! stereoisomers of the aggregation pheromone neither enhanced iior 

reduced attraction to the natural isomer. 



Comparison of capture rates of traps baited with cuconut stem tissue and 

f4S,SSj-7 plus either 8, (271-8 or j@-8 at the naturai 10: i ratio of 7: 8 bid not 

reveat behavioraf activity of 8 or its enantiorners (Figure 2.28). No significant 

differences were found beween the two species or between the two time periods 

in which the experiment was conducted. 

Although 8 is antennalfy active in both species the results of four 

experiments did not disfose behavioral activity for either species in Indonesia. 

Fiirihermt~e, in fiisfd experiments in Sam, 8 bid no: hwe significant behavioral 

activity in either weevil and did not impart specificity of pheromone 

communication. Throughout their wide geographic distribution, populations of R. 

ferrugineus and/or R. vuherafus may exist that respond to 8. 

Although R, fermginsus and R. vuheratus are disiinguished primarily by 

differences in dorsal coforation,l3 there are color intermorphs between the two 

species.aa Moreover, they are sympatric with similar food preferences,l3 and in 

captivity exhibit interspecific copulation (Rebecca Hallett, personal 

communiczticn). !r! the sx!jrfId genus ips, closely re!ated species are cross 

attractive, but unlike R, ferrugineus and R. vulneratus maintain reproductive 

isola4ion through altopafric or parapatric distributions.63 Failing the 

demonstration of other pre- or postzygotic reproductive isolating mechanisms, 

such as nonviability of progeny, R. ferrugineus and R. vulneratus has been 

recommended to be synonymized (Rebecca Haliett, personal communication). 



w 

palm palm palm palm palm 

Stereoisomers of 3-methyl-4-octanol 

Figure 2.22. Means (&EM) captures of male and female Rhynchophorus 
phoenicis in traps baited with 250 g of chopped oil palm tissue 
alone and in combination with either stereoisomeric, (3S,4S)-, 
(3R,4R)- or (35,45)- plus (3R,4R)-phoenicol. La Me Research 
Station, C6te d'tvoire; 64 0 May, 1993; ANOVA (N = 6) followed by 
Sct.teff4 test, p ~0.05. Bars superscripted by same letter are not 
significant!y different. 



palm palm palm palm 

Figure 2.23. Means (4EM)captures of male and female Rhynchophorus 
cruentatus in traps baited with 1.5 kg of chopped Sabal palmetto 
palm tissue alone and in combination with either stereoisorneric, 
(4S,5S)-, or (4R,5R)-cruentof. La Belle, Florida, USA, 9-16 June, 
1993; ANOVA (N = 12) on transformed data (X + 0,5)0.5 followed by 
Waller-Duncan k-ratio t test. Bars superscripted by the same letter 
are not significantly different. 
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Figure 2.24. Mean (+SEM) captures of Rhynchophorus bilineatus in traps 
baited with sugarcane, pheromone or both in combination. Vimy 

plantation, Papua New Guinea; 21 January to 22 February, 1994; (N 

= 10). Anatysis determined there was not date effect. ANOVA on 
pooled trap catches, F = 22.22; df = 3,36; p c 0.005). Means 
foflowed by the same fetter are not significantly different 

(Bonferroni's test, p < 0.05). 
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Figure 2.25. Mean (&EM) captms of Rhynchophortls femgineus (@= 
41 -157, df = 3, pc0.01) and R. vulneratus (*= 36.387, df = 3, 
p~O.01)  in bucket traps baited with stereoisomers of 4-methyl-5- 
nonanot (7) and coconut stem tissue (Coconut Research Station, 
Pakuwon, West Java) 16-30 August 1993; (N = 20). Means foilowed 
by the same fetter are not significantly different (% test, ac0.05). 
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Figure 2.28. Mean (+SEM) captures of Rhynchophorus ferrugineus and R. 
vuheratus in bucket traps baited with coconut stem tissue, (4S,5S)- 
4-methyf-5-nonanol (7) and isomers of 4-methyl-5-nonanone (8) 
(Coconut Research Station, Pakuwon, West Java, 9-21 July and 21 
November- 6 December, 1994; (N = 19). Data pooled for two time 
periods). Means are not significantly different (g test, a = 0.05). 



2.3 5. Summary. 

$ a h  weevils in :he Rhynchophorinae produce methyl branched, 

secondary aicohofs as aggregation pheromones: (E)-6-methyl-2-hepten-4-ol 

frhynchophorol) [American palm weevil, Rhynchophorus palmarum !L.)];64 3- 

methyl-4-octanoi (phoenicol) [African palm weevil, R. phoenjcjs (F.)];ll 5-methyl- 

4-octanoi (cruentol) [Palmetto weevil, R. cruentatus (F.)]AG and 4-methyl-5- 

nonanol (ferrugineof) [Asian palm weevils, R. bilineatus (Montr.),38c R. 

fermginsus (Oh.), and R- vulnerafus (Panz)].2ga Stereoisomeric mixtures 

(phoenicol,38a cruentol,~*a and ferrugineo138blc) of synthetic aggregation 

pheromones in combination with host material strongly attracted weevils in field 

experiments. Stereoselective production of, and response to specific 

pheromones has been demonstrated? 

Rhynchophotus phoenicis Rhynchophorus cruenfatus Rhynchophorus ferrugineus 
African palm weevil Palmetto weevil Asian palm weevil 

Rhynchophorus vulneratus 
Red stripe palm weevil 

Rhynchqhotus bilheatus 

2.1 6. Note Added in Proof. 

After the present work was published,65 Mori recently accomplished 

syntheses of phcenicol,66a ferrugineol66b and cruentol6~ via intermediate 39. 

Thus, 39 was produced via a seven step procedure (Scheme 2.13) of which the 

key feature is the Iipase (PPL)-catalyzed hydrolysis of 1,4-diacetoxy-cis-2,3- 

epoxybutane followed by recrystallization of the 3,s-dinitrobenzoate and 

hydrolysis .67 



I 

OTBDPS - 
0COPh(N02)2 3 3  % yleld 

> 99 % 8e 

Scheme 2.13. Synthesis of chiral building block 39 by Mori. 

Conversion of 39 to phoenicoi,66a ferrugineol66b and cruentol66c was 

achieved by regioseledive epcxide opening of 39 usinn, A!Mea or MQ~CULI, 

functional group protection and modification, and organocuprate mediated 

carbon chain extension (Scheme 2.14). Overall chemical yields were between 

2.5 and 9.8 % and optical purities were > 99 % ee. In all cases EAQ activity and 

stereospecific pheromone production were demonstrated. In no case was field 

attraction demonstrated. 



Mori, K.; Kiyota, H.; Rochat, D. 
Liebgs Ann. Chem. 1993, 865. j 2.1 90 (15 steps) 

> 99 % ee 

2.6 % (15 steps) 9.8 % (15 steps) 
>99%ee \ >99%ee 

Mori, K.; Kiyota, H.; Mabsse, C.: Rochat, D. Mori, K.; Murata, N. 
Liebigs Ann. Chem. 1993, 1 20 1 .  Liebigs Ann. Chem. 1995, 697 

Scheme 2.14. Syntheses of Rhynchophsrinae pheromones by Mori et a/. 



2.1 7. Experimentai Section. 

2.V.f.  Snstrarnentaiiori iii? Spectr oscopic Afialyses, 

Nuclear Magnetic Resonance (NMR) spectroscopy was conducted on a 

Brtiker AMX-400 spectrometer at 400.1 3 and 100.62 MHz for 1H and 13C{1H) 

NMR spectra, respectively. and 13C{iH) chemical shifts are reported in parts 

per million (ppm, 6 )  and relative to CHCI3 (7.26 ppm) and (77.0 ppm) 

respectively. Gas chromatographic ~nalyses were performed on Hewlett- 

Pzckard 5880A and 5890 instruments equipped with a flame ionization detector 

and a fused silica, DB-1 coated column (15 m X 0.25 mm ID; 0.25 mm film) or on 

a fused silica, Cyclodex-B-coated column (30 m X 0.25 mm) (J & W Scientific). 

Mass spectra were obtained on a Hewlett-Packard 59858 GCIMS equipped with 

a DB-1 fused silica column (30 m x 0.25 mm ID; with 0.25 pm film) operating at 70 

eV for electron impact (El). Chemical ionization (Ci) was performed using 

isobutane as the proton source. Cf- or El-MS was conducted in both full-scan 

and selected-ion monitoring mode (S!M). Full-scan mass spectra of synthetic 

phemn~fles were obtained to select diagnostic ions. For GC-MSCI- or GC- 

NISEI-SIM, synthetic compounds, hexane and concentrated weevil-produced 

volatiles were injected in split mode and analyzed by scanning for diagnostic 

ions. Elemental analyses were performed using a Carlo Erba Model-1106 

Elemental Analyzer. IR spectra were recorded on a Perkin Elmer Model FT 1605 

spectrophotometer. 

2.17.2. General Chemical Procedures. 

Diethyl ether (EtzO), dichloromethane (CH~CIZ), benzene and pentane 

were freshly distilled from sodium-benzophenone-kefyi, CaH2, activated 4A 

molecular sieves and P205, respectively. Triphenylphosphine was dried over 

P205 under high vacuum overnight. n-Butyllithium was purchased from Aidrich 



and titrated according to the method of W s o n  and Eastham.a Molecular sieves 

f3A afid 4A) were freshly activated by beating at -200oC overnight under high 

vacuum. Chemicals obtained from commercial sources were used without further 

purification unless otherwise indicated. Afl glassware and syringes were dried in 

an oven overnight at 14WC and flushed with argon immediately prior use. 

Transfers of reagents were performed with syringes equipped with stainless-steel 

needles. A nitrogen gtovebag was used to weight ail moisture-sensitive 

compounds. All moisture and air sensitive reactions were conducted under 

positive pressure of argon. Column chromatography refers to flash 

chromatography using Silica Gel 60 (230-400 mesh, E Merck, Darmstadt).eg 

f hin !aye? &igm&rg-q~@y (TL~):  ~ 2 s  PA nduded on afuminum backed pM:tes 

precoated with Mer& Silica Gel 60F-254 as the adsofbent, and visualized by 

treatment with an acidic solution (1 0 % H2S04) of 1 % Ce(SU4)2 and 1.5 % 

molybdic acid fotlowed by gentle heating. 

2.1 7 3. Vofatile Cuf i e ~ i o n . ~  0 

Field collected or laboratory-reared insects (for numbers and sex, see 

respective sections in this Chapter) were placed in modified 9 L NalgeneTM 

desiccators with or without food (sugarcane or palm tissue, for details see text in 

this Chapter). An aspirator-driven, charmaf-filtered airstream (1.5 L per min) was 

maintained through the &siccator for a specific length of time (for details see 

text), f nsect and/or plant woktiles were collected on 1 0 g of Porapak Q packed in 

Pyrex glass or metal tubing. Woiatiies were eluted from the Porapak Q with 

dEs&:id jpaiiiime a-id mrmilirrztefd by ~ ~ ~ ~ ~ i " l .  



2.37.4, EIectroantennogrsphic h i e !  yses.'d 

For GC-EAD recordings, an inset3 antenna was removed from the rostrum 

and suspended between two glass capillary electrodes (Ag-AgCI) with the 

antennai base being inserted into one electrode and the offactory club impaled 

by the other. Antenna1 respmses were amplified using a custom-built amplifier 

with a passive tow-pass fitter and a cut-off frequency of 10 kHz. All recordings 

were performed by Ms. Regine Gries, Department of Bioiolgical Sciences, Simon 

Fraser University. 

3-Methyl-4-octanoi (1, phoenicoi), 5-methyl-4-octanol (2, cruentol), 4- 

methyl-5-nonanoi (7,  ferrugineoi) were prepared from the eorrespondiiig 

Grignard reactions of suitable organornagnesium reagents and aldehydes, and 

purified by vacuum distillation. Further oxidation of 7 with Jones' reagent yielded 

4-methyl-5-nonanone (8, ferntgineone). 

(2S,3R)-2,3-Epoxy4 -pentand (228). Titanium (IV) isopropoxide 

(1 1.4 mL, 10.87 g, 38 rnmol) in dry CH&I:! (250 mL) was mixed under argon with 

f g of 4A powdered, activated molectllar sieves. After cooling to -7%*C, diethyl 

(2R,3R)-tartrate (L-(+)-DET, 7.8 mt, 9.9 g, 0.05 mol) was added via syringe 

followed by addition sf (2)-2-penten-f -01 (21) (8.21 mL, 7.0 g, 80 mmol). The 

mixture was stirred IS min prior to dropwise addition of 5.7 M anhyd. tert-butyl 

hydroperoxide in CH2Cf2 (25 mL, 0.15 mol) (prepared as described in reference 

432) fprecoofed to -20%)- After the reaction had warmed to -20% it was stirred 

at this temperature for 48 h. The reaction was monitored by TLC (2:8, 

pentane:ether; Rf = 0.39). Non-aqueous work-up44c followed by column 

chromatography (2~8, pentane:ether) gave 2.2% (3.79 g, 46 % yield, 90 % 0%) as a 



coioorless liquid. 'H NMR (CW13, ppm): 1.02 (3 HI t, J = 8.6 Hz), 1.52 (2 HI m), 

2.04 (1 H, b q  020 exchangeabie], 2.41 (2 H, t, J = 10.0 Hz), 3.1 5 f 1 H, dd, J = 

5.0, 10 Hz), 3.68 (1 H, dd, J = 4, 10 Hz); '3C NMR (CDCIQ, pprn) 61 -82, 57.1 0, 

56.98, 26-22? 13.91. Anal. Calcd. for CsH1002: C, 58.78; HI 9.87. Found: C, 

58.80; H, 9.93. 

(2R,3•˜)-2,3-Epoxy-i-pntano! (22b). (3.93 g, 47 % yield, 87 % ee. 

Anal. Calcd. for C5H10O2: C. 58.78; H, 9.87. ~ound': C, 58.81; H, 9.91) was 

synthesized following the same procedure using diethyl (2S,3S)-tartrate (D-(-)- 

DET) as the epoxidation catalyst. The same spectroscopic characteristics were 

obtained as for 22a. 

(2 R,3S)-3-Methyl-1,2-penltanedioI (23a). A pentane (200 mL) 

solution of 22a (3.78 g, 37 mmol) was cooled to -500C. Then neat AIMe3 (10.5 

mL, 8.1 1 mol) was added dropwise followed by 2.49 M n-butyliithium (8 mL, 20 

mmd). After stirring at -50•‹C for 20 min., the cooling bath was removed and the 

flask allowed to warm to room temperature. Monitoring the reaction by GC and 

TLC (1 :9, pentane:ether; Rf = 0.79) indicated reaction completion after 30 min. 

The reaction was quenched with NaF:H20 (1 :1)45b at 0%. The white precipitate 

which formed was filtered and the obtained solid was washed with EtaO. The 

ethereal iayer was dried over anhyd. MgS04 and concentrated in vacuo to give a 

pale yeliow liquid. Purification by column chrornat6grap hy (1 :9, pentaneEt20) 

afforded 23a (2.93 g, 54.4 % yield, 88.5 % ee) as a colourless liquid. 1H NMR 

(CDC13, pprn): 0.88 (3 H, i, J = 8.0 Hz), 0.90 (3 H, d, J = 8.0 Hz), 4 2 0  (4  H, m), 



! -42 (2 H, m), 2.1 5 (2 H, brs, D20 exchangeabie), 3.45 (2 H, m), 3.62 (1 H, m); 
4.2- 
zUt (CDC13, ppmj: 75.52, 65.211 37.40, 25.71, 14.1 1, I t  .53. CI-MS m& 

(isobutane, relative intensity): 119 (M++1, 40). Anal. Calcd. for C6HI4O2: C, 

60.97; H, 11.95. Found: C, 60.93; H, 11.94. 

(25,3R)-3-Methyl-I,Z-pentanediol (23b). 3.59 g, 82 % yield, 85 % 

ee. Anal. Calcd. for C6H1402: C, 60.97; H, 1 1 35. Found: C, 60.98; H, 1 1.96. The 

same spectroscopic characteristics as the antipode were obtained. 

(2R,3S)-3-MethyI-t-tosyloxy-2-pentanof (24%). To a solution of 

23a (2.92 g, 25 mmol) in dry pyridine, dimethylaminopyridine (DMAP) (0.73 g, 6 

mmol) was added. The flask was cooled to -20% (ethylene glyco1:water:dry ice) 

and p-toluenesulfonyl chloride (5.73 g, 0.03 mol) added in one portion. After 

stirring 7 h at -20 to -10% and monitoring the reaction by GC and TLC (6:4, 

pentawether, R f =  0.271, the mixture was poured into ice-cooled NaCI solution 

and extracted (2 X 30 mL) with Et20. The organic layer was washed with 3 M 

HCI, saturated PlaHC03, saturated Mac1 and dried over anhyd. MgS04. After 

concentration and column chromatography (€24, pentanesther), solvent residues 

were removed under vacuum to give 24a (4.0 g, 59 %) as a pale yelbw oil. l-4 

NMR (CDCi3, ppm): 0.85 (3 K, d J =  8.0 Hi), 0.86 (3 H, t, J =  8.0 HZ), 1.20 (1 H, 

r\ E E I S  1 -45 (2 H, m), 1 .W (1 H, bs, 020 exchztngeab!e), 2.32 (3H, s), 372 (1 H, dl, I! 

= 8,4 HZ), 3.98 (1 H, dd, J=  $.OF 2.5 HZ), 4.04 (1 H, dd, J =  8.0, 1.8 HZ); 7.34 (2 H, 

d, J =  8.0 Hz); 7.80 (2 H, d, J =  8.0 Hz); 1% MMR (CDG13, ppm): 144.95, 133.0, 



129.88, 127.90, 72.93, 72-75, 36-97, 25.62, 24.57, 13.57, 11.41; CI-MS m/z 

(relative intensit);): 273 jM+ + 1 , 1 00 j. 

~2S,3R)-3-Methyl-I-tosyfoxy-2-pentanol (24b). 4.0 g, 59 % yield. 

The same spectroscopic characteristics as the antipode were obtained. 

( 3 ~ , 4 = ) - 3 - ~ & ~  % Y J - A = = ~ *  --, w w i B 8 t w t  =-t! ~ \ G V , $ S ~ P  r f e  c \ . r z  I ,. P r ~ p y l  magnesium 

bromide (0.17 moI) in dry Et20 [prepared by Grignard reaction between n-propyl 

bromide and magnesium turnings] was cooled to -400C and CuCN (1.58 g, 17 

mmol) was added in one portion. After stirring the mixture for 30 min, the flask 

was cooled to -780C and 24a (4.89 g, 17 mmol) in dry Et2O (25 mL) added via 

cannula. After 30 min of stirring the cold bath was removed and the reaction 

allowed to warm to room temperature. The course of the reaction was followed 

by GC and TLC @:I, pentane:ether, R f = 0.58). Upon completion, the reaction 

was quenched with 3 M HCI at 0%. The aqueous layer extracted with Et20 (3 X 

25 mL) which was washed with both saturated NaHC03 and NaCI, then dried 

over anhyd. MgSO4. Column chromatography (9:1, pentane:ether) afforded 1.97 

g (91 %) of (3• ,̃45)-1 as a colourless liquid. [a]$O = -1 9.20 (c = 2.1 25, Et20);1H 

NMR (CDCi3, ppm): 0.82 (3 H, d, J = 8.0 Hz), 0.85-0.98 (6 H, m), 1 . I9 (2 H, m), 

1.2-1.58 (7 H, iii), 1.68 (1 H, s. 0 2 0  exchangeabie), 3-44 ( i  H, wtj; 1% NMR 

(CDW - 3 1  npm): r 74.83, 29-94 34-17', 28.42, 25.98, 22-76, 14.02, 13.11, 11.55. 

Anal. Calcd. for CgHa0: C, 74.92; H, 13.98. Found: C, 74.77; H, 13.88. 



Et20); 1.97 g, 91 % yield, 87 % ee. Anal. Calcd. for CgH20O: C, 74.92; H, 1 3.98. 

Found: C, 74.89; HI 13.75). The same spectroscopic characteristics as the 

antipode were obtained. 

HO- 

(E-)-2-penten-l -ol (26). 3-Pentyn-l -ol (25) was reduced with LiAIH4 

in 83 % yield, according to the procedure reported in reference 52. 'H NMR 

(CDC13, ppm): 1 .O (3 H, t, J = 7.3 Hz), 1.8 (1 H, brs, 020 exchangeable), 2.05 (2 

H, m, J =  8.0, 1.2 Hz), 4.05 (2 H, d, J =  8.0 Hz), 5.60 (1 H, dt, J =  13.8, 1.3 Hz), 5.75 

(1 H, dt, J =  13.8, 1.3 Hz); 1% NMR (CDC13, ppm): 134.83, 127.94, 63.68, 25.14, 

13-30. 

(ZS, 3s)-2,3-Epoxy-1 -pentan01 (27a). Powdered 4A activated 

molecular sieves (0.5 g) and titanium (IV) isopropoxide (5.7 rnL, 5.42 g, 19 rnrnol) 

in dry CH2CI2 (150 rnL) were cooled to -780C in a acetone-dry ice bath. To this 

was added via syringe diethyl (2R,dR)-tartrate (L-(+)-DET) (3.9 mL, 4.69 g, 23 

rnmoi) and (E)-2-penten-1-01 (3.4 g, 39 rnmol). After stirring the mixture 15 min., 

5.7 An anhyd. tect-butyl hydroperoxide (1 2 mL, 68 mmol) in CH2C12 (precooled to 

-20%) was added dropwise. After the reaction warmed to -20% it was stirred at 

this temperature for 4 h and monitored by TLC (2:8, pentancether; Rf = 0.39). 

Non-aqueous work-up foilowecl by column chromatography gave 27a (1 '70 g, 43 

% yield, 96 % ee) as a coioudess liquid. 1~ NMR (CDCl3, ppm): 0.96 (3 H, t, J = 8 

Hz), 1.52 (2 H, m), 2.80 (2 H, t, J = 8.0 Hz), 3.02 (1 H, brs, D20 exchangeable), 



3.45 (1 H, dd, J = 4'0, 8.0 Hz), 3.70 (l H, dd, J =  8.0, 2 Hz); 1% (CDC13, ppm): 

62.05, 58.32, 57.1 0, 24-41, 13-91. Anal. Cafcd. for C5H1002: C, 58.78; H, 9.87. 

Found: C, 58-79; H, 9-90. 

(ZR,3R)-2,3-Epoxy-l-pentanol (27b). (1.64 g, 41 % yield, 96 % ee. 

Anal. Calcd. for C5H1002: C, 58.78; H, 9.87. Found: C, 58.75; H, 9.90) was 

prepared following the same procedure using diethyl (2S,3•˜)-tartrate [D-(-)-RETI. 

The same spectroscopic characteristics as the antipode were obtained. 

(2R,3 R)-3-Methyl-1,2-pentanediol (28a). A procedure similar to 

that used for the preparation of 23 was employed. 1.18 g, 59 % yield, 96 % ee. 

1H NMR (CDC13, ppm): 0.86 (3 H, t, J =  8.0 HZ), 0.91 (3 H, d, J =  8.0 HZ), 1.18 (1 

H, m), 1.40 (2 H, m), 3.1 2 (2 H, brs, D20 exchangeable), 3.40 (2 H, m), 3.55 (1 H, 

m); CI-MS m/z (relative intensity): 119 (M++1, 45). Anal. Calcd. for C6H1402: C, 

60.97; H, 1 1 -95. Found: C, 60.95; H, 1 1 -97. 

(2S,3S)-3-Methyl-I ,2-pentanediol (28b). 1.28 g, 67 % yield, 95 % 

ee. Anal. Calcd. for C6Hj402: C, 60.97; H, 1 1 35. Found: C, 60.96; H, 1 1.97. The 

same spectroscopic characteristics as the antipode were obtained. 



(2Ry3R)-3-Methyl-I-tssyioxy-2-penfanol (29%). A procedure 

similar to that used in the synthesis of 24 was employed. 1.52 g, 60 % yield. 1 H 

NMR (CDC13, ppm): 0.84 (3 H, d, J = 8.0 Hz), 0.86 (3 H, t, J = 8.0 Hz), 1.22 (I H, 

m), 1.45 (2 H, m), 2.0 (1 H, brs, D20 exchangeable), 3.64 (1 H, dt, J = 8.0, 4.0 Hz), 

3.94 (1 H, dd, J =  8, 2.5 Hz), 4.01 (1 H, dd, J =  8, 1.5 Hz); 7.30 (2 H, d, J =  8 Hz); 

7.75 (2 H, d, J = 8 Hz); C!-MS n/z (relative intensity): 273 (M+ + 1, 100)]. 

(2Sy3S)-3-Methyl-1 -tosyloxy-2-pentanol (294). 1.71 g, 62 % yield. 

The same spectroscopic characteristics as the antipode were obtained. 

(3R,4S)-3-Methyl-4-octanol [(3 R,4S)-11. The procedure used was 

that for the synthesis of (3S,4S)-1 was employed. 0.68 g, 85 % yield, 96 % ee. 

1H NMR (CDCI3, ppm): 0.81 (3H, d, J = 8.1 Hz), 0.84-1.0 (6H, m), 1.20 (2H, m), 

1.22-1.68 (7H, m), 1-70 (1 H, brs, D20 exchangsable), 3.45 (1 H, m); 1% NMR 

(CDCI3, ppm): 75.71, 40.50, 33.07, 28.25, 24.55, 22.76, 14.70, 13.1 1, 11.82. 

Anal. Cafcd. for CgH200: C, 74.92; H, 13.98. Found: C, 74.76; H, 1 4.07. 



(3S34R)-3-Methyl-4-octanol [(35,4R)-I]. 0.76 g, 84 % yield, 95 % 

ee. Anal. Calcd. for C9H200: C,  74.92, ti; 13.98. Found: C, 75.06; H, 14.01. The 

same spectroscopic characteristics as the antipode were obtained. 

(2S,3Sp,SEpoxy-i -nexanol (33a). This compound was prepared 

according to the procedure employed for 22a. Powdered, activated 4A 

molecular sieves (lg) and titanium (iV) isopropoxide (8.4 mL, 8.79 g, 31 mmol) in 

dry CH2C12 (250 mL) were cooled to -78% in a acetone-dry ice bath. Diethyl 

(2R,3R)-tartrate (L-(+I-DET) (6.3 mL, 5.23 g, 25 mmol) and (E)-2-hexen-1-01 (32) 

(6.1 mL, 5.2 g, 52 mmol) were added via syringe. Stirring of the mixture was 

followed by dropwise addition of 6.2 M anhyd. tert-butyl hydroperoxide ( I  8 mL, 

0.1 1 mol) in CH2C12 (precooled to -20%). The reaction was allowed to warm to 

-20W with siirring and was stirred at this temperature for 3 k while it was 

monitored by TLC (4:6, hexanelether; Rf = 0.1 9). Ferrous sulfate/tartaric acid 

work-up44c followed by column chromatography gave 33a (4.82 g, 80 % yield, 

95 % ee) as a colourless liquid, which crystallized as white needles at -20%. 1H 

NMR (CDC13, ppm): 0.96 (3 H, t, J =  7.6 Hz), 1.48 (2 H, m), 1.54 (2 H, m), 1.80 (1 

H, brs, D20 exchangeable), 2.92 (2 H, m), 3.60 (1 H, dd, J = 5, 1 0 Hz), 3.90 (1 H, 

dd, J =  10,2.5 Hz); I3C NMR (CDCI3, ppm): 61.76, 58.34, 55.81, 33.57, 19.23, 

13.84. 

(2R,3R)-2,%Epxy-I-he~~nof (33b). This compound was prepared 

by the procedure used for 3% but employing diethyl (2S,3S)-tartrate [D-(-)-DET] 



(4.94 g, 82 % yield, 95 % ee). The same spectroscopic characteristics as the 

antipode were obtained. 

- - 

(3R,3R)-3-Methyl-l,3-hexanediol (34a). This compound w a s 

prepared according to the procedure employed for 23. To a solution of 33a 

(4.80 g, 0.04 mol) in dry pentane (250 mb) cooled to -5OoC was added c l r~pwiz~ 

neat AlMe3 (1 1.9 mL, 8.64, 0.1 1 mol). This was followed by addition of 2.49 M 

n-butyltithium (16 mL, 0.04 md). After stirring 20 min, the cooling bath was 

removed and the flask allowed to warm to room temperature. The reaction was 

monitored by GC and TLC (2:8, hexane/ethyi acetate, Rf = 0.33) and was 

complete after 30 min. After quenching with 3 M HCI at OoC and separation of the 

two phases, the aqueous layer was extracted with ether (3 X 40 mL) which was 

dried over anhyd. MgS04 and concentrated in vacuo. Purification by column 

chromatography afforded 34a (4.26 g, 78 % yield, 95 % ee) as a colourless liquid 

which crystallized as a white solid at -2UOC. 1H NMR (CDC13, ppm): 0.88 (3 H, t, 

J=10.1 Hz),0.90(3HId, J=10.1 Hz), 1.14(1 H,m), 1.25(1 H,m), 1.46(1 H,m), 

1.60 (1 M, m), 2.1 0 (1 HI brs, D20 exchangeable), 2.24 (1 H, brs, D;rQ 

exchangeable), 3.50 (2 HI m), 3.70 (1 H, m); 1% NMR (CDCi3, ppm): 76.28, 

64.66, 35.94, 34.68, 20.06, 15-14, 14.26; CI-MS m/z (relative intensity): 11 9 

(M++l, 4O)I. 

QH 
+OH 

I 

(2R,3R)-3-Methyilf,3-Rexanediot (34b). 3.91 g, 70 % yield, 98 O/O 

ee. The same spectmscopic characterisiics as the antipode were obtained. 



(i!R,3R)-3-Methyl-1 -tosyloxy-2-hexan01 (35a). This com pou nd 

was prepared by the procedure used for the synthesis of 24. After purification by 

column chromatography (6:4, pentane:ether, R f  = 0.45) 35a (6.54 g, 76 % yield) 

was obtained as a pale yellow oil. l H  NMR (CDC13, ppm): 0.86 (6 H, m), 1.1 8 

(2H, m), 1.40 (2H, m), 1.60 (1 H, m), 1.90 (1 H, brs D20 exchangeable), 2.48 (3H, 

s), 3.64 (IH, m), 3.98 (1H, dd, J =  12.0, 8.0 Hz), 4.10 (1H, dd, J =  12.0, 4.0 Hz), 

7.38 (2H, dl J = 8.0 Hz), 7.80 (2H, dl J = 8.0 Hz); NMR (CDCb, pprn): 144.99, 

132.5, 129.92, 127.93, 73.43, 72.66, 35.54, 34.15, 21.26, 19.96, 15.10, 14.16 

PPm- 

(25,3S)-3-Methyl-l-tosyloxy-2-hexanol (1 3bl. 6.09 g, 78 % yield. 

The same spectroscopic characteristics as the antipode were obtained. 

(4S, SB)-5-Methyl-4-octansl [(4S,5 R)-21. This compound was 

prepared by the route used for (3S14S)-1 except that ethyl magnesium bromide 

(3 M solution in Et20) was used. After purification by column chromatography 

(93, pentane:ether, Rf = 0.08) (4S,5R)-2 (2.74 g, 78 % yield, 98 % ee) was 

obtained as coiourless liquid which crystallized as a white solid at -20%. 1H 

NMR (CDCl3, ppm): 0.90 (3 H, t, J= 8.0 Hz), 0.92 (3 H, d, J= 8.0 Hz), 0.94 (3 H, t, 

J=  8.0 Hz), 1-10 (1 H, m), 1.24 (1 H, m), 1.32 (lH, m), 1.40 (4 H, m), 1.50 (1 H, m), 

1.70 (1 H, brs, D20 exchangeable), 3.48 (l H, m); 1% NMR (CDCI3, ppm): 



75.82, 38.61, 35.64, 34.17, 29.42, 19.28, 15.24, 14.34, 14.13; CI-MS m/z (relative 

intensity): 1 27 (1 00) (M+- M20); Anal. Calcd. for C9H200: C, 74.92; H, 13.98. 

Found: C, 75.1 6; H, 14.1 1. 

(48, SS)-5-Methyl-4-octanol [(4R,5S)-21. 2.73 g, 85 % yield, 98 % 

ee; Anal. Calcd. for C9H200: C, 74.92; H, 13.98. Found: C, 74.87; H, 14.08. 

Same spectroscopic characteristics as the antipode were obtained. 

[(4R, 5R)-5-AAettryi-4-octyl)] benzoate (3%). Trip hen y lphosp hi ne 

(9.97 g, 38 mmol) and (4S,5R)-2 (2.74 g, 19 mmol) in dry benzene (30 rnb) were 

added via cannula to diisopropyl azodicarboxylate (7.68 g, 7.5 mi ,  38 rnrnoi) and 

benzoic acid (4.64 g, 38 mmol) in dry benzene (45 mL). After stirring overnight at 

room temperature, pentane was added at which point a white precipitate formed. 

The mixture was filtered through a Florisii pad and concentrated under vacuum. 

Purification by column chromatography (91, pentane:ether, R f=  0.61) affofdeu 

35a (2.35 g, 50 % yieM) as a pale yellow liquid and unreacted alcohol in 

separated fractions. 1H NMR (CDC13, ppm): 0.88 (3 H, t, J = 9.0 Hz), 0.98 (3 H, t, 

J =  9.0 Hz), 1.00 (3 H, d, J =  9.0 Hz), 1-10 (1 H, m), 1.38, (5 HI m), 1.58 (1 HI m), 

1.70 (1 H, m), 1.80 (1 H, m), 5.10 (1 H, m), 7.40 (2 H,dd, J=9.0,2.0 Hz), 7.54(1 

H, ddd, J = 9.0, 2.0 Hz), 8.04 (2 H, dd, J = 9.0, 2.0 Hz); 1% NMR (CDC13, ppm): 

166.37, 132.62, 130.98, 129.56, 128.29,77.74, 36.27, 35.41, 33.77, 20.34, 19.07, 



14.48, 14.22, 14.01 ; Ct-MS m/z (relative intensity): 127 (M+- CgHg-CO, 1 OO)]. 

Anal. Caicb. for C16H2402: 2, 77.36; H I  9.75. Found: 2, 77.33; HI 9.77. 

l(45, 5S)-5-Methy!-4-sctyl)f benzoate (35b). 2.70 g , 57.3 % yield. 

Anal. Calcd. for C16H2402: C, 77.36; HI 9.75. Found: C, 77.37; HI 9.79. The same 

spectroscopic characteristics as the antipode were obtained. 

(4R, 5e-5-Methyl-4-octanol [(4R,SR)-21. To a 15 % KOH solution of 

methanof was added 35a (1.30 g, 52 mmol). After stirring $he mixture overnight 

the mixture was quenched with water and extracted with Et20 (3 X 30 mL). The 

ether extracts were washed with dilute HCI and saturated NaCl and then dried 

over an hyd. MgS04. Concentration in vacuo and column chromatography (9:1, 

pentane:ether, R f =  0.13) gave (4R,5R)-2 (0.71 g, 95 % yield, 98 % ee) as a 

colouiless liquid. [a]@ = +33.50 (c = 1.331, Et20); 1H NMR (CDCI3, ppm): 0.89 

(3Hld, J=8.0Hz),0.92(3H, t, J=8.0Hz),0.95(3Hj t, J=8.0 Hz), 1.12(1 H, m), 

1.24 (1 H, m), 1.33 (lH, m), 1.39 (5 H, m), 1.48 (1 HI m), 3.40 (1 HI m); 136 NMR 

(CDC13, ppm): 75.04, 38.70, 36.73, 35.73, 20.51, 19.51, 15.33, 14.38, 13.65; 

Anal. Calcd. for C9H200: C, 74.92; HI 13.98. Found: C, 74.74; HI 13.84. 



(4S, SS)-5-Methyl-4-octanol [(4S,5S)-21. [cr]$o = -32.40 (c = 

1.223, Et20); 0.75 g, 89 % yield, 96 % ee; Anal. Calcd. for C9H200: C, 74.92; H, 

13.98. Found: C, 74.69; H, 13.81. The same spectroscopic characteristics as the 

antipode were obtained. 

QS,SR)-4-Nfethyl-5-nonanol [(4•˜,5R)-71. PropyI magnesium 

bromide (0.20 mol) in dry Et20 [prepared by Grignard reaction between n-propyl 

bromide and magnesium turnings] was cooled to -400C, then CuCN (1.58 g, 20 

mmol) was added. After stirring the mixture for 30 min, the flask was coobd to 

-78% and 35b (2S,3Sf-3-methyI-I-tosyfoxyhexan-2-ol (5.43 g, 19 mmol) in dry 

Et20 (25 mL) added via cannula. After 30 min of stirring the cold bath was 

removed and the reaction aiiowerf it warm io room tempemtiire. The prqress of 

the reaction was followed by analysis of aiiquots by GC and TLC (9:1, 

pentane:ether, Rf= 0.13). Upon completion, the reaction was quenched with 3 M 

HCI at 0%. The aqueous layer was extracted with Et20 (3 X 25 ml), washed 

with saturated NaHCOs and NaCf, and dried over anhyd. MgSOq. Column 

chromatography (%I, pentane:ether) afforded 2.39 g (86 % yield, 96 % ee) of 

(4S,58)-7 as a cotourless liquid. 7H NMR (CDC13, ppm): 0.88 (3W, d, J = 8.0 Hz), 

0.90 (6H, m), 1 -34 (1 2H, m), 3.44 (1 H, m); 1% NMR (CM313, ppm): 76.07,38.55, 

34.1 2, 33.09, 28.32, 22.78, 20.40, 15-24, 14.33, 14.04; CI-MS rn/z (relative 

intensity): 140 (100) (M+- H20); Anat. Calcd. for C10f-i220: C, 75.87; H, 14.02; 

Found: C, 76.10; H, f3.98. 



(4R, SS)-4-Methyl-S-rro~tanot [(riR,5S)-7]. 2.62 g, 83 % yield, 95 % 

ee; Anal. Calcd. for Cq0Hz20: C,  75.87; H, 14.02; Found: C, 75.62; H, 13.97. 

The same spectroscopic cttaractefistics as the antipode were obtained. 

f(4S, S~-B-zliaethyl-5-1~onyI]j benzoate (36b). Trip henylphosp hi ne 

(7.87 g, 30 mmolf, ~ R Z O ~ C  acid (3.66 g, 3C) mmol) and (4S95R)-7 (2.39 g, 15 

mmol) in dry benzene (190 mt) were stirred for 10 min at -1WC before 

diisopropyl azodiwhqkte (6.07 g, 5.9 mL, 30 mmol) was added via syringe. 

After stirring overnight at room temperature, pentane was added resulting in the 

formation of a white pmipifate. The reaction mixture was filtered through a 

Fbrisil pad and mmrrtrated in vacuo. Purification by column chrom;itography 

(911, pen@ne:ether, Rf = 0.61) afforded 3aib (2-46 g, 63 ?G yieM) as a pale yellow 

liquid: W NMR (CDCt3, ppmf: 0.90 (6H,rn), 1.0 (3H, d, J = 8.9 Hz), 1 -20 (2H, in), 

1.36(5H,rn), 5.51 (fft, m), 1.60(tH, m), 1,70(1H, m), t.(S8(1H,rn),5.19flH. m), 

7.48 (2~, m, J= 7.5, tir+), 7-55 pi.t, m, J= 7.5, wz), 7-56 (2~, a, J =  7.5, IHZ); 

f% PIMR (CDCb, pprn): 166.33,132.59, 130.97, 129.54, 128.27, 125.48,77.94, 

36.1 9,35.41,31.23,27-95,22.62,20.3t, 14.41, 14.02, 13.92; CI-MS m/z (relative 

intensity): 262 (21, 5 .40  (W- CgHg-CO, 100). Anal. CaM. for Cj7H2e02: C, 

TT.81; H, 9.99; Fwrnd:C,77.71; H, 10.17, 



If46 5~4aMethyl-5-nany1)1 benzoate (36a). 3.06 g,  73 % yield. 

Anat. Calod. for C17H2502: C, 77.81; H, 9.99; found: C, 77.76; H, 9.90. The 

same spectroscopic characteristics as the antipode were obtained. 

(4•˜, SS)-4-MethyM-nonanol [(4•̃ ,5•̃ )-71. To a 15 % KOH solution 

of methanol was added 36b (2.46 g, 9.4 mmoi). After stirring the mixture 

overnight it was quenched with water and extracted with Et20 (3 X 30 mL). The 

ether extracts were washed with dilute HCI and saturated NaCl and then dried 

over anhyd. MgS04. Concentration in v a m  and column chromatography (911, 

pentane:ether, R f =  0.13) gave (4S,55)-7 (1.20 g, 81 % yield, 98 % ee) as ;a 

colourless liquid: [aID20 = -25.50 (c = 1 -765, EteO); 1 H NMR (CDC13, ppm): 0.86 

(2H, d, J=8.0 Hz), 0.90 (SH, rn), 1.18 (2X, m), 1.34, (IOH, m), 3.48 (lH, m); 1% 

(CDCI3, ppm): 75.1 9, 37.91, 35.64, 34-1 9, 28.45, 22.75, 20.43, 14.27, 1 4.00, 

f 3-50; Anal. Calcd. for Ci&fl: C, 75.87; H, 14.02; Found: C, 76.01 ; H, 1 3.90. 

(4R, SR)-4Mettryt-5-nonanoi j(4R,5R)-7j. 1.59 g, 85 % yield, 98 % 

ee; [af5*0 = +26.60 (c = 1.895, Et20); Anal. Calcd. for C10H220: C, 75.87; H, 

14-02; Found: C, 76.00; H, 13.99. The same spectroscopic characteristics as the 

antipode were obtained. 



(S)-4-methyl-5-nonanone [(S)-8). To (4S,5R)-7 (2.89 g, 1 8 mmol, 96 

% ee) dissolved in Et20 (50 rnL) and cooled to -lO•‹C was added 28 mL of a cold 

mixture of 11.38 g Na2Cr207-2H20, 16 mL H2S04and 30 mL H20. The 

dropwise addition was accompanied by vigorous stirring and maintenance of the 

temperature below O W .  The progress of the reacti~n was monitored by analysis 

of aliquots which were periodically removed from the reaction [TLC (9:1, 

pentane:ether, R f =  0.5811. Upon completion, the mixture was washed with 

saturated oxalic acid solution. The ether layer was separated and the aqueous 

layer was extracted (2 X 10 mL) with €120. The combined ether extracts were 

washed with saturated NaHC03 and NaCl and dried over anhyd. MgS04. 

Column chromatography (9:1, pentane: EtaO) yielded (S)-8, 2.34 g (83 % yield, 

95 % ee). [a]$() = +l6.30 (c = 2.220, EtaO); IR (neat) 2959, 2874, 171 3, 1460, 

1409, 1378, 1 124, 1046, 989 cm-I ; 'H NMR (CDC13, ppm): 0.90 (6H, m), 1.04 

(3H, d, J=  8.1 Hz), 1.29 ( 54  m), 1.55 (2H, m), 1.60 (IH, m), 2.42 (2H, ddd, J =  8.1, 

4.0 Hz), 2.52 (1 H, m); (CDC13, ppm): 21 4.94, 46.1 2, 40.84, 35.23, 25.86, 

22.32, 20.49, 16.32, 14-09, 14.02; Anal. Calcd. for C10H200: C, 76.85; H, 12.91 ; 

Found: C, 76.75; X, 12.86. 

(R)-4-methyf-5-nonanone [(w]. 2.40 g, 95 % yield, 95 % ee; [a]$* 

= -1 3.40 (c = 2.390, Etfl); Anal. Catcd. for C10H220: C, 76.85; H, 12-91 ; Found: 

C, 77.03; H, 13.1 1. The same spectroscopic characteristics as the antipode were 

obtained. 



Chapter 3 

iregation Pheromones and Host Kairornones of the 'west inaian 
Sugarcane Weevil, Metamasius hemipterus sericeus (Qlivier) and 

Paramrssius distortus (Gemminger & Harold) (=Metamasius 
haequalis [Gylfen ha1 J) 

(Coleoptera. Curculionidae) 

3.1. The West Indian Sugarcane weevil, Metarnasius hemipterus 

serieeus (Oh.). Its Habitat and Currant Control. 

3.1. 1. Me tamasius hemipterus sericeus. 

The West Indian sugarcane weevil (WISW), Metarnasius hemipterus 

sericeus is a pest of sugarcane, pineapple, palms and banana.'* It is found in 

the Greater Antilles, Central America south of Nicaragua to western Colombia 

and Ecuador, and ~frica.71 In the mid 1980's WISW was introduced to Florida 

where it has become a significant pest of ornamental palms and sugarcane?" 

For example, in Florida the container and field-grown ornamental palm industry is 

valued zt more than $ 50 million per year. Current Florida Department of Plant 

Industry regulations stipulate that palm nurseries with WlSW must be quarantined 

and sprayed with insecticides until the weevils are no longer detectable in plants 

for sale or distribution.72b 

Beetles are attracted to, and oviposit in, damaged or unhealthy plants and 

rotten fruits (e-g., pineapple, mango, papaya)To where the larvae develop in 

about seven weeks? 

Attraction of Metarnasius to sugar~ane72~73 is used in Central America to 

infect field populations with entomopathogens? Voiatiles emitted by several 

host plants and by male WfSW attract male and female weevils and has been 

used in insecticide-baiied traps to capture them.73 More recently, a "lethal pitfall 



trap", which avoids the use of insecticide h9.s been used to trap WlSW in 

Florida.72 

3.1 2. Paramasius distortus. 

tittie is known about this insect. It was classified first by Gijnther as 

Metamasius inaequalis (Gyllenhal), and recorded by Vaurie70 under this name, 

and also as a junior homonym of what is now Sphenophorus inaequalis. Wibmer 

and U'Brien75 later designated it as P. distortus which is the accepted name. Its 

range extends through most of Brazil, Peru and all northern South America, 

Panama, Costa Rica and Nicaragua in Central America. A smaller weevil (8.5-12 

mm) than M. hemipter~s (f 0-20 mm), it is masidered a semndary pest, sharing 

the same host range as Metamasius and other Rhynchophorinae. It is commonly 

cross attracted to pheromone-baited traps of R. palmarum and M. hemipterus? 

Its ecology is similar to Metamasius. 

3.2. Male-produced Aggregation Pheromones of M. hernipfetus and 

F- distortus= 

3.2.1. M. hernipfetus. 

Thirty-eight male and female weevils collected' in a banana plantation 7 

km west of Homestead, Dade County, Florida were placed into separate Nalgene 

desiccators containing water-moistened KimwipesTM1* (for details, see 

Experimental Section, Chapter 2). Weevil-released volatiles were collected for 

four days on Porapak Q. Using another desiccator, cut sugarcane stalk (1 kg) 

was aerated fa: twe dbj;s. \Jolzitilss weis eluted from Pompak Q with peniaiie 

and ancm?rat& by bisti!!a?ian. 

CoUection by Dr. Robin Giblin-Davis, IFAS, Urikersity of Fbfida, Fort Lauderdale, Fbrida 



Gas chromatographic (GC) analysis of vslatiies with flame ionization 

detector (FID) and elecProantennographic detector (EAD) revealed 8 male- 

specific compounds (Figure 3.1). Seven of these (40-42, 7, 43-45) elicited 

weak to mderate antennal responses (Figure 3.1). Hydrogenation and re- 

analysis of weevil volatiles by GC-EAD revealed the same antennal responses, 

indicating all EAD-active compounds were saturated. Coupled GC-mass 

spectrometric analysis of EAD-active volatiles in both El and CI modes indicated 

they were methyl-branched ketones and secondary alcohois with molecular 

weights of 86, 88, 128, 130, 142, 144, 156 and 158. Structures of (40) and (7) 

(Figure 3.1 ) were hypothesized to be 3-pentanol (4) and 4-methyl-5-nonanol (7) 

based on simiiariiies of ihair mass spectra with those previously ieportad.29a177 

Retention indices (RI) of (41) (RI 1310) and (42) (RI 141 0) on a SP-1 000-coated 

fused silica column suggested they were saturated homologues of (E)-6-methyl- 

2-hepten-4-01, the aggregation pheromone of the R. palmarum, the American 

palm weevil.64 Hydrogenation of R. palmarum volatiles converted the 

unsaturated aggregation pheromone to 2-methyl-4-heptanol whose retention 

times coincided with those of M. h. senceusproduced (41) on two GC-columns 

(SP-1080 and DB-5). Thus, it was hypothesized that 41 and 42 were 2-methyl-4- 

heptanoi and 2-methyl-4-octanol. Identical retention and mass spectrometric 

characteristics of authentic alcohols (40-42, 7) and ketones (43-45, 8) with 

male-produced compounds confirmed structural assignments of ail candidam 

pheromones. 

GC-€AD analyses of sugarcane volatiles revealed four antennally active 

components (Figure 3.2)- Tnrough GC-iviS anaiyses of a~iihei;iic standards, the 
rL, trrree r;iiosi €AD-active mmpoi;nds were ibentifid as ethy! am?a?g (31, ethy! 

propionate (4) and ethjjl butyrate (6). 



3.2.2. P- distortus. 

I=,- , ,,,,g d. male and female weevils c~llededii in a oi! pa!m p!antatian n ~ i  

Coto, Costa Rica were aerated separately in a modified Nalgene desiccators with 

and without sugarcane for four days (for details, see Experimental Section, 

Chapter 2). Volatiles were eluted from Porapak Q with distilled pentane and 

concentrated by distillation? 

GC and GC-EAD analysis of volatiles from fed and unfed male weevils 

revealed a strongly &AD-active compound (Figure 3.3). GC-MS in both El and CI 

mode and retention characteristics were consistent with 2-methyl-4-heptanol 

(Itll), which was also identified as a candidate pheromone for WISW. 

3.3. Field Experiments. 

3.3.1. M. hemiptefus- 

Field testsiii of candidate semiochemicals were conducted in a two year 

old banana plantation near Homestead, Florida, and in commercial oil palm 

plantations near Coto, Costa Rica. Experiments with 7-10 replicates each 

employed pitfall traps72 or DipelTM traps10 which were set up in complete 

randomized blocks with treatments and blocks 20 rn apart. Pitfall traps used in 

pheromone experiments contained 2-3 cm of soapy (3 % by weight of Alkonox) or 

equally effective, insecticide-laced (3 g per liter of Sevin 80) water to retain 

captured weevils. Traps were buried in the shade with their openings 2-3 cm 

above the soil surface. DipelTM traps used in kairomone experiments were hung 

at chest height from palms. Attractants were suspended from the lid, and 

f nseaicide-treated food or water covered the bottom. Candidate pheromones 

4045,743 were dispensed from membrane release devices78 emitting 3 mg per 

ii CoUedion by Dr. A4hn C. OehtscMager. 
iii Conrtucted by Qr- W n  W n - D a v k  in Florkta and by Drs. Alan C. Oehlschlager and Carlos 
Chinchi& of Palm T i  of Costa R i i .  
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Figure 3.1. Flame ionization (FID) and electroantennographic detector (EAD: 
female WISW antennaj responses to voiaiiies obiained from unfed 
male WIS W. Chromatography: SP-1000 coated fused silica 
column (30 m x 0.25 mm ID); temperature program: 1 min at 50•‹C, 
1 O•‹C per minute to 180•‹C. 
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Flame ionization (FID) and electroantennographic detector (EAD: 
female WISW antenna) responses to volatiles obtained from 
sugarcane. Column and chrsmatogrsphic mnditions zs in Figure 
3.1- 
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Figure 3.3. Flame ionization (FID) and electroantennographic detector (EAD: 
female P. o'istottus antenna) responses to volatiies obtained from 
fed male P. disfottus. Column and chromatographic conditions 
similar to those in Figure 3.1. 



day of each component at 25•‹C under laboratory conditions. Host vslatiles were 

released at 20 rng per day (at 25•‹C under laboratory conditions) f r ~ m  10 mL 

plastic vials. Sugarcane (250 g per trap) was prepared immediately before 

placement. 

Assumptions of normality and homogeneity of variance were tested on all 

data by graphical assessment of log variance IS. Dog mean and Bartlett's test, 

respectively (SAS Institute, 1985 ot Systat 5.2, 1992). Data that did not exhibit a 

normal distribution were transformed by (x + 0.5)o-5 or log (x + 1) and subjected 

to analysis of variance (ANOVA) (PROC GLM, SAS, 1985 or MGLH Fully 

Factorial, Systait 5.2, 1992) with means compared by Bonferroni's or Tukey's test 

a: p = 0.05 (SAS Institute 1985 or Sysfai 5.2).s! Means presented are 

untransfosmed. in some cases data were analyzed nonparametrical!y using the 

chi-square apprsximatiorl method of a Kruskal-Wallis or Wilcoxon ranked sum 

test (p = 0.05) (SAS Institute 1985). Multiple comparisons were separated using 

the Q-test statisfic ( p  = 0.05). 

The first trapping experiment tested attraction of WiSW to traps containing 

sugarcane alone and in combination with either alcohols, ketones or both (40- 

42, 7 plus 43145, 8). Experiment 2 tested attraction of male and female weevils 

to sugarcane, alcohols or both combined. The third and fourth experiments 

tested alcohols in quaternary and all possible ternary (Exp. 3) or binary (Exp. 4) 

combinations with and without sugarcane. Experiment 5 tested attractiveness of 

sugarcane, alcohols (40-42, 7) singly or in quaternary combination. 

Experiments 6, 7 and 8 tested ?:41 (83) alone or in combination with 

sugarcane or with ethyl acetate, &)il propiorrzte or ethyl but-rate si~igiy (Exp. 6 )  

or in a!! binary (Exp. 7 )  and ternary mrnbInatIcns [Evn 1 8). 

The production of four EAD-active alcohois and corresponding ketones 

(Figure 3.11, suggested a complex chemical communication system of WISW. 



In field trapping experiments, tae alcohols but not the ketones enhanced 

weevi! attraction to wgarcane (Exp. 1, Figure 3.4). Presence n! ?he ketones 

reduced attraction to the alcohols (Figure 3.4). Addition of ketones to this binary 

combination or replacement of alcohols with ketones significantly reduced 

attraction. Sugarcane and alcohols were similarly effective (Exp. 2, Figure 3.5) 

and equally attracted male and female WISW. Testing the alcohols in all possible 

ternary mixtures with (Exp. 3, Figure 3.6A) or without sugarcane (Exp. 3, Figure 

3.66) and binary (Exp. 4, Figure 3.7A-3.7C) blends with or without sugarcane and 

singly with or without sugarcane (Exp. 5, Figure 3.8A-3.8B) indicated that any 

treatment that contained 7 was as attractive as the quaternary blend. This 

behavior is consistent with findings that Rhynchophsrus weeviis produce and 

respond to one aggregation pheromone (see Chapter 2). Only one compound, 7, 

was essential for pheromonal attraction of WISW. In view of the strong 

attractiveness of 7, superior EAD-activity of 41 was surprising (Figure 3.1). 

Experiments 3-5 were repeated several times, and in all cases it was apparent 

that 7 was essential in transmitting the semiochemical message to WISW males 

and females. Lack of clear role sf the other EAD-active alcohols cannot be 

qttributed to a low population of this insect (e.g., compare Figures 3.7A and 3.7C) 

or to the presence or absence of sugarcane (compare Figures 3.7A and 3.78). 

However, due to the cross attractive behavior sf conspecific P. dist~rtus to M. h. 

sericeus traps, 2-met hy l-4-heptanol (41 ) was chosen to examine the synergistic 

effect of EAD-active host vo!atiles and the fieid activity of the stereoisomers of 7 

and 41. Due to high capture rates when sugarcane is present and the fact that 

no statistical behavioral difference has been found between treatments with and 

without sugarcane, some of i i ~ e  ioliowing experiments were performed in ihts 

absence of sugarcane. 



The semiochemical role of €AD-active ketones is not understood. 

,aL,, .,.:bL C A l'%---&:..~ - l r r ~ Z .  Released itgerrrer WILII awive aibuii~k, they :educed attractioi; in field 

experiments, suggesting a role as intra- or inter specific "spacing" pheromones. 

Attraction to alcohol pheromones and "antiaggregative" characteristics of the 

corresponding ketones has been well documented in the Douglas fir beetle, 

Dendroctonus pseudotsugae (Hopkins)?g and in the mountain pine beetle, D. 

ponderosae (tiopkins).~o Production of antiaggregative ketones may have been 

aeificially induced by aeration of many confined weevils, Alternatively, ketone 

release rates may have significantly differed from optimal, natural rates. 

Although 7 was attractive by itself, attractiveness strongly increased when 

it was combined with sugarcane (e.g., Figure 3.7C). Antennally active sugarcane 

volatiles (Figure 3.2), ethyl acetate, ethyl propionate and ethyl butyrate exhibited 

kairomonal attraction in field experiments (Exp. 6, Figure 3.9). Attractiveness of 

alcohols 7 and 41 at a 8:1 ratio (assuming one stereoisomer of each is 

biologically active, this proportion is close to the natural ratio) increased upon 

addition of ethyl acetate, ethyl propionate or ethyl butyrate singly (Exp. 6, Figure 

3.9) or in binary (Exp. 7, Figurs 3.10) or ternary combinations (Exp. 8, Figure 

3.1 1 ). However, none of these esters alone or in combination (Figures 3.1 0 and 

3.1 1) exhibited synergistic attraction equivalent to sugarcane, suggesting the 

presence of additional, as yet unknown, sugarcane kairomones (synergy activity 

of sugarcane exceeded that of the above esters 10-1 00 times). 

The same esters in fermenting tissues of African oil palm, Elaeis 

guineensis (Jaq.) coconut palm, Cocos nucifera L., and cabbage palmetto, 

Sabat pahetto (Walter), also elicited antenna! responses by Rhynchophorus 

weevils (Dr. Gerhard Gries, personal communication). However, kairomonal 

attraction of ethyl butyrate in WISW, ethyl acetate in R. cruentatus,27b R. 

palmarum 2a and WISW, and ethyl propionate in R. phoenici@a and Wl SW did 



not approximate synergy activity of host plant tissue. Antenna1 and behavioral 

activities of the same esters in Metamasius (WISW) and Rhynchophorus weevils 

indicates recognition of the same kairomones in different piant tissues. As yet 

unknown kairomones in palm and sugarcane may be cross generic attractants, 

whose identification may promote semiochemical-based management of 

Rhynchophorus and Mefamasius weevils. It has been recently found72b that 

release of large amounts of ethyf acetate from traps containing an 8:1 mixture of 

741 and sugarcane increases attractancy to WISW. 

3.3.2. P. distortus. 

Fieid testsiv of candidate semiochemicals were conducted in commercial 

oil palm plantations near Coto, Costa Rim using pitfall traps.14b.16 Experiments 

were set up in complete randomized blocks with treatments and blocks 20 m 

apart. Trap placement and release rate was similar at those used for M, 

hemiptmis. 

This field expelimenijv u'emofistrated aiiractiofi of P. distofWs to traps 

containing sugarcane alone or in combination with alcohol 41 (data not shown). 

A second experiment tested attraction of 41 atone. Results of this experiment 

f Figure 3.1 2) confirmed biological activity of 41 alone. 
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WEEVILS CAPTURED 
PER TRAP (MEAN+SEM) 

Rgrrre 3.4. Mean (+SEM) captures of WISW in traps baited with sugarcane and 
afmhols 40.92 and 7 ,  sugarcane and atcohois 40-42,7 and 
ketones 43-45,8 and sugarcane and ketones 43-45,8. The 
experiment (N = 30) was conducted in a banana plantation near 
Dade Co., Florida, 5-1 0 March 1893. Data transformed by (X + 
0.5)0.5 to approximate homogeneity are presented untransfoned. 
Mans fotfuwd by the same letter are not significantly different 
aamding to a Wafiet-Dumn k-ratio Hest (k = 100, mi4 0.05). 
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WEEVILS CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.5. Mean (+EM) captures of WISW in traps baited with sugarcane and 
alcohols 40-42 and 7 alone or in combination. The experiment 
(N = 10) was conducted in a banana plantation near Dade Co, 
Florida, 31 March-5 April 1993. Data transformed by (X + 0.5)o-5 
to approximate homogeneity are presented untransformed. Means 
followed by the same letter are not significantly different according 
to a Waller-Duncan k-ratio t-test on (x+0.5)0.5 transformed data (k = 

IOU; Pfl;b 0.05) 



3-Pentanol (3 rng/24 h) 
(k)-2-Met hyl-4-heptanol (3 mgi24 h) a 
(f)-2-Methyl-4-octanoi (3 mg/24 h) 
(*)-4-Methyl-5-nonanoi (3 rngi24 h) 
Sugarcane 

Sugarcane 

WEEVILS CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.6A. Mean (+SEM) captures of WlSW in traps baited with sugarcane in 
combination with all ternary combinations of alcohols 40-42 and 
7, sugarcane with 40-42 and 7, and sugarcane alone. The 
experiment (N = 8) was conducted in a palm plantation near Coto, 
Costa Rica, 11-13 September 1993. Data transformed by (X + 
0.5jo-5 to apprttxitnate homogeneity are presented untrawsformed. 
ANOVA, F = 12.38, df = 5, 42, p c 0.801. Means followed by the 
same letter are not significantly different (Bonferroni's t-test, p c 

0.05). 



WEEVILS CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.68. Mean (+standard error) captures of WlSW in traps baited with all 
ternary combinations of alcohols 40-42 and 7 or 40-42 and 7. 
The experiment (N = 7) was conducted in a palm plantation near 
Coto, Costa Rim, 16-21 March 1994. Data transformed by (X 4 

0.5)o.s to approximate homogeneity are presented untransformed. 
ANOVA on transformed data followed by Bonferroni's test 
indicated no statistical difference between treatments at p < 0.85. 



WEEVIL CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.7A. Mean (+SEM) captures of WiSW in traps baited with sugarcane in 
combination with all binary combinations of alcohols 40-42 and 7, 
sugarcane with 40-42 and 7 ,  and sugarcane alone. The 
expefimerrt (N = 10) was condu,-ted in a palm plantation near 
Coto, Costa Rica, 18-23 August 1993. X* = 19.9, df = 7, p < 0.0005 

(Kruskal-Wallis test). Means foilowed by same letter are not 
significantly different @ = 0.05). 



WEEVIL CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.7B. Mean (+SEM) captures of W S W  in traps baited with alcohols 40- 
42 and 7 in quaternary and all possible binary combinations. The 
experiment (N = 7) was conducted in an oil palm plantation 
surrounding Coto, Costa Rica, 12-15 November 1993. Data 
transformed by (X + 0.5)0-5 to approximate homogeneity are 
presented untransformed. AMOVA, F = 6.46; df = 6,36; p < 0.0001. 
Means followed by the same letter are not significantly different 
(Bonfenoni's t-test, p c 0.05). 



I Sugarcane 

WEEVILS CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.7C. Mean (+SEM) captures of WISW in traps baited with sugarcane in 
combination with all binary combinations of alcohols 40-42 and 7, 

sugarcane with 40-42 and 7, and sugarcane alone. The 
experiment (N = 6) was conducted in a palm plantation near Rio 
Clam, Costa R i a ,  5-8 January 19994. Data transformed by (X e 
0.5~0-5 to approximate homogeneity are presented untransformed. 
ANOVA, F = 4.98, df = 7, 40, p c 9.0004. Means followed by the 

same letter are not significantly different (Bonferroni's t-test, p < 
0.05). 



3-Pentanol (3 mg/24 h) 
Sugarcane 
(&I-2-Methyl-4-heptanol (3 mgl24 h) 
Sugarcane 

(&)-2-Methyl-4-octanol(3 mgl24 h) 
Sugarcane 

(&)-4-Methyl-5-nonanol (3 mg124 h) 
Sugarcane 

3-Pentanol 
(*)-2-Methyl-4-heptanol (3 mg124 h) 
(&)-2-Methyl-4-0ctanol(3 mgl24 h) 
Sugarcane 

WEEVILS CAPTURED 
PER TRAP (MEANi-SEM) 

Figure 3.8A. Mean (+SEM) captures of WISW in traps baited with sugarcane in 
combination with individual alcohols 40-42 and 7, sugarcane with 
40-42 and 7, and sugarcane alone. The experiment (N = 16) was 
conducted in a palm plantation near Cots, Costa Rica, 30 August4 
September 1993. X* = 19.3, df = 5, p c 0.0023 (Kruskal-Wallis 

test). Means followed by same letter are not significantly different 
@ = 0.05). 



1 
3-Pentanol (3 mgf24 h) 1 
Sugarcane 

(&)-2-Methyi-Li-heptanoI(3 mg/24 h) 
Sugarcane 

(rt)-2-Methyl4octanol (3 mgl24 h) 
Sugarcane 

Sugarcane a 
3-Pentanol I 

Sugarcane 

Sugarcane 

' ~ E E V l i S  CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.88. Mean (+SEM) captures of WiSW in traps baited with individual 
alcohols 40-42 and 7, the combination of 40-42 and 7, and 
sugarcane alone. The experiment (N = 8) was conducted in a 
palm plantation near Coto, Costa Rica, 3-7 December 1993. Data 
transformed by (X + 0.5)o-5 to approximate homogeneity are 
presented untransformed. F = 10.73, df = 5, 35, p < 0.0001 
(Friedman's test). Means followed by the same letter are not 
signifi~rrtiy different, p < 0.05. 



4-Methyl-5-nonanol:2-methyl-4-heptanof (8:1,3 mg/24 h) c 
Sugarcane 

4-Methyl-5-nonanol:2-methyl-4-heptanol (8:1,3 mgQ4 h) 
Ethyl acetate (-30 m@4 h) b 

4-Methyl-5-nonanoi:2-methyl4-heptanol @:I,  3 mg24 h) b 
Ethyl propionate (-20 mg24 h) 

4-Methyi-5-nonanol:2-methyl-4-heppanol (&I, 3 mgi24 h) b 
Ethyl butyrate (-20 mg124 h) 

WEEVILS CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.9. Mean (+SEM) captures of WlSW in traps baited with a 8:1 mixture 
of 7:41 alone and combined with ethyl acetate, ethyl propionate, 
ethyl butyrate or sugarcane. The sugarcane was pre-soaked in 
Sevin 80. Other treatments used detergent-laced water as the 
killing agent. The experiment (N = 9) was conducted in an oil palm 
plantation surrounding Coto, Costa Rica, 11 -21 October 1994. 
Data transformed by (X + 1)0.5 to approximate homogeneity are 
presented untransformed. ANOVA, F = 13.56; df = 4, 38; p < 

0.0001. Means followed by the same letter are not significantly 
different (Bonierroni's tiest, p < 0.05j. 



(~)-4-Methyl-5-nonanol:2-nethyl-4-heptanol (8:1, 3 mg124 h) 
Sugarcane c 

Ethyl acetate (-39 mg/24 h) ! 
Ethyl propionate (-20 mgQ4 h) b 
(k)-4-Methyl-5-nonanol:2-methyl-4-heptanl (8:1,3 mgt24 h) 

Ethyl butyrate (-20 mgl24 h) 
Ethyl propionate (-20 mg/24 h) b 

(k)-4-Methyl-5-nonanol:2-methyl-4-heptanol (8:1,3 mg124 h) , 
Ethyl acetate (-30 m@4 h) 
Ethyl butyrate (-20 mgi24 hj b 

(i)-4-Methyl-5-nonan01:2-methyl-4-heptanol (8:1, 3 mg124 h) 

WEEVILS CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.60. Mean (iSEM) eaptures of ?Y1S1W in traps baited with a %:I mixture 
of 7:41 alone, 8:1 mixture of 7:41 and binary combinations of 
ethyl acetate, ethyl propionate, ethyl butyrate or sugarcane. The 
sugarcane was pre-soaked in Sevin 80. Other treatments used 
detergent-laced water as the killing agent. The experiment (N = 9) 
was conducted in an oil palm plantation surrounding Coto, Costa 
Rica, 23-28 October 1994. Data transformed by log (x + 1) to 
approximate homogeneity are presented untransformed. ANOVA, 
F = 49.66; df = 4, 39; p < 0.0081. Means followed by the same 
letter are not significantly different (Bonferroni's t-test, p c 0.05). 



(~)-4-Methyl-5-nonanol:2-rnethyl-Q-heptanol (8:1:, 3 mgQ4 h) 
Sugarcane a 

Sugarcane 

Ethyl butyrate (-20 mgQ4 h) 
Ethyl propionate (-20 mg/24 h) 
Ethyl acetate (-30 mgE4 h) 

I 
b 

(~)-4-Methyl-5-nonanol:2-methyl-4-heptanol (8:1:, 3 mg24 h) 

WEEVIL CAPTURED 
PER TRAP /MEAN+SEM) 

Ethyl butyrate (-20 mg24 h) 
Ethyl propionate (-20 m@24 h) 
Ethyl acetate (-30 m@4 h) 

Figure 3.11. Mean (+SEM) captures of WISW in traps baited with a 8:1 mixture 
of 7:41 alone, 8:1 mixture of 7:41 and ternary combinations of 
ethyl acetate, ethyl propionate, ethyl butyrate or sugarcane. The 
sugarcane was pre-soaked in Sevin 80. Other treatments used 
detergent-laced water as the killing agent. The experiment (N = 9) 
was conducted in an oil palm plantation surrounding Coto, Costa 
Rica, 29 October-6 November 1994. Data transformed by (x + 
0.5)0-5 to approximate homogeneity are presented untransformed. 
ANOVA, F = 176.01 ; df = 4,40; p a 0.0001. Means followed by the 
same letter are not significantly different (Bonferroni's t-test, p < 
0.05). 
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WEEVILS CAPTURED 
PER TRAP (MEAN +SEM) 

Figure 3.12. Mean (+SEM) captures of P. distortus in traps baited with alcohol 
41. The experiment (N = 12) was conducted in an oil palm 
plantation surrounding Coto, Costa Rica, 1-9 August 1995. Data 
transformed by (X + 0.5)0.5 to approximate homogeneity are 
presented untransformed. ANOVA, F = 31.23; df = 1, 22; p c 
0.0601. Means followed by the same letter are not significantly 
different (Bonfemni's f-test, p c 0.05). 



3.4. Siereochemistry of Weevif-Produced Phetsmsnes. 
6 1 .t Ed r m Z r 4  p r r r  3.v. w . m. herurpe' Ma. 

Analysis of male-produced 7 on a Cyclodex B fused silica column (Figure 

3.1 3) revealed that only the (4S,5S)-isomer was present. Since no separation of 

the enantiomers of 41 was possible on this column, formation of 

diastereoisomeric derivatives was necessary. Thus, GC analysis of the 

acetylIactate derivatives' of maie-produced 41 on a D8-1 column revealed that 

bo:'. enantiomers of 41 were present in the weevil extract in a 4:6 ( R S )  ratio. 

Confirmation of this finding was obtained by El-SIM-MS analysis of the 

derivatized weevil extract and standard (R)- or (S)-41 [m/+ = 115 (M+-C2H3- 

C3H4WI. 

3.4.2. P. distorfusS 

No configurational assignment was possible in this case, since this 

compound is produced by the insect (under the experimental conditions carried 

out in this work) in minute amounts ( ~ 5 0  pglpL) (weevil-produced 2-methyl-4- 

heptanol is a small shoulder emerging at -7.55 min, see Figure 3.3). 

3.5. Synthesis of Individual Enantiomers of 2-Methyl-4-heptand. 

Different routes toward (R)- and (S)-2-rnethyl-4-hept;tnol were considered. 

Aliyiborations of akfehydesal using B-ailyldiisopinocamphenylborane or 

B-atlyi bis(4-isomranyt)hrilne are welt known to produce homoaltylic alcohots in 

g o d  chemical yieMs and high enantiometic excess (94-99 % ee). 

Enzymatic kinetic resotution using PPL or Baker's yeast seduction are 

appealing methods,sz however p r  results have been obtained for simple non- 

dunctionalized atcohois. 



Figure 3.13. Sefeaed ion ehrumatogram (m/z = 69, 87 and 101) of 
stefeoisomesic and M. hernipterns produced 7. lon m/z 101 [(M+- 
C4H5) was the base ion of the full scsut m a s  spectrum in El mode. 
Cfirom-wiry, Cydodex-B fused silica column (30 rn X 0.25 
mm iD), isothermal 100%; linear flow velocity of camer gas 35 cm 
s-3, @ft i n and injedor temperature 220•‹C. 



Sharpless kinetic resolution44c was used in the synthesis of the 

enantiorners of (E)-6-methyl-2-hepten- 1-01 (47), the aggregation pheromone of 

the American palm weevil (90-92 % eefW26a Hydrogenation of either enantiomer 

can give access to the enantiomers of 41. 

(R,~-6-Methyl-2-hepten-4-ol [(I?)-471 and its antipode f(R)-47: 93 % ee, 

(5)-47: 96 % eel have been prepared by Chan and coworked3 by resolution of 

the hemiphthalate (49) of 6-methyl-2-heptyn-4-01 [(+)-481 via (R)- or (S)-a- 

methyiisenzylamine3 (MBAj, alkaline hydrolysis and partial hydrogenation 

(Scheme 3.1). 

Scheme 3.1. Synthesis of enantiomers of 47 by Chan's procedure. 

Mori and I~higarni,8~ synthesized (R)- and (S)-47 in 98 % ee through a 

series of enzymatic kinetic resolutions (three cycles) of the corresponding 

acetates and propimates of 48, combined with recrystallization of the alcohols 

(48) as 3,Sdinitrobenzoates (49). (R,Q-6-Methyl-2-hepten-4-01 was obtained in 

5.4 % yieM (9 steps, 98 % ee), while its antipode was produced in 7.1 % yield (6 

Steps) and 98 % ee. 

Sharpless kinetic resofutionm was chosen as the synthetic method for 

synthesis of 2-methyl-4-heptsnol enantiomers. Several reaction conditions were 

tested to optimize enantiomeric excess. Use of 50 mol % catalyst (as described 

in Chapter 2) in the presence of 3A molecular sieves, gave (RE)-47 in 97 % ee 



and (S,E)-47 in 95 % ee. The reaction was monitored and stopped at 50 % 

conversion (-1 -5-2 h at -200C, E = 38-70). Optical purity was determined by gas 

chromatographic analyses of the corresponding acetyllactate derivatives (DB- 1 ). 

Finally, hydrogenation of these alcohols gave (R)-41 (32 % yield from (+)-47, 94 

% ee) and (S)-41 (27 % yieid from (3-47, 95 % ee) (Scheme 3.2). Enantiomeric 

excess was determined by gas chromatographic analysis of the acetyllactates on 

a DB-1 fused silica column. The corresponding acetates of (R)- and (S)-41 

separated on the Cyciodex B column, optical purity was verified using this column 

and revealed optical pudties similar to those determined by the lactate analysis. 

(+)-DET 
t-Bu OOH 

Ethanol 

95 % ee 

Scheme 3.2. Synthesis of 41 by Sharpless kinetic resolution of (9-47. 

3.6. Field Activity of Pheromone Stereoisomers 

3.6.1. M. hemipterus. 

Extensive field experimentsiv in Costa Rica clearly demonstrated that 

(4S,5S)-4-methyl-5-nonanol, (4S,5S)-7, is the major aggregation pheromone of 

the West Indian Sugarcane Weevil (WISW), Mefamasius hemipterus sericeus. 

After initial reports of this work,65 Rochat et apgb identified 7 as being a male 

specific compound in WISW and Mori et a1.66b determined (4S,55)-7 was 

produced by WISW and was EAD active in this species. Equivalent attraction of 

male and female WISW to 7 establishes its function as an aggregation 



pheromone rather than a sex pheromone. individual enantiomers were released 

from glass capillaries (1 mm ID) cut 1 cm above the liquid meniscus, and placed 

in 300 pL capped plastic centrifuge tubes with two 4 mm diameter holes near the 

top. Each capillary tube released approximately 0.3 mg per day of 7 or 41 at 

25•‹C. Field tests of candidate semiochemicals were conducted in commercial oil 

palm plantations near Coto, Costa Rica. Experimental design was the same as 

the one described in section 3.3.1 and employed pitfall traps. Stereoisomeric 7 

and (4•˜,5•˜)-7 were equally attractive (Figure 3.14) and attractiveness of the 

latter was enhanced by addition of (R)  -, (S)- or (+)-41 (Figure 3.1 4). 

The (45,5S)-stereoisomer of 7 present in WlSW also serves as an 

aggregation pherr-mom lss Rhynchophorirs palm W ~ W S  (see Chapter 2). 

Presence and EAD-activity of 7 also in the American paim weevil, R. palmarum 

and in Dynamis borassi (Fabr.)85 indicate that this compound is widespread and 

is present in at least three genera of tropical curculionids. 

3.6.2. P. distortus 

Field testsiv of candidate semiochemicals were conducted in commercial 

oil paim plantations near Coto, Costa Rica. The experimental design used was 

that described in 3.3.2. Individual enantiomers were released from glass 

capillaries (1 mm ID) cut 1 cm above the liquid meniscus, and placed in 300 pL 

capped plastic centrifuge tubes with two 4 mm diameter holes near the top. Each 

capillary tube released approximately 0.1 mg per day of (R)-,  (S)- or (f)-41 at 

25•‹C. Due to variable results (Figures 3.15-3.18), it was not possible to 

demonstrste a wficfiisiw biological response to either chirzl iwmer of 4? by P. 

disfo!&!s. 

Contradictory results were obtained in several experiments. Figures 3.15 

and 3.1 6 indicated synergism between (R)- and (9-41. The occurrence of this 



relationship is rare, being described only ir! the ambrosia beetle Gnathotrichus 

sufcatus Le Conte, which responds maximally to a 65:35 mixture of (S)- and (q- 
6-methyi-5-hepten-2-01, (sulcatolf, its pherornone,sla and in the grain beetle 

Cryptolestes turcicus Grouvelle, which responds maximally to an 85:15 mixture of 

(R)- and (S)-fZ,Z)-5,8-tetradecadien-13-olide, its pheromone and to a 33:67 

mixture sf (R)- and (S)-(4-5-tetradecen-l S-olide a synergist.86 To verify this 

behavior, this experiment was repeated twice, (Figures 3.1 7 and 3.1 8). The latter 

experiments suggest racemic 41 and (S)-411 are equally attractive to P. distortus. 

Thus, response sf P. distortus to enantiomers of 41 could not be determined. 

Close observation of these four experiments hinted that response to enantiomer 

mixtures (dose response experiment) may give more information about P. 

distortus response to (R)- and (5)-41. A last experiment (Figure 3.19) was 

designed to address this point. The field test was conducted in commercial oil 

palm plantations near Coto, Costa Rim. Pitfall traps were buried in the ground 

and were approxirnatefy 20 m apart between treatments and 20 m apart between 

replicates. Individual isomers were released from glass capillaries using the 

same device described before. Each capillary tube released approximately 0.1 

rng per day of 97.0 %, 89.0 % and 76.0 % (R)-41, racemic-41, 97.5 %, 89.0 % 

and 78.0 % (Sf-41 at 25•‹C. Results from this experiment explain why racemic- 

and (9-41 were equally attractive to P. distortus and the synergistic effect of (R)- 

and (S)-41, being optimal response at 1-2: 9-8 R/S ratio. Response by P. 

distortus is unusual among other weevils studied in this work, which field 

response is to only one enantiomer of their pheromones. Response of P. 

disturfus to both enantiomers of its pheromone may signify some resource 

pae&ioi-i m~i-tanisrn -&in mmming inseas. 



WEEVILS CAPTURED 
PER TRAP (MEAN+SEM) 

Figure 3.14. Mean (&EM) captures of WiSW in pitfall traps baited with (+)-7 

and (4S,SS)-7 alone and combined with (+)-41 , (S)-41 or (R)-41. 
The experiment (N = 10) was conducted in an oil palm plantation 
surrounding Coto, Costa Rica, 11 -24 August 1994. Data 
transformed by log(X + 0.5) to approximate homogeneity are 
presented untransfonned. ANOVA, F = 7.67; df = 4,45; p < 0.001. 
Means followed by the same letter are not significantly different 
(Bonfenoniis &test, p c 0.05). 



WEEVILS CAPTURED 
PER TRAP (MEAN +SEM) 

Figure 3.15. Mean (+SEM) captures of P. distortus in pitfall traps baited with 
(2)-41 , (51-41 or (R)-41. The experiment (N = 10) was conducted 
in an oil palm plantation surrounding Cots, Costa Rica, 19 May to 3 
June, 1994. Data transformed by log(X + 0.5) to approximate 
homogeneity are presented untransdormed. ANOVA, F = 47.74; df 
= 2,27; p < 0.0005. Means followed by the same letter are not 
significantly different (Bonferroni's t-test, p : 0.05). 



WEEVILS CAPTURED 
PER TRAP (MEAN +SEM) 

Figure 3.16. Mean (+SEMI captures of P. distorfus in pitfall traps baited with 
(&)-41 , (S)-41 or (R)-41. The experiment (N = 10) was conducted 
in an oil palm plantation surrounding Coto, Costa Rica, May, 1994. 

Data transformed by log(X + 0.5) to approximate homogeneity are 
presented untransformed. ANOVA, followed by Bonferroni's t-test. 
Means followed by the same letter are not significantly different (p 
c 0.05). 



/ (*)-2-Met hy 1-4- heptanol (0.2 ma24 h) 
I I 
I i I 

WEEVILS CAPTURED 
PER TRAP (MEAN +SEM) 

Control 

Figure 3.17. Mean (+SEM) captures of P. distortus in pitfall traps baited with 
(k)-41, (S)-41 or (R)-41. The experiment (N = 10) was conducted 
in an oil palm plantation surrounding Coto, Costa Rica, 3-13 
October, 1994. Data transformed by log(X + 0.5) to approximate 
homogeneity are presented untransformed. ANOVA, F = 49.58; df 
= 3,36; p < 0.0001. Means followed by the same letter are not 
significantly different (Bonferroni's t-test, p < 0.05). 

a 

I I I I 

0 10 20 30 



WEEVILS CAPTURED 
PER TRAP (MEAN +SEM) 

t 1 I 
(4-2-Methyl-4- heptanol (0.1 mgl24 h) 

I 

(S)-2-Methyl-4-heptanol (0.1 mgl24 h) 

Figure 3.18. Mean (+SEM) captures of P. distortus in pitfall traps baited with 
(+)-41, @)-$I or (R)-41. The experiment (N = 10) was conducted 
in an oil palm plantation surrounding Coto, Costa Rica, 19 May to 3 
June, 1994. Data transformed by log(X + 0.5) to approximate 
homogeneity are presented untransformed. ANOVA, F = 29.44; df 
= 3,36; p c 0.0001. Means followed by the same letter are not 
significantly different (Bonferroni's t-test, p c 0.05). 
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WEEVILS CAPTURED 
PER TRAP (MEAN +SEM) 

Figure 3.19. Mean (+SEMI captures of P. distortus in pitfall traps responding to 
enantiomer mixtures of (S)-41 and (9-41. The experiment (N = 8) 
was conducted in an oil palm plantation surrounding Coto, Costa 
Rica, 7-16 October 1995. ANOVA on ranked data with Tukey- 
Kramer means separation of all pairs. F = 38.51; df = 6, 49; p < 
0.0001. Means followed by the same letter are not significantly 
different @ < 0.05). 



3.7. Experimental Section. 

For general methods see Experimentai Section Chapter 2. 

For the synthesis of chiral isomers of It-methyl-5-nonanol see Chapter 2. 

2-Methyl-4-heptanol (41), 2-methyl-4-octanol (42) were prepared from the 

corresponding Grignard reactions of suitable organomagnesium reagents and 

aldehydes and purified by vacuum distillation. Further oxidation of 41 and 42 

with Jones' reagent yielded 2-methyl-4-heptanone (44) and 2-methyl-2-octanone 

(45). 2-Pentanol (40) was prepared by NaBH4 reduction of commercially 

available 3-pentanone (43). 

(E)-6-methyl-2-hepten-4-ol (+47). (E)-6-methy1-2-hepten-4-01 was 

prepared by reaction of isobutyl magnesium bromide and crotonaldehyde in 

diethyl ether. The compound purified by fractional distillation at reduced pressure 

(610C @ 12 mm Hg) to give 80 % yield of k47. IH NMR is in accordance with 

that reported by Mori and Ishigami.84 

(R,E)-6-methyl-2-hepten-4-ol [(R)-471. Titanium (IV) isopropoxide 

(2.28 m l ,  7.4 mmoi) in dry CH2Ci2 (80 mL) was mixed under argon with 0.5 g of 

3A powdered, activaied rnoleclrlar sieves. After cooling to -780C, diethyl (2R,3R)- 

tartrate (L-(+)-DET, 1.56 mL, 9.1 2 mmoi) was added via syringe followed by 

addition of (Ej-6-methyi-2-hepien-4-tli (5.84 g, 54.4 rnrnsij and 15 mmoi of 
-A---, -i---I-- TLA -:.Az -A .r rr-  rrC'rrfirl 4 K decane as i r r r e r r r d i  siarward. I I IG ~ t r i n r r i i r :  v+aa arir rcu 1 5  inin. p:'iW to 6:0p#i~8 

addition of precooled 6.6 M anhyd. tert-butyl hydroperoxide in CH2C12 (4.25 mL, 

28 mmol). Alter the reacfion warmed to -20% it was stirred a? this temperature for 

0.5-1 h. The reaction was monitored by GC and was stopped at -50 % 



conversion. Aqueous work-up followed by column chromatography (2:8, 

Et2U:pentane) gave (m-47 (0.75 g, 97 % ee) as a coiourfess liquid. 1H NMR 

(CDCI3, ppm): 0.89 (3H,d, J=  8.1 Hz), 0.91 (3H, dl J=  8.1 Hz), 1.36 (1H, m), 1.44 

(2H, m), 1.70 (3H, d, J=8.1 Hz), 1.90 (IH, brs), 4.08 (1H, q), 5.44 (1H, dd, J=8.1, 

16.2 Hz), 5-65 (lH, dq, J = 8.1, 16.2 Hz); 1% NMR (CDCI3, ppm): 137.76, 

126.44, 71.33, 46.94, 28.23, 24.57, 22.92, 22.50, 22.25, 17.60. 1H and 1% NMR 

spectra were identical to those reported by Mori and Ishigami.84 

(S,a-6-methyl-2-hepten-4-01 [(S)-471. 0.86 g, 95 % ee. It was 

synthesized following the same procedure using diethyl (2S,3S)-tartrate (D-(-)- 

DET) as the epoxidation catalyst. f H and 13C NMR spectra were identical to 

those reported by Mod and Ishigami.84 

(Sj-2-irrethyt-b-hepi~~i0i [(a-43 j. in an adaptation of the method of 

Brown,87 a 50 mL-fiftefing flask was charged with a solution of (I3147 (0.73 g, 5.7 

tnrnol) in dry methanol (20 mL) and 0.05 equiv.. of 5 % WC. To the sids arm of 

the flask, a rubber bulb was attached and secured with copper wire. The flask 

was capped with a large septum secured by wire. Hz (5 psi) was injected until 

the rubber bulb inflated. The flask was stirred at room temperature until deflation 

of the balloon stopped indicating further H2 was nut required. GC monitoring of 

aliquots withdrawn from the reaction indicated completion after 3 h. The system 

was purged, then the mixture was filtered, diluted with water and extracted (3 X 

10 mL) with Et20. Drying over MgSU4 and solvent removal in vacuo afforded a 

tight yellow liquid. The compound was purified by distillation at reduced pressure 

(70% @ 15 mrn Hgf to give (9-41 as a calourless liquid (0.51 g, 67 % yield, 95 



% ee). 1 4 ~ 2 0  = +14.30 (c = 2.230, EN); f H NMR fCDC13, ppm): 0.139 ( 3 4 ,  d, J = 

7.5 HZ), 0.92 (3H, d, J =  7.5 HZ), 0.94 (3H, I, J =  7.5 ~ z j ,  1.24 j t i i ,  in), i.38 jiiii ,  

rn), 1-76 (1 H, m), 3.77 (1 H, m); 1% NMR (CDC13, ppm): 59.69, 46.86, 40.26, 

24.62, 23.28, 22.03, 18.68, 13.97; El-MS m/z (relative intensity): 1 12 f M+-18, 1 7), 

87 (M+-C3H7, 42). Anat. Caicd. for C8H180: C, 73.78; H, 13.93. Found: C, 

73.68; H, 13.85. 

OH 
I 1  - 

(R)-2-methyl+heplanol [(m-411. (crJD20 = -10.200 (C = 2.280, €120); 

0.60 g, 69 % yield, 94 % ee. Anal. Calcd. for C8H180: C, 73.78; H, 13.93. Found: 

C, 73.63; H, 1 3.81. 



Aggregation Pheromones of the African Rhinoceros Beetle, Oryctes 

monoceros (Otivier) and the Asian Rhinoceros Beetle, Oryctes 

rhinocsros (Linnaeus) (Coiesptera: Scarabacidae). The Coconut 

Rhinoceros Beetle. 

43, Description of the Coconut Palm. 

The coconut pztm, Corns nucifera Linnaeus, is one of the most important 

crops of the iropics. O: occurs in all tropical and most subtropical regions, most 

abundantty in Asia and the Pacific. Both tr~picai South America and ~aiaysia 

have been suggested as the possible origin of the coconut. it was known in 

Portuguese East Africa! in the 15th century, Ninety percent of the world's export 

crop is produced in Indonesia, the Philippines, Thailand, Ceylon, Malaysia and 

Uceania. Other expning regions are East and West Africa, the West Indies, and 

Central and South A r n e i c a , ~ a S ~  

There is considerahie variation in both the sire and the period of 

development of the palm in its growing range. The fronds reach a length of 4-6.5 

rn each with 200-250 leaflets, which can approach 1 rn in length. On average, the 

tree prduces 12-16 new fronds per year. The upper surface of the leaflets is 

smooth and covered with a waxy gayer; the lower surface also is smooth but is 

without wax, and it is an this surface that most insect pests (biting or sucking) live. 

At the cen%re of the crown of the pafm, the young developing fronds are tightly 

compacted irrto an ebrsgate terminal shoot called the spar or cabbage; severe 
e x  

injury ;to this graGng point usual& resoh in the death of the paim. t ne t r un~  of 

the palm mains a heigM of 38-23 m. Nuts are produced when trees are five 

years aid, with highest produdion achieved betweerr 15 and 50 years. 



Productivity declines after 60 to 70 years when the tree is considered senile. The 

yield of nuts varies from 40 to 140 or more per tree per year.88 

4.2. The African Rhinoceros Beetie. General Characteristics. 

The African rhinoceros beette, Oryctes monoceros (Olivier), is one of the 

most destructive pests of commercial coconut, oil and date palm in eastern Africa, 

the Seychelles and Madagascar.ab Eggs hatch in 7-9 days, the larval stage lasts 

100-200 days and the pupal stage 14-21 days. The compiele cycle egg to 

adult occupies about six months.68b The eggs are laid in moist, decomposing 

vegetable matter. The aduR is a large, black shiny beetle, about 4 cm long. It has 

a rhinoceros-type frontal horn which is well developed in the male, but short in 

the female. Adults rest during the day but fly strongly at night. Adults live for three 

to four months during which time they feed on unopened fronds and meristems of 

palms. With slight damage the leaves later unfold to show characteristic V- 

shaped cuts.8b Beetle attacks can kiil young palms, provide entry points for 

diseases and other bestr~ctive Insects (e.g., Rhynchophofus phoenicis), damage 

inflorescences and reduce photosynthetically active foliage, thereby diminishing 

oif and coconut production.89 Introduction of pathogenic baculovirus, 

Rhabdionvirus orycfes Huger, suppressed populations of the rhinoceros beetle, 

0. rhinoceros, in parts of Asia,89 but did not affect 0. monoceros in Africa.90 0. 

monoceros populations are currently managed by silvicultural methods,gl 

removal of adults from young palms and removal of larvae from decomposing 

logs. 

3.3. The Asian Rhinoceros Beetle. General characteristics. 

The Asian rtrinocerus beetle, O w e s  rhinoceros (Linnaeus), is one of the 

most important pests ai m n u t  and oil palms in South East Asia.92.93 tt shares 



most of the same characteristics as 0. monoceros in its attack of coconut and oil 

palm. Adu& rhinoceros beetles burrow into the growing point of palms and feed 

on unopened fronds, causing damage to inflorescences and reduction in 

photosynthetic area, which decreases or delays fruit prod~ction.94~95 Prolonged 

attacks can kill mature palms by defoliation, and young palms if the growing point 

is destroyed. The wounds produced by the beetle provide entry points for 

diseases and the palm weevils, Rhynchophorus ferrugineus (Olivier) and R. 

vulneratus (Panzer).96,97 

0. rhinoceros also breed in decaying organic matter, such as felled rotting 

palms, and usually become a major problem in newly planted or replanted oil 

pair plantations. Covering fallen trunks with a rapidly growing ground cove@ or 

shredding and burning of trunks are common practices to minimize 0. rhinoceros 

popuIations.95a Aithough effective, shredding and burning is very expensive and 

has been banned in some parts of Southeast Asia to lower air ~ollution from the 

4.5 million hectares of oif palm in the region.99 

Trsatment of breeding sites, such as stumps, with insecticidal drenches 

and routine application of granular insecticides (e.g., carbofuran) to the leaf axils 

of young oii palms, are recommended.93 These techniques are currently 

considered economic,gsa and are effective but present environmental and health 

risks and are labour intensive. Manual removal of beetles from palms and larvae 

from decomposing trunks is costly and very labour-intensive.gsa 

Limited success in managing 0. rhinoceros populations has been 

achieved through introduction of the baculovirus, R. 0ryctes.96~loo Introduction of 

the bacutovirus to the Philippines reduced 0. rhinoceros populations to 10-20% 

of prerelease levefs but even low level populations of 0. rhinoceros can cause 

significant damage.sgbyc The baculovirus remains effective only if it infects new 

l a d  hosts or is repeatedfy introduced, and the potential exists for 0. rhinoceros 



to develop resistance to the baculovirus after prolonged exposura.89c To be 

spread among a popu!ation thr! V!PN must b e  Ingested by the carrier. Severa! 

compounds (e.g., geranioi, phenethyl butyrate, methyl eugenol, trans-2-hexenal 

and several chrysanthemumates), including ethyl chrysanthemumate (EC, 

rhinolure, 51) have been recommended as lures for trapping 0. rhinoceros,98 but 

they are only moderately attracti~e.8*~lo1 

0. rbinoc eros adults are gregarious. More tha .n one be etle can attack a 

given palm at the same time while a neighboring tree is unattacked.102 

Aggregation of adults in decaying palm trunks occurs during mating. Single and 

multiple pairs of adults occur in the same breeding site89b suggesting that 0. 

rhinoceros is attracted to host kairomones and employs either an aggregation or 

sex pheromone or both. 

4.4. Scarabaeid Phemrnones. 

Sex pheromones of diverse structure have been identified in several 

scarabaeids. For example, phenol (52) was found in Costelytra zealandica 

WhiteS103 (R,Z)-5-(1 -decenyl)oxacyclopentan-2-one (53) in Popillia japonica 

Newrnan,33 2,6-dimethyl-5-hepten~ic acid (54), hexzdecanoic acid (55) and (E) -  

nerolidol (56) in Kheper lamarcki tdacLeay,'04 methyl (5Z)-tetradec-5-enoate 

(57) in Anomala rufomprea Motschulsky,'os (R,Z)-5-(1 -octenyl)oxacyclopentan- 

2-one (58) in A. cuprea ~ope.lo$ a mixture of 58 and (2)-2-nonen-1-01 (59) in A. 

daimiana Harold,lo7 59 in A. schonfeldfi Ohaus,lo* ( 3 - ( 6 0 )  and (E)-7- 

tetradecen-%one (68) in BIitopertha ~rientalis,~*g a %:I mixture of 58 and 53 in 



A. octiescostata Burmeister,130 a mixture of 58 and 53 with a minor presence of 

paraffefa Motsch~ tsky ,~ '~  a 7:f mixture of 60 and 61 in Exornala orientalis 

Waterhouse113 and a 9:1 mixture of 60 and 61 in A. orientalis Waterhouss 

(Figure 4.1).114 

Figure 4.1. Known scarabaeid pheromones. 

Due to the important pest status of 0. monoceros and 0. rhinoceros, 

identification, synthesis and fiekf testing of candidate aggregation pheromones 

for these species was pursued. 

4.5. Anstysis and Mentificatien of Male-Produced Volatiles. 

4.5.1. 0. munoorus. 

Fifteen males and eighteen females of 0. monoc8ros were collectedi in oil 

palm plantations 40-50 km northeast of Abidjan, C6te d'lvoire and placed 

bai?aedtryDr. 2. -and m- 
RegheGries, Simon Frstser LhiwsSy. 
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together in a modified Nalgene desiccator and aerated for five days (for details, 

see experimental seciion Chapter 2). In a second experiment, eleven females 

and thirteen males were aerated separately for seven days. Porapak Q trapped 

volatiles were eluted with pentane and concentrated. 

GC and GC-•’AD analyses of Porapak Q trapped volatiles obtained from 

aerations of males, females or both sexes combined revealed two rnafe-specific 

compounds (Figure 42), and several female specific compounds. Because 

aggregation pheromones have greater poientiai than sex pheromones (cpmmsn 

characteristic in the scarabidae) for controlling Oryctes populations through mass 

trapping, research was focused on the identification of aggregation pheromones. 

The early eluting male-specific volatile elicited responses from male and female 

antennae (Figure 4.3). This male-specific compound was not detected by FID, 

GC-MS or EAD in female-produced volatiles (Figure 4.2). Analysis by GC-MS of 

the antennally active compound (Figure 4.4) indicated an ethyl ester (m/z = 141 

indicated loss of an -0Et group) with a molecular weight of 186 and with a 

reieritiorr index (Rlj of 1484 (SP-f 000 f w d  silica wliimn) which is bwer than 

that of isomeric ethyl nonanoate (Ri = 1539). Based on the increased intensity of 

the m/z 101 (M+-C6Mjs) and m/z la (M+-C4H9) frwmentation (Figure 4.41, it 

was hypothesized that the compound was ethyl 4-methyloctanoate (63). 

iderrticxi retention and mass spcttomdric characteristics as well as comparable 

antenna1 activity of synthetic and male produced 63 confirmed this structural 

assignment. 



MALE 

780•‹C (30 min) 

Figure 4.2 Gas chrom;xtograms of vohtiies from male (N = 13) and female (N = 

11) Oryctes munoceros maintained in aeration chambers for 168 h 
& h a  f d -  SP-f 000 fused silica coturnn (30 rn X 0.5 mrn ID). 
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Figure 4.3. Representative recording (N = 9) of FID and EAD responses to 

volatites obtained from aeration of male and female Oryctes 
monoceros combined. The antenna1 recording was carried out with 
an antenna of a female beetle. Chromatography: 1 min at 70% 
1 OOC per min to 180%; SP-1000 fused silica column (30 m X 0.25 
mm ID). 



Figure 4.4. Electron impact (70 eV) mass spectrum of ethyl 4-methyioctanoate 

(63). 



The second male-specific compound was found to be 4-methyloctanoic 

acid (64j by comparison sf its retention time aiici mass spectrum to that of 

synthetic sample (see below). 

4.5.2. 0. rhinoceros. 

Adults of 0. rhinoceros were collectedii at Parungkuda, West Java, 

indonesia. Fourteen females and sixteen males were separately aerated for one 

week in modified Malgene desiccators containing sugarcane (for details, see 

experimental section Chapter 2). In a second series of aerations, ten females and 

ten males were aerated separately. Volatiles were eluted from the Porapak Q 

with pentane and concentrated-lo 

GC and GC-EAD analyses of Porapak Q-trapped volatiles obtained from 

aerations of either 0. rhinoceros males or females revealed two abundant male- 

specific components (Figure 4.5), of which the early eluting volatile elicited 

antenna1 responses by male and female antennae (Figure 4.6). Retention and 

mass spectrometric characteristics sf these two compounds were identical to 

etnyl 4-methyloctanoate, 63, and 4-methyloctanoic acid, 64. A second EAD- 

active compound (not visible in Figure 4.6) had a retention index (RI = 1392, SP- 

I000 fused silica column) indicative of ethyl 4-methylheptanoate, 65. GC-MS in 

both electron impact and chemical ionization modes confirmed this structural 

assignment. 

In laboratory bioassays (Y-tube olfactometer),llS male-produced volatiles 

were equally attractive to walking male and female 0. rhinoceros; female- 

produced volatiles were attractive only to males. Behavioral activity of synthetic 

63 and 65 or both was verified and justified field tests of synthetic candidate 

pheromones. in the Japanese beetle, Popiliia japonica, pheromonal attraction is 

ii Colteded by Ms. Rebecca Halaett, Oepartment of Bbiugicai Sciences. Simon Fraser University. 
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TIME fmin] 
FSgpm 4.5. Gs;s ch~~i i ia iogr~ms of voiatiies from fen male and from ten female 

Orycfes rhinoceros maintained in aeration chambers for one week 
with sugarcane. SP-1000 fused silica column (30 m X 0.5 rnm ID). 

I 
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Figure 4.6. FID and EAD responses to voiatiles obtained from male Oryctes 
rhinoceros. The antenna! recording was carried out with an antenna 
of a female beetle. SP-1000 fused silica column (30 m X 0.25 mm 
ID). 



strongly inhibited by the presence of the non-natural pheromone enantiomer of its 

sex pheromone, (R,Z)-5-(l -decenyl)~xacyclopentan-2-one (531.33 Therefore, 

investigation of the response of 0. rhinoceros to individual enantiomers of 63 

was also tested. 

4.6. Syntheses of Candidate Pheromones. 

4.6.1. Previous Synthesis of Racemic Ethyl 4-Meihyloctanoate (63) 

and Ethyl 4-Methylheptanoate (65). 

Methyl branched pheromones are very common.116 There are sweral 

synthetic methods described for the synthesis of 4-met hyl alkanoic acids and 

esters. 

Ethyl 4-methyloctanoate, 63, and ethyl 4-methylheptanoate, 65, were 

prepared by Cason and coworkers (1944)117 by reaction of ethyl levulinate or 

levulinic acid (66) with the corresponding Grignard reagent to produce a y,y- 

dialkylbutyrolactone (67). Treatment of the lactone with S06I2 followed by 

ethanol gave 68 which was converted by further acidic treatment to 69. 

Hydrogenation of 69 gave 63 in overall yields of 50-60 % (Scheme 4.1). 

cat 69 

Scheme 4.1. Synthesis of 63 according to Cason and coworkers. 



Vasi and Desailg8 prepared 4-methylheptanoic acid (70) from 2- 

methylpentanoic acid (71 ) using two successive Am&-Eisieri syntheses invoking 

intermediates 72 and 73 (Scheme 4.2). 

-2'- 
COOH Same 3 steps 

i TCOOH 
73 

Scheme 4.2. Synthesis of 70 by Arndt-Eistert route. 

Mrowca,179 reported the synthesis of substituted carboxylic acids and 

esters by catalytic carboxylation or alkoxycarbonylation of unsaturated 

hydrocarbons (64 was obtained in 86 % yield by the carbonylation of 3-methyl-1- 

heptene, 14)  (Scheme 4-31. 

Scheme 4.3. Carbonylation of terminal zlkenes. 

Finally, Sonnet and Baillargeon.12o synthesized 4-methyloctanoic acid, 

64, in 53 % overall yield by methylation of the N-t-butylimine derivative (75) of 

hexanal (76) to give 77. Condensation with rnalonic acid to 78 and 

hydrogenation gave 64 (Scheme 4.4). 



Scheme 4.4. Synthesis of 64 by the method of Sonnet and Bailfargeon. 

4.6.2. Synthesis of 63 and 65 by Conjugate Addition Reaction. 

Retrosynthetic anatysis of 63 and 65 reveats that such molecules can be 

assembied via miijiigZe aM%m of a siii'iabfe five Six c a r b ~ n  eiectmn donor 

and a three cartton electron ;Kxeptur (Scheme 4.5). The candidate pheromones 

wsre prepared by conjugate addition of organocuprates to ethyl acrylate,lZl a 

shorter synthetic procedure than those of the earlier reports. 

Scheme 4.5. Retrctsy nthetk srnaiysis of ethyl 4-methyloctanoate. 

nie required mpries wre prepared by addition of 10 not % CuCN to a 

solution of the conesgronding Grignard reagent at -40QC. Subsequent addition of 

tfimethykhbrosifane, HMPA arrd ethyl acryiate (2: 2: 1 ratlo) in THF or Et20 

p~txhuced 63 or 65 in % yield. Use of CuBrmDMS complex increased the 

yield of the conjugate on by 10-1 5 % (Scheme 4.6). However, no further 



attempts to optimize the reaction yields were made because 63 can also be 

prepared by the eGeFi&ation of comme:cjally avaifable 64. f 22 

Scheme 4.6. Synthesis of 63 and 65 by conjugate addition of organocuprates 
to ethyl acrylate. 

4.6.3. Chiral Synthesis of Ethyl 4-Methyloctanoate. 

Because the methy! branch of the major candidate pheromone is remote 

from the functional group, synthesis must ailow intruduction of chirality at a 

remote iocation. Syntheses of (R)- and (a-4-methyioctanoic acid f(R)- and fS)- 

641 in high optical purities (95.4 %) have been reported by Sonnet and 

Gauillo.723 Alkylation of hexanoic acid produced (79) 2-methylheranoic acid, 

the acid chloride of which was treated with (@- or (S)-a-phenylethylamine to give 

biasteteoisomeric amides (ElO) which were separated by crystalfization, The 

optically pure amides were M-hydroxyethylated and reduced to the 

cunespurrding 2-methythexanols (81) which were oxidized and convetted to the 

methyl 4-methyi-2-~erroates via a Wttg reaction of the resulting aldehyde with 

carbornethoxymethyfene triphenyiphosphorane. Hydrogenation and 

saponification afforded (Rj-64 and (5)-64 in - 10 % overall yield (8 steps) 

(Scheme 4-7). 



3.wPt cat. 
4. KOH 

Scheme 4.7. Sonnet and Gazzillo's chiral synthesis of 64. 

A more efficient route using highly enantiomerically enriched citronellol 

(82) was subsequently devi~ed.124~~25 The citronellane skeleton is commonly 

used in the synthesis of natural products.126 Modifications at both termini of the 

citroneilane skeleton can be performed without perturbation of the chiral 

cent re.125 

The synthesis of (8- and (R)-63 commenced with tosylation of (R)- or (S)- 

citronelfol, re~pectively.~~6d Chain extension via cuprate displacement sf the 

tosylate 8350 produced the corresponding 2,6-dimethyl-2-decenes, 84, in high 

yield. Ozonoiysis foflowed by perrnanganate oxidation and esterification afforded 

(v and (4-63 r:-; yields of 45-47 % over five steps (Scheme 4.8). 

Enantiorneric excess of (R)- and (S)-citronellof was determined by GC 

analysis (08-1) of the amides of fR)-a-phenylethylamine of the corresponding 

citroneific adds. f 23 

Attempts to determine the optical purity of 84, 85 (85 refers to the 

mnesponding afbehycfes o w n e d  after ozonolysis of &I), (9-63 or (R)-63 by 

gas ct.rromatograpt-iy using a Cycfoctex B fused silica column or NMR techniques 

were LtnsuccessfuL 1H NMR spectra in the presence of trisl3- 

[ReptanoftuompropyIhydmxymethyIe~ef -(-)-carnphorato~e~roum (Ill) [Eu(hfc)3] 



in CS2 (1 : 1 or 1 : 2 ratio, ester: shift reagent)'Z7a or the chiral solvating agent (R)- 

2,2,2-triftuoro-1-(9-anthryijethanoi in CCi4 ( i : I  or 1 2  ratio, ester: 

anthrylethanol)'27b.c failed to display diastereoisomeric complexes with different 

chemical shifts. Since the above procedures have significant precedent in the 

literature and involve transformations remote from the stereogenic carbon, it was 

assumed that the optical purity of (5)-63 and (R)-63 was identical to that of the 

citronefiot used as a precursor. 

Scheme 4.8. Synthesis of S-63 and R-63 using enantiomericaily enriched 
citronellol. 

4.7. Behaviorai Activity of Candidate Pheromones. 

4.7.1. Field Experiments. 

A. 0. monocems. 

Ethyl LGmethyImtanoate (63) was tested"' in three- to four-year old oil palm 

plantation at the La Me Research Station, Cdte d'lvoire.1'8 A towtreatment, 

eight-replicate experivent tested attraction of ethyl chrysanthemumate (51) and 

the candidate pheromone released at three rates (0.3, 3 and 30 mg per day, @ 



25%). Plastic bucketsf2 1-2 m away from palms were employed as pitfall traps 

(side entrance hotes ztt ground level, figure 4.7) in a randomized complete block 

with traps at 27 rn intenr~ls and blocks 27-500 rn apart. Petrolatum on the inner 

bucket surface b&ow side entrances and a wet sponge treated with inse~ticide 

Evisect "S" (3 % thiocyfam hydroxylate in water) at the bottom of the bucket, 

assured retention of captured beetles. 

P1. 0. rhinoceros* 

Experiments were conductedk in one- or two-year old oil palm plantings at 

three P.T.P.P. London Sumatra Indonesia estates in North Sumatra, Indonesia. 

Specific locations are given in Figures 9-1 1. All experiments were set up as 

randomized complete blocks with intertrap and interblock distances of at least 27 

and 54 m, respectively (for detaiis see reference 115b). Traps were checked 

daily and captured beetles removed A 3-treatment, 10-replicate experiment 

(Figure 4.8) determined activity of the main candidate pheromone, ethyl 4- 

methyfoctanoate, 63 (pitfall traps were used in this experiment as was suggested 

from 0.. monucerus experiments, however, later experiments in lndonesia 

showed vaned traps to be more efficient in trapping 0. rhinocer~s~~5b). In a 

second 1 2-replicate experiment (Figure 4.9) standard vane traps (Figure 4.7) 

were baited with 63 released at 0, 6, 9, 18, or 30 rng per day (to minimize 

interference between treatments, intertrap and interblock distances were 

increased to 54 and 263 m, respectively). In all experiments, no significant 

differences were found in :he responses of male and female beetles and so 

catches were pooied by sex for anatysis. Data from field experiments were 

tfansformed by iog fx+f) if data were not normally distributed and were subjected 

to Analysis of Variance (General Linear Modeling) (Minitab, 1989).61 If replicates 

C o w e d  by Ms. Rebecca Wtt. Department of Biobgi Sciences, Simon Fraser University. 
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were run at differerJ times or iucations, data were analyzed for time x treatment or 

location x treatment interactions. Following ANOVA, multiple pair comparisons 

were made using Bonferruni's i-tests. t i  homoscedasticity was not improved by 

transformation, data were analyzed by f l  tests61 

A 4-treatment, 10-replicate experiment tested attraction of beetles to 

racemic 63, (•˜)-63, (R)-63 (Figure 4.10), or a blank control in standard vane 

traps (Figure 4.8). (9- or (R)-63 were released at -2 rng per day from eight 1 mrn 

if) glass capillary tubes cut 1 &we the meniscus and placed in capped 400 

pL plastic centrifuge t u b s  with two 3 mm holes 1 cm below the top. Racemic 63 

was released at -4 mg per day from sixteen capillary tubes. 

Attraction of beetles to 63, 4-methyloctanoic acid (64), ethyl 4- 

methylheptanoate (651, and to ethyl chrysanthemumate (EC) was compared in 

severat experiments. Also, pheromone-host material interactions were also 

tested.? f sb 

4.8. Field Experiment Resu!tr. 

4.8.1. 0. monoceros. 

Ethyl 4-methylodanoate reieased at 30 mg per day attracted six males and 

five femzles in nine days, whereas the known attractant ethyl chrysanthemumate 

a$ the same release rate did not attract any 0. rnonoceros. Lower retease rates of 

pheromone were not attractive. 

In assessing absolute trap captures, the low relative abundance of these 

very large insects must be taken into account, In 1992 for example, weekly 

removal of 0. rnonocem from palms revealed - 9 adults per hectare in these 

piantations (M. Zebeyou, institut des Forhis (IDEFOR), Oepartment des Plantes 

Oleagineux, Ctite d?woire, personal communication). Had the pheromone 

experiment been conducted in beetle-preferred coconut rather than oil palm 



stands and not prior to but in the middle of the wet season during which 0. 

monoceros is more abtrndant,Bg trap captures probably would be expected to be 

higher. Capture of eleven 0. monoceros to 63 versus none to the known 

atiractant EC clearty indicates supeeor attraction of the aggresation pheromone. 

Addition of yet unknown piant vulatifes may enhance attraction of the aggregation 

pheromone. Capture rates might also be improved by optimizing pheromone 

release and trap design. 

4.8.2. 0, rhinocefos. 

As for 0. monmercts, compound 63 was confirmed in field experiments as 

the major male-produced aggregation pheromone of 0. rhinoceros (Figure 4.8). 

Other geographically or temporal ty isoiated scarabaeid beetles also utilize 

identicat sex pheromones.jo~?lo~ Compound 63 was ten times more attractive 

than 53 Y 6 b  A dose-response experiment (Figure 4.9) determined 9 mg per day 

of 63 was an optimal rate of release. Buried pitfall traps were more effective if 

they contained pa!m fmit &!nches whik vane traps were the most effective cf all 

designs and captures were not improved by the addition of organic matter. 

Suspending vane traps at 2 n above ground increases captures by 2-3 times 

compare to ground level traps (Chong Teh BAL Plantations, Sabah Malaysia, 

unpublished). Suspended pheromone-baited vaned traps are now used in 

Malaysia as a method to manage 0. rhinoceros populations (A.C. Oehlschlager, 

personat communication). Synergism between aggregaiion pheromones and 

host compounds has recently been shown for A. octiescosfata,l1o and is known 

for paim weevils, Rhynchophorus spp (see Chapter 2). Synergistic vofatiles are 

apparent& produced earfy in the decomposition (fermentation) process, because 

freshly milled fruit bunches, but not decomposed palm tissue, enhanced 

pheromone attraction to pitfall traps.ll5b Ethyl 4-methyl heptanoate, 65, was 



significantiy more attractive than 4-rnethyioctanoic acid, 64, but these compounds 

did not differ in agraction from EC. Based on results to date these two 

compounds cannot be ctassea' as aggregation pheromones. 

Racemic and (S)-63 were similarly attractive to 0. rhinoceros (Figure 

4.101, indicating that (S)-63 is a naturaliy produced isomer and (R)-63 is not 

repe tlent. 



Bank r Trap Vane Trap 

Figure 4.7. Trap designs used to capture Oryctes rhinoceros. Pitfall trap: 19 L 
black bucket buried in ground to allow beetles to mter through slots 
below rim; pheromone lure suspended within bucket from plywood 
lid. Barrier and vaned trap: 20 L white bucket with one or two 
unpainted sheet metal vanes extending 20 cm into bucket to prevent 
beetles from flying out; wooden slats on edge of vanes for 
reinforcement; pheromone lures suspended within slot to allow 
pheromone dissemination in all directions. 



Palm Palm 

FZgure 4.8. Attraction of Orycies rhifioceiiis to ethy lr 4-m&hy locianoate, 63, 
alone (released at 30 mg per day), decaying oil palm tissue alone or 
both together, in pitfall traps at Bah Lias arid Rambong Sialang 
Estates, North Sumatra, Indonesia (14 - 22 and 16 - 23 October 
1993, respectively); (N = 10). Data pooled as no locational 
differences were found (xZ= 2.2305, df = 1 ,  p> 0.10). Treatment 
differences for pooled data, xZ= 13.036, df = 2, p<0.01. Bars 

superscripted by the same letter are not significantly different, 
paifwise @tests, pc 0.05. 



Figure 4.9. Attraction of Orycfes hinoceros to 63 released at various rates from 
standard vane traps (24 May - 8 June 1994, Dolok) no organic 
matter present; (N = 12); ANOVA on log (x+f) transformed data, F= 
49.84, df= 4, p < 0.001. Bars superscripted by same letter are not 
significantly different, Bonferroni's t-test, p < 0.05. Untransformed 
means presented.. 



TREATMENTS 

Figure 4.10. Attraction of Orycfes rhinoceros to standard vane traps containing 
stereoisomers of 63 at Rambong Sialang Estate (23 May-8 June 
1994); (N = 10). ANOVA on log (x+l ) transformed data, F= 24.04, df= 
3, pc 0.001. Bars superscripted by the same letter are not 
significantly different , Bonferroni's t-test , pc 0.05. Untransformed 
means presented. 



4.9. ExgerimenSaS SecPisn. 

For general methods 2nd volzfile co!!ect:tion see Experimental Seetioil 

Chapter 2. 

Copper cyanide and copper bromide dimethyl sulfide complex were 

purchased from Aldrich and transferred in a nitrogen glove bag. HMPA was 

fractionatly distilled under vacuum from CaH2, collected and stored over activated 

4A mo[ecular sieves under argon. 

Ethyl 4-methyloctanoate (63). A solution of 2-hexyl magnesium 

bromide [prepared by reaction of 2-bromohexane (2.0 mL, 2.34 g, 14 mmol) and 

magnesium turnings (0.24 g, 10 mmol)] in dry Et2O was cooled to -400C, then 

CuCN (1 -10 g, 12 mmol) or CuBr-DMS (2.50 g, 12 mmol) was added. After 

stirring the mixture 30 min, the flask was cooled to -78W and a solution of ethyl 

acrylate (2.2 mL, 20 mmol), HMPA (4.0 mL, 23 mmol) and TMSCl (2.4 mL, 19 

rnmo!) in dry Et20 (1 0 mt) was added via cznnula. After 30 min of stiiihg, the 

cold bath was removed and the reaction allowed to warm to room temperature. 

The reaction was then quenched with 3 M HCI at 0% The aqueous layer was 

extracted with Et2O (3 X 25 mL), washed with saturated NaHC03 and NaCI, and 

dried over anhyd. MgS04. Distillation at reduced pressure (86% @ 10 mm Hg) 

gave 0.80 g (56 % yield from CuCN) or 1.10 g (68 % from CuBrmDMS) of 63 as a 

colouriess tiquid. 1H NMR (CDCb, ppm): 0.89 (3H, d, J = 8.1 Hz), 0.93 (3H, t, J = 

8.1 Hz), 3-10 (IH, m), 1.24 (3H, t, J=  8.1 Hz), 1.34 (5X, m), 1.40 (2H, m), 1.66 (,H, 

m), 2.30 (2H, m), 4.1 0 (ZH, q, J = 8.1 Hz); El-MS mlr (relative intensity): 186 (M+, 

a), 141 (M-OGHS, 4U), I01  (M+-C6H13, 100). 



Ethyl 4-methylheptanoate (65). A solution of 2-pentyf magnesium 

bromide [prepared by reaction of 2-bromopentane (4.95 ml, 6.04 g, 40 mmol) 

and magnesium turnings (0.96 g, 40 mmol)] in dry Et2O was cooled to -400C, 

then CuCN (0.36 g, 8 mmol) was added. After stirring the mixture 30 min, the 

flask was cooled to -780C and a solution of ethyl acrylate (2.75 mL, 25 mrnol), 

HMPA (8.7 mh, 8.96 g, 50 mmol) and TMSC! (6.35 mL, 5.43 g, 50 rnmol) in dry 

Et20 (10 mL) was added via cannula. After 30 min of stirring, the cold bath was 

removed and the reaction allowed to warm to room temperature. The reaction 

was then quenched with 3 M HCI at O W .  The aqueous layer was extracted with 

Et20 (3 X 25 mi), washed with saturated NaHC03 and NaCI, and dried over 

anhyd. MgS04. Distiilztion at reduced pressure (800C @ 1 0 mm Wg) gave 1.75 g 

(40 % yield, 95 5% pure) of 65 as a cofourless liquid. 1H NMR (CDC13, ppm): 0.88 

(6H, m), 1.10 (lH, m), 1.27 (3H, t, J =  8.0 Hz), 1.30 (2H, m), 1.40 (3H, m), 1.66 (IH, 

m), 2.30 (2H, m), 4.10 (2H, q, J= 8.0 Hz); 1% NMR (CDCl3, ppm): 174.16, 60.1 1, 

36.97, 32.17 (2C), 31 -95, 31 .l6, 19.99, 19.23, 14.23; CI-MS m/z (relative 

Intensity): 172 (M+, 3), 127 (M+-OEt, 30),101 (M+-C02Et, 100). 

(35)-3,7-Dimethyl-&acten yftosylate [(S)-831. To (S)-cit ronellol, 

[(Sf-821 (97-98 % ee) (3.13 g, 20 mmol) in dry pyridine (30 mL) was added 

dimethytaminopyridine (DMAP) (0.40 g, 3.2 mmol). The flask was cooled to 

-1OoC and ptoiuenesuH~nyf chloride (3.82 g, 20 mrnol) added in one portion. 

Stimng was continued for 5 h at -1 0% with monitoring of aliquots by GC and TLC 

(9:1, pentane:Et20, Rf= 0.25). The mixture was then poured into an ice-cooled 

NaCI solution and extracted (2 X 30 ml) with Et20. The organic layer was 



washed with 3 M HHCI, saturated NaHC03a NaCl solution and dried over anhyd. 

MgSOq. After concentrafion in vacua, the residue was chromatographed on a 

coiumn (91, pentane:Et@) to @eid (5)-83 (5.70 g, 96 O/O, 98 % pure) as a pale 

yellow oil; 'H NMR (CDCb, pprn): 0.80 (3H, d, J = 8.8 Hz), 1.W (1 HI mf, 1.20 (I  H, 

m), t.4ff(tW1rn), 1.50(1H,m), 7.52(1H,rn), 1.56(3H,s), ?.70(3H,m), 1.90(2HI 

m), 2.45 f3H, s), 4.02 (2H, m), 5.0 (IH, t, i= 8.8 Hz), 7.32 (2 H, dl J =  8.8 Hz), 7.80 

(2 H, d, J = 8.8 Hz); 1% NMR (CDC13, ppm): 144.60, 133.41, 131.44, 129.79, 

127.88, 124.34, 63.05, 36.72, 35.69, 28.93, 25.66, 25.27, 21.60, 19.06, 17.60 

pprn; CI-MS m/z (relative intensity): 31 0 (M+, 2), 138 (M+-OS02-C6H4-CH31 50). 

(3R)-3,7-Dirnef hy l-6-oeten yltssylate [(R)-831. A procedure similar 

to that described above was used for this synthesis: 5.61 g, 95 % yield, 98 % 

pure, 

(6R)-2,6-Dimefhyf-Z-decene f(R)-84]. Ethyl magnesium bromide (60 

mL, 0.18 mot, 3 An solution in Et20) was cooled to -400C, then CuCN (1.62 g, 18 

mmol) was added. After stirzing the mixture 30 min, the flask was cooled to -780C 

and (S)-83 (5.00 g, 16 mrnofj in dry THF (25 mL) added via cannula. After 30 min 

of stirring, the cold bath was removed and the reaction allowed to warm to room 

ternperahre. The prugress ci the reaction was followed by analysis of aliquots by 

GC and TLC (pentane, Rf = 0.54). Upon completion, the reaction was quenched 

with 3 PA HCf at 0%. The aqueous fayer was extracted with EtzO (3 X 25 mL), 

washed with saturated PlaHC03 and NaCI, and dried over anhyd. MgS04. 

Column chromatography fpentane) afforded 2.42 g (90 % yield, 97 % pure) of 

(Rj-84 as a coburtess liquid. l# i  NMR (CDC13, pprn): 0.38 (3 H, 6, J =  7.3 Hz), 



0.90 f3H, t, J =  7.3 Hz), I . f  0 (2H, m), 1.30 (7H, m), 1.60 (3H, s), 1.70 (3H, s), 1.90 

{2H, m), 5.10 f l H ,  tf J =  8 Hz); 13G MMR (CDCI3, ppm): 130.83, 125.16, 37.19, 

36.68, 32.46, 29.29, 25.62 (2C), 23.01, 19.60, 17.55, 14.05; CI-MS m/r (relative 

intensity): 168 AM*, 40); iR (ne&): 2926, 1673, 1458, 1377, 1 122, 1094, 984, $26 

cm-1; Anaf. CaM. for C12H24: C, 85.63; HI 14.37. Found: C, 85.69; H, 14.30. 

(6s)-2,6-Dimeth y i-24ecene [(S)-$41. A procedure similar to that 

described above was used for this synthesis: 2.39 g, 89 % yield, 98 % pure. 

Anaf. Calcd. for C12H24: C, 85.63; H, 14.37. Found: C, 85.78; H, 14.57. 

0 

/AP./,/C'" 
- - 

(R)-Meth yfoctanall [(R)-851. Ozone was bubbled through a cold 

solution (-78oC) of (R)-84 (2.30 g ,14 mmol) in a 1 :1 mixture of CH2CI2: MeOH 

(60 ml) and 1 g of NaHCOs. When the characteristic blue colour appeared, 

indicating excess ozone, a stream of nitrogen was admitted to remove excess 

ozone. Dimethyl sulfide (5 mL) was added, the reaction mixture stirred overnight 

and concentrated in vamo to one third of the volume, poured into water, extracted 

(3 X 30 mL) with Et20 and dried over anhyd. MgSU4. Column chromatography 

f&2, pentane:Et~U, R f =  0.55) afforded (4-85 (1.68 9, 87 % yield, 96 % pure) as 

a miourless liquid. 1f-i NMR (CDCf3, ppm): 0.90 (6H, m), 1.12 (1 H, m), 1.30 (5H, 

m), 1.40 (2H, m), 1.64 (lH, m), 2.64 (2H, m), 9.75 (IH, s); 1% NMR (CDC13, 

ppm): 202.87, 41 .70,36.36,32.38,2$.16.28.93,22.91, 19.35, 14.05; CI-MS n?/z 

(relative intensity): 143 (M++ I ,  100); 1R (neat): 2927, 271 5, 1 727, 1465, 1 379, 

1263, 1133, 1012, 896, 849, 729 cm-1; Anal. Calcd. for Cgti180: C, 75.00; H, 

1 2.76. Found: C, 75.09; H, 1 2.48. 



(Sf-Methyfcrctanal [(Sf-851. A procedure similar to that described 

above was used for this synthesis: 1.65 g, 85 % yield, 98 % pure. Anal. Calcd. 

for QH18O: C, 7 5-00; H, 12-76. Found: C, 74.98; H, 12.66. 

-COOH 

- 

(Rf-4-Methytoctanoic acid [(R)-641. (R)-Methyloctanal (1.60 g, 1 1 

mmol) was added to a solution of KMn04 (3.6 g, 20 mmol) and Na2C03 (0.7 g) in 

75 mL of w&er and stirred zt 0% for 3 h ibf i  ourmight at FOOL . 'grW~Br&ir%. The 

reaction mixture was centrifuged and the supernatant acidified with cold dil. 

fi2S04, extracted (3 X 25 mL) with Et20 and dried over anhyd. MgSOq. The 

solvent was removed in vacuo to give 1.78 g of (R)-64 which was used for the 

next step without further purification. NMR (CDC13, ppm): 0.90 (6H, m), 1 .I2 

ftH, m), 1.14 fSH, m), 1.00 (2H, m), 1.80 (IH, m), 2.35 (2H. m), 14.30 (IH, br. s). 

(S)-4-Methyfoctanoic acid [(S)=64]. A procedure similar to that 

described above was used for this synthesis: 1.45 g. 

(R)-Et hyl-4-methyloctanoate [(R)-631. A dry ethanol solution of (R) - 
64 (-700 mt) and a catalytic amount of concentrated. H2SO4 were refiuxed for 5 

h, cooled and diluted with water. This mixture was extracted (3 X 30 mL) with 

Et20, and the organic layer washed with saturated NaCi and dried over anhyd. 

MgSOq. Column chromatography (9~1, pentane:Et20) g8de 1.34 g of (Rj-63 (65 



% yield based on (R)-65, 98 % pure). [nID2O = -1.670 (c = 1.345, CHCIS), 1 H 

NMR (CDCI3, ppm): 0.88 (3H, di  J=&1 Hz), 0.90 (3H, t, J =  8.1 Hz), i.10 (I!-!, m), 

1.24 (3H, t, J =  8.1 Hz), 1.30 (SH, m), 1.40 (2H, m), 1.66 (1H, m), 2.30 (2H, m), 

4.10 (2H, q, J =  8.1 Hz); f3C NMR (CDC13, ppm): 174.12, 60.14, 36.36, 34.42, 

32.21, 31 -97, 29.4 7, 22.94, 19.31, 14.25, 14.06; 1R (neat): 2958, 2884, 1737, 

1461, 1373, I Z t ,  1 1.73, 1 108, 1032, 932, 855, 779, 732 cm-1; Anal. Calcd. for 

C11H220: C* 70.91 ; H, 1 1.91. Found: C, 70.99, H, 12.00. 

(S)-Eth yl-4-methyiactanoate [(S)-631. A procedure similar to that 

described above was used for this synthesis: 1.36 g, 66 % yield based on (S)- 

65, 98 % pure; [alD2o = +I 670 (c = 1.350, CHCla), Anal. Calcd. for C11 H220: C, 

70.91, H, 11 91. Found: C, 70.82, H, 11.98. 



Aggregation Pheromones of the Mango Fruit Ffy, Anastrepha obllqua 

(Maquart) (Diptera: Tephritidae): Efforts Toward New Syntheses of 

Z,E- and E,E-farnesenes 

5.1. Distribution of the Genus Anastrepha. 

There are qproximatety 4000 species sf true fruit flies (the Tephritidae 

family), which are organized into 500 genera. Among the members of this group, 

the Mediterranean fruit ffy, Ceratitis capitata (Wiedemann), is a well recognized 

pest that attacks over 250 varieties of fruits, nuts and veg~tabies. Small 

infestations in Florida and California have triggered multimiliion dollar eradication 

programs.129 

Flies in the genus Anastrepha (Diptera: Tephritidae) are among the world's 

most devastating agricutturat pests. Anastrepha species are endemic to tropical 

and subtropical regions of the New WsrM. Their range extends from southern 

United States to northern Argentina and includes most of the Caribbean Islands. 

Of the 184 species of Anastrepha, only seven are economically important: the 

South American fruit fly, A. frate~uius (Wiedemann), the South American curcubit 

fruit fly, A. grandis (Maquart), the Mexican fruit fly, A. ludens (Loew), the West 

lndies fruit fly, A. obiiqua (Maoquart), Sapote or Serpentine fruit fly, A. serpentina 

(Wiedernann), the guava fruit f!y, A. stnata (Schiner), and the Caribbean fruit fly, 

A. suspensa fLoew).gsoa The known host range of Anastrepha includes about 

270 pisfit species ifi 4f hniiies; myst be many unknown native hosts 

k a x s  mere than h&f 2f Amsfrepha species have no knowr! hed30b 



5.3 A.  Contad s~ld Managemnt of Anastrepha. 

During the fa& 35 years,j30a control of Amsfrepha adutts has employed of 

poisoned bafi sprays and the use of food attractants in traps. These methods are 

considered ineffective and environmentally obnoxious. Detection of adults using 

traps baited with a mixture of protein (torula yeast, motasses or fermented fruit 

juices) in water is considered expensive and, even though females are captured 

preferentially, the method is regarded as inefficient. Quarantine regulations have 

been established to protest "pest free" areas, making trade in fresh fruits 

cumbersome. Methods of fruit dean-up vary from hot water or hot air treatments 

(mangoes, guavas and carambolas) to radiation and cold storage. Alternatives to 
4-n- mamge Anasi'repha popijiaZions ;DW include developmenP of alrernatives Po 

standard hydrolyzed protein baits, better trap design (e-g., colourf and use of 

insect pheromones. Increased attention has been focused on trap desigr! and 

improvement of baits,l3la-f whereas the use of insect pheromones has been 

limited by their availability.'31S-P 

5-3 -2. Pheromone Components in the Anastrepha. 

Pheromones have been reported for the Mexican fruit fly, A .  

ludens,13liT13*a which is known to attack citrus, mangoes and other crops in 

Mexico and Guatemala. This fly may seasonally migrate into citrus areas in the 

soufh-western United States. Pheromones are also known for the Caribbean fruit 

fly, A. suspensa,13~hsf3*bl~ a major pest of citrus, tropical fruits and nuts in the 

Caribbean and southern Florida. Males of both species share similar courtship, 

d i n g  behavior and pheromonal ccmpernents. Goin A, hams and A. suspensa 

synthesize and releasei32a (3Z)-3-nonen-I -01 (86j, (3Z,,6;5)-3,6-fiofiadien-i -0i 

(87), anastrephin (881, epianastrephin (891, suspensolide (go), E,E-farnesene 

(91 ), f)-bi&mkne (92) and a-Wins-hrgamotene (33). (Z)-8-Oci mene (94) was 



found sfso in A. suspensa, whereas lirnonene (95) was exciusiveiy defected in A. 

fudms (Figure 5. ! 1. 

Anastrephin Epianastrephin Suspnsolide 
88 89 90 

(z)$-Ckimene Limonene 
94 95 

(oniy in A. suspensa) (only in A. judens) 

Figure 5.1. Pheromones of A. Iudens and A. suspensa, 

5.1.3. Ecology of the West lndies Fruit Fly, Anastrepha sbliqua 

(Macquart). 

Twenty eight species of Anstrepha are known to occur in Costa Rica?3a 

The most common species in commercially important fruit stands are A. obliqua, 

A. sfnata, and A. serpentl'na f mb 

A. obliqua prefers mango, M. indica (L.) and represents 93-97 % of the 

species in attacked mangoes. It is believed to be attracted to mature fruit for 



aviposition.13" In Costa Rica, mango is planted throughout the Central Valley 

and :tie tropicat dry forest regions hi~ee i i  the Central Vaiiey and the Pacific 

coast (Figure 5.2). 

Figure 5.2. Mango collections infested by A. obljqua. 

Peak infestations of A, obliqua occur during the rainy season (May to 

September) with a second peak after the rainy season. The flies survive between 

crops as pupae in the sail.133b During April to June, A. obliqua changes host to 

the Spanish plum, Spondias pupurea or to any other common Anacardiaceae or 

Sapotaceae surrounding the plantation, assuring a year round population. 

Secondary hosts to A. obliqua are frequently used as live fences in mango 

plantations. In the southwest area of the country, A. serpenfina can be found 

attacking mangoes with the same frequency as A. obliqua, whereas in the north- 

west, almost 100 % of mango is attack by A. obliqua Monitoring and trapping of 



A. &iqua is cunent!y carried out by the use of MacPhail traps containing Tomla 

yeast and 4 % sodium tetr&mrate or 59 % hydrolyzed soy protein in 50 % sodium 

tetraborate.133dse 

In the early 1990's parallel investigations by the United States Department 

of Agriculture (USDA) laboratories in Gainsville, Florida and Simon Fraser 

University in collaboration with the University of Costa Eica (UCR) in San Jose, 

Costa Rica began to identify species specifc volati les of Anastrepha obliqua 

which might exhibit pheromonal activity. These investigations were launched 

due to increased interest in Central America in growing mango (M. Endica) which 

is a preferred host of A. obliqua. Both investigations determined that males 

produce sex specific compounds. The uSDA investigation probed the bioiogicai 

activity of these compounds by a variety of laboratory bioassays while the UCR 

investigators collaborated with Simon Fraser University to determine 

etectrophysiological acfivity of the male-specific volatiles. 

5.1.4. Analysis and Identification of A. obliqua Male-Produced 

Vslatifes. 

Eighty seven male and ninety five female A. obliqua, ~ear%d at Simon 

Fraser University from pupae collected from the Experimental Station "Fabio 

Baudrit", University of Costa Rim, La Garita, Alajuela, Costa Rica, by Professor 

Luis F. Jiron, were aeraed separately for 20 h in a modified Nalgene desiccator 

containing wafer, honeywater, mangoes and brewer's yeast. Collected volatiles 

were processed as usual (for details, see experimental section, chapter 2 ).lo 

Anafyses of voiatiies from maies and iemaies uisciosed severai male 

spmific mmpoun& (fig"re 5-31. Gas c ~ r o ~ ~ ~ o g f ~ p ~ i ~ ~ e i e d f o a ~ ~ f i f i ~ f a p ~ i ~  

(GC-EAD) detection revealed two male-specific compounds that elicited strong 

antenna! response from male and female flies (Figure 5.4). Mass spectral 



analyses in Cf mode indicated the presence of a sesquitepene with an m/z = 205 

(M++f) and an unsaturated aimhoi mfi = 141 (M++!) with a clear m/z = I23  (M+- 

H20). Based ot? retention characteristics on three columns (SD-1000, DB-1 and 

DB-5) and by mass spectral c o m p a r i s o n s , ~ ~ ~ ~ I ~ ~ ~ ~ a ~ ~ ~  the two EAD-active 

compounds and the third major male-specific compound were identified as 

(3Z,62)-3,6-nonadien-l-ol (a?), Z, E-farnesene (96), and E, E-farnesene (91 ), 

respactively (Figure 5.5). The compounds occurred at approximate 52, 40 and 

8 %, respectively. 

(3Z,6Z)-3,6-Nonadien-l -of (87) and E, E-farnesene (91 ) have previously 

been reported as pheromonal components in A. ludens and A. suspensa, making 

the present finding taxonomically interesting. As pointed out by Rocca and 

coworkersl32a the f a m e d  structure is exploited in the production of many of the 

pheromones of Amstrepha. Even though EYE-farnesene did not show EAD 

activity, its recurring presence in this genus suggested synthesis of both 

famesenes shouid be executed. 



Q A. obliqua 

TIME (minj 

figure 5.3. Gas chromatograms of volatiles from female (N = 95) and male (N = 
87) A. cibiiqua mainiained in aeration chambers far 20 h with food 
provision. Gas chromatographic conditions: linear flow velocity: 35 

cm s-1, injector and detector temperatures: 2200C, temperature 
programming: 700C (1 min), 10% min-1 to 180•‹C; SP-1000 fused 
silica column (30 m X 0.5 rnm ID). 



DETECTOR RESPONSE 



Figure 5.5. Mass spectra of produced Z, E-farnesene (96). (32.62)-3,6- 
nonadien-1 -01 (87) and E, E-farnesene (91). Chromatography: linear 
flow velocity 35 cm s-1, injector and detector temperature: 260%, 
temperature programming: 60%, 1 OOC per min to 250% DB-1 fused 
silica column. 



5.2. Synthetic Background. 

5,2,f, Previous Syrtttreses csf E,E-Famesene. 

E,E-Farnesene (91) has been found as a component in the trail 

pheromones of the ants Aphenogaster longiceps135, Myrmica rubral36, 

Solenopsis sppj37 and A4 scrabrinsdis.l3b It is also responsible for the 

formation of hard &tack brown patches in stored Granny Smith apples.139 

Previous syntheses of E,E-famesene have been limited to the production of small 

amounts for identification purposes. 

Brieger and coworker$4o reported one of the first synthesis of 91 in 1969. 

Dehydration of (Ef-nerolidoi (56) with KHSQ, gave 91 as a mixture with P- 
famesene ("j), ybis&kne (98) and f$-M&olene (92) (&heme 5.1). 

Scheme 5-1, Bfieger's f, E-farnesene synthesis. 

A yield improvernen-t was obtained by isornerization of f3-famesene (97) 

using RhCI3 as a catalyst. Even though 91 was attained in 57 % (by GC 

analysis), the presence of ailofarnesene (99) and other isomers made this 

pmedure synthetically ineffective (Scheme 5.2). 



Since 91 easily isomefizes cr self-condenses at high temperatures, 

AnetfM modified Briegefs procedure of nerotidol dehydration by conducting the 

reaction in the presence of phosphoryl chloride (POCI3J in pyridine at 50-700C 

instead of 170oC. Yiekds of 25-35 % as a mixture with Z,E-farnesene and P- 

famesene were obtained. Relatively pure compounds were obtained only after 

preparative gas chromatography. Anet's synthesis is the most commonly used, 

since it employs commercially available E- and Z-nerolidol and uses inexpensive 

reagents. However, the procedure gives low yields and requires 

chromatographic separations. 

A more appealing route was published by Tanaka and coworkers141 

which takes advantage of the rsgiospeGific epoxidaiion of E,E-hrnesoi ( IOO) with 

vanadium acetyfacetonate and fed-butyi hydroperoxide to give 101. Protection 

to give 502 followed by isomerization to 103 with diethyl aluminum 2,2,6,6- 

tetrarnethylpiperidide (104) and elimination of the vicinal diol moiety gave 91 

(Scheme 5.3). 

1. DTAh4P 

OTMS 
103 OH 76 % 102 

1.PBr3 
/ -78's (2 min) 

1 2. R, I fi; 
3. Zn. OaC, t h I ,, 

Scheme 5.3- Tanaica's synthesis of E,E-farnesene. 



The key step in this procedure, is stereospecific epoxide i sorner i~a t ion~~~ 

caiaiyred by 504 io prtviiSe exciiisiveiy the E-~ily!ic ait~hol. 

Matsushita anb ~ e g i s h i l ~ a a  executed an eiegant sy kltesis of E,E- 

farnesene employing zirconium-catalyzed carboalumination143b of 1 -buten-3- 

yne (I 05) to give 106 followed by palladium cross-coupling with geranyl 

chloride (107). The overall yield was 86 % and the isomeric purity was 98 % 

(Scheme 5.4). 

E,E-famesene (91) 
86 % 

Scheme 5.4. Synthesis of E, E-farnesene via carboalumination 
of 1 -buten-3-yne,. 

Despite its attractiveness, this procedure suffers from the lack of a 

commercial supply of 1 -buten-3-yne. 

Thermal rearrangements of sulpholenes to 1,3-dienes has been exploited 

by Chou's group.144 Smooth conversion of 3-methyl-3-sulpholene (108) to 

carbanion (1 09) followed by atkyiation with geranyl bromide (1 10) yielded 



11 1.145 Thermal rearrangement of the latter afforded E, E-farnesene in good 

isomeric and chemical yieids. Unioriunaieiy, 3-rneinyi-3-suipholene (f 08) is no 

longer commercially available (Scheme 5.5). 

Scheme 5.5. Synthesis of E,E-farnesene via alkylation 
of 3-methyl-3-sulpholene. 

5 - 2 2  ?revis??= Syntheses of Z,E-Fernesene. 

Synthesis of Z,E-farnesene (96) has received less attention. Only t w ~  

rne'.hods have been reported. The first procedure is ~net's134 dehydration of (4- 

nerolidoi which yields 96 as an isomeric mixture with E,E-farnesene. The 

second, reported by Morgan and Thompson,l46 affords an improved yield and a 

better regiocontrol. Methyl cydopropyl ketone (112), was treated with sodium 

acetylide to give 113 which was then rearranged to the corresponding hexenyne 

bromide 114. Selective hydrogenation gave 115 which was then converted to 

the corresponding iodide 116  before formation of the corresponding 

triphenylphosphonium saft (1 17). Wittig reaction with 6-methyl-5-hepten-2-one 

(1 18) afforded 96 and Z,Z-farnesene (1 19) in 70 % yield as a 1 : 1 mixture 



(Scheme 5.6) which was separated by medium-pressure chromatography on 

S O 2  impregnated with 20 % AgN03. 

Scheme 5.6. Z, E-Farnesene synthesis by the 
Morgan-Thompson protocol. - - 

5.3, Efforts Toward New Syntheses of Z, E- and E,E-Fatnesenes. 

5.3.1. E, E-Farnesens. Retrosynthetic Analysis. 

Carboalurnination of 1 -buten-3-yne143a or thermal rearrangement of 

substituted 3-methyl-3-sulphoiene144 appear to be the best methods to obtain 

E, E-farnesene. Synthesis of 1 -buten-3-yne147 or 3-methyl-3-sulpholenel 48 

required by these routes is feasible. However, these methods require handling 

toxic, volatile chemicals and they increase the number of synthetic steps. A new 

synthetic scheme should render similar or better chemical yields and geometric 

purity. 

Retrosynthetbc analysis of 91 reveals that it can be constructed from the 

aldehyde t 20, which in turn can be assembled from coupling of 2-propyn-1-01 

(121) and the geranyi skeleton (Scheme 5.7). 



X =  Bror CI 121 

Scheme 5.7. Retrosynthetic analysis of E, E-farn8~0ne 

Synthesis of aidehyde 120 was approached by two methods. The first 

involved Zr-catalyzed carboalumination and palladium-catalyzed coupling 

reactions. The second commenced with reduction and vinyl iodide formation 

from a suitable derivative of 121. 

5.3.2. Zirconium-Catalyzed Carboalumination Route. 

Rand and coworkers149 have extended carboalumination to 

heterosubstituted (OH, 0SiMe2t-Bu, SPh or I) propargyl and homopropargyl 

derivatives. Regioselectivity is 92-98 % (syn-addition) and chemical yields are 

41-87 %. Thus, a strategy similar to that utilized by Masushita and Negishi in the 

synthesis of 91'43a using propargyl alcohol (121) was envisioned. 

Synthesis of 120 commenced with zirconium-catalyzed carboalumination 

of 121 foilowed by in sifu palladium-catalyzed cross coupling of the alane 

intermediate (122) with geranyl chloride (107) to afford, after quenching, the E- 

allyiic alcohol (123) in 50 % yield (Scheme 5.8). 1H NMR and GC MS analyses 

indicated the formation of a new vinylic bond with and ErZ ratio of 94:6. 



Scheme 5.8. Synthesis of ailylic alcohol 123. 

Conversion of 123 to aldehyde 120 was achieved by Swern oxidationl5o 

in 74 % yield (Scheme 5.9). Since the anisotropic effect of the carbonyl group 

increases the chemical shift dispersion of the methyl region, the regioselectivity of 

the addition could be established by 'H-IH COSY, 1~-13C HETCOSY NMR and 

H NMR nOe difference spectra at this stage. Based on COSY and HETCOSY 

corr~lations, the new Eannectivity of the major isomer was coiifirmed. A triplet 

at 6 6.46 (J = 6.7 Hz) was assigned to the two hydrogens on C-4. This signal 

showed a cross-peak in the COSY spectrum at 6 3.05 and 6 1.76 which indicated 

that this signal is due to the vinylie hydrogen J3 to the aldehydic carbon. The nOe 

difference spectrum confirmed the regiochemistry of the newly formed double 

bond. When the vinyiic hydrogen at Zi 6.46 was irradiated, a strong enhancement 

of the signals of the aldehydic hydrogen (6 9.40) and the vinylic hydrogen at 6 

5.18 were observed, verifying the E-geometry of the new trisubstituted double 

bond (Figure 5.6). 



irradiation at 6 6.46 

Figure 5.6. COSY and nOe correlations established for aldehyde 120. 

Subsequent Wittig methylenation using methylenetriphenylphospharane 

afforded 91 in 77 % yield (28 % yield over three steps) (Scheme 5.9). 

(COC1)2 
DMSO 

\ 
* 

\ then EhN \ 

74 % uCHO 123 120 

CH-PPh3 
THF 
n% 

v 

Scheme 5.9. Synthesis of E, E-farnesene by carboalumination of 121. 

Comparison sf the 1H NMR spectrum of 91 with that reported by 

Matsushita and Negishil43a and the MS fragmentation pattern to that reported by 

Anet134 confirmed the structure of E,E-farnesene and an isomeric purity of 90 %. 

Although the synthetic target was obtained, the chemical yield is far from 

satisfactory (Matsushita and Negishilma reported an 86 % yield whereas Spicer 

and coworkers'3gc reported a 74 % yield using Chou's procedure145). In 

addition, special attention is required for purification of the allylic alcohol, since 

residues of palladium cause side reactions, decreasing the yield and making 



purification difficult. The E:Z ratio varies from 955 to 8315 and is not easily 

caniroiied. in is  variation may be due to the interaction of the Z-alane (122) with 

the hydroxyf at the y-position (124) (Figure 5.7). At this stage a second approach 

was envisioned. 

Figure 5.7. Contribution of Z-alane during Zr-catalyzed carboalumination. 

5.3.3. Reduction of Propargylic Derivatives and lodination Route. 

In 1 967 Corey and coworkers151 introduced a stereoselective met hod to 

prepare trisubstituted alkenes via LiAIH4 reduction of propargylic alcohols, 

iodination and subsequent alkylation. This methodoiogy was exemplified by the 

synthesis of E9E-farnesoll5l (100) (Scheme 5.10) and the Cecropia juvenile 

hormone (JH-1).15* Use of LiAIHdACI3 resulted in iodination at the P-position 

(e.g., 126) whereas LiAfHdtiNaOMe atfowed substitution at the y-position (e. g., 

127). Cuprate reaction with 127 gives 100 while reaction with 126 gives 128. 

Schema 5.1 0. Corey's synthesis of E, E-farnesol. 



Thus, reduction of the appropriate alkynol with LiAIH~~41C13 would provide 
J n  I access to the P-~iiiyf iodide which coljid be r;iieitiylaied with t ~ , h ~ ) ~ C i i i i  the 

corresponding ailylic alcohol 123. 

Synthesis of 123 by this route commenced with the protection of 

propargylic alcohol 121 to 129 in 98 % yield. Deprotonation of the latter with n- 

BuLi in THF-HMPA and aikylation with geranyl bromide (1 10) afforded 130. 

Deprotection of 130 with Bu&F in THF gave 131 .I53 Reaction of 1 ?1l under 

Carey's protoc01151~~52 produced an 1 : 1 mixture ~f the yp-vinyl iodide (1321, as 

determined by 4H NMR and GC analyses of the reaction mixture. Attempts to 

optimize the ratio of the two isomers failed. Use of DIBAL-H has been 

recommended by Corey and coworkers154 to improve selectivity of the iodine 

substitution, this method was successfully utilized by this group in the total 

synthesis of a-santalol. Accordingly, reduction of 131 with DIBAL-H followed by 

treatment with iodine gave 132 in 35 % yield after separation by column 

chromatography from the y-isomer. The structure of vinyl iodide 132 was 

confirmed by 1H and 13C NMR. 1H NMR spectral analysis showed a triplet at 6 

2.88 (J = 7.5 Hz) corresponding the CH2 P to the iodide and a triplet for the vinylic 

hydrogen at 6 5.84 (J = 7.5 Hz) corresponding to the newly formed E-double 

bond. Reaction of 132 with Me2CuLi in Et20 at O W  afforded 123 in 53 % yield 

(1 3 % yield over 5 steps) (Scheme 5.1 1 ). 

Likewise, LiAIXdAIC13 or DIBAL-H reduction produced a mixture of the two 

isomers, tn an attempt to optimize this step, examination of the reaction 

conditions using three other propargylic alcohols: 2-butyn-l -sl (1 33 which gives 

134), 2-pentyn-l -oi (1 35 which gives 136) and 2-heptyn-1 -of (1 37 which gives 

138) was performed (Table 5.1). 



Scheme 5.11. Synthesis of 123 by DIBAL-H method. 

Table 5.1. 

R = \OH 

Isomeric composition obtained after DIBAL-H 
reduction of propargyiic alcohols. 

p-isomer y-isomer 

i w j  R = BU 
Entry R P : y W  

55 45 (132) 
2 

Me 49 51 (134) 
3 

Et 64 36 (136) 
4 Bu 67 33 (138) 

(3 Relative ratio determined by tH NMR and GC. 



The reaction temperature (20-23% vs. 38-40QC), DIBAL-H : substrate ratio 

(1 :1, 21, 3 1  or 16:I), reaction time (2, 3 or 7 days) and sotvent effect (THF vs. 

EtnO) were modified without significant change in the isomer ratio (Table 5.1 

exempiifies some product ratios obtained). Increase in the amount of the allene 

(e.g., 139) as a by-piduct (10-26 %f occurred with prolonged reaction times for 

the hydroalumination. This terminal aliene arises from the elimination of 

aluminum alkoxide from 140 by a S N ~ '  mechanism (Scheme 5.1 2). 

Scheme 5.12. Proposed formation of allene 139. 

Compound 139 was identified by its characteristic behaviour on TLC (Rf = 

0.89, 8:2, pentaneZb0) and 1H NMR spectrum, which presented a triplet at 6 

5.M (-m=C=) (1 H, J = 7.5 Hz), a mukiplet at 6 4.37 (&=a) and a triplet at 6 

2.81 (-CH9-CH-C=) (2H, J = 7.5 Hz) (Figure 5.8). 

Figure 5.8. 1H NMR assignment of allene 13%. 



At this point a new strategy was devised for the synthesis of E,E-farnesene that is 

discussed in section 5.4. 

5.3.4. Z, E-Farnesene. Retrosynthetic Analysis. 

Based on the work of Morgan and Thompson,146 a convergent synthesis 

of Z,E-farnesene (96) was envisioned. Disconnection between C-5 and C-6 

revealed that synthesis of 96 should be possibie through coupling of a suitable 

aiiyiic cation and a vinyl anion equivalent (Scheme 5.13). 

Scheme 5.1 3. Retrosynthetic analysis of Z, E-farnesene 

A similar strategy was used by Negishi and coworkers in the synthesis of 

(Z)-3-methyl-2-alken-f-ois via Pd-catalyzed cross coupling of (4-3-iods-2-buten- 

1 -ol with organozinc compounds.1~5 Here, the Zr-catalyzed carboalumination of 

2-methyf-2-hepten-6-yne'56 (141) and the in situ Pd-catalyzed cross coupling of 

the respective alane with (2)-1-chtoro-3-methyl-2,4-pentadiene (142) was 

examined. 

2 'F C-thesis of Z,E-Fa tnesefie. V - Y r W -  Y J l l  

The synthesis commenced with the formation of 2-methyf-2-hepten-6- 

y n d s 6  (141) by the one pot procedure of Negishi and c o w o r k e d ~ ~  Thus, 6- 

methyl-5-hepten-2-one ( P I  8) was anverted l o  its corresponding enoiphosphate 



which underwent @-elimnation when treated with excess base to give alkyne 

141 in 61 % yieid. fhmnercially available (22)-3-methyl-2-penten-4-ynn 1 - 01  

(143) was selectively hydrogenated to 144158 in 93 % yield using Lindlar 

catalyst15g or in 87 % yield using Zn(Cu/Ag).lGo Allylic chloride 142 was 

obtained in 63 % (95 % 2-isomer) yield by the method of Calzada and Hooz.161 

Carboalumination of 141, followed by Pd-catalyzed c~upling with 142 afforded a 

1 :I mixture of Z,E- and E,E-farnesene in 73 % yield (Scheme 5.14). Separation 

of the mixture by column chromatography, according to the conditions reported by 

Evershed et al.162, gave 40 mg of 96 (95 % isomericaliy pure) (Figure 5.9). The 

1H NMR spectrum146 and MS fragmentationl34 are in agreement with the 

structure of Z, E-farnesene. 

Cross coupling of y*ydisubstituted allylpalladium derivatives occurs with 

minimal stereochemical ~ ramb lEng .~43a~ l63~1~  NegishilGs proposed that this 

reaction proceeds first by an oxidative addition to form the a-aliylpalladium 

complex (e-g. 145 B-Z, Scheme 5-15), followed by attack of the alane via 

transmeratlation and then reduotiye-elimination to form the corresponding alkene 

(96)- 

in opposition to Negishi's proposal,j43a and to rationalize the 

isomerization suffered during the coupling, a A-ally1 complex must be postulated 

as one of the plausible intermediates during the reaction. Rapid rr-n-a (or n-0- 

n) conversion would affows E,Z isomerization giving ;is% to an equilibrium 

between the a-Z (I 45 CF-Z) and a-E (145 6-Ej complexes. The preference of E- 

or Z- geometry is governed by the rate of isomerization, which depend on the 

lifetime of the x-cornplex,?wb the favourable syn conformation of the q 3  

complexes due to steritr hindrance,$- and by the temperature of formation of 

the complex and the one of the cross-coupling reactian.lwkll 



Scheme 5.f 4. Synthesis of Z, E-famesene. 



Scheme 5.15. Formation of Z,E-farnesene by Pd-catalyzed reaction of alane 

intermediate and allyl chloride 142. 
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For isomericaify fragile y-monosubstituted allyl-Pd complexes both processes 

must be conducted below -450C to avoid E-Z isomerization.164kll 

The coupling reaction was first performed, according to Negishi's 

procedure,l43a which recommended use of room temperature. This led to a -1 :1 

mixture of both farnesenes (Scheme 5.14). Execution of the reaction at O O C ,  

-200C, -78% (all reagents were pre-cooled at those temperatures before mixing) 

afforded no suppression of the isomerization. Inability to obtain Z, E- and E, E- 

farnesene, in appropriate chemical and isomeric yield by this route was the 

driving force to consider other alternatives as described below. 

5.4. Selective Enolizstion of a,$-Unsaturated Ketones. Possible 

Route Toward the Synthesis of 2'5 and E,E-Farnesene. 

The regio- and stereoselective enolization of a ketone, followed by 

trapping and alkylation can be envisioned as a route to the farnesenes. 

Enolphosphates and enoltriflates easily undergo coupling with dialkylcupratesl65 

and react, under palladium catalysis, with organostannanesd66 to afford 

trisubstituted alkenes. This route will focus on the choice of enol derivatives to 

form the farnesenes. 

Sum and Weiler165b reported the synthesis of p-substituted-a$- 

unsaturated esters by coupling diaikylcuprates and enolphosphates of $- 

ketoesters (Scheme 5.16). 

Scheme 5.16. W-eiier's synthesis of b-substituted a$-unsaturated esters. 

Scott and coworkers16m made use of the palladium-cataiyzed reaction of 

organastannanes and enottilflates in the total synthesis of {&)-~9(12)-capnellane 



(146), in a repeated coupling sequence starting with cyclopentanone 147 and 

proceeding through intermediates 148 and 149 (Scheme 5.1 7). 

____) 

Base 
\ me3 '6 ~nMe3- - 

Pd(PPh3 JCO SiMrvj 
1 47 1 48 Lid 1 49 

Scheme 5.17. Stille's coupling of enoltriflates. 

Retrosynthetic analysis of 96 under the premise of stereoselective enolate 

trapping, revealed the possibility of two pathways (Scheme 5.18). The first route 

requires reaction of the 2-enolate (150) with vinyl stannyl 151. The second 

requires alkylation of the E-enolate of the appropriate a$-unsaturated ketone 

(152). Similarly, formation of the E-enolate of 150 or the Z-enolate of the a$- 

unsaturated ketone 152, would allow stereoselective synthesis of E, E-farnesene. 

Scheme 5.18. Retrosynthetic analysis of 96 based on stereoselective enolate 
frapping. 



5.4.1. Strategy 1. Enolizatisn a: Geranyllaceiane. 

Ts successfully execute this s?rategy preferential regiochemical (kinetic vs. 

thermodynamic) and stereoselective enolization (E vs. Z) must be achieved. 

(Scheme 5.1 9). 

Kinetic enolate 

1 53 
Thermodynamic E-enolate 

Scheme 5.19. Possible enolates from geranylacetone 

Masamune and coworkers'67 reported selectivities of 70-90 % Z for 3- 

pentanone and cyclohexyl ethyl ketone by modification of the size of the 

substituents of the disilazide use as a base (e.g., Me3Si vs. MezPhSi), while 

Evans et af.,168 achieved Z-szfectivities of 69-99% in the ?ormation sf boron 

endates from aliphatic ketones using lutidine or diisopropylethylamine as bases. 

Capture of enolates with ethyl trimethylsilylacetate and tetrabutylammonium 

fluoride169 also yielded enol derivatives with 86-1 00 % Z selectivity. High E- 

selectivity has been achieved by Corey and Gross170 in the enolization of 3- 

pentanone employing lithium terf-owl-fefi-butylamide (LOBA) (2:98 Z : E). 

Heathcock and coworker&" found lithium diisopropylamide (LDA) and 

lithium 2,2,6,6-tetramethylpiperjdide (LTMP) produced predominantly (78-80:30- 

20, E:Z) E-enolate (154E) with 3-pentanone (43) but predominantly (98:2 Z : E)  

2-enolate (1542) with propiophenone. Generally, an increase in the size of the 

substituents attached to the c a b n y l  carbon increases the proportion of reaction 

proceeding via the Z-transition state when LDA or LTMP are used (e.g., 3- 



pentanone vs. propiophenone) (Figure 5.10j.17~ This is attributed to the iow 

energ$ conformation of the ketone being the one in which methyl group, in this 

example (or C-C in general), is coplanar with the C-0 bond, making the Z-enolate 

(1542) more favorable. The explanation given by Heathcock et al.171 for the 

formation of the E-enolate (154E), is based on steric interactions between the 

approaching base and the methyl group (e.g., CH:! in 43, R in general), since the 

base needs to approach the ketone over the face of the incipient enolate plane 

and not along the axis of the 6-H bond (Figure 5.30). 

Figure 5.1 0. Heathcock's transition states. 

Molecular mechanical calculations,l7* suggest that Z-enolate formation is 

favored under thermodynamic conditions and by the use of small bases, non- 

mmplexing counter ions and solvents that can effectively solvate the cation. 

Under kinetic conditions, 2-eno!a!es are favored if the carbony ! compound 

contains bulky substituents. The opposite is true for E-enolates. Under kinetic 

conditions, E-enolates are favored by coordinating counter ions, bulky bases and 

non-bulky ketone substituents. The influence of sterically demanding amides is 



contradictory. Masamune and coworkers,l67 found that the Z/E ratio is 

sigrrificaiiity enhanced with increasing slibstitiieiit size of the disiiazides used, 

whereas Corey and Grossl70 and Nakamura et aL169 found the opposite. 

Accordingly, it is expected that E-enolates will predominate when either LDA or 

LTMP react with saturated ketones with non-bulky substituents. 

Formation of the thermodynamic Z-enolate of phenylacetone has been 

achieved by use sodium hexamethyldisilazide at room temperature, whereas use 

of lithium hexamelhyfdisilzide gave the thermodynamic E-isomer in a 90:lQ E:Z 

ratio.173 Use of bromomagnesium diisopropylamide has proven to be effective in 

the formation of thermodynamic enolates of a-substituted cyclic 

ketones.166avb;174 In addition to these two methods, the work of House and 

coworkersl75 bears on selective kinetic vs. thermodynamic enolate trapping. For 

the present work, lithium diisopropylamide (LDA), lithium 2,2,6,6- 

tetramethylpiperidide (LTMP), bromomagnesium diisopropylamide (kPr2NMgBr) 

and KH were selected as bases for the enolimation experiments and trapping 

groups were CIPO(0Et)z and (CFaS02)2NPh. 

As can be seen in Table 5.2, the kinetic enols (155 K) were the only 

products obtained in all solvents (including the presence of HMPA, data not 

shown), reaction times and temperatures (-7WC, -300C or equilibration at room 

temperature) when CIPO(OEt)2 was the trapping reagent. Generation of the 

enoltrifiate failed when CPr2NMgBr, LDA or LTMP were used under the reaction 

conditions in Table 5.2. Unreactecf starting material was recovered in most of the 

cases. Use of KH gave a 1 :I mi>rture of both kinetic (155 K) and thermodynamic 

(155 Tf enofates; higher temperatures and prolonged reaction times caused the 

formation of several by-products without significant changes in the enolate ratio. 

Unambiguous differentiation of E and Z enolates products is possible by 



Table 5.2. Enolization of geranylacetone (1 53). 

BaseiSoTvent Trapping Agent "Ratio if : T I % 

LDNTHF CIPO(OEt)2 97: 3 

LDA/Et20 CIPO(OEt)2 97: 3 

LTMP/THF CIPO(OEt)2 96: 4 

LTMPIEt20 CIPO(OEt)2 97: 3 

LD/VTHF TMSCl 95: 5 

LTMPEt20 TMSCl 95: 5 

LT)A/Et20 Tf2NPh N. R. 

LTMP/Et20 Tf2NPh N.R. 

i-Pr2NAAgBr TfdUPh N.R. 

KH CIPO(0Et)a 43: 57 

KH Tf2NPh 48: 52 

KH/A, 16 h Tf2NPh 54: 46 

(') Product ratio determined by GC or 1H NMR. 



1H NMR analysis (Figure 5.1 1). Based on these analyses, it was concluded that 

the thermodynamic Z-ensiafe was obtained in both iriiiate and cnioruphosphate 

quenching reactions. The vinylic hydrogen, P to the oxygen and the y methylene 

group in both derivatives presented characteristic chemical shifts. In the Z- 

isomer, the vinyiic signal shifted upfield and the methylene signal shifted 

downfield compared to the E-isomer. AH NMR spectral comparisons of E- and Z- 

enolphosphates of a,&unsaturatt?d ketones derived from this work support this 

assignment. Lzck of comp!ete regiochemical control under the above conditions 

spurred investigation of a related strategy. 

Figure 5.1 1. 7 H NMR comparison of kinetic and thermodynamic 
enolphosphates and en01 triflates of 653. 

5.4.2. Selective Enoliration of a,$-Unsaturated Ketones. 

In comparison with studies of the regio- and stereoselectivity of 

enolizations of saturated ketones, there are few investigations of enolization of 
-. a$-unsaturated ketones.176 i ne production of silyl enol ethers from a$- 

+77n k iiiisaiiiraied ketones a-u proceeds with poor Z E  seiectivity while 

enolphosphate formation from methyl vinyl ket0ne17~c-d pose no regiochemical 

cr stereochernitxi! pmbkms. 



5.4.3. Synthesis sf (6E)-?,I f -D imethy l -1 ,6 ,100dodecat r ien -  

(rssj. 
According to the proposed route in Scheme 5.18, the synthetic equivalent 

of the disconnected enolate is (6E)-7,11 -dimet hyl-1,6,1O-dodecatrien-3-one 

(1 58). 

This ketone has been synthesized by using: a) Diels-Alder reaction of 

methyl vinyl k3tsne and cyc!spentadiene, fsllawed by zkylztion with gwanyl 

bromide and a retro Diels-Alder reaction to give 158 in 60 % yield over 3 

steps;178 b) a five step procedure that commenced with condensation of diethyl 

malonate with geranyl bromide and subsequent transformation in a -7 % yield 

over 5 steps179 and c) a procedure similar to the one described in b), but wherein 

the first step consisted of a Claisen rearrangement giving a yield of 32 % over 5 

steps.180 In this work, alkylation of the enolate of methyl vinyl ketone (MVK, 159) 

was anticipated to result in a one step production of 158 (Scheme 5.20). 

Scheme 5.28. Proposed synthesis of 158. 

Several readions were conducted without obtaining the anticipated 

coupling product (gerzmyl bromide was used in all the reactions as electrophile in 

a 1 :I or 1 :1.2 MVK: geranyl bromide ratio) (Table 5.3). Variation of solvent and 

base, presence of HMPA (entry 3), presence of Lewis acid (entry 4), reaction 



times, and the use of the trimethyl silyl ether of 159 (160) proved to be ineffective 

in promoting coupling. 

The results obtained may be the result of rapid "Cm-protonation" due to an 

increase in the acidity of the N-H bond, in a phenomena that it is known as 

'internal return" (addition of an electrophile to an enolate generated by an amide 

may increase the electron demand on the amine formed from the amide-enolate 

complex, causing an increase in the effective acidity of the N-H bond).'al This 

"internal return" is held responsible for the frequent failure of deuteration of 

enolates generated by LDA and the reaction of enolates with electrophiles.18la 

Table 5.3. Attempts to alkylate the enolate of MVK (159). 

Entry Susbtrate Base Solvent TPC Result* 

1 MVK LDA THF -78 N.R. 

2 MVK LDA E t a  -78 N.R. 

3 MVK LDA THF -78 N.R. 
HMPA 

4 MVK LDA THF -78 N.R. 
ZnCle 

5 MU)< LTMP TMF -78 N.R. 

6 MVK LTMP E t a  -78 N.R. 

7 MVK-TMSa Meti THF -78 N.R. 

(*) Determined by GC analysis. 
(a) 2-Trimethylsilyloxy-1,3-butadiene. 

A shorter and more simple route for preparation of IS was achieved by 

reaaion of Eschenmoser's salt [N,N-aimetnyimetnyieneammonlum iodide, 

(CH3)2N=CH2l] and geranylacetone, 153, following the method of Roberts and 

coworkers.182 Similar procedures have been used to synthesize a-rnethylene 



ketones via Wittig reactionsle3a or via Mannich reactions using N-  

methylanilinium trifluoroacetate as a Mannich ~ a l t . l ~ ~ ~ - d  The results of these 

experiments are presented in Table 5.4. 

Geranylacetone, 153, was enolized (e.g., LDA, Table 5.4) and allowed to 

react with the Eschenmoser's (161) salt in THF. Upon work-up, the y-ketoamine 

(162) was isolated and used to the next step without further p~~rification. 

Permethylation with Met and Hofmann elimination afforded 158 in 51 % yield 

(90 % isomeric pwiiy) based on 153 after column chromatography (363 was 

obtained in 48 % yield, 94 % isomeric purity, when LTMP was used as a base) 

(Scheme 5.21, Table 5.4). 

Scheme 5.21. Synthesis of 158 via Mannich reaction of 153 and 
Eschenmoser's salt. 

After several modifications, a mixture of 158 and 163 were obtained in 

-50 % yield when LDA or LTMP were used as the base. The ratio change 

observed when LTMFS was used is not understood since enolate trapping of 

geranylacetone (1531, either using of LDA or LTMP, gave the kinetic enolate 

(155 K) in 90-95 % (see Table 5.2). I H  NMR analysis clearly demonstrates the 

correct identification of 163 (Figure 5.12). Assignments of connectivity were 

verified by 'H-%4 COSY and fH-4% HETCOSY NMR spectra of 158 and 163. 



Figure 5.12. NMR comparison between 158 and 163, 

Table 5.4. Mannich approach toward the synthesis of 1%. 

('1 Use of HMPA as a a-solvent did not alter 
the product ratio in b t h  cases. Product ratio 
was determined by GC and iH NMR. 

Modification of the above procedure by reaction of the trimethylsilyl 

enofether (1 64) and Eschenmoser's salt was also studied.184 Thus, 164185 

was allowed to react with N,N-dimethylmethyleneammonium iodide in a 1 :2 or 

1:f ratio. Double addition was obtained in the presence of an excess of 

Eschenmoser's salt, leading to 165 (55 % yield, 95 % pure after column 

chromatography) as a major product. Equivalent amounts of both reactants 

avoided double addition, but -40 % the of the parent ketone was recovered 

(Table 5.5). The 1H NMR spectrum of 165 revealed a doublet at 6 3.08 (J = 9.6 

Hz) due to the CH2 group f3 to the carbonyi. Integration of the vinylic region 

indicated the presence of seven hydrogens, including resonances characteristic 



of the presence of an exo-rnethylene a' to the carbonyl at 8 5.80 (d, J = 0.8 Hz) 

and 6 5.96 (d, J = 0.8 Hz), and an methyfene group IS 5.80 (dd, J = 9.6, 0.8 Hz, 6 

6.30 (dd, J = 16, 0.8 Hz) and 6 6.30 (dd, J = 16, 9.6 Hz)] both a to a carbonyl. 

Assignment of connectivities was verified by 1 H-1 H COSY and H-13C 

HETCOSY NMR spectra.. 

Table 5.5. Modified Mannich reaction 

Since the Mannich reaction faited to give isonterically pure 158 in a 

reasonable yield, a modif idon of previous rneth0ds179.~80 was pursued. 

The synthesis of I58 commenced with the alkylation of geranyi bromide 

by the Iithiurn enolate of ethyl acetate (3) in the presence of Cul at -1000C to give 

166.~86 Reduction of 166 with LiAIH4 gave the ateohof 167. Oxidation of 167 

using pyridioesulhrr trioxide complex and triethyiarnine in aimethyl sulfaxide?87 

-=nAa.--A A k -  A--:-nA -iA-L=aA- 4EtS --:---*A ---A:-* -4 *&4h *ai-k#g 
~IUUUCIGU tilt; UGS~~XSU Q ~ U W I ~ U ~ :  1 w9. u r i y i i a r u  I W ~ ~ Z I V J ~  vi I W W  wtiir V I I I Y I  

magnesium bromide gave the altytic alcohol 169 which was oxidized with 

pyribinewffur trb&% cornp!ex zs in 155 to give 158 (65 % otreralt y!eN over 5 

steps, Scheme 5.22). Efforts to reduce 166 directly to 168 using DIBAL-H (1 M 



r;oitEtion in THF or hexane, reaction temperature -78W or -200C) gave a mixture 

vinyl magnesium bromide with $66 faifed to give 158 (similar results were 

obtained in the presence of trimethylsilyl chloride). 

Sehsme 5.22. Synthesis of 158. 

5.4.4. Strategy 2, Sskdva  formation of Endphosphates of a$- 

Unsaturated Ketones. 

Irritiaity, the effect of and sotvent on the Z .- E selectivity of enolization 

of (El-6-methy!-2-hepten-3-one (I 7 0 )  was investigated. Enolates were 

generated by reaction of 370 with U I A  ar LTMP in EtzO or THf. This was 

fotlowed by quenching with diethylchilorephosphate and ana!ys!s by gas 

c h r o m a t o g ~ y  and 430 MHz 1H NMR spectroscopy to estimate the enolate 

ratio (bath mettrack gave ttte same raaio of enalphosphates within experimental 

enor). U s e  of U I A  in Em or TWF (entries 1 and 2, Table 5.6) furnished mainly 

Z-anow-e (l?f2), Wiis LTMP in @~8 (entry 3, Table 5.6) rendered -1 : 1 



mixtures of 1 ?lZ and Wf E. Only the reaction of 170 with LTMP in THF 

furnished 171 E as a major produet (entry 4). 

Tabie 5.6. Effect of sofverrt and base on E,Z-selectivity of enolphosphate 
formation from 170. 

When each of these conditions were applied to 158, (Tabie 5-71, use of 

LDA in Et2O gave 95 % f f 22 (entry I ) while LTMP in THF gave -1 :I mixtures of 

E and Z isomers of 172 (entry 2). Lithium dicyclohexylamide in THF (entry 3) 

afsrr favoured the fomsrtion of the 2-enoiate* 

Lewis acids influence the stwxsetectivity grof end formation.lm Addition 

of ZnCt2 to the enolate aenerating - reactions listed in Table 5.6 did not 

appredstbfy after the Z : E ratios (entries 4 - 7 ,  Table 5.7). 

According to Collum and cuworkers,l88h substantial increases in E 

~eWPFify can be &i& when emi;t;ition of saturated ketones is conducted at 



low ketone:base ratios. However, alteration of the 158:base ratio, in the 

presence of Lewis acids, did not significantly increase the proportion of E enol 

product (Table 5.7). 

Lithium cation coordination is considered to be an important influence on 

ErZ-enolate selectivity. Ireland ef aL188f1189 suggested that the increase in Z- 

enolate preference upon addition of HMPA demonstrates that strong solvation of 

fithiurn cation is a significant factor leading to formation of Z-enolates. Collum 

and co'*toiker~188~-'! obtained G i i  and l sN NMR evidence which suggests 

aggregation of LDAILTMP and lithium salts. This group reported Z/E selectivities 

of 150 to 1 :20 which were attributed to lithium cation coordination.~88~ In the 

present wwk, addition of 0.3-0.5 equivalents of LiBr or Li61 to reactions did not 

alter the Z:E en01 ratio (entry 8). However, the in situ generation of LiBr from the 

brornonium saft of 2,2,6,6-tetramethylpiperidine (TMP*HBr), which avoids the 

necessity of handling of hygroscopic lithium salts gave a significant decrease in 

DE ratio (entry 9). 

This methodcmcr;.; was extertbeb to ketones 173-i75 (Tabie 5.8). These 

ketones (173-1 75) were synthesized by oxidation (S03*Py complex) of (Q-4- 

octen-3-01 (1 761, (E)-2-octen-4-01 (1 77)  and 1 -octen-5-01 (1 78),  respectively. 

Atcohois 176-1 77 were synthesized by Grignard reaction sf the Grignard 

reagents derived from the respective alkyl bromides and aldehydes (for details 

see experimental section). 2-Enolate selectivities of 92-95 % were obtained 

using LDA-Et20 (Table 5.8). E-Enolphosphates were obtained with selectivities 

of 80-90 % by use sf TWIPeWBr (in situ protocol). Isomeric ratios of enols were 

determined by analysis of cmde reaction mixtures by gas chromatography and 

"H NMR. Purification of the enolphosphates by flash chromatography afforded Z- 

enoiphusphates in 95-99 % isomerically pure form and E-enofphosphates 93-98 

% isamerically pure. Structural assignments and isomeric purity were verified by 



Table 5.7. Effect of base, solvent and salt on ZE selectivity in enolphosphate 
formation from 158 

Entry Base/Solvent/Salt Ratio Z : f? 

NA: No salt added. 
(') Determined by 1H NMR. 
(a) Ratio ketonehaselphosphate 1 : 1 : 1. 
(b) Ratio ketonefiaselphosphate 1 : 2: 2. 
(2) No fornation cf the endphosphate was detmed. 
(d) LiX: LiBr or LiCI. See text for comments. 



AH NMR spectroscopy. nOe difference spectra or NQESY correlation of all 

enolphosphates confirmed geometry (Figure 5.1 3). 

The 1 H NMR sigrrals assignable to the vinyiic hydrogens and hydrogens a 

to the phosphates of Z-en01 phosphates are at a higher field than the 

corresponding signals of the E isomers (Figure 5.14).'90 The signal attributable 

to the methylene or methyl group $ to the enol linkage is at lower field in the Z- 

isomers than in the &-isomer. 

Attempts to increase yields by increasing reaction time (I h, 2h or overnight 

stirring), alteration of the amount of HCI used in the work-up, and variation in the 

sequence in which reactants were added did not significantly alter yields. Similar 

yields were reported by Liu and coworkers177c for the preparation of the 

enoiphosphate of 3-buten-%one (44 %). However, Ireland and Pfisterlgl 

reported a 95 % yield for the preparation of the enolphosphate of coprostanone 

using NaH in DME and an 85 % yield of the enolphosphate of geranylacetone 

(153) was obtained when LDA, LTMP or TMPoHBr were used. 

Anaiysis of the postulated transition states171 for the formation of both P- 

and E-enolates may help to understand the results obtained (Figure 5.15). 

Newman projections of 158 along C-3 and C-4 (Figure 5.15) depict proton 

abstraction by LDA and LTMP. In the lowest energy conformation for 158 either 

a large group or a smail groups are coplanar to the C-0 bond. By analogy with 

related systems the conformation in which the chain is eclipsed with the C-Q 

bond and leads to 2-enolate formation ts assumed to be the most stable 

conformer (1822 and 1832, Figure 5.15) (formation under thermodynamic 

conditions). Moreland and Dauben,l72 have suggested Z-isomers arising from 

the more stable ketone conformers (e-g., 1822) may be favoured under kinetic 

conditions if the size of the substituents attached to the substrates increase. In the 



Table 5.8. 
D

E
 E

nolizalion of a$-unsaturated ketones 
em-

-
-

-
 

-.- 
-
-
 

----- 
-
-
-
-
-
-
_
_
-
-
 

__ --.--- 
--.------ _ ---- 

- 
..- 

0P
O

(O
E

t)2 

E
ntry 

K
etone 

R
eaction C

onditions* 
/
+
/
 

H
 

2-enolphosphate 
- E

enolphosphate 

LD
N

E
ther 

LTM
P

iTH
F 

TM
P

*H
B

r/TH
F 

LD
A

lE
t her 

LTM
P

iTH
F 

TM
P

*H
B

r/TH
F 

LD
N

E
ther 

LTM
P

iTH
 F 

TM
P

*H
B

r/TH
 F

 

LD
N

E
ther 

LTM
P

iTH
F 

TM
P

*H
B

r/TH
 F 

LD
N

E
ther 

LTM
P

iTH
F 

TM
P

*H
B

r/TH
F 

(*) Z
: E

 ratio w
as determ

ined by G
C

 or 'H
 N

M
R

. T
ks tw

o analytical rnethods provided the sam
e results w

ithin experim
ental errors. 

(a) A
fter colum

n chrom
atography. 

(b) Isolated chem
ical yield. 



OPO(OEt)2 

+Me 

&ad& "" 

nOe 
observed 

Me Me OPO(OEt)2 

Me 

nOe 
observed 

1 observed 
lrradiation 

observed '. 
lrradiation 

OPOfOEt) Irradiation OPO(OEt)2 

Irradiation u Irradiation 
nOe 

nOe observed 
observed 

I rradiatbn 
0PQ(OEt)2 OPO(OEt)2 

Me*Me 
1.z 

irradiation u 
observed 

nOe 
absented 

QPO(OEt)2 
I r r a d i a t ~ a  

1812 181E 

/'" H Me t t u 
Irradiation nOe 

nOe observed 
observed 

figure 5.1 3. Observed n W s  of enof phosphates. 



Figure 5-14. 7t - i  NMR spectral features (CDCI3) of synthesized 
enolpkosphates. 



present case (e.g., 158) substituents attached to 6-3 and C-4 will generated 

sieric interactions with an incoming base. Use of a base such as LDA should 

favour Z-enoiate formation. indeed, use sf LDA favours Z enslate while use of 

LTMP gives rise to increased amounts of E-enolate (Table 5.8). 

1822 
Z-enolate-TS (LDA) 

l82E 
E-enolate-TS (LDA) 

183E 
E-enolate-TS (LTMP) 

Figure 5.45. Proposed transition states for the enolization of 158. 

The selectivity observed in the in situ procedure (in situ generation of LiBr) 

may be rationalized by assuming UX causes aggregation of LTMP in solution 

(184a and l84b, Figure 5.1 6) and this aggregation favours the transition state 

teading to E-enolate. 



184a Dimeric LDA 184b Dimeric LTMP 

Figure 5.16. Proposed dimeric structures of LDA and LTMP. 

in addition, i iBr  can increase the complexation at the carbonyl oxygen 

increasing activation enzrgy for generation of the Z-enolate and favouring the E- 

enoiate transition state. This could occur through an open dimer (Figure 5.17a) 

or a cyclic monomer transition state (Figure 5.1 7b).1728188h-~9189 

CHa 

H3C : 6 6-1 CH3 
H -S 

5.1 7a. Open dimer- transition state 5.1 7b. Cyclic monomer-transition state 
Eselectivity. Ketone 175. E-selectivity. Ketone 175. 

Figure 5.17. Romesberg and Collum's proposed transition states. 



5.4.5. Alkylation of EnsBghssphates. Attempts Toward Synthesis of 

Z,E- and E,E-Farnessnes. 

According to the procedure of Sum and Weiler,leb the isomerically pure 

enoiphosphates I?&? and 172E were individually treated with (CH3)2CuLi in 

Et20, with stirring for seveml days at O*C in sealed Schlenk tubes under argon. 

Unreacted s ta~ ing material was the only product isolated after work-up. No 

coupling product was formed from cuprates generated from CuBr*DMS complex 

or from Cuf, even after varying the molar ratios 2 : 1, 5 : 1 and 10 : 1 (cuprate : 

enolphosphate). Reaction of 1722 or 172 E with BLQCUL~, resulted in 

consumption of the enolphosphate but gave a complex mixture of hydrocarbons 

which were not identified. 



5.6. Experimental Section. 

For general methods, including volatile collection see Experimental 

Section Chapter 2. 

Tetrahydrofuran (YHF) and diet hyl ether (EteO) were distilled from sodium 

benzophenone ketyl under nitrogen. Diisopropyl amine and dicyclohexylamine 

were freshly distilled from s~dium under argon. Hexamethylphosphoric triarnide 

(HMPA) was fractionalty distilled under vacuum from CaH2 and stored over 4A 

molecuiar sieves under argon. Diethyichlorophosphate and 2,2,6,6- 

tetramethyipiperidine were purchased from Aldrich and stored over 4A molecular 

sieves under argon. Iodine was purified by sublimation. 

Unless otherwise stated, standard work-up refers to the combined organic 

extracts being washed with saturated NaCI, dried over anhyd. MgS04, filtered, 

and concentration of the filtrate in vacua 

(2E)-l-Ch~oro-3,7-dimethy~-2,6-octadiene (geranyl chloride) 

(107). This was prepared in 90 % yield by the procedure described by Chappe 

etal. 192 I H  NMR (CDC13, ppm): 1.61 (3H, s), 1.70 (3H, s), 1.75 (3H, s), 2.01 (2H, 

t, J =  7.5 HZ), 2.16 (2H, q, J =  7.5 HZ), 4.10 (2H, dl J =  7.5 HZ), 5.20 (1H, t, J =  7.5 

Hz), 5.45 (1 H, t, J = 7.5 Hz); FTIR (neat): 2969, 28.56, 1 665, 1 1 1 0,834 cm-I . I H 
NMR and iR spectra are in agreement with those reported in reference 161. 

#&-A\ (2I=",Sr'j-2,6,5O-TtSmethyi-2,5,9-~1ndecatrien-i - 0 1  (1 La). To a mid 

solution (-30%) of neat trimethylalane (4.32 g, 5.74 mL, 60 mmol) and 

dichlorobis (115-qclopentadienfl zirconium (1.75 g, 6 mrnol) in anhydrous 

CH2Cl2 (50 mL) was added under argon 2-propyn-1-01 (121) (1 -68 g, 4.74 mt ,  



30 mmoi). After stirring the mixture overnight at room temperature, geranyl 

chloride (107) (3.3 g, 19 rnmol), tetrakis(tripheny1phosphine)paIiadium (0.29 g, 

0.25 mmol) in 20 mL an anhydrous PHF were added at -300C. The progress of 

the reaction was followed by analysis of aliquots by GC. The reaction mixture 

was stirred for 15 h at room temperature, treated with water (15 mL), and 

extracted with pentane-ether (I  : I )  (3 X 15 mL). Standard work-up and 

concentration in vacuo, left a residue that was purified by column 

chromatography (82, pentane:Et20, Rf = 0.04) yielding 123 (2.0 g, 50 % yield, 

95 % pure) as a pale yellow oil. 1H NMR (CDCI3, ppm): 1.60 (3H, s), 1.62 (3H,s), 

1.68 (3H, s), 1.70 (3HJs), 1.83 (IH, s), 2.00 (2HJ t, J=8.1  HZ), 2.06 (2H, q, J=8.1 

Hz), 2.75 (2H, t, J = 8.7 HZ), 4.30 (2H, s), 5.07 (2H, m), 5.38 ( 5  ii, t, J = 8.t HZ); 

13C NMR (Ce)Cf3, ppm): 135.59, 134.53, 131.32, 125.18, 124.81, 122.28, 68.92, 

39.64, 31.54, 25.61, 25.26, 17.62, 16.04, 14.03; CI-MS m/z (relative intensity): 

191 (M+-H20, 100); RTlR (neat): 3357, 1671, 101 6, 898, 834 cm-1; Anal. Caicd. 

for C14H240: C, 80.71, H; 11 -62. Found: C, 80.66; H, 11.34. 

(2E,5E)-2,6,lO-Trimethyt-2,5,9-undecatriena t (1 20). To a 

vigorously stirred solution of oxafyi chloride (1.52 g, 1.1 mL, 12 mmoi) in CH2CI2 

(50 rnt) at -60% under argon was added dimethylsuHoxide (1 -8 mL, 25 mmol) in 

5 mL of CH2CI2. The mixture was alfowed to stir for - 5 min. A solution of 123 

(1 -40 g, 6.8 mmd) in CH2Cf2 (10 mt) was added over 5 min. After 30 min stirring, 

triethytamine (8 mL, 57 mmof) was added over 15 rnin and the mixture was 

affotMed to warn to room temperature. Water (50 mL) was then added and the 

organic phase was separztted. The aqueous layer was extracted with CH2CI2 (3 

X 15 mL). Standard work-up foflowed by flash chromatography (9.5 : 0.5, 

pentane:Et20, Rf = 0.50) gave 120 (1.00 g, 74 % yield, 95 % pure) as a pale 



yellow oil. H NMR (CDCl3, ppm): 1.60 (3H, s), 1.68 (3H, s), i -70 (3H, s), 1.76 

(34, s), 2.00 (2H, t, f = 6.7 HZ), 2.10 (2H, t, J = 6.3 HZ), 3.05 (2H, i, J = 6.7 HZ), 

5.06 (lH, t, J=6.7 HZ), 5.18 (IH, t, J=6.7 HZ), 6.46 (IH, t, J =  6.7 HZ), 9.40 (IW, 

s); f3C NMR (CDCf3, ppm): 195.10, 152.96, 138.19, 131 -32, 127.41, 124.01, 

121.23, 39.61, 28.04, 26.43, 25.61, 17.65, 16.24, 15.23; El-MS mlz (relative 

intensity): 206 (M+, 25); FTlR (neat): 2970, 2920, 2856, 1678, 1 193, 1 123, 835 

cm-1; Anal. Calcd. for C14H220: C, 81 -50, H; 10.75. Found: C, 81 -30; H, 10.67. 

(3 E,6E)-3,7,11-Trimethyl-1,3,6,1O-dodecatettaene (91). This 

was prepared by Wittig reaction of 1 2 0  (0.56 g, 27 mmol) and 

nethylenetripheny9phosphorane, generated from methyltriphenylphosphonium 

iodide (1.22 g, 28 mmof) an. phenyi lithium (I -8 mi ,  1.8 M soiution in 

cycfofrexanelEt~O), according to the procedure of Leopoid et id. for the synthesis 

of homogeraniol.1~3 Chromatography using pentane (Rf = O.49), gave 91 (0.30 

g, 77 %) as a mfourtess !Quid. H NMR (CDC13, ppmj: 1 .EO (3H, s), 1.55 (3H, s), 

1.70 (31-1, s), 1.76 (3H, s), 2.02 (4H, m), 2.84 (2H, J =  8.1 Hz), 4.92 (IH, d, J =  8.1 

Hz), 5.12 (2H, m), 5.10 (IH, d, J =  16.0 Hz), 5.46 (IH, t, J=  8.1 Hz), 6.38 (IH, dd, J 

= 8.1, 16.0 Hz); El-MS m/z (relative intensity): 204 (M+, 5), 123 (201, 119 (25). 

The 'H NMR spectrum is in agreement with that reported by Matsushita and 

Negishi.143a The MS fragmentation is in agreement with those repotted in 

references 1 34 and 1 36. 

2-Propynyf te~bwt)ifdimethylsifyl ether (129). To a solution of 2- 

prapyn-1-01 (121) (2.48 g, 2-58 mL, 4: mmol) in CHSf2 (100 mL) and EtzN (6.4 



mi, 47 mrnot) at -f O W  wsas added TBSCI (6.3 g, 45 mrnoi) and DMAP (0.2 g). 

Thk rn;vi..r~ n s r e l r  ~$.lrru*rA 4 efienh r - 4- f i n w m & * e n  & i w w ~ A  * a-**-L& 3-A- 
g F 113 V ~ I E A C U I G  wa3 a t w m r r w  1 0  t c a w r  i e i i j r t r  ~ c i i i p r  aru~r; car tu D L I I  IFU O ~ G I  II~LJI 11. i I IC: 

readion mixture was poured into water (-75 mL). The organic phase was 

separated and the aqueous tagrer was extracted with Et20 (3 X 30 mL). Standard 

work-up followed by vacuum distilfation (36W -1 mm Hg) gave 129 (7.43 g, 98 

% yield, > 99 % pure) as a miouriess fiquid. 'H NMR (CDCb, ppm): 0.14 (6H, s), 

0-90 f'H, s), 2.40 pH, t, J = 2.2 Hz), 4-30 (2H, s); El-MS m/z (relative intensity): 

170 (kt!+: 5) , l t  3 fW- C(CH_?!s, 100). 

(2 E)-1-Bromo-3,7-dimethyI-216-~ctadiene (geran yl bromide) 

(IlOf.. This was prepared according to the procedure of Katzenetlenbogen and 

Lenaxlg4 in 96 % yfeid (95 % pure)- 1H NMR (CDCl3, ppm): 1.60 (3H, s), 1.68 

(34, s), 1.7f (3H, s), 2.08 (4H, m), 4.02 (2H, d, J =  7.6 Hz), 5.06 ( IH, t, J=7.7 Hz), 

5.51 (1 H, t, J = 7.7 HZ). 



g, 73 % yieid, 85 % pure) as a pale yellow liquid. 'ii NMR (CDC13, pprn): 0.14 

{SH, s), 0.90 (9H, s), 3.58 j3H, s), 5.50 (SHY s), 1.68 (34 ,  s), 2.00 (2H, q, J =  8.2 

Hz),2.08 (2H,t, J = 8 2  H+)..90 (2H,d. J =  8.2 HZ), 4.30 (2H, t, J =  2.3 Hz), 5.07 

(lH,t, J=8.2Hz),5.18[1H,t, J=8.2Hz); 13C NMR (CDCI3,ppm): 137.31, 

131.55, 124-10, 118.75, 84.13, 78-23, 52.05, 39.63, 39.42, 26.54, 25.89, 25.79, 

25.64, 18.34, 17-88, 17.65, 15.07, -5.08; CI-MS m/z (relative intensity): 307 (M+1, 

20); FTlR (neat): 2929,2857, 2286,2235, 1 669, 1 082, 037,778 cm-1. 

(= - =i i = i  =F.---ai- - 
acj-u,l u-v~rnernyT-S,9-~fide~adien-3-yne ( 5  35 1.153 10 a ~otuiion 

of f 30 (4.50 g, f 5 rnrnotf in THF (50 mt) at room temperature was added 

tetrabutylammonium fluoride (30 mL, 1 M solution in THF, 30 mmol). This was 

stirred overnight at room temperature. Then water (-30 mL) was added and the 

mixture was extracted with Etfl (3 X 20 mL). Standard work-up followed by flash 

chromatography using pentane:Et20 (9:1 , Rf = 0.05) as the eluant afforded 131 

(2.51 g, 90 % yield, > 99 % pure). AH NMR (CDCl3, ppm): 1.40 (1 H, br s), 1.60 

(3H, s), 1.64 (3H, s), 1.70 (3H, s), 2.06 (2H, q, J =  8.1 HZ), 2.10 (2H, t, J =  8.1 HZ), 

2.95(2H,t, J=8.1 Hz),4.25(2H,tY J=2.2 Hz), 5.06 (AH, t, J=8.1 Hz),5.18(lHI t, 

J = 8 Hz); 1% NMR (CDCb, ppm): 137.63, 131 -53, 124.02, 1 1 8.53, 85.31 , 77.85, 

53 -47, 39.42, 26.51, 25.63, 17.83, 17.66, 16.08; El-MS m/z (relative intensity): 

207 (Mi, 2), 191 (M+-H20,fO); FTlR (neat): 3334,2220, 1668, 1108, 1018,821 

cm-1. f he MS is in agreement with that reported in reference 153. 

I i I 
1 

\ ,OH 

(2E,6E)-2- ioda-6,1O-dimethyI-2,5,9-undecatrien-l-ol (1 32). 

The propargylic atcohol 131 (1 -45 g, 7.6 mmol) in anhydrous Et20 (20 mL) at 



-20oC, was treated successively with n-BuLi (2.1 mL, 2.45 M solution in hexane, 

7.6 rnrnof) and DfBAL (23 mL, 0.8 M solution in THF) and the solution was heated 

- 380C for 48 h. Excess hydride was decomposed with anhydrous ethyl acetate 

(1 -5 mL). Iodine (17.3 g, 68.4 rnmoi) in Et2O (1 00 mL) was added via cannula at 

-780C, and the mixture was stirred at -78% for 2 h. The mixture was poured into 

basic sodium thiosuifate, and the aqueous layer extracted with Et2O (3 X 20 mL). 

Standard work-up foifowed by flash chromatography (8:2, pentane:Et20, Rf = 

0.20; 3-iodo isomer Ri = 0.: 4) yieMed 132 (0.85 g, 35 % yield, 96 % pure) as a 

pale yellow liquid. 1H NMR (CDC13, ppm): 0.90 (1 H, br s), 1.60 (3H, s), 1.66 (3H, 

s), 1.68 (3H, s), 2.00 (2H, q, J= 7.5 HZ), 2.08 (2H, t, 4= 7.5 HZ), 2.88 (2H, t, J=  7.5 

Hz), 4.25 (2H, d, J =  1.5 HZ), 5.07 (lH, t, J =  7.5 HZ), 5.14 (IH, t, J =  7.5 HZ), 5.84 

(1 H, t, J = 7.5 Hz); NMR (CDC13, ppm): 137.47, 135.35, 131.25, 124.1 7, 

11 9-70, 83.40, 71.72, 39.62, 35.04, 26.66, 25.65, 17.68, 16.52; CI-MS rn/z 

(refative intensity): 320 (M+, 2), 303 (M+-H20, 45), 193 (M+-I, 20); FTlR (neat): 

3354,1669,1640,1074,1007,833,667 cm-1. 

(2E)-2-1 odo-2-buten-1-01 (1 3481, This was prepared by the same 

procedure described for ?he preparation of 132. Flash chromatography (82, 

pentane:Et~Q) gave 1348 in 30 % yield. l H  NMR (CDCl3, ppm): 1.89 (3H, d, J = 

6.6 Hz), 2.60 (1 H, br s), 4.25 (2H, s), 5.99 (1 H, q, J  = 6.6 Hz); 1% NMR (CDC13, 

pprn): 132.50,84.30, 74.75, 19.42. 

(2E)-2-iodo-2-penten-1-01 (1368). This was prepared by the same 

prwedure described f ~ r  the preparation of 132. Flash chromatography (82, 



pentaneEt20) gave 1368 in 30 % yield. l H  NMR (CDC13, ppm): 0.96 (3H, t, J = 

8 Hz), 1.95 (lH, br s), 2.20 (2H, dq, J =  7.5 Hz), 4.25 (2H, s), 5.95 (IH, t, J =  7.5 

Hz); 1% NMR (CDC13, pprn): 137.40, 82.60,75.25,27.40, 13.38. 

(2 E)-2-Bodo-2-hepten-I -01 (1 38P). This was prepared by the same 

procedure described for the preparation of 132. Flash chromatography ( 8 2 ,  

pentane:Et20) gave 1388 in 30 % yield. I H  NMR (CDCb, ppm): 0.94 (3H, t, J = 

8 Hz), 1.38 (4H, m), 1.80 (1H, brs), 2.17 (2H, q, J =  7.6 Hz), 4.25 (2H, s), 5.90 (1H, 

t, J = 7.6 Hz); 1% NMR (CDCl3, ppm): 136.59, 83.28, 74.97, 33.78, 31.50, 22.47, 

14.01. )+.-/ 
2-Methyl-2-hegten-6-yne (141). This was prepared in 61 % yield by 

the procedure described by Negishi eta/. 157 1H NMR (CDCl3, ppm): 1.63 (3H, 

s), 1 .70 (3i4, s), 1.95 (1 H, t, J = 4.1 Hz), 2.20 (4H, m), 5.17 (1 HI m); 13C NMR 

(CDC13, ppm): 133.14, 122.62, 84.55, 68.09, 38.54, 31.45, 18.95, 17.77. CI-MS 

m/z (relative intensity): 109 (M+, 100); FTlR (neat): 331 3, 21 19, 1674, 824 cm-1. 

The 1H NMR and MS spectra are in agreement with those reported by Sato et 

a/. 1 56a 

(2f)-3-Methyf-2,4-pentadien-l-ol (144).158 Method A. In 

adaptation of the method of ~rown,e7 a 50 mL-filtration flask was charged with a 

solution of (22)-3-methyl-4-pentyrr-l-ol (143) (4.00 g, 40 mmol) in dry ethanol (80 

mL), pyridine (10 ml) and Lindlar catalyst's9 (1.3 g of PdlCaC03). A rubber bulb 



was secured with copper wire to the side arm of the flask. The flask was capped 

with a wire secured large septum. Hz (5 psi) was injected until the rubber bulb 

inflated. The mixture was stirred at room temperature untif no further deflation of 

the balloon indicated that Hz uptake stopped. Monitoring of aliquots by GC 

indicated reaction completion after 24 h. The mixture was then filtered, diluted 

with water ana extracted (3 X 25 mL) with Et20. Standard work-up followed by 

flash chromatography (1 11, pentane:Et20, Rf = 0.30) gave 144 (3.81 g, 93 % 

yield, A 9  %, pure). lii NMR (CDCi3, pprn): 4.88 (3H, s), 1.92 (I H, sj, 4.36 (2H, d, 

J=8.0 H~),5.20 f IH,M, J=8.0, 1.2Hz), 5.30 (IH, dd, J =  16.1, 1.2 HZ), 5.60 (IH, 

t, J = 8.0 Hz), 6.75 (1 H, dd, J = 8.8, 16.1 Hz); 13C NMR (CDC13, ppm): 135.64, 

132.94, 128.62, 1 15.56, 58.39, 19.68; Ci-MS m/z (relative intensity): 98 (M+, 

1 00); FTl R (neat): 3328, 1 648, 995, 907 cm-1. 

Method B?ob Copper acetate monohydrate (1.32 g) was added to a 

suspension of zinc bust (13.12 g) in water (75 mL) and the mixture was stirred for 

15 min. Silver nitrate (1 -32 g) was added and stirring was continued for 15 min. 

The suspension was centrifuged, washed successive@ with water, methanol, 

acetone and Et2O and re-suspended into 75 mb of methanol-water (1 :I). A 

solution of 143 (2.26 g, 23.5 mrnol) in 20 mL of methanol was poured into this 

suspension and the rnixkrre was stirred for 3 days at room temperature. After 

dilution with water, the mixture was fittered through &lie and extracted with Et20 

(3 X 20 mL) and dried over Na2S04. Concentration in vacuo gave 144 (2.1 0 g, 

87 % yield) which was used without further purification (>99 % pure). 

1 A /  v \ 

[2Z)-1 -Chforo-3-mettryl-2,4lpentadiene (142). To a dry 2-neck 

f!ask, eqoippeb with a reflux comienser (Po which was attached an argon inlet), 



was added 144 (2.94 g, 30 mrnof), 45 mL of dry CC14 and dry triphenyl 

phosphine (10.23 g, 33 rnrnoij. This solution was stirred wiin heating to reiiux for 

1 h. The mix-ture was allowed Po msf to room temperature; dry pentane was 

added until no additional precipitate was formed. The precipitate was filtered 

through a small pad of SO2,  the residue cooled to -20% and re-filtered. After in 

vacuo concentration 142 (2.22 g, 63 % yield, 95 % pure) was obtained and used 

without further purification. 1H NMR (CDC13, ppm): 1.90 (3H, s), 4.20 (2H, dl J = 

8.1 HZ), 5.27 (!HIM, J=3.1, 1.2 HZ), 5.37 (lH, dd, J =  16.3, 1.2 HZ), 5.60 (lE, 1, J 

= 8.1 Hz), 6.76 (1 H, dd, J = 8., , 16.3 Hz); 13C NMR (CDCI3, ppm): 137.84, 

132.1 1 , 126.49, 1 16-89, 39.63, 19.73; CI-MS m / '  (relative intensity): 1 18 (M++2, 

35), 116 (M+, 100); FFtR (neat): 1598,1640, 1686,983,915,849,788,645 cm-l. 

(3Z,6E)-3,7,ll-Trimethyt-l,3,6,lO1ci0decatetraene (96). To a 

cold sofution (-3WC) of neat trirnetkyfalane (1.44 g, 1.90 mL, 20 rnmalf and 

dichiorobis (qs-cyclopentadienyl) zirconium (0.58 g, 2 mmol) in anhydrous 

CH2C12 (30 mt)  was added under argon 2-methyl-2-hepten-6-yne (1 41) (1.00 g, 

9.3 mmol). After stining the mixture overnight at room temperature, 142 (1.2 g, 

10 mmol), tetrakis(tnphenylpkosphine)paliadium (0.58 g, 0.5 mmol) in 10 mL of 

anhydrous THF were added at -30%. The progress of the reaction was followed 

by analysis of aliquots by GC. The reaction mixture was stirred for 15 h at room 

temperature, treated with water (I 0 mt), and extracted with pentane-Et20 (1 :1) (3 

X 35 ii?L). S'-- -2 -*'-"-"- A*" tar t&uu a w n  up crr ro wrmiifiatioii if3 V X U G ,  kf: ii iiisidiie th& WEiS 

purified by co!umn ~i?mwAwp+hy (pentan~v, Rf - 0.31) ta y k ! d  a ! :! rr?lx?ure of 

91 anch 96 (1.49 g, 73 % yield). Re-chromatography of the mixture   sing a 1 m 

mLumn {t 5 mm OD) with 20 % AgNO$SiO;r (Msrdc SO ,230-400 mesh), 

and 19 : 1 pentanfitfl as a solvent, afford 50 rng of pure 96. 'H NMR (CDCl3, 



ppm): 1.60 (3t.1, s), 1.66 (3H, s), 1.70 (3H, s), 1.84 (3H, s), 2.01 (4H, m), 2.86 (2H, 

t, J =  8.1 HZ), 5.07 (IH, dd, J =  8.1, 1.5 Hz), 5.10 (2H, m), 5.20 (1H, dd, J =  16.2, 

1.5 Hz), 5.34 (IH, t, f =8.1 HZ), 6.82 (IH, dd, J =  8.1, 16.2 HZ); ELMS pn/z 

(relative intensity): 204 (M+, 5), 119 (75). The MS fragmentation is in agreement 

with that reported in reference 136. The 'H NMR spectrum is in agreement with 

that reported by Morgan and Thompson.146 

Enoi Trapping Generai Procedure. Amide Method. To freshly 

distilled amine (diisopropylamine, 0.3 mL, 2.1 mmol or 2,2,6,6- 

tetramethylpipendine, 0.36 mL, 2.1 mmol) in 15 mL of anhydrous solvent (THF or 

Et20), cooled to O W ,  0.90 mL of n-BuLi (2.39 M in hexane) was added and the 

mixture was stirred for 30 min. After cooling the flask to -78oC, 153 (2.2 mmol in 

10 mL of solvent) was added via cannula. After stirring at this temperature for 1 h, 

0.35 mL (0.42 g, 2.42 mmol) of CIPO(OEt)2 was added and the reaction was 

stirred overnight. Subsequent concentration of the solvent in vacuo and dilution 

of the residue with €t20 gave an ether hjei which was washed with cold dil. HCI, 

sat. NaHC03, sat. NaCf and dried over anhyd. MgS04. The solvent was 

concentrated in vacuo and the orange residue was purified by column 

chromatography (3:7, pentane:Et20 as eluant). 

Enof Trapping General Procedure. KH Method. Potassiu rn 

hydride (0.13 g of a 35 % suspension in mineral oil, 1.1 mmol) was washed once 

with dry hexane and twice with anhydrous THF (10 mi, each) under nitrogen and 

suspended in 15 mL of THF. A solution of 153 (0.25 mL, 1 .I mmol) in 10 mL of 

THF was added at -15% via ~annuta and the mixture was allowed to warm to 

room temperature. After evolution of hydrogen had ceased, the solution was 

mM to -15% and neat CIPOfOEt)2 (0.20 g, 0.1 7 mL, 1.2 mmol) or a solution of 



N,N-bis(trifluoromethylsuIfonyl) aniline (0.41 g, 1.2 mmol) in 10 mL of THF was 

added dropwise and stirring was continued at room temperature or heated at 

60% under argon. The solvent was removed in vacuo, the residue dissolved in 

diethyi ether and the extract was washed with cold dil. HCI, sat. NaHC03 and 

water. The ether extract was dried over anhyd. MgS04 and concentrated in 

vacuo. The crude product was purified by column chromatography (phosphate: 

1 :1, pentane-ether, Rf = 0.15; triflate: 9:1, pentane:Et20, Rf = 0.64) to afford 

mixture reported in Tabie 5.2. Product ratio was estimated by 1H NMW and GC. 

(5E)-2-Diethylphosphoryloxy-6,1 Q-dimethyl-l,5,9-undecatrlene 

(156K). H NMR (CDCl3, ppm) 1.34 (6H, t, J = 9.7 Hz), 1 5 9  (3H, s), 1.62 (3H, s), 

1.70 (3H, s), 1.97 (2H, t, J = 9.7 Hz), 2.05 (2H, q,  J = 9.7 Hz), 2.20 (4H, s), 4.16 

(4H, q, J= 9.7 HZ), 4.50 (IH, dd, J =  3 HZ, 4blp-H = 1 HZ), 4.80 (lH, dd, J =  3 HZ, 

4Jp -~  = 1 HZ), 5.06 (2H, m); NMR (CDCIQ, ppm) 155.54 (Jc-p = 9 Hz), 136.17, 

131 29, 124.28, 122.78, 96.88 (Jc-p = 6 HZ), 64.4 5 (Jc-p = 6 HZ), 39.65, 34.71, 

26.70, 25.58, 25.01, 17.61, 16.04 (Jc-p = 7 Hz); FTIR (neat) 2988, 2916, 1660, 

1278, 1040, 870, 826 cm-I; Cf-MS m/r (re1 intensity) 331 (M++1, 15), 177 (45), 

155 (100); Anal. Caicd. for C17H31P04: C, 61.80; ti, 9.46. Found: C, 61.78; HI 

9.55. 

\ \ '. + &OzCF3 USF3 
(2)-6JO-Dimethyl-2-trif f uorometkanesuf onyloxy-2,5,9- 

undecsifiene and (5e-6,i 0-Dimeinyi-2-iriiiuoromei~anesufonyioxy~ 

1,5,9-undecatrfene (157). 1H NMF? (CDC13, ppm): 1-60 (12H, m), 1.60 (6H, 

s), 2.00 (6H, m), 2.05 (3H, s), 2.0% (6H, m, signat overfapped with -CH3 group), 

2.24 (2H, q, J =  7.5 Xz), 2.39 (2H, t, J =  7.5 HZ), 2.86 (2H, t, J =  7.5 HZ), 4.94 (lH, 



d, J = 2.7 Hz), 5.10 (5H, m), 5.18 (1 H, t, J = 7.5 Hz); '3C NMR (CDCI3, ppm): 

156.72, 144.70, 137.68, 137.42, 131.50, 124.11, 121.49, 120.84, 119.74, 104.21, 

39.62, 39.58, 34.02, 26.61, 25.63, 24.80, 24.60, 19.61, 17.65, 16.03; El-MS m/z 

(re1 intensity) 325 (5G), 177 (1 00). Mixture 54:46 sf 157K:IWT triflates. 

-? 
OSiMea 

2-~rimethylsilyloxy-l,3-butadiene~77a (160). Dry LiBr (3.48 g, 40 

mmol) was placed in a oven-dried 2-neck flask under argon. The flask was then 

heated under vacuum for 30 min and then allowed to cool to room temperature 

under argon. Dry TilF (50 m i j  was added and the mixture was stirred until the 

salt dissolved. This solution was cooled to -200C, followed by the successive 

addition of chlorotrimethylsilane (4.80 g, 5.6 mL, 44 mmol), 3-buten-2-one (MVK, 

159) (2.80 g, 3.3 mL, 40 mmol) and Et3N (4.40 g, 6 mL, 44 mmol). The mixture 

was stirred for 1 h at -20% and overnight at - 40%. The mixture was diluted 

with cold pentane (20 mL) and poured into saturated NaCl solution (50 mL). The 

organic phase was separated and the aqueous layer extracted with cold pentane 

(3 X 10 mL). The combined pentane extracts were washed with cold water, cold 

saturated NaHC83, cold water and dried over anhydrous MgSO4. Vacuum 

distillation (35-36W @ 35 mm Hg) afforded 160 in 80 % yield. 1H NMR (CDC13, 

pprn): 0.30 (9H, m), 4.40 (2H, s), 5.10 (lH, dd, J =  8.0, 1.2 Hz), 5.50 (1H, dd, J =  

16.0, 1.2 Hz), 6.10 (IH, dd, J =  8.0, 16.0 Hz). The I H  NMR spectrum is in 

agreement with the one reported by Hansson and Carlson.177a 



(6E)-9,I 1 -Dimethyt-1,6,1B-dodecatrien-3-one.1~8-180 Method A. 

(158). To freshly distilled diisopropylamine (0.3 mL, 2.1 mmol) in 20 mL of 

anhydrous solvent THF, cooled to OQC, 0.90 mL of n-BuLi (2.39 M solution in 

hexane) was added and the mixture was stirred for 30 min. After cooling the flask 

to -780C, a solution of geranvlacetone 153 (0.41 g, 0.47 mL, 2.1 mmol) in THF 

(10 m l )  was added via cannula and the mixture stirred for 1 h. A slurry sf 

Eschenmoser's salt (N,N-dimethylmethyleneammonium iodide) (8.78 g, 4.2 

mmol) in THF (1 0 mL) was cooled to -78% and added via cannula to the enolate 

mixture. After the ~ddition *as mmplstz, tha mixtura was ststirred st -78% for 3Q 

min and gradually allowed to warm to room temperature. The solvent was 

removed at reduced pressure, the residue dissolved in MeBH (15-20 mL) and an 

excess of Mel was added. The resulting mixture was stirred at room temperature 

for 24 h. The solvent was removed in vacua, giving a white-yellow solid. The 

residue was suspended in CH2C12, a solution 5 % NaHCO:, was added and the 

mixture was stirred until the solid dissolved. The organic phase was separated 

and the aqueous layer extracted with CH2CI2 (5 X 10 mL) and dried over 

an hydrous MgS04. After flash chromatography (9:1, pentane:Et20), 158 was 

obtained (0.21 g, 51 % yield, 95 % pure, isomeric purity: 90 % ) as a pale yellow 

liquid. 1H NMR (CDCI:,, ppm): 1.58 (3H, s), 1.62 (3H, s), 1.66 (3H, s), 1.98 (2H, t, 

J =  9.6 HZ), 2.06 (2H, q, J =  9.6 HZ), 2.30 (2H, q, J = 9.6 HZ), 2.61 (2H, t, J =  9.6 

Hz), 5.87 (2H, m), 5.82 (lM, dd, J =  10.4, 1 Hz), 6.21 (IH, dd, J =  16.8, 1 Hz), 6.34 

(:HI a, := 16.8, 10.4 Hz); 1% NMR (CDCt3, pprn): 200.40, 137.60, 136.70, 

33!.40, 327.60, 124.Q 524.30, 39.83, 39.70, 26.70, 25.60, 22.60, !?.GO, 56,&?; 

CI-MS m/z (relative intensiv): 206 (M+, 2); fTiR (neat): 2967, 2856, 1681 , 1 61 6, 

f 266,1107,914,734 cm-1. 



( 5  El-6,1 O-BimethyI-3-methylene-5,9-undecadlien-2-~ne (1 63).  

This was prepared by the procedure described for the preparation of 158, but 

2,2,6,6-tetramethylpiperidine was used as a base. Flash ehromat~graphy (9:1, 

peritane:EtzQ) gave 163 in 48 % yield (95 % pure, isomeric purity: 94 74). 1H 

NMR (CDCi3, ppm): 1.61 (6H, s), 1.67 (3H, s), 2.86 (4H, m), 2.34 (3H, s), 2.94 

(2H, b, J = 8.4 Hz), 5.10 (2H, m), 5.74 (IH, d, J = 0.72 Hz), 6.00 ( 3  H, dl J = 0.72 

Hz); 13C NMR (CDC13, ppm): 199.60, 148.21, 137.60, 131.43, 123.98, 124.33, 

120.83, 39.65, 28.80, 26.67, 25.91, 25.60, 17.58, 15.93; CI-MS m/z (relative 

intensity): 207 (M++l, 100); FTlR (neat): 2967, 291 8, 2853, 4 680, 1626, 1440, 

1263, 1 1 18, 1022, 974, 836 cm-1; Anal. Calcd. for C14H220: C, 81.50, H; 10.75. 

Found: C, 81.28; H, 10.86. 

(~E)-6, l0-Dimethyl-2- tr imethylsi ly ioxy-~~~-undecdene~~ 

(164). This was prepared from geranylacetone (153) in 92 % yield by the 

procedure described by lnoue et &.la5 H NMR (CCl4, ppm): 0.32 (9H, s), 1.72 

(3H, s), 1.74 (3H, s), 1.80 (3H, s), 2.18 (8H, m), 4.06 (IH, s), 4.08 (IH, s), 5.18 

/2H, m). CI-MS m/r (relative intensity): 267 (M+, loo), 177 (20). 

(6E)-f , I  l-Bimethyl-3-metRylene-1,6,3O-dsdeeatri@n-P-one 

(I 65). To a stirred solution of Eschenmoser's salt (0.39 g, 2.1 mmol) in CH2C12 

(25 ml),  164 (0.28 g, 1.05 mmol) in CH2C12 (10 mL) was added at room 

temperature. After stimng for 5 h the solvent was removed at reduced pressure, 



the residue dissolved in MeOW (15-20 mL) and an excess of Mel was added. 

The resu!t!ng mlx?ure stirred at room temperature for 24 h. The miMct.ure was 

quenched using the procedure described above for 158. After flash 

chromatography (9:1, pentane:Et20), 165 was obtained (0.1 2 g, 55 % yield, 95 

% pure, isomeric purity: 95 % ) as a pale yellow liquid. 1H NMR (CDC13, ppm): 

1.58 (33-1, s), 1.60 (3H, s), 1.68 (3H, s), 2.10 (4H, m), 3.08 (2H, dl J =  9.6 Hz), 5.10 

(IW, t, J =  9.5 Hz), 5.18 (IH, t, J =  9.5 Hz), 5.77 (1H, dd, J =  9.6, 0.8 Hz), 5.80 (IH, 

dl J =  0.7 Hz), 5.96 (1H, d, J =  0.7 HZ), 6.30 (IH, dd, J = 16.0, 0.8 HZ), 6.80 (lH, 

dd, J =  16.0, 9.6 Hz); '3C NMR (CDC13, ppm): 192.50, 148.09, 137.92, 132.49, 

131.41, 128.60, 124.31, 124.16, 120.52, 39.73, 29.40, 26.58, 25.60, 17.62, 15.88; 

FTiR (neat): 2967, 2855, 1669, 1609, 1440, 1404, 1242, 1048, 981, El25 cm-1; 

Anal. Calcd. for f&5H220: C, 82.52, H; 90.1 6. Found: C, 82.69; HI 10.30. 

L C 4 E t  

Ethyl (4~-5,9-di~nethyl-4~8-decadienoate~86 (166). This was 

prepared in 85 % yield by the ~rocedure described by Kuwajima and Doi.186 AH 

NMR (CDCI3, ppm): 1.27 (3H, t, J =  8.0 Hz), 1.60 (3H, s), 1.64 (3H, s), 1.70 (3H, 

s), 1.99 (2H, t, J =  8.0 Hz), 2.07 (2H, q, J =  8.0 Hz), 2.30 (4H, m), 4.02 (2H, q, J =  

8.0 Hz), 5.09 (2H, m); I3C NMR (CBC13, ppm): 173.37, 136.60, 131 -35, 124.25, 

122.42, 60.16, 39.66, 34.60, 26.70, 25.61, 23.62, 17.63, 15.98, 14.25. 

OH 

(4E)-5,9-Dimethyi-4,8-decadien-l-oI (1 67). To a suspension of 

LiAIH4 (1.52 g, 40 mmol) in anhydrous ether (15 mL) at O W ,  was added 

dropwise, via cannula, a solution of ethyl (4E)-5,9-dimethyl-4,8-decadienoate 

(366) (7.75 g, 35.6 mrnol) in anhydrous Et20 (25 mL). After 2 h excess LiAIH4 

was destroyed at WC by slow addition of water. The resufting white precipitate 



was filtered and rinsed with small portions of Et20 (4 X 15 mL). Standard work- 

up ioifowed by iiacuiirn didiikiioi-i (1 15% @ 5 mrn Hgj afftded $67 (5.53 g, 93 

% yield, >99 % pure). 'H NMR (CDC13, ppm): 1.30 (1 H, br s), 1.60 (3H, s), 1.62 

(3H, s), 1.69 (3H, s), 2.00 (2M, t, J=8.3 Hz), 2.08 (6H, m),3.66 (q, 2H, J=8.3 Hz), 

5.07 (1 ti, t, J= 8.3 Hz), 5.12 (lH, t, J =  8,3 Hz); I3C NMR (CDC13, ppm): 135.84, 

131 -39, 124.32, 123.80,62.78, 39.74, 32.82, 26.72, 25.64, 24.31, 17.56, 15.97. 

(4E)-5,9-Qimethyl-4,8-decadienal (168). (4E)-5,9-Dimethyl-4,8- 

decadien-1-01 (167) (3.96 g, 21.7 mmol) was dissolved in dry DMSO (170 mL) 

and dry Et3N (35 m l )  was added under argon. Pyridine sulfur-trioxide complex 

(SOssPy, 10.32 g, 74 mmol) was dissolved in DILISO (70 mL) and the solution 

was added via cannuia. After stirring for 30 min, the mixture was poured into 

water (200 mL) and the product removed by extraction with Et20 (5 X 20 mL). 

Standard work-up foliowed by vacuum distillation (920C @ 3 mm Hg) gave 168 

(3.54 g, 90 % yield, 96 ?4 p w ) .  1H NMR (CDC!s ppm): 1-57 (34, s), 1.00 (3H, 

s), 1.70 (3H, s), 2.06 (2H, 1, J =  8 HZ), 2.10 (2H, q, J= 8.1 HZ), 2.36 (2H, q, J =  8.1 

Hz), 2.50 (2H, t, J =  8.1 Hz), 5.10 (2H, m), 9.76 (IH, t, J =  2,2); 1% NMR (CDC13, 

ppm): 202.35, 136.90, 131 -45, 124.68, 122.08,43.95,39.62,26.64, 25.60, 20.93, 

9 7.63, 16.02. 

(6&7,f f-Dimethyl-1,6,1O-dodecatrien-3-01 (169). To a solution 

of vinyl magnesium bromide (20 mL, 1 M solution in THF, 20 rnmol) in THF (15 

mt) at WC 168 (3.51 g, 19.5 mmol) in THF (15 mL) was added via cannula. The 

mixture wits warmed to room temperature and stirred for 1 h, then cooled to 

-1WC and saturated NH&I solution was added until pH -6. The organic phase 



was separated and the aqueous layer was extracted with Et2O (3 X 10 mL). 

Standard wofk-up foiiowed by iiash chromatography (7:3, pentane:Et$l) gave 

169 (4.01 g, 98 % yield, 98 % pure) as a cotourless liquid. 1t-i NMR (CDCb, ppm) 

1.57 (2H, m), 1.60 f3H, s), 1.62 (3H, s), 1.70 (3H, s), 2.00 (2H, t, J =  7.5 Hz), 2.10 

(44, rn), 4.12 (IH, q, J =  7.5 Hz), 5.13 (3H, m, Jcis = 11.4 HZ, Jgem = 2.2 Hz), 5.22 

(2H, dd, J = 16.1, 2.2 Hz), 5.89 ( l t i ,  ddd, J = 16.1, 11.4, 8.0 Hz); 13C NMR 

(CDCI3, ppm): 141.30, 135.84, 131.37, 124.33, 123.83, 114.42, 72.84, 39.73, 

3?.10,26.71, 25.65, 23-97, 17-66, 16.01. 

(6E)-7,11-Dimethy1-1,6,10-dodecatrien-3-one (158). This was 

prepared from 169 in 93 "/a yield by the procedure described for the preparation 

of 168. The 1H NMR spectrum is in agreement with that obtained for 158 

prepared by the Mannich reaction. 

(E)-6-Methyl-2-hepten-4-od95 (170). To a solution of ( E ) - 6 -  

methyl-2-hepten-4-01 (47, Chapter 2) (3.05 g, 23.8 mmoi) in dry pentane (175 

m l )  was added Mn02 (21 g, 0.24 mmol) at room temperature. After stirring for 

seven days, the mixture was filtered and the residue washed thoroughly with a 

small portion of Et20 (5 X 5 mt). After distillation (65oC, 6 mm Hg) 170 was 

obtained (2.37 g. 79 9L yield, 98 % pum) as a cofourtess tiquid: 'H NMR (CDC13, 

p p ~ j  0.90 j6H, d, J=  7.5 HZ), 1-89 @I, a, J =  7.5, i.3 HZ), 2.15 jiH, sepliiei, 2 ,  

7.5 HZ), 2-33 f2H, d, J=7.5tS~), 6.10 (1X, a, J =  17, 1.3 HZ), 6.430 (IH, a, J =  

17.0, 7.5 Hz); 3% NMR (CDC13, ppm): 200.18, 142.08, 132.45, 49.16, 25.12, 

22.65 (2C), 18-07; 127 (W+1, f OO), 3 0 9  (W-HS, 6). 



2.  Enof Trapping. Effect of Solvent and Base. The procedure 

used for the enotization of geranylacetone (153) (arnide method) was used with 

the corresponding ketones 158, 170, 173, 174 and 175. 

2. Satt E f f a . .  After formation of the lithium arnide (from n-BuLi addition 

to dicyclohexyf amine, difsopropyt amine, or 2,2,6,6-tetramethylpipen'dine), 0.3- 

0.4 equiv. of ZnCi2 f l  M sotution in ether), LiBr or LiCl (dry under vacuum for 24 h 

at 1 SWC) in THF or Et20 were added at 0% with tatter cooling to -78% before 

addition of the ketone. t,*,Iark-up and purification procedures were as in the 

general procedure &ve. 

3. fn ss'fu LTMP-UBP. A procedure similar to that used in enol trapping 

for 153 was employed. 2,2,6,6-tetramethylpiperidinium brornide,1sah 9.50 g, 

2.27 mmol prepared and diisopropyf arnide were used. Ketones were used in a 

2-2 mmol scale. Work-up and purification procedures were as above. 

(2E,4Z)-4-Diethy~phdspho1yJc)x y-6-meth yl=2,44eptadiene 

(3712). 3i- i  NMR (CDCb,ppm) 1.00 @H, d, J =  8.8 Hz), 1.46 (6H, pseudot, J =  

8.8 Hz), 1.78 (3H, d, J =  8.8 Hz), 2.86 (1H, m), 4.18 (4H, m), 4.84 (lH, dd, J =  9.0, 

4&.H = 1.5 HZ), 5.85 (3 H, @, J =  15.5, 2.1 HZ), 5.95 (IH, dq, J = 15.5, 9.0 HZ); 

$3C NMA (CDC$, ppm) 143.51, 126.49, 126.07, 125.2 (Jc-p = 6 Hz), 64.1 7 (Jc-p 

= 6 Hz), 25.32, 22.65, 16.1 1 (JG-p = 7 Hz); FTlR (neat) 1667, 1634, 1271, 1032, 

f 003 cm-3; ELMS m/z (re/ intensify) 263 fM++f, 301, 155 (1 00); An&- Caied. for 

C12HnP04: C, 54.93; H, 8-84. Fwd: C, 54-79; H, 8.80. 



(2 E,4E)-4-Dieth y lphosphory Ioxy-6-mwiene 

(171 E). 'H NMR (CDCb, ppm) 1.03 (6H, dl J = 9.0 Hz), 1.44 (6H, pseudo t, J = 

9.0 Hz), 1.82 (3H, d, J =  9.0 Hz), 2.60 (lH, m), 4.23 (4H, m), 5.23 (lH, dd, J= 9.0, 

4Jp-H = 2.0 HZ), 6.04 (lH, dq, J = 15.5, 9.0 HZ), 6.24 (IH, ~ q ,  J = 15.5, 2.0 Hz); 

NMR (CDCI3, ppm) 143.12 (Jc-p = 9 Hz), 127.50, 122.62 (Jc..~ = 4 Hz), 

121.54 (Jc-p= 6 Hz), 64.06 (Jc-p= 6 HZ), 26.09, 23.17, 17.96, 16.03 (Jc-p = 6 Hz); 

FTlR (neat) 1662, 1618, 1270, 1034, 1005, 958, 791 cm-I; El-MS m/z: (re1 

intensity) 263 (M++l 251, 155 (100); Anal. Cald. for C12H23f 0 4 :  C, 54.93; H, 

8.84. Found: C, 54.95; H, 8.84. 

(3Z,GE)-3-Diethylphosphoryioxy-7,11 -dimethyl-1,3,6,10- 

docjecatetraene (1722). qH NMR (CD30D, ppm) 1.36 (6H, t, J = 6.8 Hz), 1.60 

(3H, s), 1.66 (3H, s), I .69 (3-4 s), 2.00 (2H, t, J =  6.8 Hz), 2.09 (2H, q, J = 6.8 Hz), 

2.95 (2H, dt, J= 6.75, 1.5 Hz),4.19 (4H, m), 5.02 (3H, m, J b =  11.5 Hz), 5.19 (1H, 

a, J =  6.8, 4Jp-H = 2.3 Hz), 5.45 (lH, dquintet, J= 17.1, 0.5 Hz), 6.24 (IH, dd, J =  

17.1, 11.5 Hz); 13C NMR (CDC13, ppm) 145.30, 136.74, 131.94, 131.38, 124.26, 

321.08, 120.12, 113.99, 64.32 (Jc-p = 6 Hz), 37.63, 26.91, 25.60, 25.03, 17.63, 

l6.12 (&p = 7 Hz), 16-09; f f l R  (neat) 1655, 1274, 1 O32, 863, 821 cm-1; CI-MS 

mlz (ref intensity) 343 (M++f, 18), 219 (I%),  189 (42), 155 (90); Anal. Caicd. for 

C18H3f p04: C, B.12; H, 9.1 3. Fwnti: C ,  62.85; H, 9.20. 



(3 €,6Q-3-i)iePhyiphosphoryfoxy-7,11 -dimethyl-l,3,6,16- 

dodecatetraene (172E). 'H NMR (CDC13, ppm) 1.36 (6H, t, J = 8.5 Hz), 1.60 

(3H, s), 1.61 (3H, s), 1.72 (3H, s), 2.00 (2H, t, J= 8.5 Hz), 2.07 (2H, q, J =  8.5 Hz), 

2.84 (2H, dt, J=8.5, 2.5 Hz), 4.16 (4H, q, J=8.5 Hz), 5.08 (2H, m), 5.21 (IH, dt, J 

= 10.5, 1.5Hz), 5.50 (1H,8, J=8.5, 4Jp -~=2 .5H~) ,  5.58(1H,dI J =  16.5H~), 6.50 

(1 H, dbdd, J = 16.5, 10.5, 4 J p - ~  = 2.5 Hz); 1% NMR (CDCf3, pprn) l45.Oll 

136.70, 131.46, 126.74, 124.16, 121.18, 117.19, 115.55, 64.24 (Jc-p = 6 Hz), 

39.59, 26.67, 25.60, 25.12, 17.63, 16.1 1 (Jc-p = 7 Hz), 16.07; FTlR (neat) 1653, 

1274, 1030, 863, 825 cm-I; CI-MS m/z (re1 intensity) 343 (M++1, 22), 219 (16), 

155 (90); Anal. Cakd. for C18H3: PO4 C, 63.12; H, 9.1 3. Found: C, 62.80; H, 

9.25. 

OH 

(Ej-?-Octen-3-oi~=~ (176) . This was prepared from (Ej-2-pentenal 

and ethyl magnesium bromide (3 M solution in Et20) in 72 % yield by the 

procedure described for the preparation of 169. 1H NMR (CDCl3, ppm) 0.90 

(6H, m), 1.50 (SH, m), 2.20 (2H, q, J =  8.0 Hz), 3.98 (lH, q, J = 8.0 Hz), 5.44 (IH, 

dd, J = 15.5, 8.0 Hz), 5.64 (IH, bt, J =  15.5, 8.0 Hz); 1% NMR (CDC13, ppm): 

133.03, 132.05, 74-57, 34.29, 30.24, 22.37, 13.59, 9.69; CI-MS m/z (relative 

intensity): 128 (M+, 2), 11 1 @A+-H20, 1 OO). 

(E)-4-Octen-3-one'g6 (173) . This was prepared from 176 in 92 % 

yiekl by the p r d u r e  described for the preparation of 168. NMR (CDCI3, 





OH 

f -0cten-3-oil98 (178) . This was prepared from hexanal and vinyl 

magnesium bromide ( I  M solution in THF) in 90 % yield by the procedure 

described for the preparation of 169. 1H NMR (CDC13, ppm) 0.91 (3H, t, J = 8.4 

Hz), 1.33(6H, m), 1.55(2H, m),4.10(1H,qJ J=8.4Hz),5.11 (1H,dd, J =  11.5, 1.0 

Hz), 5.22 (IH, dd, J =  16.5, 1.6 HZ), 6.48 (IH, ddd, J= 16.5, 11.5, 8.4 Hz); 1% 

NMR (CDC13, ppmf: 141 .#, 114.39, 73.26, 37.1 2, 31.78, 24.98, 22.57, 13.95; 

Ci-MS m/z (relative intensity): 127 (M+-1 , 1 O), 11 1 (M+-H20, 100). 

?-Octen-3-one1~~ (175) . This was prepared from 178 in 90 % yield 

by the procedure described for the preparation of 168. 1H NMR (CDC13, ppm) 

0.90 f3H, t, J =  8.8 Hz), 1.33 (4H, m), f .64 (2H, q, J =  8.8 Hz), 2.57, (2H, t, J =  8.8 

HZ), 5.80 (1 H, dd, J =  12.2, f -2 HZ), 6.20 (IH, dd, J =  17.6, 1.2 HZ), 6.34 (IH, dd, J 

= 17.6, 12.2 Hz); 13f: NMR fCDC!s, ppm): 200.91, 136.6, 127.54, 39.71, 31.47, 

23.76* 22.44, 13.84; GI-MS m/. (relative intsnsity): 127 (M++1, 35), 109 (M+- 

H20, 10). 

UPO(OEt)2 

'-&-- 
f2Z,4~-3-Diethylphosphoryioxy-2,4-octadiene (1 792). 1 H NMR 

(CDCb, ppm) 0.91 f3H. t J= 7.5 Hz], 1.31 (6H, t, J = 7.5 Hz), 1.44 (2H, sextet, J = 

7.5 Hz), 1.78 (W, a, J =  7.53.5 Hz), 2.08 (2H, quintet, J =  7-5 Hz), 4.18 (4H, m!, 

5 - t O ( f H , d q ,  J=7.5,44p-H=2.0H~),5.84(1HJd, J=16.2H~),5.94(1H,dt, J =  

36.2, 7.5 Hz); 3% NMR (CBC13, ppm) 14541, 130.82, 125.1 1, 112.60 (Jc-p = 6 

Hz), 64.16 (JC-p = 6 Hz), 34.40, 22-33, 16.12 (Jc-p = 7 Hz), 13.59, 11.38; FTIR 

(neat) 1707, 1668, f6l5, 1268, 1023, 968 ern-1; CI-MS mlz fret intensity) 263 



f M++f, 40); 155 (1 00); Anal. Calcd. for C12H23P04: C, 54.93; HI 8.84. Found: C, 

55.1 0; H, 9.01. 

(2E,4E)-3-Diethylpirosptlury1ox)r-2,4-octadee (1 79E), 1 H NMR 

(CDCb, ppm) 0.92 (3H, t, J=  7-5 Hz), 1.45 (6H, t, J =  7.5 Hz), 1-55 (ZH, sextet, J = 

7.5 HZ), 1.72 (3H, dd, J =  7.5, 2.5 HZ), 2-12 f2H, q, J = 7-5 Hz), 4.16 (4H, dq, J - 
7.5,2.5HZ),5.39(1H,bq,J=7.5,"&-~=2.5H~), 6.05 (lH,&, J =  15.3,7.5Hz), 

6.14 (lH, dd, J =  15.3, 4Jp-H = 1.5 HZ); '3C NMR (CDC13, ppm) 145.28, 132.61, 

320.03 (JC-p = 6 HZ), 110.01 , 64.10 (Jc-p = 6 HZ), 34.70, 22.32, 16.09 (Jc+p = 7 

Hz), t 3.61, 1 1 -41 ; FflR (neat) 1705, 1659, 1623, 1272, 1025 cm-I ; CI-MS m/z (re1 

imensity) 263 (M++l, 451, 155 (100); Anal. Calcd. for C12H23P04: C, 54.93; H, 

8-84. Found: C, 54.74; H, 8 S .  

(1804. 1H NMR 

(CDCf3, ppm) 0.91 (3H, t J = 7- 1 Hz), 1 -33 (6H, t, J = 7.1 Hz), 1.42 (2H, sextet, J = 

7.1 Hz), 1.78(3H,t, J=7.1 Hz),2.20(2Hsdq, J=7.1, 1.4Hz),4.20(4H,m),5.00 

( t H , & ,  J=7.1,"&-~=2.0 kk),5.87(fH,dd, J= 1?.1,4&.H= 1.5H~), 5.96 (1H, 

dq, J = 17.1, 7.1 Hrj;  I3C NMR (CffGt3, ppm) 145.40 (Jc-p = 9 Hz), 125.41, 

125.85,118.02(~p=6H~),W.16(JGp=6H~),27.82,22.3fi, 17.74,16.f1 (Jc- 

p = 7 Hz), 13.77; FTfR {neat) 1710,l66O, 161 O,127O,lCf25,!37O ern-I ; CI-MS m/z 

( r d  intensity) 263 (M++l, 66), 155 (100); Anal. Calcd. for C12H23P04: (5, 5433; 

H, 8.84. Found: C, 5435; M, 8.93. 



OPOf OEt);! 

P 
(2E,4E)-4-DIethyfpbosphoryloxy-2,4-octadiene (1 806.  1 H NMR 

(COGb, ppm) 0.92 (33, t, J = 9.3 Hz), 1 3 4  (6H, t, J = 9.3 Hz), 1.42 (2H, sextet, J = 

9.26 Hz), 1.82 (3H, d, J= 9.3 Hz), 2.10 (2H, dq, J = 9.3, 2.0 Hz), 4.18 (4H, quintet, 

j =  9.26), 5.36 ( lH ,  dt, J =  9.3, 4Jp-H = 2.0 HZ), 6.04 (1H, dq, J = 15.0, 9.3 HZ), 

6.1 6 (1 H, dq, J = 15.0, 4Jp-H = 1.5 HZ); 1% NMR (CDC13, ppm) 144.74, 127.46, 

121.54 {Jc-p = 5 HZ), 415.39 {Jc-p = 4 HZ), 64.12 (Jc-p = 5 HZ), 28.15, 26.37, 

22.91, 1 6.09 (Jc-p = 8 Hz), 13.57; FTlR (neat) 1 709, 1663, 1620, 1273, 1 030, 978 

cm-1; CI-MS m/z (rel intensity) 263 (M++1, 44), 155 (100); Anal. Calcd. for 

C12H~PO4: C, 54.93; H, 8.84. Found: C, 55.07; H, 8.94. 

(3Z)-3-Disthyfphospfroryloxy-1 ,Soctadiene (1 81 3. 3H NMR 

(CDCQ, ppm) 0.90 (34, t J = 8 Hz), 1.36 (1 OH, m), 2.36 (2H, dq, J = 7.3, 1.5 Hz), 

4.18 (4H, m), 5.08 (1H, dd, J= 11.2,0.7 HZ), 5.16 (lH,dt, J=6& 4Jp-H =2.0 HZ), 

5.48 (IH, dd, 3 =  17.2,0.7 Hz), 6.16 (IH, dd, J =  17.2, 11.2 Hzj; 13C NMR (CDC13, 

ppm) 145.59 (Jc-p = 9 Hz), 132.02 (Jc-p = 2 Hz), 121.48 (Jc-p = 5 Hz), 113.76, 

634.25 (&-p=6 HZ), 31.13f3rC_p=2H~), 25.65,22.40, 16.11 (*p=7 HZ), 13.80; 

FTIR (neat) 1659, 1609, 1272, 1032, 979 cm-1; CI-MS m/z (mi intensity) 263 

(W+t, t OO), 155 (90); A M .  Caicd. for C12H23P04: Cs 54.93; H, 8.84. Found: C, 

54-73; W, 8.39. 



(3E)-3-Diethyfphosphoryloxy-l,3-octadiene (1 81 E) .  1 H NMR 

(CDCI3, ppm) 0.90 (3H, t J=8.5 Hz), 1.35 (IOH, m), 2.14 (2H, dq, J =  8.5, 2.5 Hz), 

4.20 (4H, m), 5.20 (If-!, dt, J = 13, 1.5 Hz), 5.54 (1 HI tt, J = 8.5, 4Jp+ = 1.5 HZ), 

5.58 (1H, dt, J= 15.5, 1.5 HZ), 6.47 (lH, dddd, J= 15.5, 11, 4Jp-H = 1.5, 0.55 Hz); 

3C NMR (CDCI3, ppm) 144.71, 126.76 (Jc-p = 5 Hz), 11 8.51 (Jc-p = 3 Hz), 

115.23, 64.17 (Jc-p = 6 HZ), 31.29,22.$8, 22.38, 16.08 (Jc-p = 6 HZ), 13.74; FTlR 

(neat) 1662, 161 5, 1278, 1034, 981 , 849, 770 cm-1; El-MS m/r (re1 intensity) 263 

(M++f , 30), 155 (100); Anal. Cam. for C12H23P04: C, 54.93; HI 8.84. Found: C, 

54.66; H, 8.92. 



Chapter 6 

Transformation sf Presumptive Precursors to Frontalin and exo- 
Brevieomin by Bark Beetles and the West Indian Sugarcane Weevil 

6.1. introduction. Biosynthesis of Bark Beetle Pheromones. 

Piants often deter insect attack by production of cytotoxic terpenes. High 

levels of f3-pinene and bornyl acetate in Douglas Fir confer resistance against the 

western spruce budworm, and (+)-3-carene has been suggested to be 

responsible for the resistance of western larch towards Dendroctonus 

pses&&gpe (H-=;-pkins). #ono&-penes lev& increase in lodgepoi@ pin3 

phloem tissue under attack by D. ponderosae (tiopkins).lgs Production of 

terpenes is induced when Abies grandis is attacked by bark beetles.*oo These 

secondary metabolites are also associated with host selection and pheromone 

biosynthesis in several species sf balk beetles. 

Pheromone production in the  Scolytidae proceeds both v ia  

transformations of host volatiles and de novo.30c-d7*01 Evidence for conversion 

of plant derived terpenes to pheromones in Coleoptera is widespread.202 

Exposure of Dendroctonus beetles to a-pinene (1 85) results in production of 

trans-verbenoi203-2m (1 861, whereas Ips beetles convert a-pinene in oleoresin 

and rnymne (187) to verbenols, ipsdienol (188) and ipsenol (1 8•˜), respectively 

(Figure 6.1 )-203m204-25 1 

De nuwo biosynthesis of pheromones is also known. In the absence of 

m y r a m  f. p~faimfift~us ('Lmie:) prdiices ipsrfiefioi jtijiij.?-lz Fiii-!herrirore, i. 

dup!ica_tus (Sah!hm!213a,b --re& &s p r ~ & & I ~ n  & ip&ieno! by 70 74, 

myrmnol by 40 %. when compactin (an inhibitor of hydroxymethylglutaryl- 

coenzyme A, an enzyme that agerates early In terpene biosynthesis prior the 

fornation of mevabnae) was applied to the beetfe's abdomen21a and even 



lpsdienol Myrcene lpsenol 
1 88 1 87 1 89 

Ips avulsus, I. callQraphus I. cembrae, I. grandicolis 
I. grandicollis, 1- paraconfusus I. paraconfusus 

Figure 6.1. Oxidation sf a-pinene and myrcene by bark beetles. 

though pheromone production is stimulated by the addition of methoprene, 

addition of compactin blocked pheromone productisn.213b Pheromones of the 

boil weevil, Anthonornus grandis (Boheman), were originally hypothesized to be 

produced from host terpenes.214 However, feeding experiments using 

radioiabelied acetate, mevaionate and giucose subsequentiy demonstratednls 

that these primary metabolites are a source of grandlure [(I R,2S)-(+)-I -methyl4 - 
(2-hydroxy)-ethyI-2-isoprop8nyIcyciobutane (1 90), (2)-3,3-dimethyl-A' 

cyclohexene ethanol (1 gl), (2)-3,3-dimethyl-A1 &cyclohexene acetaldehyde 

(1 92) and (E)-3,3-dimethy i-81 sa-cyclohexene acetaldehyde (1 93), Figure 6.21 

190 2Si is32 2 s  

Figure 6.2 Pheromone components of the boll weevil. 



Although bicyclic acetals represent an important group of scolytid 

aggregation pheromones, only for exo- (194) and endc-Drevicomin (195) have 

detailed biosynthetic studies been reported.216 

Frontalin (1 ,5-dimethyl-6,8-dioxabicyclo[3.2.l]octaneI 196) is an 

aggregation pheromone of several Dendmctonus beetles, including the 

Southern pine beetle. Dendractsnus frontalis (~imrnerman)217 and the spruce 

beetle, D. rufipennis (Kirby).218 6-Methyl-6-hepten-2-one (1 97) has been 

suggested as a biosynthetic precursor of 1 96.4p9219 This possible precursor has 

been predicted as being derived from 6-methyl-5-hepten-2-one, sulcatone (1 18) 

or the corresponding alcohol, sulcatol.4P Thus, 196 has been envisioned to be 

formed from I 9 7  by epoxidation (to form 198) and cyclisation in a process 

similar to that described for exebrevicomin (Figure 6,3).216b1219 

Frontalin 
096 

Figure 6.3. Proposed biosynthetic route to frontalin. 

me ob~eciives of this study were to test the hypotheses, 1) that 6-methyl-6- 

t.te@en-Zone jf 37 j is a bits-yiriMic prewisor of fromiin in D. mfip8nnis and 2 j 

that the biosynthesis of frontalin and exubrevicomin from 6-methyl-6-hepten-2- 

one and (Lj-6-nonen-2-o~, ieswive!y, are specific to the hetfes that utilize 

them as aggregation pheromones (Figure 6.4). 



Dendfoctonus rufipennis 

? 
Frontalin 

196 

a) Female D. ponderosae, 
Ips phi, I. tridens, Metamasius 
hem'flems * 

? 
Frontalin 

1 96 

b) 
0 5. nrfipennis, I. tridens, 

Metamasius hemipterus 

? 

Figure 6.4. Presumptive precursor for frontalin biosynthesis by D. rufipennis 
(hypothesis 1) and production of frontalin and exebrevicomin by ips and 

Mebmasius beetles (hypothesis 2). 

6.2. Rationale. 

Vandewel and coworkers216a demonstrated the transformation of 

and the western balsam bark beetle, Drymetes conhcsus (Swaine). 



D. ponderosae 
* 

The iabe!!lng pattern observed from the incorporation of '80-labelled 

precursors into 1 94 established ihst D. pon&erosae mnverted (4-6- nsners-2- 

one to (+)-I94 by non-enantioseiective oxidation of 199 followed by cyclization 

via either enantiomeric keto epoxides 201a or 2016 (Figure 6.5).2166 

Analogous reasoning may be applied to the formation of frontalin in the spruce 

beetle. 

Figure 6.5 Proposed mechanism for the formation of (+)-I94 by bark beetles. 

6.3. Synthesis of Frontalin Precursors. 

Based sii the above argiirnem, 6-methyi-6-kepien-2-one was seiecied as 

the most logical pr-mr of frontalin. Two possible positions (j3 or *position) for 

deuterium labeP2o were envisioned in 6-methyl-6-hepten-2-one: 



Deuteration at the a-position might be achieved by Wittig reaction of 

monoprotected 2,6-heptandione or by methylenation, catalyzed by Zn/TCl4, of a 

suitable precursor.221 S-Deuteration could be achieved according to the 

nrscedure c reported by Bartlett and coworkers.222 

6.3.1. a-Deuteration. 

Methylenation of ketones using titanium compounds catalyzed by Lewis 

acids (e.g., 202) was first reported by Tebbs and coworkers223 in 1978. The 

advantages of this method are suppression of ketone enoliration that normally 

occurs during Wittig protocols, improved yields and compatibility with several 

functional groups (e.g., !actones, esters, ethers, acetais. cahxylic aCids).224 

Simiiar efforts, based on mociificaiions of iebbe's caiaiysi @Wj, were 

pursued by Takai and coworkers225 using Zn dust and several Lewis acids. 

iombardo22~ applied a mdified T;tkai procedure ie the mMhylenation of 



gibbreiiin nsf~etone (33 9L yieid). instead of the in siiti procedure, Ltmbardo 

preformed the Manium comp!ex (Zn-EC14-fiH2Br2) b f w e  additlor! of the ketone. 

Synthesis of 397-w was thus envisioned by a three step procedure, 

starting with the methylenation of ethyl acetoacetate (203), conversion to the 

deuterio tosykite 204, follow by alkylation (to form 205) and decarboxylation 

(Scheme 6.1). Replacement of CH2Br2 by CD2Br2 would allow the introduction 

of the deuterium in the desired position. 

Several reactions were conducted using tombardo's prmdure with ethyl 

acetoacetate (203) and Zn-T iC14-CH28r2. Zinc dust was activated by the 

procedure of K n w h e f ~ ~  or Fieser and Fieser.87 Starting material was recovered 

in afi trials. No evidence of any methybnated product was obtained by analysis 

of readion mixtures by spctfompic methods. Tautornerization between the 

keto and en01 forms of ethyl acetoacetate may account for the obserwed results. 



6.3.2. p-Deuteration. 

An ailernate synthetic scheme caw be used ts incarporale deuterium at the 

P-position. Commercially available 3-methyl-3-buten-1-01 (206) can be 

convened to the cartMxylic acid or ester (207) and reduced with L i A 1 2 ~ ~  

(Scheme 6.2)- 

Scheme 62. Proposed synthesis of *Hz-206. 

Among the oxidation methods available for conversion of primary alcohols 

tc carboxylic acids,m Jones' reagent was initially seiected.228 The resulting 

product was a mixture of 207 (X = H) (-45 % yield) and the corresponding ester 

with 206. Similar results were obtained with calcium hypochioriltelHClltert- 

b ~ t a n o L ~ ~ 9  Conversion of 286 directly to an ester by the method of Corey and 

Samuelsson*3o ( C Q - P y  complexlacetic anhydrideltert-butanol) was attempted. 

This process is considered to involve an oxidation to the aldehyde, then 

formation of the teH-butyt hemiacetat and then oxidation to the tert-butyl ester. 

When this method was applied to 206 rnix?ures of unreacted alcohol, acid and 

esters were oMsu'nd. 

Atternative procedures to generate 207 ( X  = H) were considered. 

Reaction of COz and 2-afkeny1rn;rgnesium halide (e.g., 208) under Oppolzer's 

conditions231 offered a possible afternative. One difficulty encountered In this 

prxess arises &am carpling of the Grignard intermediate and unread& atkenyl 

hafide (208). Use of highly activated magnesium and low temperatures 

minimizes this reaction. Oppulzer and coworkers suggest activation of 

magnesium ty evaporation of the metal into cooled KfF. Replacement of this 



active form of magnesium by activated magnesium dust (for details see 

experimental section) rendered 3-methyl-3-butenoic acid (20 7) in good yield 

(Scheme 6.3). 

Scheme 6.3. Synthesis of 3-methyl-3-butenoic acid 207. 

Reduction of 207 with LiA12H4 and tosylation afforded (1 ,l-*H2)-3-methyl- 

3-butenyltosylate (*H2-209) in 72 % overall yield from 207. Deuterium 

enrichment (98 %) was determined by measurement of the intensity of the m/z 68 

and 70 fragment ions which correspond to loss of M+-C7H7S03. Deuterium 

content was also estimated by 2H NMR ( T s O - a -  64.1 2, CHC13). According to 

Scheme 6.1, alkylation of sodium ethyl acetoacetate with tosylate 2H2-209, 

hydrolysis and becarboxyfation should produce ketone 197 (Scheme 6.1). This 

procedure was repeated several times using non-deuterated 3-met hy 1-3- 

butsnyttosylate with overall yieids of 10-30 %. 

To avoid losses of deuterated material, a different route to 197 was 

conceived. The trse of mefalfoimines in alkylation reactions is well known.232 

Therefore, 4,4-2H2-6-methyl-6-hepten-2-one (*&-I 97) was prepared according 

to the procedure of Pear- and coworkers for the synthesis of 4,6dirnethyl-7- 

octadecen-3-one.233 Af)cyktion of the fithiurn sail of the ketirnine formed from 

cycbhexylamine (210) and acetone with *Hy209 in mF gave, after hydrolysis, 

2MPt 97 In 57 % yield ($38 Ofo deuterimf. Deuterium content #tas determined by 

measurement of the mfsrtive intensities of the m/z = 110 108 fragment ions 

which axrespond to bss of Z f f l  from the molecular ion. These measurements 

were conducted by selective ion monitoring and verified by 2H NMR (-cD9- 



61 -69, CHCI3) (Scheme 6.4). Lithium diisopropylamide234 gave a higher yield 

than the recommended base, ethyl magnesium br0mide.23~235 

Scheme 6.4. Synthesis of 2H2A 97. 

6.3.3. Synthesis of 6-Methyl-6-hepten-2-one. 

Synthesis of 6-methyl-6-hepten-Zone was achieved by aikylation of 21 1 

by 3-methyl-3-butenyltosyiate, 209, in 62 % yield by the above procedure or in 

91% yield by palladium-catalyzed f3.31 sigmatropic rearrangement"6 of 3.5- 

dimethyl-1,s-hexadien-3-01 (a 2) (Scheme 6.5) 

Scheme 8.5, Synthesis of fi-rnethyl-6-kiepten-2-one, d 

6.4. In V ~ V O  Experimnts. 

Spnrce beetles, DendrOGtonus fufipennis (Kirby), mountain pine beetles, 

Dendrmonus ponderosae (Hopknsf , pine engravers, ijx pini (Say), ips tridens 

(Mannerhei m) and sugarcane weevils. Metarnasius hempterus sericeus (Olivi er), 

were exposed to 2H2197, 197. (Z)-&nonen-2-one (I99), 6-rnethyl-Chepten-P- 



one (f 19) or 6-methyf-5-hepten-2-ol (214) as described in Scheme 6.6 and 

Table 6.1 (for detaits see experimental procedure). 

6.4.1. In vivo Resufts, 

Exposure of rnafes and females D. rufipennis to (4,4-2H2)-6- met hyl-6- 

hepten-2-one (2H2-f 97) (Exp. 1, Table 6.f), invariably resulted in production 

2H2-irontafin (2Hrt 96). The El-mass spectrum of beetfe-produced 196 clearly 

indicated erri-ichmel-ii ei h-t) ffeiiieriums (m/z = 144, i i4 ,  102) relative to nsn- 

deuterated 496 (mlz = 142, l14,lOO) (Figure 6.6). Male or female pine 

engravers exposed to f 97 (Exp. 2, Table 6.1) also produced 196 as indicated by 

GC-MS and GC-MS-SWl anaiyses of beetle-produced volatiies. Further 

exposure of female D. ponderosae to 2H2-1 97 (Exp. 3, Table 6.1 ), and exposure 

of mafe and female i. tn'dens and A#. hernipterus (Exps. 4-5, Table 6.1 ) to 197, 

resuReb in the produdion of deutepio- and protio-196, respectively. 

insects used in experiments 2-5 do not naturally produce 196. Although 

296 is a common aggqjatio:: phemmone in scolytids, it has fisiiei been 

reported for the genus Ips. Frontalin was also not detected in pheromone 

anaiysis of the curcufionid M. heemipterus. Production of 196 by ips and 

Metarnasius during exposure to 197, therefore, represents a non-specific and 

non-selective biotransformation. Similarly, neither L tridens, M. hernipterns nor 

female mountain pine beetle naturally produce exo-brevicomin (1 94), but did so 

(Figure 6-81 when exposed to (4-6-nonen-2-one (1 99) (Exps. 7-9, Table 6.1), the 

propased precursor for exebrevicumin in male mountain pine beetle. 

Enantiossiectiwe production of (+)-I96 by female D. rufpennis boring into 

logs of Engelrnann spruce is known.237 Gas chromatographic analyses on a 

Gycldex-8 coiurnn of volatiks produced by D. rufipennis exposed to 197 (Exp. 

6) reveaw 196 p r d w d  under these unnatural conditions was either racernic 



\ / D. rvf@ennis (Exps. 1 and 6). 
Exp. 10. Ips pini (Exp. 2). 
0. Nt;ipenn&. D. ponderrrsae f Exp. 3). 

$=y 1. tf'@et?S (Bp. 4). 
M. hem(ipt8~~   EX^. 5). 

X 
196 

(*I-FrordaJin 

".ma X x = H O r D  D. Nt:ipsnnis gxp. I i j. 
5. Nfipennis. I. pini (Exp. 1 2). 

Scheme 6.6. Summary of exposure experiments with scolytid and curculionid 
beetles. 
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deuterio-frontalin produced 
by female D. rufipennis 

Figure 6.6. Mass spectra of synthetic protio-frontalin and deuterio-frontalin, 
produced by D. nrfipennis upon exposure to (4,4-2H2)-6-methyl-6- 
hepten-2-one (Wrl 97). 



Synthetic (2)-frontalin (196) - LO 

synthetic (+)-frontaiin t 

produced by male D. rufpennis 

I 
C 

produced by female M. hemipierus 

i I f 1 I I 
10 I 2  14 I 6  18 20 

RETENTION TIME [min] 

Figure 6.7. Gas chromatograms analyses of synthetic (+)- and (+)-frontalin 
(1 961, and 196 produced by D. rufipennis and M. hernipferus 
during vapour exposure to 6-methyl-6-hepten-2-one (1 97).  
Chromatwrams for male and female beetles were virtually identical. 
Exposure of female D. ponderosae to deuterio-197 resulted in the 
production of mcemic deuterio-196. Chromatography: Cyclodex-6 
(30 rn X 0.25 mm ID) column; 800C isothermal; split injection; linear 
fbw v e w  of carrier gas: 35 cm s-1; injector temperature: 220oC. 



Synthetic (ij-exubrevicomin {i 94) 

I, 1 
produced by male D. ruf@ennis 

I 

I I A 

produced by mate M hemt'ptervs 

RETENTION TIME [min] 

Figure 6.8. Gas chromatograms analyses of synthetic (A)-exo-brevicomin 
(I 941, and 194 produced by I. Widens, D. rufipennis and M.  
hemipterus during exposure to (Z)-6-nonen-2-one (1 99) .  
Ch~omatrrgrams fur mats and females were virtualfy identical. 
Ghmma~ography: Q c ! ~ x - B  (30 m X 0.25 mrr! !D) dumn;  1 IWC 
isothermal; split injector; linear flow velocity of carrier gas: 35 cm s-I ; 
injedor temperature: 220•‹C. 



or of tow enantiomeric excess (Figure 6.7). All insects exposed to 2H2-197 or 

197 produced enantiomeri~lly enriched 196. When exposed to 197,  5. 

rufipennis produced more (-)-I 96 (22-30 % ee) (Figure 6.7) while D. ponderosae 

produced (+)-I 96 and M. hemipterus produces (+)-I 96 which is 26-30 % ee 

(Figure 6.7). Simiiarty, (+)-I94 was produced (Exps. 7-9) in 42-56 % ee by 5. 

fufipennis, in 27-30 % ee by I. tridens and in 0 % ee by M. hemipterus (Figure 

6.8). 

Feeding in phloem tissue or exposwe to tree volatiles may be required for 

induction of enzymes mediating biosynthesis of 196.238 Thus, male and female 

D. rufipennis were separately exposed to fresh phloem disks laced with *H2-197 

(Exp. 10j. Although beetles were observed to feed on phloem disks, the *H2- 

196 produced possessed enantiomeric ratios comparable to those produced in 

the absence of phloem. 

The presence of I97 in volatiles of male and female D. rufipennis would 

provide evidence that 197 is formed by these insects. A search for 197 and 

rekted compounds revealed oxly iserneric 6-methyf-5-hepten-2-0ne (I 19) i8 

beetle-produced votatiies. Because 196 may be derived from isomerization of 

11 9b.220 or from oxidation and isomerization of 6-methyl-5-hepten-2-ol, beetles 

were also exposed to f '19 [D. n/fipennis (Exp. 1 1 ), I. pini (Exp. 12)] or to 21 3 [D. 

rufipennis (Exp. 13)j. Oxidation of 213 to 119 (Exp. 13) coupled with the lack of 

frontalin fornation from 119 or 233 (Exps. 11-13) indicates that neither 119 or 

213 are precursors of 1943 under the wndiions of these experiments. 

Enantioseiective conversion of 1 99 to (+)-exo-brevicomin by male 

mountain pine beetlgfs suggests that 199 may be a natural precursor. Failure 

to demonstrate enantiuselective conversion of 197 $0 196 by spruce beetle in 

this study does not eliminafs the psssibifiv that 697 is a natural precursor of 

IS•˜. During exposure experiments, 197 may have o\rel?eadeb the pheromonal 



biosynthetic apparatus, and non-specific oxidases may have operated to convert 

excess 197 to (+)-We. Attempts to avoid "overloading" were made by 

empfoying the same amount of 197 (0.1 pL) as 199 that was administered to D. 

ponderosae in the study of 194 biosynthesis. It is also possible that under the 

present experimental conditions the pheromonal biosynthetic apparatus in D. 

rufipennis was not triggered. Beetles were feeding naturally while exposed to 

197, but, the experiment lacked a preceding dispersal flight which may be a 

prerequisite for pheromone prsbtidiori (flight and starvation of male 1. phi prior to 

myrcene exposure, however, reduced rather than enhanced ipsdienol 

production239). Finally, failure of spruce beetles to transform 197 to 196 with 

high enantiomeric purity may signal production of 196 by a route not involving 

197 as a precursor. For example, I. paraconfusus, produces substantial 

quantities of ipsenol and ipsdienof while feeding on Pinus sabiana phloem with 

low levels of myrcene (< 0.01 pglg), suggesting that precursors other than 

myrcene may be utilized for ipsenol and ipsdienol biosynthesis.zl3a 

In conclusion, eve3 though spwce beetles wnvsrted 6-methyl-6-hepten-2- 

one (I 97) to frontalin, lack of 197 in beetle volatiles and non-natural production 

of a mixture of enantiomers of frontalin rather than enantiomerically pure (+)- 

frontalin, do not support the hypothesis that 197 (under the conditions tested) is 

the frontalin precursor in spruce beetle. Production of frontalin and exo- 

Errevicomin by scofflid and curdionid beetles, not naturally producing these 

bricyclic: acetals, demonstrates widespread occurrence of non-specific 

plysubstrate monooxidases in these Coleoptera.** 



6.5. Experimental Section. 

For general methods see Experimental Section in Chapter 2. 

Benzene and acetone were freshly distilled from activated 4A molecular 

sieves and anhydrous CaS04, respectively. Diisopropyl amine and cyclohexyi 

amine were freshly cistilied from sodium under argon. Magnesium dust was 

washed several times with 5 % HCI, once with water, ethanol and EtnO, and 

allowed to dry overnight in an oven at 1400C. Enantiomers of frontalin and exo- 

brevicomin were availabfe from Pherotech Inc., Delta, B.C. 

6.5.1. In vivo Experiments. 

Spruce beetle-infested Engelmann spruce logs,i Picea engelmannii 

(Parry), were collected near MacKenzie, Princeton and Merritt, British Columbia 

(B.C.). Prior to use, MacKenzie and Princeton logs were stored at -0oC for 

several months, whereas Merrit logs were immediately placed in cages at 22- 

250C and 40-60 % relative humidity. Pine engravers, Ips pini (Say), ancj 

mountair pine beeiies, Dendmcionus ponuerosae (Hopidns) were obtained from 

irtfested lodgepole pine logs, Pinus contoria (war iat~folia Engelman), collected 

near Princeton. 1. trt'dens (Mannerheim) were obtained from infested Engelmann 

spruce logs near Slate Creek, 8.C. The cut ends of aH logs were sealed with hot 

paraffin wax to prevent desiccation. Emergent beetles were collected daily, 

sexed and used within 48 h. West indian sugarcane weevils (WISW), 

Metamasius herniptern sericeus (Olivier), were collected in the Palma Tica Oil 

Palm Plantation near Coto, Costa Rim-fi 

In exposure experiments 1-9 and 11-13 (Table 6.1), insects were placed 

individually in capped viafs,239 containing 0 (control) or 8.1 pi of test chemical. 



In Exp. 10 (Table 6.1, Scheme 6.1), each vial also contained a 25-30 mm disk of 

fresh spruce phloem. After 24 h at 18-.220C, insects were crushed in dry ice- 

cooled pentane/ether (%I, 250 pL), containing decane as internal standard. The 

crude extract was filtered through 1.5-2 ern of anhydrous MgS04 and pipetted 

onto a gtass "boat" (4x1 XI  cm) within a glass tube (20 cm long, OD 22 mm). This 

tube was placed inside a small. The inlet was connected to a charcoal fitter 

(coconut shell, 50-80 mesh) and the outlet 'lo a Porapak Q trap inserted into a dry 

ice/acetone cooled aluminum block. A slow nitrogen stream through the system 

for one hour, while the oven temperature was slowly increased to 900C. Volatiles 

emanating from crude extract in the boat were captured on Porapak Q, eluted 

from it with Et20 (1 -2 mL) and concentrated for analyses. Groups of five samples 

were processed concurrently on a manifold of five pyrex glass tubes, each 

connected downstream to a Porapak Q trap. The solvent extracts were placed on 

glass wool in the pyrex tubes. A charcoal-fiftered fiitrogen stream was passed 

through the manifold for -2 h, and trapped volatiles were eluted from Porapak Q 

with 1.5 mL of pentane and concentrated. 

Volatiles from male and female spruce beetle feeding on suitable spruce 

logs were available from Professor G. Gries.218,237 

6.5.2. Analyses of insect Extracts. 

Volatile were analyzed by GC-mass spectrometry (MS) (Hewlett Packard 

5985 B and Varian Saturn ion trap), employing fused silica columns (30 m X 0.25 

rnm ID; 0.25 mm film) coated with DB-1 or DB-5, Chi ,I determinations of 

frontalin and exu-brevicomin were canied out on a Cyclodex-B-coated column 

(30 m X 0.25 mm ID) which separates enantiomers with baseline resclution. 

Electron impact (El, 70 eV) GC-MS analyses were conducted in both full scan 

and selected ion monitoring mode (SfMf. A full scan mass spectrum of synthetic 



frontah was sbfaineci to sefed dicignostie ions. For GC-MSEI-SIM, synthetic 

frWWln, pentaw or ether and cancentrated insea extract were injected in split 

mode and analyzed by scanning for diagnostic ions. 

3-Methyt-3-butenoic acid (207). 2-Methyl-1 -propenyl magnesium 

chloride [prepared by Grignard reaction between 3-chloro-2-methyl-1 -propme 

(208) (6.98 g, 7.4 mL, 75 mmoij and activated magnesium powder232 (3.40 g, 

0.14 mol) in THF at O W  was cooled to -780C. An excess of CO:! gas was 

bubbled into the reaction fcr -15 min. The mixture was stirred for 30 min then the 

cofd bath was removed and the reaction allowed to warm tc OOC. Progress of the 

readion was followed by analysis of aliquots by GC. Upon completion, the 

reaction was quenched with saturated NH4CI at OoC. The aqueous layer was 

extracted with Et20 (3 X 25 mt) and the cornbiried organic layer concentrated in 

vacuo. The residue was brought to pH - 10 with 1 M NaOH. The basic layer was 

extradeb with €tzO (2 X IG mt), ;;cidified with cold dii. HC!, ex?rad~?d with Et20 

(3 X 25 mL), washed with saturated NaCl and dried over anhydrous MgSO4. 

After filtration, the sokreni was removed in vacuo and the residue distilled under 

reduced pressure (63-65% @ 1 mm Hg) to give 5.55 g (98 % pure, 74 % yield). 

1 H NMR241 (CDCi3. ppm): 1.85 (3H, s), 3.10 (2H, s), 4.90 (1 HI d, J = 0.6 Hz), 

4.87 (I H, d, J = 0.6 Hz) 11 -92 (1 H, br s); 1% NMR (CDC13, ppm): 177.60, 137.91, 

3 f 5-28, 43.08, 22.35. 



(I, t -2H2)-3-Methyl-3-buten-1 -of (*H2-206). To a suspension of 

tiA12H4 (98 % atom % 2H) (0.82 g, 19.5 mmot) in anhydrous ether at OW, was 

added dropwise, via cannula, a solution of 3-methyl-3-butenoic acid (207) (2.01 

g, 20 mmof) in anhydrous EfeO. After 0.5 h excess LiAPHq was destroyed at 0% 

by slow addition of water. The resulting white precipitate was filtered and rinsed 

with small portions of Et20 (4 X 10 ml). The solvent was removed by fractional 

distillation and the residue was used $0 the next step without further purification. 

EI-MS m/z (retative intensity): 88 (An+, 42) 70 (Mi-H20, 90); Fl7R (neat): 3440, 
3669, 2973, 2955, 2255, 2-568 

(1 $1-2H2)-3-Methyl-3-butenyftosyfate (*H2-209). To a solution of 

2HT206 in dry pyridine f30 mL) was added DMAP (0.56 g, 4.5 mmol). The flask 

was cooied to - W C  a ~ d  p!o!uenesuMonyl chloride (4.30 g, 22.5 rnmol) added 

in one portion. Stirring was continued for 5 h at -1OoC with monitoring of aliquots 

by GC and TLC ($33, pentaneiEt20, Rf = 0.20). The mixture was poured into ice- 

coofed MaCf solution and extracted (2 X 30 mL) with Et20. The organic layer 

was w a s h d  with 3 M HCI, saturated NaHC03, NaCI solution and dried over 

anhydrous MgSOq. After concentration in vacuo, :he residue was purified by 

cotumn chromatography (9:1, pentane:Et20) to yield *H2-2W (3.52 g, 72 % 

yield based on 207, 98 % pure) as a pale yellow oil. l H  NMR (CDCi3, ppm): 

3-66 (3Hss),2.32(2Cf,s),2.44(3H,s),4.67(1H,d, J=0.8H~),4.80 ( lH,d  J=0.8 

Hz), 7.36 (2H, dd, J= 8.0,l.U Hz), 7.80 (2H, dd, J=  8.0,l.O Hz); 2H NMR (CHC13, 

ppm): 4-1 2; 1% NMR fCDCl3, ppm): f44.63, lKl.17, 133.54, l29.n, 127.89, 

t 13.04,67.9 (JCPH = 16.7 Hz), 36.65,22.29,21.56; El-MS m/z (relative intensity): 



70 fW-C7H7SU3r 1t303) (98 % deuterium enriched by correjation of 68i76 peaks); 

R i R  jne&j: 3072,2978,2931,2249,2167, 1648, 1596, 13S1, 1184,1096. 1073, 

959, 879, 816, 770 cm-1; Anal. Cafcd. for C ~ ~ H I ~ ~ H ~ S O ~ :  C, 59.98, H; 6.72. 

Found: C,  60.10; H, 6.79. 

N-(1-MethylethyZiQSne)cycIohexylamine (21 1). A soluti~n of 

anhydrous acetone (5.81 g, 7.34 mt, 0.1 mol), cycfohexylamine (230) (9.97 g, 

1 1.4 mL, 0.1 moi), and p-totuenesuffonic acid (100 mg) in anhydrous benzene 

(300 mLj was reflux& in a man-Siafi separaior tirttii no aciditionai water was 

produced (-3 days). Benzene was removed and the residue distilled at reduced 

pressure (3537% Q 1 mm Hg) to yield 211 (8.34 g, 61 %. 95 % pure). IH NMR 

(CDCI3, ppm): 1 2 8  (6H, m), 1 '49 (2H, m), 1.76 (2H, m), 1 -84 (3H, s), 1.98 (3H, s), 

3.19 (1H, m); 136 NMR (CDC13, ppm): 164.01, 59.39,36.97,33.65,30.82, 29.41, 

25.73, 25.08, 17.92; EI-MS m/z (retative intensity): 139 (M+, 20), 124 (M+-15, 

1 00). 

(44-2H 2)-6-~ethy~-fi-heptenn2-~ne (2H 2-1 97). TO a stirred cold 

(-7WC) solution of LDA @repared from 10 mmot of diisopropyl arnine and 10 

mmol of 2.45 M *Bull in hexanes at WC in THF] under a positive pressure of 

argon, was added 211 (1.38 g, f 0 mmoi) in THF (10 mL). After stirring for 45 

min, a sofution of 2H2-209 (2.42 g, 10 mmot) in T HF (15 mL) was added 

dropwise via cannuia and the resulting mixture was stirred for 3 h at -78% The 

mixture was quenched to slight acidity with 1 M HCI at 0%. The organic layer 

was separated and the aqueous layer was extracted (2 X 10 mL) with &0. The 



combined ether extracts were washed with saturated NaCt and dried over 

anhydrous MgSQ4- Cofttrnn chromatography (9:1, perntane:Et20, Rf = 0.27) 

afforded zH2-197 (0.63 g, 57 % yieM, 95 % pure) as a pale yellow liquid. 1 H 

NMR (CDCt3, ppm): 1.72 (3H, s), 2.02 (2H, s), 2.1 6 (3H, s), 2.40 (2H, s), 4.67 (1 H, 

d, J = 3.0 Hz), 4.72 (lH. d J = 1.0 Hz); 2H NMR (CHCI3, ppm): 1.69; 1 3 ~  NMR 

(CDC13, ppm): 208-64, 144.98, 1 10.51, 42.81, 36.89, 29.84, 22.28 (Jc-2~ = 16.7 

Hz), 22.10; El-MS miz (relative intefisity): 128 (M+, 5), 110 (M+-H20) 65 (98 % 

deuterium enriched by correlation of 1101108 peaks in SIM mode.); FTIR (neat): 

3074,2969,291 7,2250,2159, 171 6, 1649, 1446,1361, 1 179, 962, 888 cm-f . 

3..Methyi-3-b~enyItosyIatd (209). Commercially available (Aldrich) 

3-methyl-3-buten-1-of was tosyhted using the same procedure described for the 

synthesis of (1,l -2H2)-3-Methyl-3-butenyttosylate (2H2-209). 1 H NMR (CDC13, 

ppm): 1.65 (3H, s), 2.35 (ZH, t, J =  7.5 Hz), 2.44 (3H, s), 4.16 (2H, t, J =  7.5 Hz), 

4-68 f!H, d, J =  1.4 Hz), 4.79 (IH, s, J =  1.4 Hz), 7.34 (2H, Mi J =  10.0, 1.8 Hz), 

7.78 (2H, dd, J =  10.0,l.O HZ). 

3,5-Dirnethyl-1,5-hexadien-3-sl (21 2). This comp~und was 

prepared by reaction of 2-methyl-1 -propmy/ magnesium chloride and 3-buten-2- 

one.236 1H NMR (CDC13, ppm): 1.30 (3H, s), 1.78 (3H, s), 1-30 (1 H, s), 2.30 (2H, 

s), 4.77 (IH, d, J =  1.3 HZ), 4.92 (IH, d, J =  1.3 HZ), 5.04 (IH, dd, J =  10.7, 1.3), 

5.23 (lH, db, J =  17.3, f -3 Hz), 5.96 (W, dd, J =  10.7, 17.3 Hz); FTIR (neat): 3445, 

3075,2933,171 0,1643, t 107,920,777 m-1 



Ei-Methyl-Ghepten-2-one (3 97): This compound was prepared by the 

alkylation of 21 O by 3-methyl-3-butenyltosylate, 209, according to the former 

procedure or by the patfadium catalyzed j3,3] sigmatropic rearrangement of 212. 

fn the tatter process 212 (4.74 gf and PdCI2 (1 7.5 mg) in dry CH3CN (35 mL) 

were stirred for -72 h at room temperature. After filtration of the catalyst, 

distillation at reduced pressure (70-73% @ 25 rnm Hg) afforded 4.31 g of 197 

(91 % yield, 98 % pure)]. 1 H NMR (CDCl3, ppm): 1 -72 (5H, m), 2.00 (2H, t, J = 

7.7 Hz), 2.13 (3H, s), 2.44 (2H, t, J =  7.7 HZ), 4.68 (lH, d, J =  1.2 HZ), 4.73 (lH, d, 

J = 1 -2 Hz); 13C NMR (CW13, ppm): 208.30, l6.07, l 1 Q.62, 43.04, 37.1 ! , 

29.97, 22.20, 21 -58. 



The identification of male-produced aggregation pheromones of 

Rtrynchophcrrus phoeni=is, R. ementatus, R biJineatus, O w e s  monoceros, 0. 

rhinocems, Metamasius herniptents sericeus and Paramasius disfortus is an 

important step towards understanding the biology and chemical ecology of these 

insects and further expands the deveiopment of management programs. 

The four stereoisomers of 3-methyl-4-octanol, the aggregation pheromone 

of the African p a h  weevii, R. phoenicis, 5-methyl-4-octanoi, the aggregation 

pheromone of the Palmetto weevif, R, cruentafus and 4-methyl-5-nonanol, the 

aggregation pheromone of the Asian palm weevils R. biiineatus, R. ferrugineus 

and R. vuinerafm and the sugarcane weevil PA. h. seffceus were synthesized by 

the Sharpless asymmetric epoxidation combined with diastereose~ective epoxide 

opening. This strategy uses inexpensive reagents and allows the synthesis of 

the four diastereoisomers of the respective alcohols from common intermediates. 

Synthetic stereoisomers were baseline-separated on a Cyciodex-B fused silica 

column. Use of this column in gas chromatographic-electroantennographic (GC- 

EAD) and GC-mass spectrometric adyses revealed that only one stereoisomer, 

(3S,4S)-3-methyl-4-octanol, (4S,SS)-5-methyl-4-octanol and (4S,SS)-5-methyl-4- 

nonanol is produced by mafe R. phoenicis, mafe R. cfuentatus, and male R. 

biiineafus, R. ferrugineus, R. vulnefafus and M. h. sericeus, respectively and elicit 

good antenna! responses by conspecific male and female weevils. 

In field trapping experiments, these syn-isomers strongly enhanced 

attraction to fresh palm or sugarcane tissue, whereas other stereoisomers were 

behavioraliy benign. 



€AD-active host vofatifes were identified. However, superior attraction of 

fresh host tissue indicated that additional unknown serniochemicals must be 

identified if the kairomonal effect is to &e mimicked. 

Male coconut rhinoceros beetles, Oryctes monoceros produces a single 

sex-specific compound and 0. rhinoceros, produces three sex-specific 

compounds, ethyl 4-methyloctanaate, ethyl 4methyIheptanoate, and 4- 

rnethyloctanoic acid, the first of which is an aggregation pheromone in both 

species. Syntheses of these compounds involved conjugate addition of 

organactprates to ethyl acryfate, whereas optically active isomers of ethyl 4- 

methyloctanoate were prepared from enantiomerically enriched citroneliols. 

Field trapping experiments in indonesia showed inai ethyi (4S,hePkyio~arroatii 

and the racemic mixture were equally attractive to 0. rhinoceros. Racernic ethyl 

4-methyloctanoate was more effective in attracting 0. monoceros (Africa) and 0. 

rhinoceros (Indonesia) than ethyl chrysanthemumate, a previously recommended 

attractant. 

(3Z,6Z)-3,6-nonadien-l -ol and Z, E-farnesene were identified in 

Amstrepha obliqua male votatiles as EAD active components. Efforts toward the 

synthesis of Z,E- and E, E-farnesenes (another major component of males extract 

in A. obligua) were presented. tow chemical and isomeric yields hampered 

production of more than milligram quantities of Z, E- and E, E-farnesenes. 

However, regioselective forrnatiw of E- and Z-enolphosphates of a$- 

unsaturated ketones, with regioselectivities A 5  % were achieved. 

(3-6-Nonen-2-one has recently been shown to be the biosynthetic 

precursor for the aggregation pheromone exo-brevicomin in mountain pine 

beetle, Dendroctonus po~derosa8 maies. in this study, ti?& fdtoing kjptheses 

were tested: I) that 6-methyl-6-hepten-2-one is a biosynthetic precursor of the 

aggregation pherurnotre frontalin in the spruce beetle, D. rufpennis , and 2) that 



frontalin and axo-brevicomin are produced from, respectively, 6-methyl-6-hepten- 

2-one and fZ)-6-rtonen-2-ane and that itthese aggregatiun pheromones are only 

produced by beetles that utilize them. Exposure of scolytids mountain pine 

beetle, spruce beette, pine engravers, Ips phi, and I. tridens, and West Indian 

sugarcane weevil, Metamasics hemipterus sericeus to deuterio- or protio-6- 

methyl-6-hepten-2-one invariably resulted in the production of deuterio- or protio- 

frontalin. Similarty, exposure of D- rufipennis, M. h. sericeus and I. tridens to (2)- 

6-nonen-2-one resufted in the production of exo-brevicomin. Experiments did not 

provide evidence that 6-rnethyi-6-hepten-2-one is the natural biosynthetic 

precursor of frontaiin in spruce beetle. Thus: there was an: 1) absence of this 

compound in spruce beetie vaiatiies, 2) inabiiiiy of this beetie to isornerite 6- 

methyl-5-hepten-2-one to 6-rnethyf-6-hepten-2-one, and 3) production of an 

enantiomeric mixture of frontatin rather than natural (+)-frontalin from this ketone. 

Production of enantiomerically enriched frontalin and exo-brevicomin by all the 

beetles reveai non-specific and non-selective biotransformations, and 

demonstrates occurrence of non-specific polysubstrate monooxidases in these 

Coleoptera. 
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