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ABSTRACT 

The overall goal of this thesis was to investigate pheromone 

biosynthesis in grain and bark beetles. Insects were exposed to either 

radio- or stable isotope-labelled precursors. Incorporation of label into 

pheromones was determined by scintillation counting or gas 

chromatography/selected ion monitoring-mass spectroscopy, respectively. 

Most known aggregation pheromones of cucujid grain beetles are 

macrolides, called "cucujolides". Objectives of this project were to 

determine the biosynthetic origin of these cucujolides and to study the 

mechanism of cyclization. Studies were performed on Oryzaephilus 

mercator (Fauvel) and/or Cryptolestes ferrugineus (Stephens). In C. 

ferrugineus, cucujolide I (numbered according to J. Chem. Ecol., 1988, 

14:2069-2096) was of terpenoid origin. Cucujolides 11, 111, IV and V were 

found to be of fatty acid origin. The de novo biosynthesis of all 

cucujolides (I through V) was detected. The cyclizations of the hydroxy 

acid precursors to form I in C. ferrugineus, and I1 in C. ferrugineus and 

0. mercator, proceeded with retention of the hydroxyl oxygens. 

The cyclic ketals exo- and ends-brevisomin are p h e r ~ m 0 n e ~  of many 

economically important scolytids. The objective of this project was to 

study brevicomin biosynthesis in the mountain pine beetle (MPB), 

Dendroctonus ponderosae Hopkins and the western balsam bark beetle, 

Dryocoetes confusus Swaine. Insects exposed to (2)- or (E)-D2-nonen-2-one 

produced exo- or endo-brevicomin, respectively, that were clearly enriched 

in two deuterium atoms. The D2-exo-brevicomin produced by male MPB was 

found to be of the natural (+)-chirality by complexation chromatography. 

The biosynthetic transformation apparently proceeds through a keto-epoxide 

intermediate. Both oxygens of brevicomin are derived from molecular 

oxygen. 

Ipsdienol is a common bark beetle pheromone. The chirality of 

ipsdienol varies widely between different species, populations and even 

individuals. The objective of this project was to test the hypothesis 

iii 



that increased activity of the oxidation/reduction equilibrium between 

ipsdienol and ipsdienone effects a larger proportion of S-(+)-ipsdienol. 

The study insects were Dendroctonus ponderosae Hopkins, two populations of 

Ips pini (Say), and Ips paraconfusus Lanier. The hypothesis was 

disproved. 
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GENERAL INTRODUCTION 

Interest in insect pheromones has been aroused by the potential for 

these behaviour-modifying chemicals to be used for the detection and 

manipulation of insect pest populations. As a result much research has 

been directed toward the identification, synthesis and commercial use of 

pheromones. More recently, effort has been directed at elucidation of the 

pathways of pheromone biosynthesis. 

A detailed knowledge of pheromone biosynthesis is desirable for 

several reasons. Control of a specific insect pest could be effected 

through interruption of its pheromone production (Jones and Berger, 1978). 

Unique pheromone biosynthetic pathways could be harnessed to activate 

"biorationally designed" pesticides (Prestwich et al., 1984). An 

understanding of these pathways could be used to predict the existence of 

logical candidate pheromones. Factors that regulate pheromone 

biosynthesis (such as hormones, presence of suitable precursors, etc.) 

could be exploited to induce elevated levels of pheromone production. 

The preceding is not merely a hypothetical list. An understanding 

of pheromone biosynthesis in a lepidopteran species enabled the 

investigators to predict the existence of a previously overlooked 

pheromone (Bjostad et al., 1984). Hormonal stimulation of pheromone 

production by a bark beetle allowed the accumulation of enough pheromone 

to permit its identification (Francke et al., 1977). It is likely that a 

greater understanding of pheromone biosynthesis would lead to further 

benefits. 

Why study pheromone biosynthesis in beetles? 

To date more than 300,000 species of coleoptera have been described: 

one animal in every four is a beetle (Evans, 1977). As a group, beetles 

effect a staggering economic and social impact on humankind through the 

destruction of field crops, stored products and forests. Conversely, many 

beetles are beneficial, as they prey upon insect .pests. Knowledge gained 



in the quest to understand coleopteran biochemistry could be exploited to 

control the pests among the group, and to aid the beneficial members. 

In this context, coleopteran pheromone biosynthesis is a target 

worthy of study. There is little doubt that effective communication 

between conspecific individuals during activities such as mate-finding and 

host-colonization contributes to the reproductive success of many beetles. 

Beetles can use visual and vibrational cues for communication, but 

olfactory signals (pheromones) are very important. 

However, the identification of coleopteran pheromones is often a 

difficult task. Those that have been identified (over a hundred to date) 

indicate a chemically diverse group (Vanderwel and Oehlschlager, 1987); a 

priori predictions of the chemical nature of suspected pheromones are 

therefore limited. Many pheromones are emitted at exceedingly low levels, 

and/or may be produced (or be detected in bioassays) only under special 

environmental or physiological conditions. Some pheromones exhibit 

activity only when present in combination with other pheromones. The 

meaning of some messages can be drastically altered through variation of 

the quantity, relative proportion, and/or chirality of each component. 

All of these factors hamper the elucidation of coleopteran pheromones. An 

understanding of the biochemistry of pheromone production, in conjunction 

with the biology and behavior of the organisms, might help to explain why 

beetles use the pheromones that they do, when they do. This might allow 

the prediction of the identity of unknown pheromones. 

Organization of this thesis 

This thesis summarizes my efforts to further the understanding of 

pheromone biosynthesis in beetles. It contains four chapters: 

Chapter I is a review of the literature. 

Chapter I1 summarizes my studies of the biosynthesis of the 

macrolide aggregation pheromones of the grain beetles Cryptolestes 

ferrugineus (Stephens) and Oryzaephilus mercator (Fauvel). These 



pheromones, known as "cucujolides", are lactones of medium ring size 

(eleven to fourteen members). The goals of this project ranged from 

determining the biosynthetic origins of these cucujolides, to determining 

the direction of the lactonization reactions. 

Chapter 111 summarizes my investigation of the biosynthesis of the 

cyclic ketals endo- and exo-brevicomin. These and similar compounds are 

widely used as pheromones by bark and ambrosia beetles. Prior to this 

study virtually nothing was known about their biosynthesis (Vanderwel and 

Oehlshlager, 1987). In this thesis, biosynthetic precursors of the 

brevicomins were identified and the mechanism of the transformation of 

these precursors to the cyclic ketals was examined. 

Chapter I V  summarizes my study of ipsdienol biosynthesis in bark 

beetles. Other investigators have realized that ipsdienol is produced by 

many different species of bark beetles, and that the chirality of the 

ipsdienol used varies widely. This variation occurs not only among 

species, but among populations of the same species, and even among 

individuals of the same species (references summarized in Vanderwel and 

Oehlshlager, 1987). The biochemical mechanism for this variation is not 

understood. The present study explores the validity of the suggestion by 

Fish et al. (1984) that an oxidation-reduction equilibrium between 

ipsdienol and its ketone, ipsdienone, might be involved in the biochemical 

manipulation of the chirality of ipsdienol. 



CHAPTER I 

LITERATURE REVIEW 

This review summarizes major advances to the study of coleopteran 

pheromone biochemistry. A more exhaustive review is presented in 

Vanderwel and Oehlschlager (1987). 

Almost all studies of pheromone biosynthesis in beetles have 

concerned the boll weevil, Anthonornus grandis, and the scolytid bark 

beetles. Therefore the first two sections of this review are devoted to 

studies of pheromone biosynthesis in these organisms. The third section 

is devoted to an overview of the involvement of microorganisms in 

"pheromone" biosynthesis. 

A) Pheromone biosynthesis in the boll weevil 

Grandlure, the sex pheromones of the male boll weevil, Anthonornus 

grandis, can be produced either through the derivatization of dietary 

components or through de novo synthesis. It was observed that pheromone 

production is enhanced in weevils feeding on their natural food source, 

cotton buds (Hardee, 1970; Hedin et al., 1975). This led to the 

hypothesis that plant-derived constituents are utilized for pheromone 

production. Tumlinson et al. (1970) proposed a biosynthetic route from 

monoterpene alcohols to the four monoterpenoid components of grandlure 

(1 to 4, Figure I), through an intermediate such as y-isogeraniol (5). 

Subsequent studies demonstrated that nerol and geraniol, which are present 

in the host (Hedin et al., 1971), could serve as pheromone precursors 

(Thompson and Mitlin, 1979). Mitlin and Hedin (1974) demonstrated that 

boll weevils could also synthesize their pheromones de novo. 

Radiolabelled acetate, mevalonate and D-glucose were incorporated into all 

four components of grandlure. The relative proportion of pheromone 

contributed by the de novo pathway when host precursors are available is 

not known. 



geraniol nerol 

Figure 1: Biosynthesis of boll weevil sex pheromones (1 through 4) from 

geraniol or nerol. 

B) Pheromone biosynthesis in bark beetles 

Bark beetles are capable of a remarkable diversity of chemical 

signals: their repertoire is reputed to include long-range and short- 

range aggregation pheromones, sex pheromones, epideictic ("spacing") 

pheromones, "switching" pheromones, and antiaggregation pheromones 



(Borden, 1985, ,and references cited therein; Dr. Gerhard ~ries*, personal 

communication). To date, most of the pheromones identified are either 

terpenoid alcohols, the corresponding ketones, or bicyclic ketals and 

acetals (Borden, 1985; Vanderwel and Oehlschlager, 1987). Most terpenoid 

pheromones appear to be derived from host monoterpenes, but the ketals and 

acetals are of uncertain biosynthetic origin (Vanderwel and Oehlschlager, 

1987). 

1. Biosynthesis of terpenoid alcohol and ketone pheromones 

The resin exuded by trees in response to insect boring contains 

monoterpenes. These monoterpenes are toxic to beetles (Smith, 1961, 

1965a,b; Coyne and Lott, 1976; Raffa et al., 1985). Scolytids must 

possess effective mechanisms for detoxification in order to survive 

extensive exposure to resin (Hughes, 1973a; White et al., 1980; Francke 

and VitB, 1983). The prevailing biochemical strategy appears to involve 

oxidation of the hydrophobic toxicants to products that, by virtue of 

their hydrophilic "handles", are more easily mobilized for excretion or 

storage (Dowd et al., 1983; Ahmad, 1986). 

It is widely believed that the oxidation of host monoterpenes is 

performed by polysubstrate monooxygenases (PSMOs, also called mixed- 

function oxidases), since these enzymes are largely responsible for the 

metabolism of dietary toxins (Dowd et dl., 1983). To test this hypothesis 

in vivo, Hunt and Smirle (1988) topically treated male and female mountain 

pine beetles, Dendroctonus ponderosae, with two known inhibitors of PSMO 

activity (piperonyl butoxide and sesame oil) before exposing the beetles 

to vapors of the host monoterpenes a-pinene and myrcene. Reduced levels 

of monoterpene oxidation products and an accumulation of monoterpene 

precursors were observed. Scolytid PSMOs may have become specialized to 

deal with host tree resin. The microsomal cytochrome P-450 isolated from 

* Department of Biological Sciences, Simon Fraser University. 
Burnaby, BC, Canada. V5A 1S6. 
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Dendroctonus terebrans exhibits an unusually high specificity for the in 

vitro oxidation of the host monoterpene a-pinene (White et al., 1979). 

The metabolic products of most host monoterpenes were determined in 

detailed studies of the volatiles of female Dendroctonus ponderosae 

feeding on its natural hosts, lodgepole and ponderosa pine (Libbey et al., 

1985; Pierce et al., 1987). Three metabolic pathways were proposed to 

account for the alcohol derivatives encountered (Pierce et al., 1987). 

One metabolic pathway, called MP-I, apparently facilitates the oxidation 

of any vinyl methyl group which is E to an allylic methylene (Figure 2). 

This system does not discriminate between substrates, as judged from the 

relative proportions of monoterpene precursors in the host oleoresin and 

the corresponding alcohol products. 

Figure 2: Regiospecific oxidation of 

D. ponderosae (Pierce et al., 1987). 

MP-I . 
host monoterpenes by MP-I in female 

The arrows denote sites oxidized by 



1 

The second oxidation system (MP-11) is apparently specific for the 

hydroxylation of allylic methylenes E to vinyl methyl groups in bicyclic 

monoterpenes such as a-pinene and 3-carene 

pinene 

(Figure 3). 

(+)- 3- 

carene 

Figure 3: MP-11-mediated oxidation of bicyclic monoterpenes to secondary 

alcohols in female 0. ponderosae (Pierce et al., i987j. Th@ arrows denote 

the sites oxidized by MP-11. 

The third enzymatic system (MP-111) is not an allylic oxidase; 

rather it mediates the anti-Markovnikov hydration of the major host 

monoterpene, (-)-R-phellandrene (Figure 4 ) .  This system is apparently 

specific for (-)-R-phellandrene, since hydration products of other host 

monoterpenes (such as R-pinene) were not detected in D. ponderosae 

volatiles (Pierce et dl., 1987). 



(-1 -p- 
phellandrene 

Figure 4: MP-I11 mediated anti-Markovnikov hydration of D-phellandrene in 

female D. ponderosae (Pierce et al., 1987). 

Pathways analogous to MP-I, I1 and I11 are widespread through the 

scolytidae (Vanderwel and Oehlschlager, 1987). Some volatile products of 

these detoxification processes appear to have been adopted for use as 

pheromones (Hughes, 1973a; White et al., 1980; Francke and Vit6, 1983). 

The biosynthesis of these pheromones from host monoterpenes primarily 

involves allylic oxidation or hydration, but may be accompanied by 

secondary reactions such as further oxidation, hydrogenation, or 

rearrangement of the carbon skeleton (Francke and Vit6, 1983). 

To summarize thus far, scolytids convert host monoterpenes to the 

corresponding alcohols, ostensibly as a detoxification strategy. This 

conversion occurs through allylic oxidation and, less commonly, through 

hydration. The alcohols produced often undergo subsequent reaction, 

including elimination, rearrangement, or oxidation. Some volatile 

derivatives of some host monoterpenes, most notably a-pinene and myrcene, 

are used as pheromones. It is curious that the volatile oxidation 

products of other host monoterpenes are apparently rarely used as 

pheromones (see summary in Table 1). The reason(s) for this phenomenon 

are not understood. 



Table 1: Scolytid metabolites of host monoterpenes (monoterpenes arranged 

in decreasing order of abundance in Lodgepole Pine sapwood1). Those known 

to function as scolytid pheromones are indicated as such. 

- 

Host monoterpene Scolytid-produced metabolites2 Known pheromone?3 

8-pinene 

a-pinene 

terpinolene 

y-terpinene 

myrcene 

myrtenol 
trans-pinocarveol 

o-cyrnene4 
p-cyrnene4 

p-mentha-1,5-dien-8-01 
p-mentha-1 , 5 ,  8-triene4 
4-methyl-2-pentanol 

myrtenol 
cis-pinen-2-01 

toluene4 
verbenene4 
cis-verbenol 
trans-verbenol 

verbenone 

cuminyl alcohol 
p-mentha-1,3-dien-7-01 
p-mentha-1,4-dien-7-01 
p-mentha-1,5-dien-7-01 

amit in01 
ipsdienol 
ipsdienone 
ipsenol 

E-myrcenol 
2-myrcenol 

' Table 1: continued next page 



Table 1: continued.... 

Host monoterpene Scolytid-produced metabolites2 Known pheromone?3 

camphene 

a-terpinene 

limonene 

camphenol 

cuminyl alcohol 
p-mentha-1,3-dien-7-01 
p-mentha-1,4-dien-7-01 
p-mentha-1,5-dien-7-01 

p-mentha-1,8-dien-10-01 
perilla alcohol 
perilla aldehyde 

'~ccordin~ to Shrimpton, 1972, 1973; 'unless otherwise stated, data taken 

from Pierce et al., 1987 and/or from Vanderwel and Oehlshlager, 1987; 

3~nless otherwise stated, data taken from Borden, 1985; 4~ries, et al., 

1990b; '~iller, et al., 1990. 

The derivatization of myrcene and a-pinene have been most 

extensively investigated. The results of these studies are summarized in 

the following sections. 

a) Pheromones derived from myrcene 

Myrcene, the only prominent acyclic monoterpene in pine oleoresin, 

is oxidized at three different allylic positions by Dendroctonus and Ips 

beetles. Both allylic methyl groups are oxidized, producing (E)- or 

(Z)-myrcenol, while only one of the allylic methylenes is oxidized, 

producing (-)-(R)- and (+)-(S)-ipsdienol (Figure 5). 

Some species of beetles are capable of further derivatizing 

ipsdienol. For example, (S)-ipsdienol is enantioselectively rearranged to 

amitinol by I. amitinus (Francke and Vit6, 1983). (R)-Ipsdienol does not 

undergo a similar rearrangement but, in some Ips species, this enantiomer 

is selectively reduced to ipsenol (Fish et al., 1979; Renwick and Dickens, 

1979). (R)-Ipsdienol can also be oxidized to the corresponding ketone, 



myrcene 

(2)- (El- (+)-(.9- (-I-@)- 
myrcenol myrcenol ipsdienol ipsdienol 

HO 
(-)-(S)- 

amitinol ipsenol ipsdienone 

Figure 5 :  Metabolites of the host monoterpene myrcene produced by 

Dendroctonus and Ips beetles. 

ipsdienone (Fish et al., 1979, 1984; also discussed in Chapter IV). These 

transformations are summarized in Figure 5. 

Initial evidence for the conversion of myrcene to ipsdienol and 

ipsenol was provided by Hughes (1974) and by Hughes and Renwick (1977a), 

who showed that I. paraconfusus males could produce ipsdienol and ipsenol 

when exposed to myrcene vapors. Ipsenol was produced when these insects 

were treated topically with ipsdienol. More conclusive evidence was 

supplied by Hendry et al. (1980), who demonstrated the conversion of 

deuterium-labelled myrcene to labelled ipsdienol and ipsenol by male I. 

paraconfusus. Fish et al. (1979) demonstrated the in vivo conversion of 

deuterated ipsdienol to deuterated ipsenol. 



Myrcene derivatives are commonly used as pheromones by bark beetles 

(Borden, 1985, and references cited therein). The widespread use of 

pheromones would seem to preclude their effectiveness for species-specific 

communication. Attraction is partially limited to conspecifics through 

variation in the number of pheromones involved, as well as variation in 

pheromone ratios and chiralities. The latter aspect is discussed more 

thoroughly in Chapter IV. 

b) Pheromones derived from a-pinene 

a-Pinene is oxidized at both allylic positions by Ips and 

Dendroctonus beetles, forming myrtenol and cis- and trans-verbenol (Figure 

6) (references summarized in Vanderwel and Oehlschlager, 1987). These 

alcohols are also subject to further reaction to form a variety of 

products, as shown in Figure 7 for trans-verbenol (Gries et al., 1990b). 

(-)- a 
pine ne 

(+)-a 
pinene 

Figure 6: Metabolites 

' scolytid bark beetles. 

(S)- c i s  
verbenol 

(-1- (-)- trans 
myrtenol verbenol 

(R)-cis 
verbenol 

(+I-  (+)- trans 
myrtenol verbenol 

of the host monoterpene a-pinene produced by 

Products of both isomers of a-pinene are shown. 



verbenone t o -cymene 

a - pinene tmns- verbenol 

1 ' 

verbenene 

p -mentha- 

158- triene 

Figure 7: Metabolites of the host monoterpene a-pinene produced by 

Dendroctonus and Ips beetles (adapted from Gries et al., 1990b). 

Until recently, evidence that a-pinene is metabolized to pheromones 

was largely circumstantial. Renwick et al. (1973) noted that D. frontalis 

produced myrtenol (in addition to other oxidation products) upon exposure 

to a-pinene. Similarly, I. paraconfusus produced (+ ) -  and (-)-myrtenol 

after exposure to the corresponding enantiomers of a-pinene (Renwick et 

al., 1976b). Such studies are inconclusive if, as some workers have 

suggested (Hughes, 1975; Conn et al., 1984), exposure to any monoterpene 

will trigger pheromone production from sequestered precursors. There is 

some evidence that Dendroctonus beetles are able to sequester host 

monoterpenes (Hughes, 1975; Rudinsky et al., 1977). Conn et al. (1984) 

demonstrated that trans-verbenol production by female D. ponderosae was 

triggered by exposure to 3-carene, which is not generally believed to be a 

precursor of trans-verbenol. 

More definitive evidence that a-pinene is metabolized to pheromones 



such as trans-verbenol was 

investigators demonstrated 

a-pinene produced labelled 

provided by 

that female 

Gries et al. (1990b). These 

D. ponderosae exposed to deuterated 

trans-verbenol, toluene, 

1,5,8-triene, o- and p-cymene. They suggested that 

rearranges to form the latter products (Figure 7). 

produced in a dose dependent manner when exposed to 

beetles exposed to labelled trans-verbenol produced 

mentha-1,5,8-triene, o- and p-cymenes. 

verbenene, p-mentha- 

trans-verbenol 

These metabolites were 

trans-verbenol, and 

labelled verbenene, p- 

Verbenone, a multifunctional pheromone utilized by several scolytid 

species (Borden, 1985), is considered to be derived from a-pinene through 

oxidation of the verbenols. Although Hughes (1975) provided 

circumstantial evidence for this route, with the demonstration that D. 

frontalis males exposed to a-pinene contained about twice as much 

verbenone as unexposed males, other studies have failed to corroborate 

this relationship (Renwick et dl., 1973; Byers, 1983a, 1983b). Attempts 

to correlate verbenone production by adult beetles with a-pinene exposure 

are complicated by the possibility that the precursor may be carried over 

from earlier developmental stages. Hughes (1975) demonstrated that D. 

frontalis pupae do not complete the metabolism of a-pinene to the known 

oxidation products, but likely store the terpene as a conjugated 

intermediate. This could be metabolized to yield the pheromones 

trans-verbenol and verbenone once the insect becomes a mature adult. 

Another complication of such studies is that symbiotic microorgansms may 

actually be responsible for verbenone biosynthesis. This aspect is 

discussed in more detail later. 

There is evidence that, at least in those cases where the oxidation 

products have been adopted for use as pheromones, the metabolism of host 

monoterpenes can be highly stereo- and enantioselective (Renwick et dl., 

1976b; Harring, 1978; Fish et al., 1979; Renwick and Dickens, 1979; 

Klimetzek and Francke, 1980; Byers, 1983a). Due to the pheromonal 

, activitv of cis- and trans-verbenols in several Dendroctonus and IDS 



Table 2: Comparison of isomers of verbenol produced from (+) -  and (-)-a- 

pinene by different species of bark beetles. 

Species 

- -  

Verbenol produced from a-pinene enant iomers' 

(+)-a-pinene (-)-a-pinene 

(+)-trans (S) -cis (-)-trans (R)-cis 
- 

IPS species2 
I. amitinus - p3 
I. typographus - p3 
I. paraconfusus - p3 

- - - - -- -- -- -- - 

Dendroctonus species 
D. brevicomis4 + - p5 - 
D . ponderosae6 + - + - 

Pityokteines species7 
P . spinidens + 
P. curvidens + 
P. vorontzovi + 

1 - ,+*I  , p ,,sen t; 1 ~ - w  = absent; "P" = present and is a known pheromone of 

the species;  enwi wick et al., 1976b; Klimetzek and Francke, 1980; 3~orden, 

1985, and references cited therein; 4~yers, 1983a; 5~edard et dl., 1980; 

Byers, 1983a; 6~ries et dl., 1990b; 7~arring, 1978. 

species, the oxidation of a-pinene to these allylic alcohols has been 

investigated in some depth. As summarized in Table 2, the varying 

selectivities of the oxidase systems of different species of beetles give 

rise to different isomeric mixtures of trans- and cis-verbenol. This may 

be one way to ensure species specificty of the pheromone message. 

An additional source of a-pinene-derived semiochemicals that should 

be considered is from the auto-oxidation of a-pinene. Upon exposure to 

air, a-pinene auto-oxidizes to a variety of compounds (Moore et al., 

1956), which include cis- and trans-verbenol and, in turn, verbenone 



quantities of these behavior-modifying chemicals are formed when the host 

tree exudes resin in response to attack (Borden et al., 1986). The 

possibility that a-pinene-derived semiochemicals are produced 

independently of insect metabolism has interesting implications on the 

dynamics of host colonization (Borden et al., 1986). 

c) Pheromones synthesized de novo 

Bark and ambrosia beetles also use several short chain alcohols as 

pheromones. These include 2-methyl-3-buten-2-01 (6), 3-methyl-3-buten-l- 

01 (7) and 3-methyl-1-butanol (8), utilized by Ips typographus, Ips 

cembrae, and Platypus flavicornis, respectively (Bakke et al., 1977; 

Stoakley et al., 1978; and Renwick et al., 1977) (Figure 8). These five- 

carbon, branched-chain alcohols are obviously isoprenoid, but their origin 

is unknown. They could arise either as degradation products of host 

monoterpenes, or from de novo biosynthesis. Lanne et al. (1989) have 

recently shown that radiolabelled mevalonate is incorporated into 6 by I. 

typographus, indicating that this alcohol can be synthesized de novo. For 

reasons which are not clear, incorporation of radioactivity from glucose 

or acetate into 6 was not detectable. 

Figure 8: Short chain isoprenoid alcohol pheromones. 

It is unknown if compounds 6, 7 and 8 are produced by the insect or 

by associated microorganisms. The production of 6 and 7 is hormonally 

controlled in I. typographus (Hackstein and Vit6, 1978) and I. cembrae 

(Renwick and Dickens, 1979), respectively. It is difficult to envision 



insect-regulation of production by microorganisms. Yeasts isolated from 

I. typographus (LeufvQn et al., 1984) and a yeast (Brand et dl., 1977) and 

a basidiomycete (Brand and Barras, 1977) associated with D. frontalis, 

produce 8 in vitro. However, neither 6 nor 7 were produced by these 

microorganisms. Moreover, methylbutenol production by I. typographus 

ceases when the tree has been overcome, even though microorganism 

populations are still increasing (Lanne et al., 1989). This 

circumstantial evidence supports suggestions that 6 and 7, at least, are 

synthesized de novo by the insects themselves. 

2. Biosynthesis of 2-phenylethanol 

2-Phenylethanol is believed to be an aggregation pheromone of I. 

paraconfusus (Renwick et al., 1976a; Borden, 1985). The male noctuid moth 

Mamestra configurata, which also uses 2-phenylethanol as a pheromone, 

converts the amino acid phenylalanine to the pheromone in a multistep 

pathway believed to proceed as shown in Figure 9 (Clearwater, 1975; 

Weatherston and Percy, 1976). 

It seems likely that 2-phenylethanol is similarly derived in bark 

beetles. High levels of phenylalanine (the precursor of lignin) are 

believed to be present in the phloem (Gries et al., 1990~). Gries et al. 

(1990~) demonstrated that male Ips pini exposed to deuterium-labelled 

phenylalanine produced deuterium-labelled 2-phenylethanol. Interestingly, 

labelled toluene was also produced. The significance of this is not 

clear: toluene is itself highly toxic and did not appear to have 

pheromonal activity in field tests (Gries et dl., 1990~). 



phenylalanine 

2- phenyl- 
ethanol 

UDP- hexose -I 
Hz0 4 

O- hexose 

0- hexose 

Figure 9: Biosynthesis of 2-phenylethanol from phenylalanine by male 
Mamestra configurata. 

3. Biosynthesis of cyclic ketal and acetal pheromones 

Despite advances in our knowledge of coleopteran pheromone 

biosynthesis on several fronts, virtually nothing is known about the 

biosynthesis of bicyclic ketal and tricyclic acetal pheromones. These 

compounds include frontalin, exo- and endo-brevicomin, multistriatin, 

lineatin, chalcogran, and (E)-7-methyl-1,6-dioxaspiro[4.5]decane, 9 

(Figure 10). It has been suggested that multistriatin, chalcogran, and 9 

are derived in vivo through the cyclization of acetogenins (Bradshaw, 

1985; Philips et al., 1985; Vanderwel and Oehlschlager, 1987). 



0 

frontalin exo-brevicomin endo-brevicomin 

A$- 0 

multistriatin lineatin 

chalcogran 9 

Figure 10: Cyclic ketal and acetal pheromones. 

White et al. (1980) have proposed that frontalin, exo-, and 

endo-brevicomin are synthesized through specialization of a "hormone type" 

of metabolic pathway. Silverstein (cited in White et al., 1980) 

speculated that the biosynthetic pathways may, alternatively, be similar 

to laboratory routes to these pheromones which utilize short chain, 

dihydroxy ketones (e.g. 10, Figure 11) as precursors. The logical 

biosynthetic precursor of 10 is 6-methyl-6-hepten-2-one (11, Figure 11) 

which could in turn be derived from 6-methyl-5-hepten-2-one (12) or 

sulcatol (13) (Brand et al., 1979). The latter two compounds are present 

in volatile8 of the Douglas-fir beetle (Butterfield, 1984; Madden et al., 

1987). Brand et al. (1979) suggested that microbial syrnbionts may supply 

beetles with biosynthetic precursors to frontalin, since mycangial fungi 

of female D. frontalis produce 12 (Brand and Barras, 1977). 



f rontalin 

Figure 11: Speculative biosynthetic route to frontalin. 

Information concerning the origin of the tricyclic acetal lineatin 

is also vague. Francke and VitQ (1983) pointed out the structural 

similarity between lineatin and monoterpenoid compounds such as myrcene 

and grandisol. It is conceivable that lineatin is indeed derived through 

the oxidation and cyclization of a monoterpenoid precursor (Figure 12), 

but as yet no experimental evidence for this route is available. 

nerol linea tin 

Figure 12: Speculative biosynthetic route to lineatin from a 

monoterpenoid precursor. 

C) Role of microorganisms in "pheromone" biosynthesis 

The ability of coleopterans to colonize their host is, in many 

cases, augmented by their association with microorganisms. For example, 

attacking scolytids distribute pathogenic fungi which help to render the 

2 1 



host incapable of impairing beetle development (Graham, 1967). Symbiotic 

microorganisms may also play a role in the production or degradation of 

chemicals involved in mediating coleopteran behavior. 

Examination of the metabolites of coleopteran symbionts has revealed 

that in some cases, the microorganisms produce the same compounds that are 

utilized as pheromones by their host. Such symbionts include bacteria 

isolated from the grass grub beetle, Costelytra zealandica (Hoyt et al., 

1971), a Serratia species isolated from the bark beetle Phleosinus 

arrnathus (Chararas et al., 1980), and a Bacillus cereus strain isolated 

from I. paraconfusus (Brand et al., 1975). This is not surprising since 

microorganisms, exposed to many of the same compounds as their hosts, 

could by coincidence metabolize some to the same end products. Thus, the 

relative contributions by both symbiont and insect to overall pheromone 

production must be considered. 

This is illustrated by earlier work on a Bacillus cereus strain 

isolated from Ips paraconfusus. Brand et al. (1975) reported that this 

microorganism was capable of the oxidation of a-pinene to cis- and 

trans-verbenol. Subsequent experiments by Byers and Wood (1981) indicated 

that streptomycin sulfate, to which B. cereus is susceptible, did not 

reduce the production of cis-verbenol by I. paraconfusus. These results 

are not necessarily conflicting: B. cereus may produce cis- and trans- 

verbenol, but this production may make a neglible contribution to total 

pheromone production by I. paraconfusus. 

In order to assess the importance of the microbial contribution to 

overall pheromone production, some studies have attempted to ascertain the 

metabolic capability of insects made as devoid as possible of their 

natural endo- (intracellular) and exo- (extracellular) symbionts. The 

surface sterilization of eggs, followed by axenic rearing to adulthood on 

asceptic host material, has been widely used to obtain adults free of 

readily culturable exosymbionts (Whitney and Spanier, 1982; Conn et al., 

1984; Hunt and Borden, 1989). The populations of endosymbionts have been 



reduced by administration of membrane-permeable antibiotics to wild 

(contaminated) adults (Chararas, 1980; Byers and Wood, 1981; Hunt and 

Borden, 1989). 

Experiments with I. paraconfusus and D. ponderosae have been 

conducted utilizing these techniques (Conn et al., 1984; Hunt and Borden, 

1989). The males of both species convert myrcene to ipsdienol. Normal 

levels of ipsdienol were produced by axenically-reared and by 

streptomycin-treated male D. ponderosae (Conn et dl., 1984; Hunt and 

Borden, 1989). Thus there is no apparent microbial involvement in 

ipsdienol production by male D. ponderosae. In contrast, ipsdienol 

production was repressed (but not halted) in streptomycin-treated (Byers 

and Wood, 1981) and in axenically-reared (Hunt and Borden, 1989) male I. 

paraconfusus. Thus both insectival and microbial involvement are 

indicated in ipsdienol production by male I. paraconfusus. 

The meaning of these results is difficult to assess. The decreased 

ipsdienol production noted in streptomycin-treated I. paraconfusus could 

be due to non-target toxic effects of streptomycin (Gilman et dl., 1985). 

The decreased ipsdienol production observed in axenically-reared insects 

might be due to the use of a rearing medium of pasteurized phloem. The 

greatly reduced monoterpene content in this diet could affect the ability 

of the adult to produce ipsdienol. Insects reared on such a diet would be 

exposed to only low levels of monoterpenes during larval and teneral adult 

feeding. The importance of prior exposure to pheromone production by the 

adult has not been well studied. It is conceivable that PSMO-induction 

and/or monoterpene-sequestration in earlier life stages could effect 

higher levels of pheromone production by the adult. Some examples from 

the literature that support this hypothesis have been presented in this 

review. Hughes (1975) demonstrated that D. frontalis exposed to a-pinene 

as pupae produced more trans-verbenol as adults than beetles that had not 

been exposed. Conn et al. (1984) demonstrated that female D. ponderosae 

, could be triggered to produce trans-verbenol without exposure to a-pinene. 



Pheromone production by male I. paraconfusus was stimulated by JH I11 

treatment, without exposure to myrcene (Borden et al., 1969). 

Both sexes of I. paraconfusus and D. ponderosae metabolize a-pinene 

to cis- and trans-verbenol and myrtenol. Axenically-reared male I. 

paraconfusus and female D. ponderosae contain significantly more a-pinene 

metabolites than wild beetles, whereas axenically-reared female I. 

paraconfusus contain near normal levels of a-pinene metabolites (Conn et 

al., 1984; Hunt and Borden, 1989). Similarly, both sexes of wild D. 

ponderosae contained up to six times more a-pinene metabolites after 

ingestion of a host phloem diet containing streptomycin sulfate (Hunt and 

Borden, 1989). Thus, in both species studied, reduction of the symbiont 

populations does not reduce pheromone content, and may actually result in 

its increase. 

These observations parallel those on boll weevils by Gueldner et al. 

(1977). Weevils that were relatively free of bacteria produced 

significantly more pheromone than those that were heavily contaminated. 

Increased pheromone production in microbe-suppressed insects could simply 

be due to healthier insects (Gueldner et dl., 1977). Alternatively, the 

symbionts present in wild (contaminated) insects could decrease pheromone 

content through competition with the beetle for substrate or through use 

of the beetle-produced pheromone as a substrate (Conn et al., 1984). Such 

activities could, under natural conditions, serve to regulate pheromone 

levels (Conn et al., 1984). 

In an extension of this idea, it has been suggested that 

microorganisms may be involved in the conversion of aggregation pheromones 

to compounds that inhibit attraction (LBufven et al., 1984). Supporting 

evidence is provided by studies of the ability of various symbiont 

isolates to metabolize a-pinene-derived pheromones. Several yeast 

isolates of the spruce bark beetle, Ips typographus, were shown to 

trans-verbenol with the 

) . Verbenone, an anti- 

interconvert the chiral isomers of cis- and 

respective verbenones (LeufvBn et al., 1984 



aggregation pheromone found in wild female D. ponderosae, was not produced 

by axenically-reared or streptomycin-fed beetles (Hunt and Borden, 1989). 

Mycangial fungi of D. frontalis perform the verbenol to verbenone 

conversion as well as oxidation of seudenol, an aggregation pheromone of 

D. pseudotsugae, to 3-methylcyclohex-2-en-1-one (Brand et dl., 1976), an 

antiaggregation pheromone of this species. The conversion of scolytid 

aggregation pheromones to antiaggregation pheromones by symbionts could 

play a significant role in terminating the attack of a successfully 

colonized host (Raffa and Berryman, 1983; Leuven et dl., 1984; Borden et 

dl., 1986; Hunt et al., 1989; Hunt and Borden, 1990). 



CHAPTER I1 

MACRQLIDE (CUCUJOLIDE) BIOSYNTHESIS IN CUCUJID GRAIN BEE!L'LES 

A) INTRODUCTION 

This laboratory has been involved in the isolation, identification, 

and synthesis of the aggregation pheromones of five economically important 

species of cucujid grain beetles: Cryptolestes ferrugineus (Stephens), C. 

pusillus (Schonhen), C. turcicus (Grouvelle), Oryzaephilus mercator 

(Fauvel), and 0. surinamensis (L.) (Borden et al., 1979; Wong et al., 

1983; Millar et al., 1985a,b; Pierce et al., 1984 arb, 1985). Males were 

found to produce seven structurally similar macrocyclic lactones (Figure 

13), given the trivial name "cucujolides" (Oehlschlager et a1.,1988). 

Both males and females are attracted to species-specific combinations of 

these cucujolides (Oehlschlager et al., 1987). 

IV v VIII IX 

Figure 13: Cucujolides used as aggregation pheromones by cucujid grain 

beetles (numbered according to Oehlschlager et al., 1988): I, 4(E),8(E)- 

4,8-dimethyldecadien-10-olide; 11, 3(Z)-dodecen-11-olide; 111, 5(2)- 

tetradecen-13-olide; IV, 3(2),6(Z)-dodecadien-11-olide; V, 5(2),8(2)- 

tetradecadien-13-olide; VIII, 3(Z)-dodecen-12-olide; and IX, 3(2),6(2)- 

' dodecadien-12-olide. 



Cucujolide I was hypothesized to be of terpenoid origin, due to the 

,=haracteristic branching pattern and the E configuration of the double 

bonds. Farnesol could conceivably be transformed to I through oxidative 

cleavage of the terminal double bond, followed by cyclization, as shown in 

Figure 14 (Pierce et al., 1984b; Vanderwel and Oehlschlager, 1987). 

oxidative cleavage of the terminal double bond of farnesol has been 

reported to occur during farnesol catabolism by isolated embryonic 

~rosophila cells (Gonzalez-Pacanowska et al., 1988). 

cleavage - cyclization - 
(E, E)- farnesol I 

Figure 14: Proposed biosynthesis of cucujolide I from (E,E)-farnesol. 

The other cucujolides (II-V, VIII and IX) were hypothesized to be of 

fatty acid origin due to the position (6-7 and/or 9-10 from the terminal 

carbon) and Z geometry of the double bond(s) (Pierce et al., 1984b; 

Vanderwel and Oehlschlager, 1987). Plausible biosynthetic routes from the 

fatty acids to cucujolides II-V, VIII and IX would involve: (1) two (or 

three) cycles of R-oxidation; (2) hydroxylation at the penultimate or 

terminal carbon; and (3) cyclization of the hydroxy-acid intermediate to 

the macrolide as shown in Figure 15. Steps 1 and 2 could occur in any 

order. Evidence for the o-1 oxidation of fatty acids has been reported 

for termites (Prestwich et al., 1985). The shortening of fatty acid 

chains by R-oxidation occurs in the biosynthesis of many lepidopteran 

, pheromones (Roelofs and Bjostad, 1984; Bjostad et dl., 1987). 
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Figure 15: Proposed biosynthesis of cucujolides 11-V, VIII and IX from 

fatty acids. 



The objectives of this project were to: 

1. test the hypothesis that cucujolide I is of terpenoid origin; 

2. test the hypothesis that the other cucujolides are of fatty acid 

origin ; 

3. determine if the cucujolides can be synthesized de novo; 

4. determine if farnesol can serve as a precursor of cucujolide I 

in vivo; 

5. study the stereochemistry of the lactonization reactions leading 

to cucujolides I and 11. 

~ o s t  studies were performed with C. ferrugineus since this species 

produces five of the cucujolides (I to V) at relatively high levels. 

However, since C. ferrugineus produces (S)-I1 while 0 .  mercator produces 

(R)-I1 (Oehlshlager et al., 1987), the stereochemistry of cucujolide I1 

biosynthesis was examined in both species. 



B) EXPERIMENTAL 

1. Insects: 

C. ferrugineus anc 9 0. mercator were each reared on 1 kg of rolled 

oats and brewer's yeast (95/5, w/w) in 3.8 L glass jars at 32 OC and 65% 

relative humidity (Pierce et al., 1981). Beetles were separated from the 

oats with a coarse sieve and collected by aspiration as they crawled away 

from the siftings. The beetles (2.5 g) were then allowed to feed for 7-10 

days on 200 g of fresh oats in a cylindrical glass chamber (6 x 10 cm) 

through which humidified, purified air was drawn. The insects were 

separated from the oats as described above, and were either transferred 

directly to culture chambers containing substrate-laced oats (prepared as 

described below) or were starved for 48 h before transfer (in order to 

deplete endogenous fatty acid pools and to increase the level of 

incorporation of exogenously added substrate). During the starvation 

period, insects were maintained in a glass chamber through which 

humidified, purified air was drawn. 

2. Preparation of experimental cultures: 

A measured quantity (specified in tables of results in Results and 

Discussion) of labelled compound was dissolved in 200 mL of pentane, 

diethyl ether, or ethanol (depending on solubility) in a 500 mL 

round-bottomed flask. Oats (usually 30 g) were added and the solvent was 

removed in vacuo. Remaining traces of solvent were removed under high 

vacuum. In several experiments the oats were first "defattedw by Sohxlet 

extraction with diethyl ether for 30 min. 

Oats laced with labelled precursors were transferred from the 

round-bottomed flask to an aeration chamber via a short glass tube fitted 

with ground glass joints at either end, to prevent the escape of 

radioactive dust. Mixed-sex beetles (2.0 g, ca. 6000 individuals) were 

introduced into the aeration chamber. 



3. Capture and isolation of culture volatiles: 

Culture volatiles were captured on a Porapak Q trap for 10 days at 

23-27 OC, by a technique similar to that previously reported (Pierce et 

al., 1984b). Humidified and purified air was drawn first through a 

culture of beetles feeding on the labelled oats in a cylindrical glass 

chamber (6 x 10 cm) and then through a glass trap (13 x 0.8 cm) packed 

with Porapak Q (50-80 mesh, Applied Science Laboratories). Porapak Q was 

subjected to Soxhlet extraction with diethyl ether, air dried, and then 

packed into the trap. Residual ether was removed by forcing helium 

through the trap, which was warmed to about 65 OC. Captured volatiles 

were removed from the Porapak Q by back-flushing the trap with 20 mL of 

0.1% (v/v) isopropyl alcohol (IPA) in pentane. Although some compounds 

remained in the Porapak Q after this procedure, no cucujolides were 

detectable by GC in subsequent 10 mL washes with anhyd diethyl ether. 

4. Analyses of cucujolides: 

Analyses by gas chromatography (GC) were performed on a 

Hewlett-Packard 5830A gas chromatograph equipped with a 18835B capillary 

inlet system and a flame-ionization detector (FID). Samples were 

introduced by splitless injection onto a glass open-tubular column (30 m x 

0.55 mrn I.D.) coated with SP-1000. The oven temperature program was: 

100•‹c for 2 min, then 4Oc/min to a final temperature of 180•‹c for 20 min. 

Cucujolides were identified by comparing their GC retention times with 

standards. Quantification of cucujolides in s o h  was accomplished by 

using methyl myristate as an internal standard. 

5. Isolation, purification and analyses of cucujolides: 

Initial separation of the cucujolides was carried out by high 

performance liquid chromatograph (HPLC) on a Varian LC5000 equipped with a 

series 634 W/Visible Spectrophotometer. The 0.1% IPA in pentane soln of 

, Porapak Q-trapped volatiles was cooled in ice and concentrated to 75 pL by 



a gentle nitrogen stream. This sample (plus a 25 pL hexane rinse) was 

injected onto a Micropak SI-10 column (30 cm x 4 mm I.D.) which was 

equilibrated with 0.1% IPA in hexane. The column was eluted with a 

gradient of IPA in hexane (0.1% for 3 mint 0.1% to 2.0% from 3 to 23 min, 

and 2% to 10% from 23 to 43 min) at a flow rate of 2 mL/min. Effluent was 

monitored at 213 nm and fractions were collected as peaks emerged (or in 2 

mL volumes, whichever was less). Fractions were analyzed by 

analytical GC. 

HPLC fractions containing cucujolides were further purified by 

preparative GC on a Varian model 1200 gas chromatograph equipped with a 

10:l effluent splitter, FID and thermal gradient collector. The fractions 

were concentrated to 30 pL as described above, and injected onto a 

stainless steel column (3.0 m x 3.2 mrn I.D.) packed with 10% SP-1000 on 

Chromosorb W (100/120). Samples were eluted isothermally at 180 OC and 

collected in glass tubes (20 cm x 1.6 mm O.D.). The collected samples 

were washed into half-dram glass vials, usually with 1.0 mL pentane. The 

purity of collected samples was determined by analytical GC analysis, as 

previously described. 

a) Analyses of incorporation of radiolabelled precursors: 

A portion of each sample (typically 250 pL) was counted in 

Liquifluor (a PPO-POPOP/toluene-based scintillation cocktail, New England 

Nuclear) on a Beckman LS 8000 scintillation counter. If sufficient 

quantities of sample remained, this was concentrated and subjected to an 

additional cycle of preparative GC and subsequent analyses to determine if 

the specific activity was constant. 

For comparison, the specific activity of each labelled cucujolide 

was calculated. Raw scintillation counting results (in counts/min) were 

converted to mCi (2.22 x lo9 decompositions/min) by subtracting the 

background level of counts/min and correcting for quench (T was counted 

, with 45% efficiency; I4C with 92%). The cucujolides were quantified by 



analytical GC,, using methyl myristate as an internal standard. Errors in 

the specific activity were calculated considering volume measurements and 

twice the standard deviation of the scintillation counting results. 

b) Analyses of incorporation of stable isotope-labelled precursors: 

GC/MS were recorded on a Hewlett-Packard 5985B GC/MS system by 

electron impact (EI, 70 eV) or by chemical ionization (CI, using isobutane 

as the ionizing gas). The GC/MS of the compounds were obtained first in 

order to confirm the identity of the compounds and to obtain the exact 

masses of the ions of interest. Then the run was repeated, scanning only 

for the ions of interest. In cases where the GC was equipped with a DB-1 

column (30 m x 0.25 mm I.D.; 0.25 pm film thickness), satisfactory 

separation of the cucujolides was not achieved. Therefore the Porapak Q 

extracts were subjected to preliminary purification by HPLC and/or 

preparative GC as described previously. In cases where the GC was 

equipped with the SP-1000 column, the Porapak Q extracts were analyzed 

without preliminary purification. 

Unlabelled samples were always analyzed by GC/SIM-MS at the same 

time as the labelled samples. The absolute values of the relative 

abundances shifted slightly from day to day (due to such factors as how 

recently the MS was tuned, the integrity of the GC column, etc.), although 

the difference between two values (of unlabelled and labelled samples) was 

relatively constant. Authentic samples of unlabelled compounds isolated 

from insects the same way as the experimental samples were used to 

minimize potential errors due to the comigration of impurities that might 

have a MS fragment of the same m/e ratio as the one of interest. 

c) Analyses of chirality of cucujolide I1 

The enantiomeric composition of cucujolide 11 was determined by 

derivatization with acetyl-(S)-lactyl chloride. The ratios of the 

, resulting diastereomeric derivatives were then determined by analytical GC 



(Slessor et al., 1985). 

synthesis of acetyl (S)-lactyl chloride reagent 

The reagent was prepared as described by Slessor et al. (1985). 

(S)-(+)-Lactic acid (22 mmol, Sigma) was dissolved in freshly distilled 

acetylchloride (47 mmol). After the soln was stirred for 2 h at RT under 

inert atmosphere, the acetylchloride remaining in excess was removed in 

vacuo. Thionylchloride (62 mmol) was added, and the s o h  was stirred for 

8 h at RT. Excess thionylchloride was removed in vacuo. The remaining 

crude acetyl-(S)-lactyl chloride was distilled under vacuum (b.p. 52-54 

OC, 8.2 mm Hg), yielding 1.81 g (49% yield) product (>99% pure by GC 

analysis). 

Derivatization of cucujolide I1 

In glass ampoules, cucujolide I1 (up to 10 pg of either crude 

Porapak Q extracts, or isolates purified by preparative GC) was dissolved 

in 50-100 p1 methanol containing 5% boron trifluoride-etherate. The 

ampoules were cooled on dry ice, sealed, then kept at 67 OC overnight. 

Samples were worked up by adding 200 pL pentane and washing three times 

with 200 p1 water. The pentane extracts were dried by filtration through 

a mini-column, containing ca. 200 mg anhyd Na2S04 in a pasteur pipette. 

The column was rinsed with 200 p1 pentane. 

The pentane was evaporated by blowing with a gentle Ar stream. 

Pyridine [50 p1 of an 8% (v/v) soln in anhyd methylene chloride, 

containing one crystal of DMAP], then acetyl-(S)-lactyl chloride [50 p1 of 

a 6% (v/v) soln in anhyd methylene chloride], were then added with mixing. 

The mixture was allowed to stand for several hours, before being worked up 

as described above. 

The proportion of each diastereomer was determined by analytical GC 

on a Hewlett-Packard 5890 GC equipped with a capillary inlet system and an 

, FID. Samples were introduced by splitless injection onto a DB-1 column 



(15 m x 0.25 mrn I.D.; 0.25 pm film thickness). The oven temperature 

program was: 70•‹c for 0 mint then 5O~/min to a final temperature of 250•‹c. 

The R isomer was assumed to elute first, as reported by Slessor et al. 

(1985). Samples of (S)-I1 and (R)-I1 (from rusty and merchant grain 

beetles, respectively) were coinjected to ensure that baseline separation 

of the two isomers was achieved. 

d) Isolation, purification, and analyses of unknowns: 

GC analyses of the Porapak Q extracts revealed that, in some cases, 

exposure of the insects to the precursors of interest induced the 

production of compounds not normally observed. Wherever possible, these 

metabolites were isolated and identified. 

Three unknown compounds, designated A, BI and C, were observed in 

the Porapak Q extracts of both the C. ferrugineus and 0. mercator cultures 

exposed to [3,4-D2]-3-dodecenoic acid. The three unknowns produced by the 

two beetle species exhibited the same GC retention time and MS (EI), and 

were assumed to be identical. Unknowns A and B were isolated from the C. 

ferrugineus volatiles by preparative GC (as described previously). 

Unknown C was isolated from the 0. mercator volatiles. The samples were 

eluted directly from the glass collection tubes into NMR tubes with CDC13. 

The MS (both EI and IBCI) and 'H NMR (400 MHz) spectra of the three 

unknowns are presented in the Results and Discussion. 

Three compounds of the same retention times as 

were also observed in the Porapak Q extract of the C. 

exposed to [3,4-D2]-3-dodecanoic acid. The compounds 

unknowns A, B, and C 

ferrugineus culture 

co-eluting with 

unknowns B and C were not produced in large enough quantities to isolate, 

but they exhibited the same MS (EI). The compound co-eluting with unknown 

A exhibited a MS (EI) closely related, but not identical, to that of 

unknown C. This compound was designated as unknown D, and isolated by 

preparative GC as described above. 

Relatively large quantities of a compound designated unknown E was 



observed in the Porapak Q extracts of the aerations with both [l-Dl-(E,E)- 

f arnesol and [ 1-D, 1-'~0]- (E,E)-farnesol. After initial purification by 

HPLC and preparative GC, as described previously, the two isolates were 

found to exhibit the same GC retention time and MS fragmentation pattern. 

Therefore the two isolates were combined for final purification by 

preparative GC (>98% pure by analytical GC). The sample was eluted 

directly from the glass collection tube into an NMR tube with CDC13, and 

identified as geranyl acetate (6,lO-dirnethyl-deca-5,9-dien-2-one) . 'H NMR 

(CDC13): 6 1.61 (3 HI s, vinyl CH3); 1.63 (3 HI s, vinyl CH3); 1.68 (3 HI 

dl Jb-CH3,5=1 HZ, 6-CH3) t 1.95-2.00 (2 HI tl J7,8=8 HZ, 7-H); 2.00-2.10 (2 HI 

q, J=8 HZ, 8-H); 2.15 (3 HI St 1-H); 2.22-2.31 (2 HI ql  J=7 HzI 4-H); 

2.43-2.50 (2 HI t, J3,4=7 Hz; 3-H); 5.05-5.12 (2 HI m). MS (EI) m/e 

(relative abundance): 194 (M', 10); 176 (12); 161 (14); 151 (100); 136 

(72); 126 (38); 121 (20); 107 (50); 93 (20); 69 (60). MS (CI) m/e 

(relative abundance): 195 (M+lI 42); 177 (100). IR: 3220 (m); 2905 (m); 

2900 (s); 2840 (m); 2380 (m); 1710 (s); 1440 (s); 1100 (m); 810 (8) cm". 

6. Lipid analyses of oats: 

a) Method 1: Bligh and Dyer extraction of "defatted" oats: 

Rolled oats (49.0 g) were subjected to Soxhlet extraction with 500 

mL diethyl ether for one hour. The ether layer was concentrated in vacuo, 

to yield a yellow oil (3.613 g, 7.37%). This oil was dissolved in diethyl 

ether. A portion of the extract was treated with diazomethane to form the 

methyl esters of the fatty acids. This derivatized fraction was analyzed 

for fatty acid methyl esters and farnesol by analytical GC on a 

Hewlett-Packard 5890 GC equipped with a capillary inlet system and an FID. 

Samples were introduced by splitless injection onto a DB-1 column 

(15 m x 0.25 mrn I.D.; 0.25 pm film thickness). The oven temperature 

program was: 75Oc for 2 min, then 10•‹c/min to a final temperature 250'~ 

for 2 min. The fatty acid methyl esters and farnesol were identified by 

, comparison of their GC retention times and MS fragmentation patterns with 



system at 70eV. 

The remaining "defatted" oats were extracted by an adaptation of 

Bligh and Dyer's (1959) procedure. A higher solid/liquid ratio was used, 

to keep volumes at workable levels. A crystal of dihydroquinone (to 

prevent oxidation), CHC13 (25 mL), methanol (50 mL), and distilled water 

(20 mL) were added to the rolled oats (49 g, which were 10% water). Thus 

the volumes of solvents added brought the CHC13/MeOH/H20 ratio to 

25/50/20. The oats were ground by mortor and pestle for about 10 min. 

Then 25 mL CHC13 and 25 mL 0.034% aqueous MgC12 were added (to bring the 

CHC13/MeOH/H20 ratio to 50/50/45). Aqueous MgC12 was used instead of pure 

H20, to decrease the extraction of lipids into the upper aqueous phase 

(Folch et al., 1957). The mixture was mixed well and filtered. The two 

layers were separated by bench-top centrifugation. The upper phase 

(mostly MeOH and H20) was gently removed by Pasteur pipette. The lower 

phase (mostly CHC13, containing the lipids) was washed with "upper phase 

wash" (3 x 1 mL of the top layer from a mixture of 4 mL CHC13, 4 mL MeOH, 

and 3.6 mL 0.034% MgCIZ). The lower layer was concentrated in vacuo to 

0.489 g (1%) of yellow oil. This oil was dissolved in diethyl ether, and 

a small portion derivatized with diazomethane. This extract was analyzed 

for farnesol and fatty acid methyl ester content by analytical GC and MS, 

as described previously. 

b) Method 2: Saponification of extracted lipids 

Rolled oats (45.0 g) were ground with mortor and pestle, and 

extracted by Soxhlet extraction with anhyd diethyl ether for 15 h. The 

solvent was removed in vacuo to an orange-brown oil (3.186 g, 7.1%). This 

was transferred to a 50 mL round bottomed flask, equipped with a gas inlet 

tube, reflux condensor, and a magnetic stir bar. A s o h  of 4.0 g KOH, 4.0 

mL H20, and 16.0 mL ethanol was added and the s o h  was refluxed under Ar. 

, After 3 h, the s o h  was cooled, diluted with 20 mL H20, and extracted with 



cH2C12 (4 x 40 mL). The organic extracts were combined, washed with water 

until neutral, and washed once with brine (20 mL). The organic extract 

was then dried over anhyd MgS04 and filtered. The solvent was removed in 

vacuo to a yellow oil (0.437 g, 0.97%). A small portion of this 

nonsaponifiable oil was dissolved in diethyl ether and analyzed by GC and 

MS for farnesol as described previously. The sample was not derivatized 

with diazomethane, since fatty acids were expected to be present in the 

aqueous phase after saponification. 

This procedure was repeated, using oats (40.0 g) that had been 

finely ground in a coffee grinder and extracted by refluxing with stirring 

in 500 mL of diethyl ether for 5 h. The diethyl ether was cooled, 

centrifuged and filtered to remove the solids. The solvent was removed in 

vacuo to a dark orange oil. This oil was saponified as described above to 

give nonsaponifiable oil (0.164 g, 0.41%). This oil was dissolved in 

ether and analyzed as described above. 

A small portion of farnesol (mixture of isomers, 83% pure by 

analytical GC, with a Z,Z : Z,E/E,Z : E,E ratio of 1 : 2.9 : 2.3) 

subjected to saponification was found to remain unchanged by analytical 

GC. The recovered farnesol was 84% pure by GC (final ratio of isomers 

1 : 3.1 : 2.3). 

7. Purchased/donated chemicals: 

[I-14c] -~auric acid (5.3 mCi/mmol) was purchased from ICN 

Pharmaceuticals. [u-14c] -~inoleic acid (900.0 mCi/mmol) , (R, S) - [5-TI - 
mevalonolactone (24.0 Cilmmol), [9,10-TI-oleic acid (9.5 Ci/mmol), 

[9,10-TI -palmitic acid (30.0 Cilmmol) and [1-I4c] -sodium acetate (61 

mCi/mmol) were obtained from New England Nuclear. The sodium salt of 

[5-TI-mevalonolactone was prepared by hydrolysis with 0.01 M NaOH in 

sterile water. [9,10-TI -01eic acid and [u-I4c] -1inoleic acid were 

purified by preparative thin layer chromatography on Silica Gel (Merck) 

using hexaneldiethy1 etherlacetic acid (70/30/1, v/v/v) as eluent. 



[8,8-D2]-Stearic acid and [16,16,16-D3]-palmitic acid were 

donated by Professor Robert J. cushley*. 

NaBD4 (98 atom % D) and NaBD3CN (98 atom % D) were purchased from 

Sigma; 180~2 (97 atom % 180) from both MSD Isotopes and Sigma. Palladium 

(10%) on activated carbon was purchased from Strem Chemicals, Inc. 1- 

Undecyne was purchased from Alfa. The 11-hydroxy-3-dodecenoic acid used 

as a starting material in Scheme 4 was generously donated by Dr. Blair 

johnSon**. All other chemicals used for the syntheses described in the 

following section were obtained from Aldrich or Sigma. 

8. Synthesis of stable isotope-labelled chemicals: 

a) Analyses: 

'H Nuclear Magnetic Resonance (NMR) spectra were recorded at 400.13 

MHz on a Bruker WM-400 spectrometer. Splitting patterns are described as: 

s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, multiplet; 

and combinations thereof. Coupling constants are reported in Hertz (Hz). 

Mass spectra (MS) were recorded on a Hewlett-Packard 5985B GC/MS system by 

electron impact (EI) ionization (70 eV) or by chemical ionization (CI) 

using isobutane (IB) as the ionizing gas. Infrared spectra (IR) were 

recorded neat (NaC1 disc) on a Perkin Elmer Model 599B spectrometer. 

b) Syntheses of chemicals: 

All reactions were performed in flame-dried glassware with magnetic 

stirring. Where necessary inert atmospheres of either Ar or N2 were 

employed. After quenching, the "usual workup" involved extraction of the 

aqueous phase three times with diethyl ether; combination of the organic 

extracts and washing once with brine; drying the organic layer with anhyd 

* Department of Chemistry, Simon Fraser University, Burnaby, BC, Canada. 
V5A 1S6. 

** 
Department of Chemistry, Simon Fraser University, Burnaby, BC, 

Canada. V ~ A  1S6. 



M ~ S O ~ ;  filtration; and removal of solvent by rotary evaporation under 

reduced pressure (without heating). All flash column chromatography was 

~erformed on Silica Gel 60 (230-400 mesh, Merck) as described by Still et 

al. (1978). Thin layer chromatography (TLC) was performed on aluminum 

sheets precoated with 60 F254 Silica Gel (layer thickness 0.2 mm, Merck). 

The composition of chromatography solvents are reported as the ratios of 

volumes. 

Diaminopropane (DAP) was distilled from BaO and stored over KOH 

pellets. Dimethyl sulfoxide (DMSO) was distilled from CaH2 and stored 

over molecular sieves (4 A). Hexamethylphosphoramide (HMPA) was stored 

over molecular sieves (4 A). CH2C12 was distilled from CaH2 and stored 

over molecular sieves (4 A). Triethylamine was stored over NaOH pellets. 

Oxalyl chloride was distilled over anhyd Na2C03 and stored in sealed glass 

ampoules under Ar. Tetrahydrofuran (THF) was freshly distilled from Na 

metal under Ar. 

Analytical samples of the methyl esters of carboxylic acids were 

prepared with diazomethane. 

Boiling points are uncorrected. 

Preparation of [3,4-D2]-3-dodecenoic acid and [3,4-D2]-lauric acid 

(Scheme 1): 

2-Dodecynoic acid (15): 

n-Butyllithium in hexane (23.7 mmol) and 1-undecyne (19.7 mmol) 

were added to anhyd THF (200 mL) at -20 OC. The s o h  was stirred for 30 

min at -10 OC. The reaction mixture was cooled to -15 OC and C02 gas was 

bubbled through for 45 min. The reaction was quenched by addition to ice- 

water (100 mL). The aqueous phase was extracted with diethyl ether (3 x 

40 mL). The combined ether layers were washed once with water. The 

pooled aqueous extracts were acidified wtih glacial acetic acid, and 

extracted with diethyl ether (3 x 40 mL). The combined organic extracts 

. were washed once with brine, and dried over anhyd MgS04. The solvent was 



removed in vacuo. Most of the acetic acid was removed by azeotropic 

distillation with CC14, then remaining traces were removed under high 

vacuum (8 h). The product (3.9 g, quantitative yield) was 100% pure by GC 

and was used directly in the next step. 'H NMR (CDC13): 6 0.87 (3 HI t, 

J,a,12=6.5 hz, 12-H); 1.18-1.5 (12 HI m, 6-H to 11-H); 1.54-1.63 (2 HI p, 

J4,5=J5,6=7 Hz, 5-H) ; 2.35 (2 HI t, Jqa5=7 Hz, 4-H) . MS (IBCI) of methyl 

ester, m/e (relative abundance): 211 (M+1, 100). 

3-Dodecynoic acid (16): 

Sodium arnide (158 mmol) was prepared in situ. In a flask cooled 

with dry icelacetone bath and equipped with a dry ice condensor, Na metal 

(52 mmol) was dissolved in 100 mL of liquid NH3 to form a deep blue soh. 

A crystal of Fe(N03)2 was added and the soln stirred until the blue color 

faded and an almost colorless soln remained. Two more portions of sodium 

metal (53 mmol) were added, reviving the blue color. Each time the soln 

was stirred stirred until only a greyish tinge remained. To this the 

alkyne 15 (19.7 mmol) dissolved in 45 mL of THF was added dropwise. The 

soln was stirred for 1 h before the NH3 was allowed to evaporate. The 

remaining s o h  was poured into ice-cold water containing NH4C1 (1.3 mol). 

The aqueous phase was acidified with conc HC1, and extracted with diethyl 

ether (3 x 50 mL). The organic extracts were combined, dried over anhyd 

MgS04, and concentrated in vacuo to give a brown oil (4.32 g). The crude 

product was flash chromatographed (hexanelethyl acetatelacetic acid, 

200/100/1) to give a colorless oil (2.73 g, 70% yield). GC analysis 

revealed that the product was comprised of both 16 (87%) and another 

product (11%) whose identity as the allene 17 was confirmed by NMR and MS 

analyses. 'H NMR (CDC13) : 6 0.89 (3 H, t, 12-H); 1.15-1.41 (10 H, m, 7-H 

to 11-H); 1.44-1.53 (2 HI m, 6-H); 2.16-2.22 (1.7 HI tt, 5-H); 3.33 (1.7 

H, t, 2-H). Multiplets due to the presence of 17 were also visible (6 

5.5-5.59 and 5.64-5.70). MS (IBCI) of the methyl ester, m/e (relative 

intensity): 211 (M+1, 100); 179 (22); 161 (5); 151 (8); 137 (25). 



[3, 4-D2] -3-Dodecenoic acid ( 18 ) : 

D2 gas was bubbled through a vigorously stirred suspension of 

Lindlar's catalyst (0.4 g) in hexane (50 mL) for approx 10 min before the 

alkyne 16 (9.9 mmol) was added. After 3 h, the catalyst was removed by 

filtration and washed thoroughly with diethyl ether. The filtrate and 

ether washes were combined and the solvent removed in vacuo, leaving a 

yellow oil (1.85 g) 87% pure by GC analysis. Flash chromatography 

(hexanelethyl acetatelacetic acid, 200/100/1) followed by bulb-to-bulb 

distillation (0.05 mm Hg) left a colorless oil (1.4 g, 70% yield), 97% 

pure by GC analysis. 'H NMF! (CDC13): 6 0.87 (3 HI t, J11,12=7 HZ, 12-H); 

1.17-1.40 (12 HI m, 6-H to 11-H); 2.02 (2 HI t, JSt6=7 HZ, 5-H); 3.14 (2 HI 

8, 2-H). MS (IBCI) of the methyl ester, m/e (relative intensity): 215 

(M+1, loo), 214 (12). 

[3,4-D2]-Lauric acid ([3,4-D2]-dodecanoic acid) (19): 

H2 gas was bubbled through a vigorously stirred suspension of 0.1 g 

palladium (10%) on activated carbon in anhyd ethanol (10 mL) for 10 min. 

before D2-18 (2 mmol) dissolved in anhyd ethanol (4 mL) was added. After 

2 h the catalyst was removed by filtration and washed with diethyl ether. 

The filtrate and ether washes were combined, dried over anhyd MgS04 and 

the solvent removed in vacuo to leave a colorless oil which solidified on 

standing (0.39 g, 97% yield) and was 99% pure by GC analysis. 'H NMR 

(CDC13): 6 0.88 (3 HI t, J11,12=6.5 Hz, 12-H); 1.23-1.35 (15 HI m, 4-H to 

11-H); 1.58-1.66 (1 HI m, 3-H); 2.34 (2 HI d, J2,3=7.3 Hz, 2-H). MS (IBCI) 

of the methyl ester, m/e (relative abundance): 218 (52); 217 (M+1, loo), 

216 (65); 215 (23). 

Preparation of [11-Dl-11-hydroxy-3-dodecenoic acid (Scheme 2): 

4-Undecyn-2-01 (20): 

n-Butyllithium in hexane (22.1 mmol) was added dropwise to a soln 

Of 1-octyne (18.0 mmol) in 20 mL anhyd THF, stirred at -40 OC. After the 



addition was complete, the temperature was raised to -4 OC, where it was 

maintained for 45 min, before cooling to -40 OC. Anhyd HMPA (6 mL) was 

added in one portion, followed by dropwise addition of propylene oxide 

(16.3 mmol) dissolved in 6 mL of HMPA. The soln was gradually warmed to 

RT, and stirred for 2 days. The reaction was quenched by addition of ice- 

cold brine. The aqueous phase was extracted with diethyl ether (3 x 30 

mL). The combined organic extracts were washed several times with 2% HC1 

(aqueous) to remove the HMPA. The organic phase was then washed once with 

brine, dried over anhyd MgS04, filtered, and the solvent removed in vacuo. 

The crude oil (2.57 g) was distilled under vacuum to give a colorless oil 

(1.77 g, 65% yield) , bp 76-79 OC (0.8 mm Hg), 95% pure by GC analysis. 'H 

NMR (CDC13): 6 0.88 (3 HI t, 11-H); 1.23 (3 HI d, 1-H); 1.25-1.53 (8 HI 

m, 7-H to 10-H); 2.11-2.18 (2 HI m, 6-H); 2.23-2.30 (1 H, ddt, Jg,=16 Hz, 

JZt3'7 HZ, J3,6=2 HZ, 3-H) ; 2.32-2.41 (1 HI ddt, Jg,=16 HZ, JZt3,=5 HZ, 

J3,,6=2 HZ, 3-H' ); 3.94-3.84 (1 HI m, 2-H). IR: 3330 (m, broad); 2940 

(8); 2910 (s); 2840 (s); 1450 (m); 1420 (w); 1365 (m); 1110 (m); 1075 (m); 

930 (m) ; cm-'. MS (EI) m/e (relative abundance) : 168 (M+, 0.3) ; 153 (3) ; 

124 (6); 109 (10); 95 (95); 81 (82); 67 (100); 54 (90); 45 (86). MS 

(IBCI): 169 (M+l, 100); 151 (36); 109 (25); 95 (32); 81 (14). 

10-Undecyn-2-01 (21): 

KH (20.6 mmol, as a 35% wt dispersion in paraffin oil) was washed 

with hexane (4 x 30 mL) to remove the paraffin, and dried first by a 

gentle stream of Ar, and then in vacuo for 30 min. DAP (21 mL) was added 

to the residue in one portion. The liquid was stirred for 2 h at RT, 

during which time the KH dissolved and the color changed from pale yellow 

to dark orange-brown. The soln was cooled to -4 OC and 20 (9.8 mmol) was 

added dropwise. DAP (2 mL) was used to complete the transfer. The soln 

was stirred for 24 h at RT, then quenched by pouring into ice water. The 

usual workup yielded a yellow oil (1.82 g) which was purified by 

, distillation under vacuum (0.81 g, 49% yield), bp 75 OC (0.2 mm Hg), 95% 



pure by GC analysis. 'H NMR (CDC13): 6 1.19 (3 HI dl 1-H); 1.25-1.61 (12 

HI m, 3-H to 8-H); 1.93 (1 HI t, 11-H); 2.15-2.23 (2 HI dt, 9-H); 3.74- 

3.84 (1 HI br s, 2-H). IR: 3350 (m, broad); 3280 (s); 2940 (s); 2900 

(8); 2830 (s); 2100 (w); 1450 (m); 1360 (m); 625 (s) crn-'. MS (IBCI) m/e 

(relative intensity): 169 (M+l, 1.2); 151 (10); 109 (38); 95 (100); 81 

(50) 

10-Undecyn-2-one (22): 

PCC (9.3 mmol) was added to 200 mL anhyd CH2C12 and stirred for 30 

min at RT, at which time 21 (4.8 mmol) was added in one portion. The 

ensuing reaction was slightly exothermic and the soln immediately turned 

black. After stirring for 1 h at RT, anhyd diethyl ether (200 mL) was 

added, and the resulting mixture filtered through a 3 cm x 12 cm Florisil 

column. The solvent was removed in vacuo. The resulting greenish oil was 

purified by bulb-to-bulb distillation under vacuum to give a yellow oil 

(0.802 g, 100% yield), 95% pure by GC analysis. IH NMR (CDC13) : 6 1.31- 

1.61 (10 HI m, 4-H to 8-H); 1.94 (1 HI t, 11-H); 2.15 (3 HI s, 1-H); 2.16- 

2.20 (2 HI dt, 9-H); 2.43 (2 HI t, 3-H). IR: 3300 (s); 2940 (s); 2860 

(8); 2120 (w); 1720 (s); 1710 (s); 1465 (m); 1430 (m); 1410 (m); 1360 (s); 

1260 (w); 1175 (w); 630 (s) cmml. MS (IBCI) m/e (relative intensity): 167 

((M+l, 66); 149 (100); 109 (36); 97 (8); 85 (22). 

[2-Dl-10-Undecyn-2-01 (23): 

To the ketone 22 (4.8 mmol) dissolved in 2 mL of ethanol at 0 OC 

was added NaBD4 (2.2 mmol). The soln was stirred 1 h at RT. The usual 

workup yielded a pale yellow oil (0.77 g, 94% yield), 95% pure by GC 

analysis. IH NMR (CDC13): 6 1.17 (3 HI s, 1-H); 1.26-1.54 (12 HI m, 3-H 

to 8-H); 1.93 (1 HI t, 11-H); 2.13-2.20 (2 HI dt, 9-H). IR: 3300 (s, 

broad); 2960 (s); 2920 (s); 2850 (s); 2120 (w); 1630 (m); 1450 (m); 1370 

(m); 630 (m) cm". MS (IBCI) m/e (relative abundance): 170 (M+l, 4); 152 

(38); 110 (36); 109 (34); 96 (84); 95 (100). 



[11-Dl-11-Hydroxy-2-dodecynoic acid (24): 

To 75 mL of anhyd THF at -10 OC was added n-butyllithium (11.3 

mrnol) in hexane. To this soln was added dropwise 23 (4.5 mmol), dissolved 

in 5 mL of THF. The s o h  was warmed to RT and stirred for 2.5 h before 

cooling to 0 OC. Then C02 was bubbled through the s o h  for 30 min, at 

which point a heavy white precipitate developed. The reaction mixture was 

carefully extracted with H20 (100 mL) and diethyl ether (30 mL). The 

ether layer (containing the unreacted alkyne) was discarded. The aqueous 

layer was acidified with HC1, and worked up as usual. The dark yellow oil 

obtained was purified by flash chromatography (hexanelethyl acetatelacetic 

acid, 100/100/1) to give a colorless oil (0.624 g, 65% yield), 85% pure by 

GC analysis. IH NMR (cDc~~): 6 1.19 ( 3  H, s, 12-~); 1.25-1.62 (12 H, m, 

5-H to 10-H); 2.36 (2 H, t, 4-H); 8.0-8.9 (br s, -OH). IR: 3400 (sf 

broad); 2960 ( a ) ;  2920 (9); 2840 (s); 2600 (m); 2230 (m); 1940 (w); 1700 

(8); 1450 (m); 1375 (m); 1250 (m); 1100 (m) cm-'. MS (IBCI) of the methyl 

ester, m/e (relative intensity): 228 (M+l, 32); 210 (100); 178 (15); 150 

(82); 139 (8). 

[ll-Dl-11-Hydroxy-3-dodecynoic acid (25): 

Sodium amide (23 mmol) was prepared in situ as described previously 

(Scheme 1, preparation of 16). To this 24 (2.9 mmol) dissolved in 5 mL of 

anhyd THF was added dropwise. The soln was stirred for 1 h before the NH3 

was allowed to evaporate. Using diethyl ether the remaining reaction 

mixture was transferred to a flask containing NH4C1 (200 mmol) dissolved 

in ice water. The soln was acidified with HC1. The usual workup yielded 

a yellow oil that was purified by flash chromatography (hexanelethyl 

acetatelacetic acid, 100/100/1) to a colorless oil (0.325 g, 52% yield), 

92% pure by GC analysis. IH NMR (CDC13) : 6 1.19 (3 H, s, 12-H) ; 1.22- 

1.54 (10 H, m, 6-H to 10-H); 2.16-2.24 (2 H, m, 5-H); 3.3 (2 H, t, 2-H); 

4.80-5.13 (br s, -OH). Small (non-integratable) multiplets due to the 

presence of allene (6 5.54-5.59 and 5.62-5.68) were also visible. IR: 



3400 (st broad); 2920 (s); 2860 (s); 2600 (s); 2240 (m); 1955 (m); 1700 

(8); 1450 (s); 1250 (s); 1050 (s); 900 (m); 760 (m); 660 (m). MS (IBCI) 

of methyl ester, m/e (relative abundance): 228 (M+l, 28); 210 (100); 196 

(5); 182 (15); 178 (36); 150 (40); 136 (80); 85 (12). The compound was 

95% enriched in D by MS. 

(11-Dl-11-Hydroxy-3-dodecenoic acid (D-26): 

P2Ni was prepared in situ by adding NaBH4 (0.076 mmol) dissolved in 

1 mL of ethanol to N ~ ( O A C ) ~ . ~ ( H ~ O )  (0.076 mmol) dissolved in 10 mL of 95% 

ethanol in a flask flushed with H2. Ethylene diamine (0.24 mmol) was 

added to the black catalyst suspension. Then 25 (1.51 mmol) was added and 

the mixture stirred with a H2 gas purge for 16 h at RT. The usual workup 

followed by flash chromatography (hexanelethyl acetatelacetic acid, 

100/100/1), yielded a colorless oil (0.20 g, 61% yield) 91% pure by GC 

analysis (the remaining 9% was the fully reduced analogue, [ll-Dl-hydroxy- 

3-dodecanoic acid, D-27). 'H NMR: 6 1.19 (3 HI s, 12-H); 1.23-1.49 (10.7 

HI m, 6-H to 10-H); 1.97-2.08 (1.7 HI m, 5-H); 3.08-3.15 (1.5 HI dl 2-H); 

4.5-4.8 (br s, -OH); 5.49-5.65 (1.7 HI m, 3-H and 4-H). Integration of 

the vinyl region suggested the presence of excess alkyl residues, and 

there was an extra signal at 6 3.03-3.07 (0.3 HI m, 2-H of sat'd analogue) 

due to the presence of 27. MS (IBCI) of methyl ester, m/e (relative 

intensity): 230 (M+l, 28); 212 (100); 180 (38); 152 (6); 38 (11). 

Preparation of D2-26; %,~~-26; and D4-27 (Scheme 3)  : 

[3,4-DZ]-11-Hydroxy-3-dodecenoic acid (D2-26): 

11-Hydroxy-3-dodecynoic acid (unlabelled 25 prepared as described 

in Scheme 2, except in 34% overall yield) was reduced with P2Ni and D2 

gas. D2 gas was bubbled through a stirred suspension of alkyne (6.3 

mmol), P2Ni [prepared by the reduction of N ~ ( O A C ) ~ . ~ ( H ~ O )  (0.32 mmol) with 

NaBD4 (0.32 mmol)] and ethylene diamine (1.0 mmol) in ethanol (2.5 mL) 

, overnight at RT. The reaction was worked up as described previously 



(Scheme 2, for the preparation of D-26) to give a colorless oil (0.98 g, 

72% yield), 90% pure by GC analysis. The product also contained (by GC) 

7% of the fully reduced isomer, D2-27. 'H NMR (CDC13) : 6 1.16 (3 HI dl 

12-H); 1.20-1.50 (10 HI m, 6-H to 10-H); 2.03 (2 HI t, 5-H); 3.11 (2 HI s, 

2-H); 3.72-3.84 (1 HI m, 11-H); 6.56-6.92 (br s, -OH). MS (IBCI) of the 

methyl ester, m/e (relative intensity): 231 (M+1, 24); 213 (100); 181 

(36); 165 (4); 153 (8); 139 (14); 125 (8). 

[3,4-D2]-11-Keto-3-dodecenoic acid (28): 

2.5 M Chromic acid (about 2.3 mmol) was added dropwise to a soln of 

D2-26 (3.2 mmol) in acetone (80 mL) at 0 OC, until the orange color 

persisted. The soln was stirred an additional 15 min before filtration 

through Celite. The acetone was removed in vacuo. The remaining oil was 

dissolved in diethyl ether, washed with brine and dried over anhyd MgS04. 

Removal of the solvent in vacuo gave a yellow oil (0.80 g, 116%), 79% pure 

by GC analysis. 'H NMR (CDC13): 6 1.21-1.39 (6 HI m, 6-H to 8-H); 1.48- 

1.59 (2 HI m, 9-H); 2-02 (2 HI m, 5-H); 2.12 (3 HI S, 12-H); 2.36-2.44 (2 

HI t, 10-H); 3.12 (2 HI s, 2-H). MS (IBCI) of the methyl ester, mje 

(relative intensity): 229 (M+1, 100); 197 (37). 

[3,4-D2]-11-Keto-3-dodecenoic acid 2,2-dimethyl-1,3-propane diol ketal 

(29) : 

A toluene (20 mL) soln containing 28 (3.20 mmol), 2,2-dimethyl-1,3- 

propanediol (3.24 mmol) and a catalytic quantity of p-toluenesulfonic acid 

(0.03 mmol) was refluxed for 4 h, during which time water was removed as 

it formed by Dean-Stark extraction. The toluene was removed in vacuo and 

the crude product was purified by flash chromatography (hexanelethyl 

acetatelacetic acid, 80/40/1) to give a colorless oil (0.58 g, 60% yield), 

83% pure by GC analysis. 'H NMR (CDC13): 6 0.89 (3 HI s, ketal methyl); 

1.00 (3 HI 8 ,  ketal methyl); 1.22-1.44 (8 HI m, 6-H to 9-H); 1.64-1.70 (2 

# H I  m, 10-H); 1.98-2.06 (2 HI m, 5-H); 2.10 (3 HI s, 12-H); 3.13 (2 HI s, 



2-H); 3.43 (2 HI d l  ketal methylene); 3.56 (2 HI d, ketal methylene). MS 

(IBCI) of the methyl ester, m/e (relative abundance): 316 (M+2, 100); 229 

(62); 197 (15); 129 (92). 

[ 11 -180-3, 4-~~]-ll -~~dtox~-3-dodecenoic acid (180, D~-26 ) : 

Gaseous HC1 was bubbled through 0.5 g 180~2 for about 20 sec. The 

flask was cooled to 0 and ketal 29 (2.5 mmol) was added. Transfer was 

completed with 0.2 mL anhyd hexane. Vigorous stirring of the biphasic 

reaction was continued at RT for 1 h. The reaction vessel was again 

cooled to 0 OC, NaCNBH3 (5 mmol) was added in one portion, and the soln 

was stirred for 1 h at RT. After the usual workup the crude product was 

flash chromatographed on silica (hexanelethyl acetatelacetic acid, 

100/60/1) to give a colorless oil (0.193 g, 35% yield), 93% pure by GC 

analysis. 'H NMR (CDC13) : identical to that of DZ-26. MS (IBCI) of the 

methyl ester, m/e (relative intensity): 233 (M+l, 22); 213 (100); 181 

(32); 139 (10). The product was 82% enriched for both 180 and two 

deuterium atoms, and was 18% enriched for either 180 or two deuterium 

atoms. 

[3,3,4,4-D4]-11-Hydroxy-dodecanoic acid (D4-27): 

D2-26 (0.23 mmol), prepared as previously described, was added to 

20 mL of anhyd ethanol and 5% palladium (10%) on activated carbon in a 

Caries tube, flushed with Dz gas. The tube was sealed with Dz gas at 20 

PSI. After stirring overnight at RT, the catalyst was removed by 

filtration. The catalyst was washed several times with diethyl ether, the 

combined organic extracts were concentrated in vacuo and the crude product 

was purified by flash chromatography (hexanelethyl acetatelacetic acid, 

100/60/1) to give a colorless oil (0.035 g, 69% yield), 96% pure by GC 

analysis. 'H NMR (CDC13): 6 1.12 (3 HI dl 12-H); 1.22-1.57 (11.5 HI m, 

5-H to 10-H); 2.33 (1.7 H, s, 2-H); 3.75-3.82 (1 HI m, ll-H). Non-integer 

, integration ratios due to over-deuteration of the hydrocarbon chain were 



confirmed by MS. MS (IBCI) of the methyl ester, m/e (relative abundance): 

241 (3); 240 (4); 239 (5); 238 (6); 237 (8); 236 (10); 235 (M+l, 17); 234 

Preparation of D-26; ~ ~ ' ~ 0 - 2 6  and D-27 (Scheme 4) : 

11-Keto-3-dodecenoic acid (30): 

Hydroxy acid 26 (11.2 mmol) was dissolved in acetone (200 mL) and 

cooled to 0 OC with mechanical overhead stirring. Chromic acid soln (ca. 

3 mL of 2.5 M in H20) was added dropwise until the green color persisted. 

The soln was stirred an additional 20 min at 0 OC, then allowed to warm to 

RT. Isopropanol was added dropwise until a yellow color persisted. The 

soln was filtered through glass fiber filter paper, then concentrated in 

vacuo. Aqueous 5% HC1 (30 mL) was added to the remaining green oil, and 

the aqueous phase was extracted with diethyl ether (3 x 50 mL). The 

combined organic phases were washed with 5% HC1 (2 x 20 mL) and then with 

brine (20 mL) before drying over anhyd Na2S04. Removal of the solvent in 

vacuo left a pale yellow oil (1.44 g), 91% pure by GC analysis. Flash 

chromatography (hexanelethyl acetatelacetic acid, 5012010.5) afforded two 

usable fractions (combined yield 1.05 g, 76% yield): the first was a 

colorless oil which solidified on standing (0.68 g), 98% pure by GC 

analysis; the second was a colorless oil (0.37 g), 83% pure by GC 

analysis. The major impurity in the second fraction was 11-ketododecanoic 

acid (formed from 11-hydroxydodecanoic acid, present in the original 

sample of 26). Thus the second fraction was used for the preparation of 

0-27. IH NMR (first fraction, in CDC13): 6 1.23-1.41 (6 HI m, 6-H to 

3.13 (2 HI dl JZr3=6Hz, 2-H); 5.50-5.64 (2 HI m, 3-H and 4-H). IR: 3020 

, (w); 2930 (m); 2860 (m); 2250 (m); 1710 (8); 1415 (w); 1360 (w); 1220 (w); 



1170 (w); 910. (s) ; 730 (s) ; 650 (m) cm-'. MS (IBCI) of the methyl ester, 

m/e (relative abundance): 227 (M+1, 100); 195 (22). 

[11-Dl-11-Hydroxy-3-dodecenoic acid (D-26): 

To a soln comprised of 30 (1.4 mmol), D20 (0.1 mL), anhyd THF 

(2 mL) and a trace of methyl orange was added 1.4 mmol NaBD3CN. A s o h  of 

DC~IDOAC in THF (prepared by the addition of 0.3 mL of D20 and 0.3 mL of 

acetyl chloride to 2 mL of anhyd THF cooled to 0 OC) was added dropwise to 

maintain the red color. After approximately 5 min, the red color 

persisted. Stirring was continued for 1 h at RT, after which the reaction 

was quenched by addition to 50 mL of 1% HC1. The aqueous phase was 

extracted with diethyl ether (3 x 20 mL). The combined organic extracts 

were washed with brine (10 mL), then dried over anhyd MgS04, concentrated 

in vacuo and left under high vacuum for 15 min. The crude product was 

flash chromatographed (hexanelethyl acetatelacetic acid, 5012511). The 

appropriate fractions were pooled and concentrated in vacuo. The residue 

was dissolved in diethyl ether (60 mL) and washed with 1% HC1 (3 x 15 mL) 

and then with brine (10 mL) to remove most of the acetic acid. The 

organic extract was dried over anhyd MgS04 and concentrated in vacuo to 

give a colorless oil (0.28 g, 92% yield), 99% pure by GC analysis. 'H NMR 

(CDC13): 6 1.17 (3 HI br s, 12-H); 1.20-1.50 (10 HI m, 6-H to 10-H); 

1.98-2.06 (2 h, q, J4,5=J5,b=6.5 Hz, 5-H); 3.10 (2 HI dl J213=7 Hz, 2-H); 

5.49-5.62 (2 HI m, 3-H and 4-H); 6.11-6.51 (2 HI br s, -OH). IR: 3300 

(m); 2990 (m); 2950 (9); 2880 (m); 2150 (w); 1715 (9); 1390 (m); 1305 (m); 

1200 (m); 1140 (m); 1100 (m); 950 (m) cm-I. MS (IBCI) of the methyl 

ester, m/e (relative abundance): 230 (M+1, 24); 213 (16); 212 (100); 211 

(12); 180 (22); 138 (5). D-25 was 94% enriched in D as judged by GCISIM- 

MS analysis. 



111-Dl-11-Hydroxydodecanoic acid (D-27): 

Keto acid 30 (1.8 mrnol prepared as described above, using the 

"impure" fraction of 30 which contained 12% of the saturated analogue, 

D-27) was dissolved in 10 rnL of anhyd ethanol and added to a vigorously 

stirred suspension of 60 mg palladium (10%) on activated carbon in 10 mL 

of anhyd ethanol, through which Hz gas was bubbled. After approximately 5 

h, the catalyst was removed by filtration and washed with diethyl ether. 

The filtrate and ether washes were combined and concentrated in vacuo. 

The crude product was flash chromatographed (hexanelethyl acetatelacetic 

acid, 500/150/7). Appropriate fractions were combined and treated as 

described above in the preparation of D-26. The product was a white solid 

(0.22 g, 58% yield), 99% pure by GC analysis. IH NMR (CDC13): 5 1.17 

(3 HI 8, 12-H); 1.20-1.48 (14 HI m, 4-H to 10-H); 1.58-1.67 (2 HI m, 

3-H); 2.31-2.37 (2 HI dt, J2,3=7.41 2-H). MS (IBCI) of the methyl ester, 

m/e (relative abundance): 232 (M+1, 6); 215 (16); 214 (100); 213 (18); 

182 (5). D-27 was 95% enriched in D as judged by GCISIM-MS. 

[I 1 -D, 11 -180]-1 1 -~~drox~-3-dodecenoic acid (Dl 180-26) : 

Gaseous HC1 was bubbled through 180~* (1.00 g) containing a few 

crystals of methyl orange until the methyl orange turned red. The soln 

was cooled to 0 OC and 1.8 mmol of 30 dissolved in 2 mL of anhyd ethanol 

was added. The soln was stirred for 1 h at RT. At this time, most of the 

ethanol was removed in vacuo, and the remaining mixture was extracted with 

anhyd ethyl ether (2 x 2 mL).  The ether was removed from the combined 

organic extracts with a gentle stream of Ar. The remaining oil was 

dissolved in 2 mL of anhyd ethanol and cooled to 0 OC, then 3.6 mmol NaBD4 

in anhyd ethanol (0.5 mL) was added dropwise. The reaction was stirred 

for 1 h at 0 OC and quenched by addition to 1% HC1 (20 mL). After the 

usual workup, the crude product was flash chromatographed (hexanelethyl 

acetatelacetic acid, 5015011) to give a colorless oil (0.23 g, 59% yield) 

, 98% pure by GC analysis. 'H NMR (CDC13 ) :  identical to that of D-25. MS 



(IBCI) of the methyl ester, m/e (relative abundance): 232 (M+1, 10); 213 

(16); 212 (100); 211 (25); 180 (24); 179 (7); 138 (5). By GC/SIM-MS 

analysis, compound ~ ~ ' ~ 0 - 2 6  was 87% enriched in D and 87% enriched in 180. 

Sixty-eight per cent of the molecules were enriched in both isotopes. 

Preparation of [1-Dl-(E,E)-farnesol (Scheme 5): 

(E,E)-Parnesal [(E,E)-3,7,11-trimethy1-2,6,10-dodecatriena1] (31): 

Oxalyl chloride (0.27 mL, 3.15 mmol) was added to 15 mL anhyd 

CH2C12, and the soln was cooled to -60 OC in a dry icelacetone bath. DMSO 

(0.46 mL, 6.48 mmol) in 2 mL CH2C12 was added slowly, while maintaining 

the temperature between -50 and -60 OC. The s o h  was stirred for 15 min, 

then 1.35 mmol of (E,E)-farnesol (97% pure by GC) in 5 mL CH2C12 was 

gradually added. The soln was stirred for 1 h at -50 to -60 OC before 2 

mL triethylamine was slowly added. After 5 min at -50 OC the soln was 

warmed to RT. A heavy white precipitate developed. Then 30 mL of H20 

were added and the reaction was worked up in the usual way to yield a 

yellow oil (0.52 g), 84% pure by GC analysis. This oil was purified by 

flash chromatography (hexanelethyl acetate, 311) to give a colorless oil 

(0.278 g, 93% yield), 90% pure by GC analysis. 'H NMR: agreed with 

literature values (Johnston et al., 1976). IR: 2980 (s); 2930 (s); 2860 

(8); 1680 (s); 1450 (m); 1380 (m); 1200 (w); 1120 (w) cm-'. MS, m/e 

(relative intensity): 220 (M', 1); 205 (2); 191 (2); 189 (2); 177 (4); 

136 (20); 121 (20); 107 (10); 95 (20); 84 (90); 69 (100). 

[I-Dl-(E,E)-Farnesol (D-32): 

Farnesal, 31 (1.3 mmol) was dissolved in 2 mL of ethanol. NaBD4 

was added and the reaction was stirred at RT for 40 min. The reaction was 

quenched by pouring into a stirred ice-cold aqueous soln of 1% HCl. The 

usual workup yielded a colorless oil (0.225 g, 80% yield), 82% pure by GC 

analysis, which was purified by flash chromatography (CH2C12) to give a 

. colorless oil (0.176 g, 62%), 96% pure by GC analysis. 'H NMR (CDC13): 6 



1.13 ( 1  H I  S, 1-OH);  1.60 ( 6  H,  s, v i n y l  CH3); 1.68 ( 6  H,  s, v i n y l  CH3); 

1.93-2.17 ( 8  H I  m, 4-H, 5-H, 8-H, 9-H); 4.15 (1 H I  b r  d ,  JIlZ=6Hz, 1 - H ) ;  

5.05-5.13 (2  H I  m, 6-H, 10-H); 5.42 (1 H, d ,  JII2=6Hz, 2-H). Th i s  a g r e e s  

w i t h  l i t e r a t u r e  va lues  f o r  (R,E,E)-(-)-(1-Dl-farnesol (Noyori e t  a l . ,  

1984)r  except  t h a t  t h e  au tho r s  d i d  no t  r e p o r t  t h e  methylene m u l t i p l e t .  

I R :  a g r e e s  wi th  l i t e r a t u r e  values .  MS, m / e  ( r e l a t i v e  i n t e n s i t y ) :  223 

(M', 0.5) ;  140 (20 ) ;  8 1  ( 3 0 ) ;  69 (100) .  By GC/SIM-MS, t h e  (E,E)-farnesol  

was 95% en r i ched  i n  D. 

preparation of  [ 1-D, 1-180] - (B ,E)  -f arnesol (Scheme 6 )  : 

[I-Dl-(E,E)-Parnesyl bromide (33) :  

Labe l led  f a r n e s o l ,  D-32 (3.6 mmol) prepared a s  desc r ibed  above 

(except  t h a t  a q u a n t i t a t i v e  y i e l d  of product ,  88% pure  by GC, 97 atom% D 

by GC/SIM-MS a n a l y s i s ,  was ob ta ined)  was d i s so lved  i n  anhyd d i e t h y l  e t h e r  

(ca. 15  mL) and cooled t o  0 OC. PBr3 (1.6 mmol) was added dropwise and 

t h e  s o l n  w a s  s t i r r e d  a t  0 OC f o r  1 h. The r e a c t i o n  was s topped by 

a d d i t i o n  t o  ice-cold s a t u r a t e d  NaHC03. The usua l  workup y i e l d e d  a yel low 

o i l  (0.99 g, 96% y i e l d ) .  The product  decomposed when analyzed by GC. IH 

NMR (CDC13): 6 1.68 ( 6  HI s, v i n y l  CH3); 1.68 ( 3  H, s, v i n y l  CH3); 1.74 ( 3  

H I  s, 3-CH3); 1.93-2.17 ( 8  H I  m, 4-H, 5-H, 8-H, 9-H); 4.02 (1 H I  b r  d ,  

J1,2=7 HZ,  1-H); 5.06-5.15 ( 2  H I  m, 6-H, 10-H); 5.53 (1 H, b r  d l  JIr2=7 Hz, 

2-H). IR :  2980 ( 8 ) ;  2940 ( 8 ) ;  2880 (s) ;  1740 ( w ) ;  1655 ( m ) ;  1450 ( 8 ) ;  

1395 ( 8 ) ;  1390 ( 8 ) ;  1170 ( m )  cm'l. MS ( E I )  m / e  ( r e l a t i v e  abundance): 287 

(M', 0 .2 ) ;  285 (M', 0 .1 ) ;  244 (0 .3) ;  242 (0 .3) ;  206 (1); 162 ( 0 . 8 ) ;  150 

( 2 ) ;  8 1  (39 ) ;  69 (100) .  

[I-D, 1-180]- (E,E)-Parnesol ( D ,  180-32) : 

Sodium meta l  (0.05 g )  was d i sso lved  i n  1.00 rnL of  180~2 under argon 

a t  0 OC, t h e n  33 (2 .1  mmol) i n  3 mL of anhyd THF was added. The f l a s k  was 

s e a l e d  w i t h  a serum s toppe r ,  covered i n  aluminium f o i l ,  and s t i r r e d  

v igo rous ly  a t  RT f o r  2 weeks. The r e a c t i o n  was monitored p e r i o d i c a l l y  by 



GC and TLC. Additional THF and Na metal were added (with cooling) as 

needed. The usual workup yielded a pale yellow oil (0.516 g). Flash 

chromatography ( hexanelethyl acetate, 311) followed by 'H NMR analysis 

revealed that the crude oil was comprised of the desired product (24%) 

unreacted farnesyl bromide (27%) and another major product (38%). The 

unreacted bromide was resubmitted to the reaction conditions. Flash 

chromatography of the pooled products yielded a colorless oil (0.128 g, 

27% yield), 95% pure by GC analysis. 'H NMR, IR: identical to those of 

[1-Dl-(E,E)-farnesol. MS (EI) m/e (relative intensity): 225 (M', 0.8); 

136 (40); 123 (34); 121 (34); 109 (32); 93 (58); 81 (92); 69 (100). By 

GC/SIM-MS, the product was >95% enriched in D, and 84% enriched in 180. 

The other major product was isolated by flash chromatography (0.18 

g, 38% yield, 82% pure by GC) and identified as [I-~,3-180]-3,7,11- 

trimethyldodeca-l,6,10-trien-3-01 (34). 'H NMR (CDC13) : 6 1.28 (3 H, e, 

3-CH3); 1.60 (6 HI sf vinyl CH3); 1.68 (3 H, s, vinyl CH3); 1.92-2.12 (8 H, 

m, H-4, H-5, H-8, H-9); 5.05-5.17 (3 H, m, 1-H, 6-H and 10-H); 5.88-5.97 

(1 HI m, 2-H). IR: 3340 (m, broad); 2910 (s); 2860 (s); 2800 (s); 1415 

(m); 1350 (m); 960 (w); 790 (w) cm-'. MS (EI) m/e (relative abundance): 

225 (M', 0.3); 205 (1.4); 190 (5); 162 (28); 136 (45); 123 (25); 121 (25); 

108 (38); 94 (75); 81 (40); 69 (100). 



C )  RESULTS AND DISCUSSION 

Since many of the required techniques were new to the study of 

pheromone biosynthesis in coleoptera, the methodology chosen or developed 

for this study will be discussed first. Then the results of the 

biosynthetic studies will be presented and discussed. 

1. Methodology 

Four methods have typically been used to introduce labelled 

precursors into insects to study pheromone biosynthesis: injection (e.g. 

Mitlin and Hedin, 1974; Thompson and Mitlin, 1979); topical application 

onto the pheromone-producing gland (e.g. Bjostad et dl., 1987); addition 

of a precursor to cell-free extracts of excised glands (e.g. Wolf and 

Roelofs, 1983); and force-feeding of precursor-laced food (e.g. Thompson 

and Mitlin, 1979). The last technique is most practical for small insects 

and was the approach used in this study. 

a) Radiolabels versus stable isotope labels: pros and cons 

In situations where the incorporation efficiency is expected to be 

low, radiolabels are usually the isotopes of choice to study incorporation 

of a precursor into a product. In this study, low levels of incorporation 

of added substrates into the cucujolides were expected since the label was 

introduced v i a  the food source (effecting a large isotope dilution). 

Therefore, initial studies were performed using commercially available 

radiolabelled precursors. 

However the use of radiolabelled precursors to study pheromone 

biosynthesis has some drawbacks. For example, to ensure that 

radioactivity attributed to the cucujolides was not actually due to the 

presence of a radiolabelled contaminant, it was necessary to purify the 

sample exhaustively. This is technically difficult when the compound is 

volatile and present in only small quantities: significant (if not total) 

losses are unavoidable. This limitation can be overcome by using stable 



isotope-labelled precursors. Incorporation can be measured by gas 

chromatography/mass-spectroscopy (GC/MS) removing the requirement for 

extensive purification. Other advantages of using stable isotope-labelled 

precursors include: 

1. the location of a stable isotope label in the ultimate product 

can be confirmed by the MS fragmentation pattern and NMR; 

2. the syntheses of stable isotope labelled substrates are usually 

safer, easier and cheaper than the syntheses of the corresponding 

radiolabelled compounds; 

3. studies following the fate of stable isotope-labelled oxygen are 

feasible. Unlike radioactive oxygen (200), the heavy isotope of 

oxygen (180) is readily available in useful forms, such as I8o2 

and 180~2. 

Stable-isotope labelled precursors have been used successfully to study 

pheromone biosynthesis in several orders of insects, including beetles 

(Fish et dl., 1979; Hendry et dl., 1980); moths (Bjostad et al., 1987); 

flies (Blomquist et dl., 1987) and cockroaches (Chase et dl., 1990). In 

these studies, high levels of incorporation were achieved either by 

incubation of the labelled precusor in vitro with the pheromone-producing 

gland (Bjostad et dl., 1987) or enzymes (Blomquist et dl., 1987); or by 

exposure of unfed live insects to the labelled precursor (Fish et dl., 

1979; Hendry et dl., 1980). These techniques were not practical to 

implement with C. ferrugineus and 0. mercator, since the sites of 

pheromone biosynthesis are not known and cucujolide production is sharply 

reduced if the insects are not feeding (Pierce et dl., 1984a). It was 

expected that a prohibitively high dilution of the isotope label would 

occur if the insects were allowed to feed normally in the presence of an 

added labelled substrate. However, preliminary studies (described below) 

indicated that this isotopic dilution could be reduced to workable levels 

if the oats were defatted and the beetles were starved for 48 hours prior 



MS) was used to increase the sensitivity of the MS measurements to the 

ions of interest. 
> 

b) Increased incorporation efficiency 

Due to the necessity for C. ferrugineus and especially 0. mercator 

to feed for normal cucujolide production, added substrates become diluted 

in the food source. Based on estimates from whole wheat (Mecham, 1971), 

the 30 g of oats typically used in an experiment could contain 0.3 - 1.5 g 

of lipid, which is a large quantity when compared to the quantities of 

radio- or stable isotope-labelled substrates added (typically <1 mg or 

about 100 mg, respectively). Clearly this would cause significant isotope 

dilution. 

An obvious solution to this problem would be to supply the beetles 

with an artificial food source devoid of digestible materials, spiked with 

the labelled substrate of interest. Cucujolide production might be 

initiated, since a trigger to initiate pheromone production in other 

beetles has been proposed to be the "gut stretching" associated with 

feeding (Borden, 1985). The labelled substrate would thus be streamlined 

into cucujolide biosynthesis with little dilution. However, the beetles 

did not seem to feed on filter paper or a-cellulose (Dr. Harold Pierce, 

Jr., personal communication*; personal observations). Choices of medium 

were limited by the requirement to pass air through the feeding beetles so 

that the volatiles could be continuously collected on Porapak Q. 

Rolled oats that had been "defatted" prior to being coated with the 

stable isotope-labelled precursors provided a medium that supported 

cucujolide production but minimized isotope dilution. Eighty-eight per 

cent of the oil was removed from the rolled oats by soxhlet-extraction 

with diethyl ether. The lipid that remained in the oats was rich in 

palmitic, oleic and linoleic acids (Table 3). 

? '  * Department of Chemistry, Simon Fraser University, Burnaby, BC, Canada. 
V5A 1S6. 



Table 3: Free fatty acid content of oil retained in the oats, as compared 

to that removed. 

Fatty acid content ( %  of total) 

Fatty acid Oil removed' Oil retained2 

linoleic acid 

myristic acid 

oleic acid 

palmitic acid 

stearic acid 

others 

'"oil removed" by soxhlet-extraction with diethyl ether (Method 1 of 

Experimental) ; 2''0il retained" in the defatted oats was removed for 

analysis by Bligh and Dyer (1959) extraction (Method 1 of Experimental). 

Another step taken to decrease the dilution of the isotope-labelled 

precursor with unlabelled compounds was to starve the beetles for 48 hours 

prior to their exposure to labelled precursors. This was expected to 

deplete endogenous fatty acid pools. 

Table 4 summarizes the results of an experiment designed to 

determine if the techniques of defatting the oats and starving the beetles 

did, in fact, increase the incorporation efficiency of added substrate. 

The incorporation of [9,10-TI-palmitic acid into cucujolide I1 by 

unstarved and by starved beetles feeding on defatted oats were compared to 

that obtained by unstarved beetles feeding on untreated oats. In order to 

mimic more closely the situation in which larger quantities of stable 

isotope-labelled precursors would be used, unlabelled palmitic acid was 

added to the (9,lO-TI-palmitic acid. 



Table 4: Comparison of treatments designed to increase substrate 

incorporation efficiency. 

Beetle treatment: unst arved unstarved starved 

Oat treatment: untreated defatted' def atted 

30 min 12 h 

% Radioactivity 
incorporated into 
volatiles (*0.01%) 

Specific activity of 
[9,10-TI-palmitic acid 3.00 x lo7 8.3 x lo4 . 8.3 x lo4 
precursor (mCi/mol): 

Specific activity of 
I1 product (mCi/mol): 12.6 * 0.7 30.7 * 0.7 57 f 2 

% 11 made from added 
precursor: 4.2 x 

'oats were defatted by Soxhlet-extraction with diethyl ether for both 30 

min and 12 h. Since extraction of the oats for 12 h did not increase the 

% incorporation of radiolabel into volatiles, the cucujolides from these 

two treatments were combined for subsequent analyses. 

Prestarved C. ferrugineus feeding on oats that had been extracted 

with diethyl ether prior to being coated with [9,10-TI-palmitic acid were 

able to incorporate a greater proportion of the added substrate into 

cucujolide I1 (Table 4). Thus it was expected that the incorporation of 

deuterium into the cucujolide I1 produced by starved insects feeding on 

defatted oats coated with stable-isotope labelled fatty acids would be 

detectable by GC/SIM-MS. To ascertain if this would in fact occur, the 

incorporation of [16,16,16-D3]-palmitic acid and [8,8-D2]-stearic acid 

into the cucujolides was studied. 



c) Trial of stable isotope labelling method 

The incorporation of [16,16,16-D3]-palmitic acid into cucujolides I1 

and I11 was clearly discernable by GC/SIM-MS. The relative abundances of 
) 

the M+, (M+l)+, (M+2)+, and (M+3)+ peaks of cucujolides produced by beetles 

feeding on unlabelled oats ("unlabelled" values, Table 5) were compared to 

those of beetles feeding on oats coated with D3-palmitic acid ("Dg- 

palmitate" values, Table 5). Only the (M+3)+ peak (corresponding to the 

incorporation of three deuterium atoms) showed enrichment due to the 

incorporation of D3-palmitic acid (Table 5). Cucujolides 11 and I11 were 

clearly enriched for 3 deuterium atoms while, as expected, cucujolide I 

(of suspected terpenoid origin) was not labelled. 

Table 5 : Incorporation of [ 16, 16, 16-D3] -palmitic acid into cucu jolidesl : 

relative abundances of GC/SIM-MS peaks of interest. 

Sample 

Cucujolide I 
unlabelled: 100.0 12.7 1.2 n.d. 2 
D3-palmitate : 100.0 13.2 1.1 n.d. 

Cucu jolide 11 
unlabelled: 100.0 20.9 1.8 n.d. 
D3-palmitate : 100.0 21.7 1.8 2.8 

Cucujolide I11 
unlabelled: 100.0 34.0 2.6 n.d. 
D3-palmitate : 100.0 32.4 2.5 1.9 

2.01 g of starved beetles were fed on 15 g of defatted oats, coated with 

30 mg [ 16,16, 16-D3] -palmitic acid; "n. d. " = "not detectable". 

The proportion of cucujolide I1 molecules enriched with three 

deuterium atoms is termed the "enrichment factor" (EF), and can be 

approximated as described by Campbell (1974). In the present case, the EF 

is 2.7%, while the EF of cucujolide I11 for three deuterium atoms is 1.9%. 

A similar experiment was performed with [8,8-D2]-stearic acid. The 



results are summarized in Table 6. As expected cucujolide I was not 

enriched for deuterium. Cucujolide I11 was enriched for two deuteriums 

[as shown by the larger relative abundance of the (~+2)+ peak, EF = 4.5%]. 

Cucujolide I1 did not show an enrichment for t w o  deuteriums. Initially 

this was surprising, as stearic acid was expected to be an effective 

precursor of I1 (Figure 15). However, as shown in Figure 16, after R- 

oxidation, the two deuterium atoms of [8,8-D2]-stearic acid are a to a 

carbonyl and can thus exchange with unlabelled protons of water. 

Table 6 : Incorporation of [8, 8-D2] -stearic acid into cucu jolides' : 

relative abundances of GC/SIM-MS peaks of interest. 

Sample M' (M + I)+ (M + 2)+ (M + 3)+ 

Cucujolide I 
unlabelled: 
D2-stearate: 

Cucu jolide I1 
unlabelled: 
D2-stearate: 

Cucujolide I11 
unlabelled: 
D2-stearate : 

1.70 g of starved beetles were fed on 15 g of defatted oats, coated with 
30 mg [8,8-D2]-stearic acid. 

Thus it is technically feasible to use stable isotope-labelled 

precursors to study cucujolide biosynthesis. Since the techniques of 

defatting the oats and prestarving the beetles improved incorporation 

efficiencies, many of the radiolabelling studies were performed under 

these conditions. The results are presented in the following discussion. 



double bond 
formation 

P -oxidation 

OH HO 

[8.8- D, 1-stearic acid I hydroxylation I 
lactonization 

Figure 16: Biosynthesis of cucujolides I1 and I11 from [8,8-D2]-stearic 

acid. 

2. Investigation of cucujolide biosynthesis 

a) Determination of biosynthetic origin of cucujolides 

Cucujolides I to V typically accounted for about 97% (by analytical 

GC) of the Porapak Q-trapped volatiles emanating from C. ferrugineus fed 

on oats. Typically, 840 pg I; 670 pg 11; 160 pg 111; 20 pg IV; and 6.2 pg 

V were produced by 2 g of beetles (about 6000 individuals) over 10 days of 

aeration. When the oats were impregnated with radiolabelled substrates, 

0.169% to 2.80% of the total amount of radiolabel supplied was 

incorporated into the volatiles (Table 7). These levels are comparable to 

those observed in pheromone-labelling studies in other insects (Mitlin and 

Hedin, 1974; Schmidt and Munroe, 1976; Thompson and Mitlin, 1979; Dillwith 

et dl., 1981; Wolf and Roelofs, 1983). Due to the non-specific method by 

which labelled substrates were introduced to the beetles in this study, 

the percent incorporation was not an accurate measure of a substrate's 

,ability to serve as a cucujolide precursor. Incorporation is also 



affected by suoh factors as the rate of absorption, and by the rate of 

transport of the substrate or its derivatives to the site of pheromone 

biosynthesis. For comparison, the specific activity of each labelled 

cucujolide was calculated (Table 7). In some cases, the specific 

activities of some cucujolides were not recorded. Data were not reported 

if the scintillation counts were not statistically different from 

background or if the sample was depleted before the cucujolide could be 

purified from unknown (potentially radiolabelled) contaminants. Failure 

to detect incorporation of radiolabel could be due to the technical 

difficulties involved in the isolation and purification of small 

quantities of volatile compounds. 

Table 7: Incorporation of radiolabelled fatty acid substrates into 

cucu jolides by C. f errugineusl. 

Radiolabelled substrate 

[u-I4c] - [9,10-TI - [9 ,  10-TI- 
linoleic acid oleic acid palmitic acid 

beetles starved? 

oats defatted? 

Quantity used 2.52 f 0.05 21.7 f 0.4 200.1 * 0.1 
(clCi) 

Incorporation 
into volatiles 0.009 * 0.002 0.125 f 0.007 5.60 * 0.14 
( W i  

Incorporation 
into volatiles 0.37 f 0.07 0.58 f 0.04 2.80 f 0.07 
( %  of total) 

Specific Act. 
(mCi/mol ) 

I : 0.22 f 0.04 0.38 * 0.09 2.35 f 0.09 
11: n.d. 3.1 f 0.2 30.7 f 0.7 

111: n.d. 5.3 f 0.6 25.0 f 1.0 
IV : 1.7 f 0.6 n.d. 10.1 f 0.3 
V : n.d. n.d. 11.7 f 0.7 

"~rrors were calculated as described in the Experimental. 

6 3 



Fatty 

acid, 

acid origin of cucujolides I1 - V 
When C. ferrugineus was fed on oats coated with [9,10-TI-palmitic 

the cucujolides 11, 111, IV and V produced were radiolabelled (Table 

7), indicating that palmitic acid can serve as a precursor of these 

cucujolides. Similarly, [9,10-TI-oleic acid was incorporated into I1 and 

111; while [~-'~~]-linoleic acid was incorporated into IV. These results 

support the hypothesized fatty acid origin of these cucujolides. 

Contrary to expectations (Figure 15), incorporation of linoleic acid 

into V was not observed. Although this could mean that linoleic acid did 

not serve as a precursor of V, it is more likely that the incorporation 

was not detected due to technical difficulties. Significant losses of 

cucujolides were suffered at each step of the purification, due to such 

factors as removal of sample for scintillation counting and evaporation. 

The incorporation of linoleic acid into V would have been especially 

difficult to detect, since V was produced at the lowest level of all the 

cucujolides studied, and since relatively little radiolabelled linoleic 

acid was added. 

Terpenoid origin/de novo biosynthesis of cucujolide I 

The specific activities of I were about ten-fold less than those of 

the "fatty acid derived" cucujolides when C. ferrugineus was fed labelled 

fatty acid substrates (Table 7). The low activities of I observed support 

the hypothesis that this cucujolide is not derived directly from fatty 

acids. The radiolabel observed in I was likely due to the incorporation 

of radiolabelled acetate, formed by B-oxidation of the labelled fatty 

acids. This hypothesis is supported by the observation that radiolabelled 

acetate was incorporated into I (Table 8). The ten-fold ratio observed 

between the two routes (de novo biosynthesis versus the derivatization of 

the fatty acids) is comparable to ratios reported in the waxmoth (Schmidt 

and Monroe, 1976) and the housefly (Dillwith et 

greater than reported in boll weevils (Thompson 

al., l98l), but is much 

and Mitlin, 1979). 



Table 8: Incorporation of radiolabelled substrates into cucujolides by C. 

f errugineus . 

Radiolabelled substrate 

[ lJ4c ] - [ 5-TI - [ PC ] - 
acetate mevalonate lauric acid 

- - - 

beetles starved? 

oats defatted? 

Quantity used 50.00 f 0.05 20.0 + 0.3 5.0 f 0.2 
( W i )  

Incorporation 
into volatiles 0.084 f 0.004 0.140 f 0.004 0.020 a 0.001 
( W i )  

Incorporation 
into volatiles 0.169 + 0.008 0.70 f 0.03 0.41 k 0.04 
( %  of total) 

Specific Act. 
(mCi/mol ) 

I : 1.19 * 0.06 0.20 f 0.08 0.53 + 0.05 
11: 1.14 f 0.07 n.d. 0.33 f 0.03 

111: 1.1 f 0.1 n.d. 0.45 f 0.08 
IV : 2.5 * 0.4 n.d. n.d. 
V: 2.0 + 0.4 n.d. n.d. 

Label was detected in I, but not in 11-V', when the beetles were fed 

on oats laced with radiolabelled mevalonate (Table 8). These results 

support the hypothesized terpenoid origin of I. 

De novo biosynthesis of cucujolides I1 - V 
Labelled acetate (but not mevalonate) was incorporated into 11, 111, 

IV and V (Table 8 ) ,  indicating that C. ferrugineus can produce these 

~ucujolides through de novo biosynthesis. The incorporation of labelled 

acetate into IV and V is particularly interesting since these cucujolides 

' were hypothesized to be derived from linoleic acid (Figure 15). Although 



linoleic acid,is an essential dietary nutrient for most animals, some 

insect species have been shown to synthesize this fatty acid de novo 

(Blomquist et al., 1982; de Renobales et al., 1987). This has not 

previously been demonstrated in any species of Coleoptera but the present 

result indicates that C. ferrugineus might be able to synthesize linoleic 

acid de novo. An alternative explanation is that symbiotic microorganisms 

might supply C. ferrugineus with linoleic acid precursors. Although data 

are not available for C. ferrugineus specifically, the mycetomes of a 

closely related cucujid, Oryzaephilus surinamensus, are reported to 

contain "bacterium-like microorganisms" which are transmitted 

transovarially (Pant and Dang, 1972). C. ferrugineus might similarly 

possess endosymbionts. 

I do not believe that the apparent de novo synthesis of linoleic 

acid is an artifact. As shown in Table 7, palmitic acid was also an 

effective precursor of IV and V. The conversion of palmitic acid to 

linoleic acid would require the action of the A" desaturase. The 

palmitic acid and acetate-labelling experiments were repeated with similar 

results (to avoid duplication, the data are not presented in this thesis). 

The incorporation of oleic acid into IV and V was not detectable, likely 

due to technical difficulties previously mentioned. These difficulties 

were magnified by the small quantity of oleic acid used, which was ten 

times less radiolabel than in the palmitic acid experiment, and 

effectively five times less than in the acetate experiment (after 

correction for the greater quench of T). 

Incorporation of [l-I4c] -1auric acid 

Labelled lauric acid showed poor incorporation into all cucujolides. 

Labelling of I was likely due to the incorporation of labelled acetate 

formed by R-oxidation of the lauric acid administered. Since the specific 

activities of I1 and I11 were comparable to that of I when labelled lauric 

, acid was administered, these cucujolides were likely also labelled by the 



incorporation,of acetate. Incorporation of label from lauric acid into IV 

and V was not detected. These cucujolides were shown to be synthesized de 

novo from acetate (Table 8 ) ,  but this route would have been technically 

difficult to detect in the lauric acid-labelling experiment. Ten times 

more radiolabel was used in the acetate-labelling experiment than in the 

lauric acid experiment, which would help to overcome the technical 

difficulties involved in evaluating incorporation into IV and V (which are 

produced at much lower levels than I - 111). 
Undegraded lauric acid might be incorporated into cucujolides 11-V 

through one of two routes: (1) a path involving direct desaturation (via 

a unique b3 desaturase), 0-1 oxidation, and lactonization; or (2) a path 

involving elongation to stearic acid, desaturation (via the b9 

desaturase), J3-oxidation and finally lactonization (Figure 17). Pheromone 

biosynthesis via chain elongation has been shown to occur in some species 

of Lepidoptera (Bjostad et al., 1987). It is not possible to determine 

from the data in Table 8 if undegraded lauric acid was incorporated into 

cucujolides I1 and 111. This problem was explored using stable isotope- 

labelled lauric acid, as discussed in the next section. 

b) Biosynthesis of cucujolide 11: further studies 

The results thus far support the hypotheses that cucujolide I is of 

terpenoid origin and that cucujolides I1 - V are of fatty acid origin. 
The results also indicate that C. ferrugineus can synthesize these 

cucujolides de novo. 

With the stable isotope-labelling technique as a viable alternative 

to the use of radiolabelled substrates, it was possible to study other 

aspects of cucujolide biosynthesis. 
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Figure 17: Two hypothetical biosynthetic routes by which undegraded 

lauric acid might be incorporated into cucujolide 11. 

Incorporation of lauric  acid into  cucujolide I1 by C. ferrugineus  and 

0. mercator  

One objective was to investigate the possibility that undegraded 

lauric acid might be incorporated into cucujolide I1  according to one of 

the biosynthetic routes shown in Figure 17. My approach was to determine 

if insects exposed to deuterated lauric acid produced cucujolide 11 

enriched in deuterium. As discussed earlier, failure to detect deuterium 

incorporation could be due to failure of the labelled precursor to reach 

the site of pheromone biosynthesis. Therefore the insects were also 

exposed to deuterated 3-dodecenoic acid (expected to be an effective 

*precursor of cucujolide 11, according to Figure 15). This compound is 



very similar to lauric acid: if the insects could transport 3-dodecenoic 

acid to the site of pheromone biosynthesis, they should also be able to 

transport lauric acid. 

Synthesis of labelled lauric and 3-dodecenoic acid 

[3,4-D2]-3-Dodecenoic acid (D2-18) and [3,4-D2]-lauric acid (D2-19) 

were synthesized according to Scheme 1. Carbon dioxide was added to the 

anion of commercially available 1-undecyne in quantitative yield. The 

resulting 2-dodecynoic acid (15) was deconjugated with sodium amide in 

liquid ammonia (Brandsma, 1971; Oehlschlager et dl., 1986) to give 3- 

dodecynoic acid (16) and the corresponding allene (17) in an 87/11 ratio 

/VV\3f COOH 
D D 

D2-19 

p COOH 

+ 
- a 4  

COOH 

Scheme 1: Synthetic route to [3,4-D2]-3-dodecenoic acid (D2-18) and 

[ 3, 4-D2] -1auric acid (D2-19 ) . 



by analytical GC (70% yield). The mixture of 16 and 17 was reduced with 

deuterium gas over Lindlar's catalyst to give [3,4-D2]-3-dodecenoic acid 

(D2-18) in 70% yield. Some scrambling of the deuterium label was 

observed: the final product was 89% enriched for two deuteriums and 11% 

enriched for one deuterium (by IBCI GC/SIM-MS analysis). [3,4-D2]-Lauric 

acid (D2-19) was produced through the reduction of D2-18 with hydrogen gas 

over palladium on activated carbon (97% yield). This catalyst scrambled 

the deuterium labels further: the final product was 22% enriched for 

three deuteriums; 42% enriched for two deuteriums; 27% enriched for one 

deuterium; and 10% unenriched (by IBCI SIM/GC-MS). In retrospect, this 

could have been avoided through the use of a catalyst such as 

tris(tripheny1phosphine)-rhodium(1) chloride (Monsen, 1971). 

Incorporation of 3-dodecenoic acid and lauric acid into cucujolide 11 

C. ferrugineus were fed on oats coated with either D2-3-dodecenoic 

acid (D2-18) or D2-lauric acid (D2-19). Cucujolide 11 produced upon 

exposure of the insects to D2-18 was greatly enriched (EF=12%) for two 

deuterium atoms (Figure 18, Table 9). In contrast, D2-19 was not 

efficiently incorporated into cucujolide 11. 

0 .  mercator was also exposed to D2-18, using the methods described 

for C. ferrugineus. Figure 19 compares the GC/MS of cucujolide I1 

produced by 0.  mercator fed on defatted oats coated with D2-18 to that 

produced by a culture fed on untreated oats. As seen in Table 10, 

cucujolide 11 produced by insects fed D2-18 was greatly enriched for two 

deuteriums (EF=37%) while, as expected (Figure 15), cucujolide IV was not. 

Enhancement of cucujolide IV for one deuterium was not observed. It was 

possible that D-acetate (formed from the degradation of D2-18) would be 

incorporated into this cucujolide, since the radio-labelling experiments 

(Table 8) indicated that this cucujolide could be formed through de novo 

synthesis in C. ferrugineus. However cucujolide production by 0 .  mercator 

, i s  extremely sensitive to food deprivation (Oehlschlager et al., 1988; Dr. 



Figure 18: GC-MS ( E I )  o f  cucujolide 11 produced by C. ferrugineus feeding 
,on: 1 ,  untreated oats ;  2, defatted oats  coated with D2-18; and 3,  
defat ted  oata coated with D2-19. 



Table 9 : Incorporation of D2-dodecenoic acid (D2-18) and D2-lauric acid 

(D~-19) into cucu jolides by C. ferrugineus: relative abundance9 of 

GC/SIM-MS peaks of interest. 

Cucujolide I 

unlabelled: 
D2-18 : 

D2-19 : 

Cucujolide 11 
unlabelled: 
D2-18: 

D2-19 : 

Cucujolide 111 

unlabelled : 

D2-18 : 
D2-19 : 

1.00 g of beetles were fed on 15 g of defatted oats, coated with 150 mg 

D2-18; 1-00 g of beetles were fed on 15 g of defatted oats, coated w i t h  
380 mg D2-19. 

H. D. Pierce, Jr., personal communication*). The defatted oats supplied 

as food in these experiments were sufficient to support normal cucujolide 

biosynthesis in C. ferrugineus, but in 0 .  mercator cucujolide biosynthesis 

was reduced about one hundred fold compared to normally feeding insects. 

Thus, de novo cucujolide biosynthesis by 0 .  mercator was likely sharply 

curtailed under the conditions of this experiment. 

* Department of Chemistry, Simon Fraser University, Burnaby, BC, 
Canada. V5A 1S6. 
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Figure 19: GC-US (EI) of cucujolide I1 produced by 0. mercator feeding 
on: 1, untreated oats; or 2, defatted oats coated with D2-18 



Table 10s Incorporation of D2-dodecenoic acid (D~-18)' into cucujolides by 
0. mercator: relative abundances of GC/SIM-MS peaks of interest. 

Cucujolide I1 

unlabelled: 

D2-18 : 

Cucujolide IV 

unlabelled: 

D2-18: 

2.00 g of beetles were fed on 30 g of defatted oats, coated with 150 mg 

D2-18. 

Biosynthesis of unknowns A, B ,  C and D 

Three unknown compounds were observed in the Porapak Q extracts of 

both the C. ferrugineus and 0. mercator cultures exposed to [3,4-D2]-3- 

dodecenoic acid. The three unknowns exhibited the same GC retention times 

(R.T.Sl namely 10.49, 12.45, and 14.29 min, respectively, with the 

conditions as stated in Experimental) and MS (EI) in the two extracts, and 

were assumed to be identical. These compounds (designated A, B and C) 

comprised 3%, 22% and 5% (equivalent to 70 pg, 616 pg and 135 pg), 

respectively, of the C. ferrugineus extract, and 7%, 48% and 22% 

(equivalent to 51 pg, 341 pg and 174 pg), respectively, of the 0. mercator 

extract. Unknowns A and B from the C. ferrugineus extract were purified 

by preparative GC (to 90% and 98% purity, respectively). Unknown C from 

the 0. mercator extract was purified to 77% purity, but still contained 7% 

A and 3% B. The MS (both EI and IBCI) and 'H NMR (400 MHz) spectra of the 

three unknowns are presented in Figures 20, 21 and 22. 

Three compounds of the same GC R.T.s as unknowns A, B, and C were 

also observed in the Porapak Q extract of the C. ferrugineus culture 

exposed to D2-19. Compounds co-eluting with unknowns A, B and C comprised 



, Figure 20: Spectra of Unknown A (90% pure by analytical GC):  1, MS ( E I ) ;  
2, US (IBCI); 3, 'H NMR (400 MHz i n  CDC13) (next page). 
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I Figure 21: Spectra of Unknown B (98% pure by analytical GC): 1, MS (EI); 
2, US (IBCI); 3, 'H NMR (400 MHz in CDC13) (next page). 
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Figure 22: Spectra of Unknown C (77% pure by analytical GC): 1, MS (EI); 
2, 'H NMR (400 MHz in CDC13) (next page). 
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, Figure 23: Spectra of Unknown D (92% pure by analytical GC): 1. US (El); 
2. MS (IBCI); 3, 'H NKR (400 MHz in CDC13) (next page). 

&l 





72%, 5% and 0.4% (equivalent to 1.1 mg, 75 pg and 7 pg), respectively, of 

the extract. It was not possible to isolate in sufficient purity the 

compounds coeluting with unknowns B and C but these compounds exhibited 

the same MS (EI) as their counterparts. The MS (EI) of the compound 

coeluting with unknown A was closely related, but not identical, to that 

of unknown C. This compound was designated as unknown D and was purified 

by preparative GC. The MS (both EI and IBCI) and IH NMR (400 MHz) spectra 

are presented in Figure 23. 

Figures 20 and 23 reveal that unknowns A and D are closely related. 
t 

In addition to possessing the same GC R.T.s, their molecular ion peaks 

(m/e 170 and 171, respectively) differ by only one unit, and their IH NMR 

spectra are very similar (the large peak at 6 1.56 in Figure 20 is likely 

due to absorption by water protons). Most likely, unknowns A and D are 

the same, with D possessing one more deuterium than A. If A and D were 

formed through the metabolism of D2-18 (M+ = 200) and D2-19 (M+ = 202),the 

MS indicate that the transformations involved net losses of 30 and 31 mass 

unite, respectively. These numbers indicate a NET loss of one carbon 

atom, one oxygen atom, and an appropriate number of IH or D atoms per 

molecule. The 'H NMR spectra showed singlets (3H) at 6 2.13, indicative 

of methyl ketones. These two factors led to the tentative identification 

of the unknowns as undeca-2-one. If this assignment is correct, unknown A 

is not labelled with deuterium (M+ = 170), while unknown D is labelled 

with one deuterium at C-3 (M+ = 171). Biosynthesis of D from D2-19 would 

presumably involve R-hydroxylation, reductive decarboxylation or 

decarbonylation, and oxidation of the resulting hydroxy-hydrocarbon to the 

corresponding ketone. The last step mentioned would cause loss of the 

D atom originally at C-3. Biosynthesis of A from D2-18 would be similar, 

but would have to involve reduction of the double bond and loss of the 

D atom originally at C-4. 

Unknown C was tentatively identified as pentyl acetate on the basis 

,of its IH NMR spectrum. The reason for the relatively large production of 



this compound when C. ferrugineus was exposed to D2-19 is not clear. 

A structure was not assigned to unknown B. 

Investigation of the mechanism of the lactonization reaction to form 

cucu j olide I I. 

In this portion of the study, the ability of ll-hydroxy-3- 

dodecenoic acid (26) to serve as a precursor of I1 in vivo (Figure 24) was 

investigated. The approach taken was to determine if the cucujolide I1 

produced in the presence of deuterated 26 was enriched for deuterium. 

Figure 24: Hypothesized biosynthesis of cucujolide I1 from ll-hydroxy-3- 

dodecenoic acid, 26. 

If 26 was found to be a precursor of cucujolide 11, the next 

objective was to study the direction of the cyclization of 26 to form the 

macrolide product. The cyclization of 26 could conceivably occur in 

either of the two directions shown in Figure 25. To distinguish between 

the two, C. ferrugineus and 0. mercator were exposed to deuterated 26 that 

was also enriched for 180 at C-11. Any cyclization mechanism involving 

retention of the C-11 hydroxyl oxygen, such as that through the Coenzyme A 

(CoA) intermediate shown in Figure 25, would result in the retention of 

''0. Cucujolide I1 thus produced would be enriched for both deuterium and 

"0. In contrast, any cyclization mechanism involving loss of the C-11 

hydroxyl oxygen, such as that through the pyrophosphate intermediate, 

would result in loss of the 180. The cucujolide I1 produced through such 

a mechanism would be enriched for deuterium but not 180. 



Figure 25: Examples of the two possible directions of cyclizations of the 

hydroxy acid 26 to cucujolide 11. Differentiation between the two types 

of mechanisms is possible with 180- and D2-labelled 26. 

Syntheses of labelled 11-hydroxy-3-dodecenoic acid 

The synthetic routes (Schemes 2, 3 and 4) were basically variations 

on the route reported by Oehlschlager, et al. (1986). As required, 

detours were taken to insert 180 and/or deuterium. 

Two basic strategies were used to insert deuterium: reduction of a 

carbonyl group with deuteride ion; and reduction of a triple bond with D2 

gas. Schemes 2 and 4 utilized the first approach. In Scheme 2, 

10-undecyn-2-01 (21) was oxidized with PCC (Corey and Suggs, 1975) to the 

corresponding ketone (quantitative yield) which was reduced to the alcohol 

with NaBD4 (Walker, 1976; 94% yield). The final product D-26 was 95% 

enriched in D and 91% pure. In Scheme 4, 26 was oxidized to ll-keto-3- 

dodecenoic acid 30 by Jones reagent (quantitative yield), prior to 

reduction with NaBD3CN (Borch, 1971; quantitative yield). The D-26 was 

94% enriched in D and 99% pure. The alternate approach was used in 

Scheme 3: 11-hydroxy-3-dodecynoic acid (25) was reduced to [3,4-D2]-26 

, with D2 gas, using P2Ni as a catalyst (Brown and Ahuja, 1973; 90% pure, 



72% yield). As discussed previously, some scrambling of the deuterium 

label was observed. The D2-26 thus formed was 81% enriched in two 

deuteriums and 19% enriched in one deuterium. 

D OH P2Ni/H2 
C-------- 

COOH 
D-26 

H 2 N  
/\/ NH2 

(61%) 

D OH COOH 

24 

Scheme 2: Synthetic route to 0-26.  



COOH 
D  D  

COOH 
D D  

coo, 
D D D D  

1) HC~/'%H, "OH 

COOH 2) NaCNBH3 COOH 
D  D  (35%) 

D D  

Scheme 3: Synthetic routes t o  D2-26, D ~ ,  180-26, and D4-27. 



COOH 
2 6 

COOH 
2 8 

NaBD3CN 

J 
1 8 ~ ~ e  

DC~/DOAC 

(92%) \ HCl 

D OH 

COOH COOH 
D-26 I 

NaBD, 

(59% from 28) 

D OH D "OH 

COOH COOH 

5-27' 0, 180-26 

Scheme 4: Syn the t i c  r o u t e s  t o  D-26, ~ ~ ' ~ 0 - 2 6 ,  and 0-27. 

Two methods w e r e  used t o  i n s e r t  180: acid-catalyzed hydro lys i s  of a 

k e t a l  i n  t h e  presence of 180-water; and t h e  more d i r e c t  a c i d  ca t a lyzed  

exchange of a carbonyl  oxygen wi th  t h e  oxygen of 180~2. I n  Scheme 3, 180 

w a s  i n s e r t e d  through hydro lys is  of k e t a l  29 i n  t h e  presence of 180~2. The 

180-labelled ketone in te rmedia te  was reduced i n  situ with  NaBH3CN (35% 

y i e l d ) .  I n  Scheme 4,  t h e  ketone-oxygen of 30 was exchanged wi th   OH^ 
under a c i d i c  condi t ions .  I n  t h i s  case,  t h e  180-ketone was not  d i r e c t l y  

reduced wi th  NaBH3CN t o  al low i n s e r t i o n  of deuterium a t  t h i s  s t a g e .  The 



reduction was not performed with NaBD3CNI since the deuteriums would have 

exchanged with the protons of 180~2 under the acidic conditions of the 

reaction (Borch et al., 1971). Adding D20 to counteract this effect would 

result in the loss of 180. Thus the product was reduced with NaBD4 to give 

D,I80-26 (59% yield). 

Incorporation of 26 into cucujolide 11: preliminary experiments 

with C. f errugineus 

C. ferrugineus was fed on oats coated with D-26 (prepared according 

to Scheme 2). The Porapak Q-trapped volatiles were purified by 

preparative GC, then analyzed by GC/MS (using a DB-1 column). As revealed 

in Table 11, cucujolide I1 was enriched for deuterium (EF=3.1%). Since 

the precursor only had one deuterium, enrichment was revealed by the 

enhanced (M+l)+ peak. The (M+l)+ peak is about 11% for molecules of the 

molecular formula of cucujolide 11 due to natural isotopic abundance. 

Therefore this experiment was repeated to ensure that the small enrichment 

seen was not an artifact. The repeat experiment gave a result similar to 

the first experiment, in which the I1 produced was 1.3 % enriched for 

deuterium (Table 11). 

Unequivocal interpretation of these results is hindered by two 

factors. First, the D-26 contained 9% (by GC) of the fully reduced 

analogue [ll-Dl-ll-hydroxy-docecanoic acid (D-27) formed during the P2Ni 

reduction of 25. Second, the EFs were low compared to the natural 

abundance of the (M+l)+ peak. 

The first problem was addressed by exposure of C. ferrugineus to 

deuterated ll-hydroxydodecanoic acid (D4-27). As seen in Table 12, the 

cucujolide I1 produced was not enriched for four deuteriums, indicating 

that 27 was not an effective precursor. Thus, the deuterium enrichment 

detected in cucujolide I1 when C. ferrugineus was exposed to deuterated 26 

was not due to incorporation of the deuterated 27 impurity. 



Table 11: Incorporation of [11-Dl-11-hydroxy-3-dodecenoic acid (D-26) 

into cucujolides by C .  ferrugineus: relative abundances of GC/SIM-MS 

peaks of interest. 

Cucujolide I 
unlabelled: 
D-26 : 

Cucu j 01 ide I I 
unlabelled: 
D-26 : 

Cucujolide I11 
unlabelled: 
D-26 : 

Trial 1 Trial 2 

M' (M+l)+ (M+2)+ 

1.96 g of starved beetles were fed on 25 g of defatted oats, coated with 

100 mg D-26; 1.11 g of starved beetles were fed on 15 g of defatted 

oats, coated with 50 mg D-26. 

The second problem was addressed by labelling 26 with two deuteriums 

(D2-26, Scheme 3). This gave a clearly significant enhancement of the 

(M+2)+ peak in cucujolide I1 (EF=2.4%, Table 12). Although the EF is not 

larger than in the previous experiment (Table 9), the natural abundance of 

the (M+2)+ peak is much lower than that of the (M+1)+ peak, so that the 

small enhancement is more convincing. 

Cucujolide I1 produced by C. ferrugineus in the presence of ~ ~ ~ ' ~ 0 - 2 6  

exhibited an (M+4)+ peak that was 3.1% enriched, indicating enrichment for 

both two deuterium atoms and for 180. This cucujolide was not 

significantly enriched for two mass units, indicating that very little (if 

any) I1 was formed from ~ ~ J ~ 0 - 2 6  with the loss of 180. Thus, I1 is formed 

by a mechanism that involves retention of the hydroxyl oxygen. This is 

intuitively satisfying since, in vivo, 26 is expected to be formed through 

O-oxidation of a longer chain fatty acid and thus is likely present as an 

acyl-CoA derivative. Cyclization of such an intermediate would proceed 

with retention of the hydroxyl oxygen and loss of CoA (Figure 25). 
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Table 12: Iqcorporation of ~ ~ - 2 6 ' ~  ~ ~ - 2 7 ~ ~  and D ~ ,  18~-263 into cucu jolides 

by C. ferrugineus: relative abundances of GC/SIM-MS peaks of interest. 

Cucujolide I 

unlabelled: 100.0 

D2-26 : 100.0 

D4-27 : 100.0 

D ~ ,  180-26 : 100.0 

Cucujolide I1 

unlabelled: 100.0 

D2-26: 100.0 

D4-27 : 100.0 

D~ , 180-26 : 100.0 

1.00 g of starved beetles were fed on 15 g of def atted oats, laced with 

100 mg of D2-26; 0.3 g of starved beetles were fed on 4 g of defatted 

oats, laced with 30 mg of D4-27; 0.8 g of starved beetles were fed on 12 

g of defatted oats, laced with 80 mg of ~ ~ ~ ' ~ 0 - 2 6 .  

Incorporation of 0-26 and 0, 180-26 into cucu jolide 11 

Preliminary experiments indicating that it was feasible to study the 

incorporation of 26 intqcucujolide I1 using stable isotope-labelled 

precursors were repeated using very pure labelled substrates (prepared 

according to Scheme 4). The D-26 and D-27 used were 99% pure by 

analytical GC; the ~ ~ ' ~ 0 - 2 6  was 98% pure. 

Cucujolide I1 produced by C. ferrugineus exposed to D-27 was not 

significantly enriched in D (Table 13, Figure 26). In contrast, the 

cucujolide I1 produced by beetles exposed to D-26 was' clearly enriched in 

D (EF=3.8%). The I1 produced upon exposure to D,180-26 was enriched in 

both D and 180 (EF=2.9% for both D and 180). Some 11 was enriched in D but 

not 180 (EF=0.3%) or in 180 but not D (EF=0.4%). This is due to the fact 

that the ~ ~ ' ~ 0 - 2 6  presented to the insects was not 100% doubly labelled. 



Figure 26: GC-MS (EI) o f  cucujolide 11 produced by C. ferrugineus feeding 
' on: 1, untreated oate;  2, defatted oats  coated with D-26; 3,  defat ted  

o a t s  coated with D,180-19; or 4 ,  defatted oats  coated with D-27. 



Table 13: Incorporation of D-26l, Dl 180-262 and D-273 into cucujolides by 

C. ferrugineus: relative abundances of GC/SIM-MS peaks of interest. 

Cucu jolide I 

unlabelled: 

D-26 : 

Dl 180-26 : 

D-27 : 

Cucujolide 11 

unlabelled: 

D-26 : 

D, 180-26: 

D-27 : 

Cucujolide 111 

unlabelled: 

D-26 : 

Dl 180-26 : 

0-27 : 

1.00 g of starved beetles were fed on 15 g of defatted oats, coated w i t h  

100 mg D-26; 1.00 g of starved beetles were fed on 15 g of defatted 

oats, coated with 100 mg ~ ~ ' ~ 0 - 2 6 ;  1.00 g of starved beetles were fed on 

15 g of defatted oats, coated with 100 mg D2-27. 

Of the labelled molecules of 26, 8% were enriched in D but not 180, while 

15% were enriched in 180 but not D. Since 2.9% of cucujolide 11 was 

enriched in both D and 180, one would expect 0.2% enrichment in D only, 

and 0.4% enrichment in 180 only. It is clear that the cyclization of 26 

to cucujolide I1 occurred with retention of the C-11 hydroxyl oxygen. 

0 .  mercator was also fed on oats coated with D-26, ~ ~ ' ~ 0 - 2 6 ,  or D-27 

(Figure 27 and Table 14). When 0 .  mercator was exposed to D-26, 

cucujolide I1 was greatly enriched in D (EF=95%) whereas after exposure to 

~ ~ ' ~ 0 - 2 6  it was enriched in both D and 180 (EF=84%). In the latter 



Figure 27: GC-XS (EI) o f  cucujolide If produced by 0.  mercator feeding 
on: 1, untreated oats;  2 ,  defatted oats  coated with D-26; 3, defat ted  ' 
o a t s  coated with D,I80-19; or  4, defatted oats  coated with 1)-27. 



Table 14: Incorporation of D-26', 

0. mercator: relative abundances 

D,I80-262 and D-273 into cucujolide 11 by 

of GC/SIM-MS peaks of interest. 

- - - 

cucujolide I1 

unlabelled: 100.0 13.3 1.6 0.2 n.d. 

D-26 : 4.8 100.0 14.3 1.8 0.3 

D, 180-26 : 2.1 6.7 10.1 100.0 14.6 

D-27 : 100.0 15.5 1.7 n.d. n.d. 

2.00 g of starved beetles were fed on 30 g of defatted oats, coated with 

100 mg D-26; 2.00 g of starved beetles were fed on 30 g of defatted 

oats, coated with 100 mg D,I80-26; 2.00 g of starved beetles were fed on 

30 g of defatted oats, coated with 100 mg D-27. 

treatment, some I1 was enriched only for D (EF=5.4%) while some was 

enriched only for 180 (EF=8.4%). As discussed previously, this is because 

the ~,'~0-26 precursor was not 100% doubly labelled. It is clear that in 

0. mercator, as in C. ferrugineus, 26 is cyclized to cucujolide I1 and 

that this cyclization proceeds with retention of the C-11 hydroxyl oxygen. 

As a control to determine if the hydroxy acid would cyclize 

spontaneously, unlabelled 26 was coated onto defatted oats, aerated, and 

the volatiles collected as usual on Porapak Q. Spontaneous cyclization 

was not expected to occur, since the cyclization of 12 membered ring 

lactones is not favored (Galli et al., 1977; Mandolini et al., 1978). 

Therefore, a greater quantity of precursor than usual was aerated for 

longer than usual, in order to favor the detection of cucujolide I1 that 

might "spontaneouslyw form*. The Porapak Q extract contained a peak with 

the same GC-R.T. and GC-MS fragmentation pattern as cucujolide 11, even 

* The entire supply left over from Dr. Johnson's gift (158 mg of 
unlabelled 26) was coated onto 24.7 s of defatted oats (in order to 
maintain the usual ratio of 100 mg p;ecursor/15 g of oats). These oats 
were aerated for 17 days, rather than the usual 10. 
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though no insects had been allowed to feed on the oats! It is difficult 

to believe that the cucujolide I1 was formed through spontaneous 

cyclization of 26. Perhaps some enzymes of the oats were still active, or 

perhaps the oats were infected with a microorganism capable of catalyzing 

the transformation. 

The quantity of cucujolide I1 formed was equivalent to 2.7 pg/100 mg 

26/10 days. This is a small quantity when compared to the quantities of 

cucujolide I1 formed by C. ferrugineus (287 f 24 pg during aerations with 

D-26, ~'~0-26 and D-27) and by 0 .  mercator (310 pg and 76 pg during the 

aeration with D-26 and D,180-26, respectively*). 

The chirality of the cucujolide I1 produced in the various cultures 

was assessed. Diastereomeric acetyl (S)-lactyl derivatives were prepared 

by the method of Slessor et al. (1985), and analyzed by GC. The 

cucujolide 11 produced by C. ferrugineus feeding on oats (with no labelled 

precursors added) was 98% S while that produced by 0 .  mercator was 97% R 

(Table 15), in agreement with previous reports (Slessor et al., 1985; 

Oehlschlager et al., 1987). The cucujolide I1 produced by oats coated 

with unlabelled 26 in the absence of insects was racemic (51% S, 

Table 15). 

It is clear that the cucujolide 11 produced by 0 .  mercator in the 

presence of labelled 26 was formed largely as a result of beetle activity. 

The quantities of cucujolide I1 produced from the D-26 and D,180-26 

precursors (EFs = 95% and 99%, respectively, Table 14) were much greater 

than would be expected from "spontaneous" cyclization alone (EF = 0.9% and 

3.6%, respectively). In addition, the I1 produced was 97% R, not racemic. 

As an aside, it is interesting that the beetles were able to produce I1 

that was 97% R when presented with racemic 26. It appears that the 

cyclization reaction is highly enantioselective in 0. mercator. 

* The reason for the apparent wide variation in cucujolide 
' production by 0 .  mercator is not understood. The quantities of oat 

volatiles were also much lower in the second extract. 



Table 15: Enantiomeric composition of cucujolide I1 emitted by a no- 

insect control, C. ferrugineus and 0. mercator fed on rolled oats coated 

with various precursors. 

Substrate coated 
onto oats 

Ratio of S/R in various cultures 

C. ferrugineus 0. mercator no insects 

no substrate (standard): 98/2 

unlabelled 26: - 
D-26 : 95/5 

D, 180-26 : 96/4 

'the dash indicates experiments not performed. 

The EFs of the cucujolide I1 produced by C. ferrugineus after 

exposures to D-26 and D, 180-26 were 3.3% and 3. I%, respectively (Table 

13). The quantity expected to be contributed by the oats was 0.9%. Thus, 

although some of the labelled cucujolide I1 might have formed 

"spontaneously", most was likely formed by the beetles. 

Implications for the enzymatic step subject to regulation 

Pheromone production by Oryzaephilus and Cryptolestes beetles is 

believed to be under hormonal control. Pierce et al. (1986) revealed that 

the production of aggregation pheromones by male 0. mercator, 0. 

surinamensis and C. ferrugineus was enhanced by methoprene, a juvenile 

hormone analogue. Feeding may trigger pheromone production in some way 

other than by simply relieving a constriction in the supply of pheromone- 

precursors, since C. ferruginues is capable of de novo cucujolide 

biosynthesis (Table 8). The biosynthetic step that is subject to 

regulation in the presence and absence of food is indicated in this study. 

As mentioned previously, cucujolide production by 0. mercator was reduced 

approximately one hundred-fold when the insects were fed on defatted oats. 

0. mercator normally emits cucujolides I1 and IV in a ratio of about 



1.5 : 1 (Table 16). This ratio was basically undisturbed even when 

cucujolide production was sharply decreased by feeding on defatted oats, 

coated with either D2-18 or D-27. When 0. mercator was fed on defatted 

oats coated with labelled 26, cucujolide IV production was still 

depressed. This treatment, however, increased cucujolide I1 production to 

normal levels: the production of I1 was enhanced roughly 100 fold 

relative to IV. Qualitatively, it is clear that precursor 26 bypassed 

whichever biosynthetic step(s) is (are) "turned off" in the absence of an 

adequate food source. In contrast, the presentation of precursor 18 did 

not allow this (these) step(s) to be bypassed. Since 18 is presumably the 

biosynthetic precursor of 26, the o-1 hydroxylation of 18 to form 26 in 

0.  mercator is one (or perhaps is the) regulated biosynthetic step (see 

Figure 28). 

Table 16: Comparison of ratios of cucujolide I1 : cucujolide IV emitted 

by 0.  mercator after exposure either to untreated oats or to defatted oats 

coated with various precusors. 

Treatment of oats Ratio of 11 : IV 

none 1.5 : 1 

defatted; coated with D2-18 1.5 : 1 

defatted; coated with 0-27 2 : l  

defatted; coated with D-26 

def atted; coated with Dl 180-26 



LJ - 1 oxidation lac tonization 

blocked NOT 
when blocked 

18 starved 26 when 11 
starved 

Figure 28: Regulation of cucujolide I1 production in 0 .  mercator in the 

presence and absence of food. 

c) Biosynthesis of cucujolide I: further studies 

A biosynthetic route to I from the sesquiterpene farnesol was 

proposed by Pierce et al. (1984b). To test this hypothesis I determined 

if labelled cucujolide I was formed when C. ferrugineus was exposed to 

labelled farnesol (Figure 29). 

oxidative - 
cleavage 

? 

cyclization 
_____) 

? 

Figure 29: Incorporation of deuterium into cucujolide I from the putative 

precursor [1-Dl-(E,E)-farnesol (D-32). 

Cyclization of 36, the hydroxy-acid precursor of cucujolide I, could 

occur in either of the two directions shown in Figure 30. To distinguish 

between these, a tactic similar to that described in the study of 

cucujolide I1 biosynthesis was utilized. C. ferrugineus was exposed to 

, [l-Dl-(E,E)-farnesol that was also enriched for 180 at C-1. Any 



would result in loss of 180. The cucujolide I thus produced would be 

enriched only for D. In contrast, retention of the C-10 hydroxyl oxygen 

sf 36 would result in the production of cucujolide I enriched in both D 

and ''0. 

Figure 30: Examples of the two possible directions of cyclizations of the 

hydroxy acid 36 to cucujolide I. Differentiation between the two is 

possible with D, 180- (E,E)-f arnesol (~~'~0-32). 

Synthesis o f  labelled (E,E)-farnesol 

Deuterated (E,E)-farnesol (D-32) was synthesized from commercially 

available (E,E)-farnesol, according to Scheme 5. (E,E)-Farnesol was 

oxidized to the corresponding aldehyde (31) with DMSO-activated oxalyl 

chloride, using the method of Mancuso et dl. (1978). The (E,E)-farnesal 

obtained was reduced with NaBD4 to give D-32 in an overall yield of 58% 

(96% pure by GC; 95 atom % D). Subsequent preparation of [I-Dl-(E,E)- 

farnesol by this route gave quantitative yields of both products. 



Scheme 5: Synthetic route to [1-Dl-(E,E)-farnesol (D-32). 

[ 1-D, 1-180] - (E,E) -~arnesol (D, 180-32 ) was prepared as outlined in 
Scheme 6, in 26% overall yield. [1-Dl-(E,E)-Farnesol, prepared as 

described previously (quantitative yield, 97% enriched for D), was 

brominated with PBr3 (quantitative yield). Bromide 33 was hydrolyzed with 

~ a ~ ~ 0 ~ / ~ ~ 0 ~ ~  to give a 27% yield of the desired product (which was 84% 

enriched for 180 by SIM-MS). Also isolated from the crude product were 

unreacted 33 (27%) and the major product (38%), identified as [1-~,3-~~0]- 

3,7,11-trimethy1dodeca-1,6,10-trien-3-o1 (34). This product was 

identified on the basis of its MS (which showed an M+ peak of 225, the 

same as D,180-32), IR (which showed a broad peak at 3340 cm-' indicative of 

a hydrogen bonded hydroxyl group) and its IH NMR spectrum. The latter was 

similar to that of 32 but possessed no signals attributable to the C-1 

allylic methylene. A signal due to one of the vinyl methyl groups was 

absent, but a signal due to new methyl hydrogens (deshielded) appeared. A 

new signal due to a deshielded vinyl methine hydrogen also appeared. This 

information coupled with the knowledge that allylic bromides can react by 

SN1' and SN2' processes allowed assignment of the structure 34. All 

spectra were consistant with this assignment. It was surprising that 34 

, was the major product since it was anticipated that the steric hindrance 



Scheme 6: Synthetic route to [l-D, 1-180]- (E,E)-farnesol (D, 180-32). 

provided by the C-3 methyl group of farnesyl bromide would ensure that 

most displacement would proceed at C-1. 

Incorporation of [1-Dl - (E,E)-f arnesol into cucujolide I 

When C. ferrugineus was fed on oats coated with [I-Dl-(E,E)- 

farnesol, the cucujolide I produced was enriched with deuterium (EF=18%, 

Table 17; see also Figure 31), indicating that [1-Dl-(E,E)-farnesol served 

as a precursor. 

In the absence of exogenously added substrate the farnesol used by 

the beetles to form cucujolide I is likely synthesized endogenously. No 

farnesol was detected in extracts of the oats (using Methods 1 and 2, 

described in the Experimental). 



Figure 31: GC-MS ( E I )  o f  cucujolide I produced by C. ferrugineus feeding 
on: 1, untreated oats ;  2 o a t s  coated with D-32; and 3, o a t s  coated with 
~ , ' ~ 0 - 3 2 .  



by C. ferrugineus: relative abundances of GC/SIM-MS peaks of interest. 

M+ (M + 1)+ (M + 2)+ 

cucujolide I 

unlabelled: 100.0 12.7 1.2 

D-32 : 100.0 34.7 4.4' 

cucujolide I1 
unlabelled: 100.0 14.8 1.2 

D-32 : 100.0 16.2 1.4 

cucuj01i.de I11 

unlabelled: 

D-32 : 

2.01 g of beetles were fed on 30 g of defatted oats, coated with 100 mg 

D-32. 

When C. ferrugineus was fed on oats that had been coated with 

[1-D, l-180]-farnesol the cucujolide I produced was 18% enriched in 

deuterium (Table 18). Eighty-seven per cent of the deuterated cucujolide 

I produced was also enriched in 180. Since the D, 180-32 presented to the 

insects was 84% enriched in 180 it is clear that the D,18~-farnesol did not 

lose the 180-labelled hydroxyl group en route to cucujolide I. Thus, 

lactonization proceeds with retention of the hydroxyl oxygen and therefore 

cannot proceed through a mechanism involving loss of this oxygen (such as 

lactonization through the pyrophosphate intermediate shown in Figure 30). 



Table 18: Incorporation of [1-D, 1-180] - (E,E)-f arnesol (D, 180-32 ) into 
cucu jolides' by C. f errugineus: relative abundances of GC/SIM-MS peaks of 

interest. 

Cucujolide I 
unlabelled: 100.0 13.7 1.0 0.2 n.d. 

~,'~0-32: 100.0 16.5 2.0 19.7 2.6 

Cucujolide I1 
unlabelled: 100.0 14.7 1.1 0.1 n.d. 
D, 180-32 : 100.0 16.5 1.4 0.1 n.d. 

2.02 g of beetles were fed on 30 g of defatted oats, coated with 100 mg 

D, 180-32. 

Biosynthesis of unknown E from exogenous farnesol 

Beetles exposed to farnesol also produced relatively large 

quantities (68% - 86% the level of cucujolide I) of a previously unseen 
compound, unknown E, which was not present in the samples of labelled 

farnesol. MS (El and CI) analyses indicated that unknown E had a 

molecular weight of 194. Formation from farnesol would thus involve a net 

loss of C2H4. The fragmentation pattern showed an M-18 peak of high 

relative abundance in the CI MS, indicating the presence of an alcohol, 

aldehyde or ketone. The IR showed a strong carbonyl absorption at 1710 

cm-I, confirming the presence of a saturated ketone. The IH NMR showed a 

singlet (3H) at 6 2.15, indicative of a methyl ketone. The most obvious 

methyl ketone that could be formed from farnesol with the loss of C2H4 is 

geranyl acetone (6,lO-dimethylundeca-5,9-dien-2-one). All spectra were 

consistent with this assignment. 



I). CONCLUSIONS 

The results of this study support the hypothesis that cucujolide I 

is of terpenoid origin in C. ferrugineus. This insect was able to 

synthesize I either de novo from acetate and mevalonate, or through the 

conversion of exogenous farnesol. 

The results of this study also support the hypothesis that 

cucujolides I1 - V are of fatty acid origin. These cucujolides were also 

synthesized de novo from acetate. The possibilty that symbiotic 

microorganisms might be involved in this de novo biosynthesis 

(particularly of cucujolides IV and V, derived from linoleic acid) was not 

ruled out. 

Stable isotope-labelling studies indicated that lauric acid was not 

an effective precursor of 11 in C. ferrugineus. 11-Hydroxydodecanoic acid 

was not an effective precursor of 11 in either C. ferrugineus or 0. 

mercator. In contrast, 3-dodecenoic acid and 11-hydroxy-3-dodecenoic acid 

(26) served as precursors of the cucujolide I1 in vivo in either C. 

ferrugineus or 0. mercator. Although the insects were presented with 

racemic 26, in each case the I1 produced was of the natural chirality. C. 

ferrugineus, which normally produces 98% S-11, was found to produce 95% 

(S)-I1 in the presence of 26. 0. mercator was found to produce the normal 

97% (R)-11. 

Dual-labelling studies with deuterium and 180 indicate that the 

cyclization of 26 to cucujolide I1 in both C. ferrugineus and 0. mercator 

proceeded with retention of the C-11 hydroxyl. Similarly, the conversion 

of farnesol to cucujolide I in C. ferrugineus proceeded with retention of 

the hydroxyl oxygen. Thus the lactonization reactions forming cucujolides 

I and I1 both proceeded as shown in Figure 32. 



Figure 32: Generalized direction of lactonization of cucujolides I and I1 

in C. ferrugineus and 0. mercator. "LG" denotes a leaving group (such as 

pyrophosphate or CoA). 

This study supports the suggestion by Pierce et al. (1986) that 

cucujolide biosynthesis is regulated by factors other than the presence or 

absence of dietary precursors, since it was found that cucujolides I - V 
could be synthesized de novo. The results of this study further indicate 

that, for cucujolide I1 biosynthesis in 0. mercator, the regulated step is 

likely the o-1 oxidation of 3-(2)-dodecenoic acid. 



CHAPTER 111 

BREVICOMIN BIOSYNTHESIS IN THE MOUNTAIN PINE BEETLE, 

DENDROCTONUS PONDEROSAE, AND THE BALSAM BARK BEETLE, 

DRPOCOETES CONFUSUS (COLEOPTERA: SCOLYTIDAE) 

A) INTRODUCTION 

Virtually nothing is known about the biosynthesis of cyclic ketal 

and acetal pheromones (Vanderwel and Oehlschlager, 1987; Chapter I). In 

the past, investigations of the biosynthesis of these pheromones were 

limited by the technical difficulties involved in working with small 

quantites of volatile compounds. As discussed in the previous chapter, 

these difficulties can be overcome by the use of stable isotope-labelled 

precursors, whose incorporation can be detected by GC/MS. This obviates 

requirements to purify product isolates, and makes study of the 

biosynthesis of cyclic ketal pheromones feasible. 

The objectives of this study were twofold. The first was to 

determine if (Z)- and (E)-6-nonen-2-one could serve as precursors to exo- 

and endo-brevicomin, respectively, in vivo (Figure 33). These two 

compounds are logical precursors to the brevicomins and have, in fact, 

served as such in laboratory routes (Rodin et al., 1971). 

If (Z)- and (E)-6-nonen-2-one were found to serve as precursors to 

the brevicomins in vivo, the second objective of this study was to 

determine the mechanisms of these conversions. 

The mountain pine beetle (MPB), Dendroctonus ponderosae Hopkins, and 

(when available) the western balsam bark beetle (BBB), Dryocoetes confusus 

Swaine, were used in this study. Newly emerged, adult male MPB and BBB 

produce both exo- and endo-brevicomin (Borden, 1985; Borden et al., 

l987a). 



(E) -6- nonen- 2-one 

exo - brevicomin 

endo-  brevicomin 

Figure 33: Logical precursors to exo- and endo-brevicomin, (2)- and ( E ) -  

6-nonen-2-one, respectively. 



B) EXPERIMENTAL 

1. Insects 

Lodgepole pine, Pinus contorta var. latifolia Engelmann, infested 

with MPB was collected from a site near Princeton, BC. The cut ends of 

the logs were sealed with hot paraffin wax to prevent dessication. The 

logs were either used fresh or stored at 4 OC until use. The logs were 

kept in cages held at approximately 28 OC. Emergent beetles were 

collected daily, and their sex was immediately determined by the shape of 

the seventh abdominal tergite (Lyon, 1958). The insects were either used 

the same day, or were stored on moistened paper at 4'~ in loosely-capped 

jars for a maximum of one week. Only healthy-appearing individuals were 

selected for experiments. 

Subalpine fir, Abies lasiocarpa (Hook.) Nutt. infested with BBB was 

collected from sites in the interior of BC. The logs and beetles were 

treated as described for MPB. The sex of the emergent beetles was 

determined by the presence (females) or absence (males) of the setal brush 

on the frons (Bright, 1976). Insects were stored as described for MPB. 

2 .  Treatment of Insects 

For the initial tests for the incorporation of (E)- or (2)-DZ- 

6-nonen-2-one into brevicomin, newly-emerged male MPB or BBB were 

individually placed into 3.5 mL screw-cap vials (described by Gries et 

al., 1990a), into which either 0 (control), 0.1 (for MPB) or 0.05 (for 

BBB) pL of the labelled precursor was placed. The sealed vials were 

stored at RT in the dark. After 24 h, the insects were either: (1) 

extracted immediately (whole beetles were individually extracted with 

hexane); or (2) individually aerated. Purified, moisturized air was drawn 

over the beetles, and the volatiles emanating from the beetles were 

trapped on Porapak Q (50-80 mesh, Applied Science Laboratories). After 48 

h, the insects were individually extracted. Captured volatiles were 

removed from the Porapak Q by flushing with diethyl ether. 



a) Exposure to 1802 

Tests for the incorporation of I8o2 into brevicomin were performed in 

two ways. The gas could not be efficiently transferred in the usual way 

(using a high vacuum line, and condensing the gas into the flask of 

interest with liquid nitrogen), since oxygen does not condense in liquid 

nitrogen under high vacuum. 

Method 1 : Gradual exchange of 1602/~2 with 1802/N2 

The first study was performed by placing the insects (usually 40) in 

glass round-bottomed-flasks equipped with glass beads (for the insects to 

crawl on and to prevent fighting) and serum stoppers. The void volumes of 

the flasks (filled with beads) were ca. 35 mL. Using gas-tight syringes, 

10 mL of N2 were introduced into each flask, while 10 mL were withdrawn. 

Then 3 mL of 1802 (297% 1802, Isotec Inc.) were added while 3 mL were 

withdrawn (the volume in the original container of I8o2 was replaced with 

deoxygenated water). Finally, 40 mL of 1802/~2 (114) were introduced to 

the bottom of the flasks while 40 mL were withdrawn from the top. It was 

expected that after this procedure nitrogen would comprise about 80% of 

the atmosphere in the flask (to mimic the normal atmosphere); and that I8o2 

would comprise about 80% of the oxygen in the flasks. In trials involving 

treatment with precursors, 1 pL of (E)- or (2)-6-nonen-2-one was added by 

syringe through the serum stoppers. The insects were held at RT in the 

dark. After a period of time (specified in the Results and Discussion), 

the insects were extracted as described previously. Samples usually 

consisted of 10 pooled males. 

It was observed that after about 16 h under these conditions, the 

beetles in the flasks became comatose (likely due to a lack of oxygen). 

Therefore in subsequent experiments, fewer beetles were introduced per 

flask. 



Method 2: Introduction of 1802/~2 into evacuated flask 

The process described in Method 1 to replace the I6o2 in the flasks 

with I8o2 was fairly tedious. Theref ore subsequent studies were performed 

using Schlenk tubes, equipped with glass beads and serum stoppers. First 

the void volumes of the flasks (with the beads) were measured (ca. 35 mL). 

Then flasks were evacuated under high vacuum (the vacuum line was freshly 

cleaned, to avoid contamination of the flasks with unknown compounds). 

The I8o2 was added by gas-tight syringe to 115 atmosphere (calculated by 

volume, based on the void volume of the flask). Nitrogen was added to 

atmospheric pressure. Then the beetles (usually 12 per flask) were 

quickly introduced into each flask by carefully lifting off the septum, 

while 1802/~2 (114, v/v) was gently blown into the bottom of the flask via 

a gas-tight syringe inserted through the septum. The 1802/~2 was 

continually blown into the flask until the septum was replaced. 

b) Exposure to 180E12 

In order to label the beetles with I80H2, males were first held on 

dry paper in a small loosely capped jar for 24 h in the dark (to dehydrate 

partially), and then were held in a vial containing a piece of Kimwipe 

soaked in ca. 200 pL 180~2 (MSD, 97% 180) for 48 h. Beetles to be treated 

with (2)-6-nonen-2-one were not first dehydrated: they were immediately 

treated with I80H2 for 48 hours, and then were exposed individually to the 

vapors of 0.1 pL (2)-6-nonen-2-one in 3.5 mL vials for 24 h. Insects were 

extracted as described previously; samples were prepared from 10 males. 

3. Analyses of exo- and endo-brevicomin in extracts: 

Analyses by GC were performed on a Hewlett-Packard 5890 GC equipped 

with a capillary inlet system and an FID. Samples were introduced by 

splitless injection onto a DB-1 column (15 m x 0.25 mm I.D., 0.25 pm film 

thickness). The oven temperature program was: 50 OC for 1 min, then 

, 4 OC/min to 80 OC for 10 min, followed by an increase of 25 OC/min to a 



final temperature of 275 OC for 10 min. The brevicomins were identified 

by comparing their GC retention times and MS fragmentation patterns with 

known standards. ~revicomin content in the extracts was quantified using 

3-octanol as an internal standard. 

Mass spectra were obtained on a Hewlett-Packard 5985 GC/MS system by 

EI ionization (70 eV) or CI using isobutane as the ionizing gas. 

4. Determination of the chirality of the exo-brevicomin produced 

The chirality of the exo-brevicomin produced by MPB was determined 

by complexation chromatography as described by Schurig et dl. (1983). 

The coating on the chiral column was not stable in the presence of 

ketones; therefore prior to analyses it was necessary to purify the 

extracts by preparative GC. In order to maintain the integrity of the 

preparative GC column, nonvolatile residues were first removed from the 

extracts. The crude extracts from control (untreated) and [4,4-D2]-(2)-6- 

nonen-2-one-treated male and female MPBs (15 per treatment) were pooled 

and soaked onto a glass wool plug placed at one end of a 12" length of 

glass tubing (which had been bent into an " o w  shape, leaving the first 1" 

straight and bent to be horizontal). The bottom half of the a-shaped 

tubing was cooled with liquid nitrogen, thus forming two traps. The crude 

beetle extract was volatilized by passing a gentle stream of nitrogen gas 

through the glass wool plug, which was finger-warmed through the glass. 

The volatiles were collected in the glass traps. The brevicomin samples 

thus trapped were concentrated to 30 pL and purified by preparative GC 

(Chapter II). The oven temperature program used was: 70 OC for 2 min, 

then 6 OC/min to 180 OC. Samples were collected in glass tubes (20 cm x 

1.6 mm O.D.). The collected samples were washed into half-dram glass 

vials, with 50 pL diethyl ether. The chirality of the brevicomin produced 

by the insects was determined by comparison of the retention times with 

known standards on a 25m x 0.25 mrn (I.D.) fused silica capillary column 

, coated with nickel-bis(1R)-3-heptafluorobutyrylcamphorate (50 OC for 2 



min, then 2.5.Oc/min to 85 OC for 30 min) (Schurig et al., 1983). 

5. Statistical analyses 

Data were analyzsed by Analysis of Varience (ANOVA). Where more 

than two treatments were used, means were separated by Tukeys multiple 

range test (P=0.05). 

6. Purchased/donated chemicals: 

LiA1D4 (98 atom % D) and NaBD4 (98 atom % D) were purchased from 

Sigma Chemical Company; deuterium oxide (D20, 99.9 atom % D) and 180-water 

(180H2, 97 atom% 180) were purchased from MSD. Leaf alcohol [ (2)-3- 

hexen-1-01] was purchased from Bedoukian Research Inc. Palladium on 

activated carbon (10%) was purchased from Strem Chemicals, Inc. < 

Pherotech, Inc generously donated (E)- and (2)-6-nonen-2-one. (E)- 

6,7-D2-6-Nonen-2-one was kindly synthesized for use by Dr. Mohan Singh*. 

7. Synthesis of stable isotope labelled chemicals 

a) Analyses: 

'H and I3c NMR spectra were recorded at 400.13 MHz and 100.6 MHz, 

respectively, on a Bruker WM-400 Spectrometer. MS (EI and CI) and IR 

spectra were recorded as described in Chapter II. 

b) Syntheses of chemicals: 

Reactions were performed and worked up as described in Chapter II. 

Flash chromatography was performed as described in Chapter II. 

Preparation of [4,4-D2]-(2)-6-nonen-2-one (Scheme 7): 

(2)-3-Hexenoic acid (35) 

2.5 M Chromic acid was added dropwise to a soln of leaf alcohol 

* Department of Chemistry, Simon Fraser University. Burnaby, BC, 
Canada. V5A 1S6. 
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[(Z)-3-hexen~l, 36, 60 mmol] in acetone (200 mL) at 0 OC, until the yellow 

color persisted (about 80 mmol). The soln was stirred for an additional 

15 min at RT, then 2-propanol was added dropwise until the green color 

persisted. The reaction mixture was then filtered through Celite. The 

acetone was removed in vacuo. The remaining oil was dissolved in diethyl 

ether, washed with brine and dried over anhyd MgS04. Removal of the 

solvent in vacuo gave a green oil. Distillation under vacuum left a 

colorless oil (4.15 g, 61% yield), bp 104-110 OC (ca. 10 mm Hg), 79% pure 

by GC analysis. 1~ NMR (cDc~~): 6 0.97 (3 H, t, 6-H); 2.04 (2 H, dt, 

5-H); 3.10 (2 HI d, 2-H); 5.43-5.52 (1 HI m, 3-H); 5.54-5.63 (1 HI m, 

4-H); 10.25-10.90 (br s, COOH). IR: 2950 (s); 2700 (m); 2650 (m); 1700 

(8); 1450 (m); 1420 (s); 1290 (s); 1210 (s); 1170 (m); 930 (m); 720 (m) 

cm'l. MS (EI), m/e (relative abundance): 114 (M', 56); 99 (15); 96 (20); 

81 (10); 73 (36); 69 (55); 68 (82); 60 (58); 55 (100); 41 (90). 

[ I ,  1 -D2] - (Z) -3-Hexenol (D2-36) 

The acid 35 (26 mmol) was dissolved in anhyd diethyl ether (20 mL), 

and the soln was added dropwise to a cooled (0 OC) suspension of LiA1D4 

(21.7 mmol) in anhyd diethyl ether (50 mL). After the addition was 

complete, the reaction mixture was stirred at 0 OC for an additional 1 h. 

The reaction was quenched by pouring into ice-cold 2% HC1 and worked up in 

the usual fashion to yield a colorless oil (2.21 g, 82% yield), 93% pure 

by GC analysis. 'H NMR (CDC13): 6 0.96 (3 H, t, 6-H); 1.50 (1 H, br s, 

OH); 2.07 (2 H, p, 5-H); 2.30 (2 H, d, 2-H); 3.64 (0.3 H, t, 1-H); 5.27- 

5.37 (1 HI m, 4-H); 5.50-5.60 (1 HI m, 3-H). IR: 3340 (s); 2990 (s); 

2950 (s); 2920 (s); 2860 (s); 2190 (w); 2080 (w); 1640 (w); 1450 (m); 1390 

(m); 1360 (m); 1300 (w); 1280 (w); 1215 (w); 1115 (s); 1090 (s); 965 (s); 

840 (w) cm-'. MS (EI) m/e (relative abundance): 102 (M', 34); 84 (58); 70 

(20); 69 (100); 68 (45); 67 (48); 55 (38); 41 (90). 



[I, 1 -D2] -I -Tosyl- (2) -3-hexene (D2-37) 

A suspension of t h e  a l coho l  D2-36 (20 mmol), t o s y l  c h l o r i d e  (22 

mmol) and powdered KOH (210 mmol) i n  anhyd d i e t h y l  e t h e r  (20  mL) was 

s t i r r e d  f o r  2  h  a t  0 OC. The r e a c t i o n  mixture  was f i l t e r e d ,  t h e  s o l v e n t  

removed i n  vacuo, and t h e  crude product  f l a s h  chromatographed (CH2C12) t o  

y i e l d  a  c o l o r l e s s  o i l  (3.09 g ,  62% y i e l d ) ,  96% pure  by GC a n a l y s i s .  'H 

NMR (CDC13): 6 0.91 ( 3  H I  t , 6-H); 1.91-2.02 (2  H, m, 5-H); 2.36 (2  H, d,  

2-H); 2.44 ( 3  H I  sf  t o s y l  methyl) ;  3.96-4.00 (0.2 HI m, 1 ' - H ) ;  4.06-4.15 

(0.2 H I  m, 1 - H ) ;  5.13-5.22 (1 H I  m, 4-H); 5.42-5.51 (1 H, m, 3-H); 7.33 

( 2  H I  d ,  t o s y l  3'-H and 5'-H); 7.76 (2 H, d ,  t o s y l  2'-H and 6'-H). MS 

( E I )  m / e  ( r e l a t i v e  abundance): 173 (30) ;  155 ( 5 0 ) ;  112 ( 6 2 ) ;  9 1  (100) ;  83 

( 5 0 ) ;  70 (92 ) ;  65 (42 ) ;  57 ( 5 2 ) ;  41 ( 4 4 ) .  

[3,3-D2]-Ethyl-2-aceto-5-octenoate (D2-38) 

The t o s y l a t e  D2-37 (12 mmol) w a s  slowly added t o  a  s t i r r e d  s o l n  of 

sodium e t h y l a c e t o a c e t a t e  (14 mmol) d i sso lved  i n  anhyd e t h a n o l  (20  mL). 

The r e a c t i o n  mixture  was heated a t  r e f l u x  f o r  17 h, du r ing  which t i m e  a  

heavy p r e c i p i t a t e  of sodium t o s y l a t e  developed. The r e a c t i o n  mix ture  was 

cooled  and n e u t r a l i z e d  wi th  g l a c i a l  a c e t i c  ac id .  The e t h a n o l  was removed 

i n  vacuo. The c rude  o i l  was taken  up i n  hexane (200 mL) and e x t r a c t e d  

w i t h  water  (1 x 50 mL). The organic  l a y e r  was d r i e d  over  anhyd MgSO,,. 

Removal of t h e  so lven t  i n  vacuo y i e lded  a  yellow syrup  (1 .91  g ,  76% 

y i e l d ) ,  which was 49% pure  by GC a n a l y s i s .  This  product  was c a r r i e d  

th rough t o  t h e  next  s t e p .  

[4, 4-D2] - (2)  -6-Nonen-2-one [D2- ( 2  ) -391 

A mixture of  t h e  k e t o e s t e r  D2-38 as a  crude syrup  (1.91 g )  and NaOH 

(18  mmol) i n  water  (12 mL) was s t i r r e d  f o r  24 h a t  RT. The r e a c t i o n  

mix ture  w a s  e x t r a c t e d  wi th  hexane (2  x 10 mL). The hexane l a y e r  conta ined  

unreac ted  39 s o  t h e  so lven t  w a s  removed i n  vacuo and t h e  remaining o i l  re- 

, submi t ted  t o  t h e  r e a c t i o n  condi t ions .  The aqueous phase was a c i d i f i e d  



with conc sulfuric acid to pH 2, and stirred at 90-100 OC for 5 h. The 

aqueous phase was extracted with diethyl ether (3 x 30 ml). The organic 

layers were pooled, washed with 5% NaHC03 soln (1 x 20 mL) and then brine 

(1 x 20 mL), dried over anhyd MgS04, filtered, and concentrated in vacuo 

to yield a colorless oil (0.460 g, 28% yield from the tosylate 37), which 

was 96% pure by GC analysis. 'H NMR (CDC13) : 6 0.95 (3 H, dt, JTI9=l HZ, 

JsI9'8 HZ, 9-H); 1.57-1.67 (0.5 HI m, 4-H); 1.96-2.07 (4 H, m, 5-H and 

8-H); 2.12 (3 HI sf 1-H); 2.40 (2 H, br s, 3-H); 5.23-5.31 (1 H, m, JTI8=1 

HZ, 7-H); 5.35-5.44 (1 HI m, Jga6=1 Hz, 6-H). MS (EI) m/e (relative 

abundance): 142 (M', 11); 127 (8); 113 (14); 99 (11); 85 (23); 84 (86); 

83 (18); 82 (24); 73 (17); 69 (100); 68 (50); 67 (63); 58 (20); 57 (11); 

55 (14); 43 (78); 42 (10); 41 (26). By GCISIM-MS analysis the product was 

88% enriched with two deuterium8 and 12% unenriched. 

Preparation of 180- (2) -6-nonen-2-one (Scheme 8) : 

(2)-6-Nonen-2-one 2',2'-dimethyl-propane ketal (40) 

A toluene soln (60 mL) containing (2)-6-nonen-2-one (10.7 mmol), 

2,2-dimethyl-1,3-propandiol (11.3 mmol) and a catalytic quantity of p- 

toluenesulfonic acid (0.011 mmol) was refluxed overnight. Water was 

removed as it formed by Dean-Stark extraction. The soln was cooled and 

extracted with a satd soln of NaHC03. The usual workup (except that the 

organic extract was dried over anhyd K2C03) and distillation under vacuum 

yielded a colorless oil (2.29 g, 95% yield), bp 89-92 OC (1.2 mm Hg), 96% 

pure by GC analysis. 'H NMR (CDC13) : 6 0.89 (3 HI d, JcH2,cH3=1.2 Hz, 

ketal methyl); 0.95 (3 H, dt, Jsr9=7.5 Hz, JTI9=1.2 Hz, 9-H); 1.00 (3 H, s, 

ketal methyl); 1.35 (3 HI d, J=2.9 Hz, 1-H); 1.42-1.51 (2 H, m, 4-H); 

1.65-1.72 (2 HI m, 3-H); 1.99-2.08 (4 H, m, 5-H and 8-H); 3.43 (2 H, dd, 

Jgm=ll HZ, JCH2,CH3=1. 2 HZ, ketal methylenes) ; 3.53 (2 H, d, Jg,=ll Hz, 

ketal methylenes); 5.28-5.40 (2 HI m, 6-H and 7-H). MS (EI) m/e (relative 

intensity): 226 (M+, 5); 211 (50); 129 (100); 82 (10); 69 (30). 



180- (z) -6-  on en-2-one [180- ( 2 )  -391 

Gaseous HC1 was bubbled through a vigorously stirred mixture of 

hexane (200 pL, previously dried over Na wire) and  OH^ (200 pL) for ca. 
10 sec. The ketal 40 (4.0 mmol) was added with cooling. The mixture was 

stirred at RT and the progress of the reaction was monitored periodically 

by GC. As required, more HC1 was bubbled through the reaction mixture 

(with cooling). After about 4 h, the reaction was complete. Anhyd hexane 

(ca. 0.5 mL) was added, and the aqueous and organic phases were allowed to 

separate. The organic layer was passed through a mini-column of anhyd 

K2C03. The aqueous phase was washed with anhyd hexane (6 x 50 pL); the 

washings were passed through the mini-column. The combined hexane 

extracts were distilled from K2C03, using a 1" Vigreux column. The hexane 

was first removed at atmospheric pressure, then a vacuum was applied to 

distill the product. A colorless oil was obtained (0.32 g, 56% yield), 

98% pure by GC analysis. 'H NMR (CDC13) : 6 1.05 (3 HI t, 9-H) ; 1.64-1.73 

(2 HI m, 4-H); 1.96-2.07 (4 HI m, 5-H and 8-H); 2.12 (3 HI s, 1-H); 2.43 

(2 HI t, 3-H); 5.23-5.31 (1 HI m, 7-H); 5.35-5.44 (1 HI m, 6-H). MS (EI) 

m/e (relative abundance): 142 (M+, 18); 127 (12); 113 (20); 82 (86); 67 

(100) ; 60 (12); 55 (14); 45 (50). The product was 94% 180 by GC/SIM-MS 

analysis. 

Preparation of 180-exo-brevicomin (Scheme 9) : 

6,7- (2) -Epoxynona-2-one 2 ' , 2  '-dimethylpropane ketal (41) 

A s o h  of the ketal 40 (2.2 mmol) in CH2C12 (20 mL) was added to a 

vigorously stirred s o h  of NaHC03 (3.6 mmol) in water (7 mL). m-Chloro- 

perbenzoic acid (2.7 mmol) was added, and the biphasic system was stirred 

vigorously at RT overnight. The usual workup yielded a colorless oil 

(0.55 gr quant yield), 87% pure by GC analysis. 'H NMR (CDC13) : 6 0.88 

(3 HI 8, ketal methyl); 1.02 (3 HI s, ketal methyl); 1.04 (3 HI t, 58,9'8 

Hz, 9-H); 1.37 (3 HI s, 1-H); 1.47-1.78 (8 HI m, 3-HI 4-HI 5-HI 8-H); 

2.84-2.90 (1 HI m, 7-H); 2.90-2.96 (1 HI m, 6-H); 3.42 (2 HI dl J9,,,,=12 Hz, 



ketal methylenes); 3.56 (2 HI d, Jg,=12 Hz, ketal methylenes). MS (EI) 

m/e (relative intensity): 227 (75%); 129 (100); 69 (30). 

18~-~xo-brevicomin (180-exo-42) 

The ketal-epoxide 41 (1.9 mmol) dissolved in anhyd diethyl ether 

(ca. 200 pL) was added to 180~2 (0.5 mL) through which gaseous HC1 had been 

bubbled for ca. 10 sec. The reaction mixture was stirred vigorously at 

RT, and the reaction was monitored by GC. HC1 gas was bubbled through 

periodically, as needed. After 12 h, the two phases were allowed to 

separate. The upper organic layer was removed. The aqueous phase was 

washed with anhyd diethyl ether (3 x 0.1 mL). A gentle Ar stream was 

blown over the combined ether extracts to remove most of the ether. Bulb- 

to-bulb distillation under vacuum yielded crude product (0.38 g) 70% pure 

by GC analysis. This product was purified by distillation under vacuum to 

give a colorless oil (0.30 g, 91% yield), 95% pure by GC analysis. IH NMR 

(CDC13) (according to numbering scheme shown): 6 0.91 (3 HI distorted t, 

3 J10,11'7-5 HZ, 11-H);1.41 (3 H, S, 9-H); 1.43-1.95 (8 H, 
e n 4  

7 < ,  1; m, 2-HI 3-HI 4-H and 10-H); 3.93 (1 H,t, J,10=6.5 I .  Hz, 

10 'k0+9 7-H); 4.13 (1 HI br s, 1-H). I3c NMR (CDCl.(): 6 9.610 

-0 
- 

I 1  
7 (11-C); 17.15 (3-C); 25.00 (9-C); 28.00 and 28.58 (2-C 

and 10-C); 35.03 (4-C); 78.63 (1-C); 81.49 (7-C); 

108.19 (5-C). MS (EI) m/e (relative intensity): 158 (M', 14); 129 (18); 

116 (17); 114 (80); 101 (11); 100 (26); 88 (21); 87 (17); 85 (100); 81 

(16); 72 (12); 68 (22); 67 (16); 45 (26); 43 (18). 

The position of the 180 label in the product was deduced from the 

180-isotope-induced shifts of the I3c NMR signals, after resolution 

enhancement of the I3c NMR spectrum (line broadening, -0.5 Hz; Gaussian 

broadening, 0.3; 64 K data set). The results are presented in the Results 

and Discussion. 



Preparation of [4,4-D2]-(2)-6-nonen-2-01 [D2-(2)-431 

D2-(2)-6-Nonen-2-one [D2-(2)-39, 0.7 mmol] was dissolved in 95% 

ethanol (1 mL). NaBH4 (ca. 3 mmol) dissolved in 95% ethanol (1 mL) was 

added dropwise. The reaction mixture was stirred at RT for 1 h, before it 

was quenched with 2% HC1 (10 mL). The usual workup yielded a colorless 

oil (86 mg, 85% yield), 98% pure by GC analysis. 'H NMR (CDC13) : 5 0.94 

(3 HI t, Js9=7.5, 9-H): 1.18 (3 HI d, J1,2=6.0, 1-H); 1.39-1.47 (2 H, m, 
# 

3-H); 1.50-1.54 (0.7 H, br s, 4-H); 1.97-2.07 (4 H, m, 5-H and 8-H); 3.74- 

3.83 (1 HI sx, J112=J213=6.0, 2-H); 5.27-5.41 (2 HI m, 7-H and 8-H). MS 

(EI) m/e (relative intensity): 144 (M', 10); 97 (25); 84 (100); 82 (28); 

73 (53); 71 (14); 70 (11); 69 (79); 68 (60); 67 (44); 58 (16); 57 (12); 56 

(11); 55 (15); 45 (30); 43 (15); 41 (21). 

Preparation of [6,7-DZ]-(E)-6-nonen-2-01 [D2-(6)-441 

The alcohol was prepared by reduction of [6,7-D2]-(E)-6-nonen-2-one 

(D2-(E)-391 with NaBH4 as described above. The product was obtained in 

90% yield, and was >99% pure by GC analysis. 'H NMR (CDC13): 6 0.89 (3 

HI t, Js0=7.5, 9-51); 1.16 (3 HI d, J,,=6.0, 1 H); 1.30-1.45 (4 H, m, 3-H 
- 5  - 0 - 

and 4-H); 1.78 (1 H, br s, OH); 1.93-2.00 (4 H, m, 5-H and 8-H); 3.72-3.81 

(1 HI sx, J1,2=J2,3=6.0, 1-H). MS (EI) m/e (relative intensity) : 144 (M', 

11); 111 (7); 97 (30); 85 (12); 84 (100); 83 (24); 82 (14); 81 (7); 72 

(12); 71 (58); 70 (16); 69 (85); 68 (48); 67 (13); 58 (11); 57 (16); 56 

(12); 55 (12); 45 (27); 43 (22); 42 (14); 41 (10). 

Preparation of [6,7-D2]-nonan-2-one (D2-45) 

Palladium (10%) on activated carbon (20 mg) was suspended in anhyd 

absolute ethanol (10 mL). H2 gas was bubbled through the vigorously 

stirred suspension for 10 min, then [6,7-D2]-(E)-6-nonen-2-one [D2-(E)-39, 

2.8 mmol] dissolved in anhyd absolute ethanol (3 mL) was added in one 

portion. The reaction mixture was stirred vigorously at RT while H2 gas 

was continually bubbled through. After 4 h, MgS04 was added to dry the 



r e a c t i o n  mixture .  The mix ture  was f i l t e r e d ,  and t h e  p r e c i p i t a t e  w a s  

r i n s e d  thoroughly  w i th  anhyd d i e t h y l  e t h e r .  The f i l t r a t e  and washes w e r e  

combined, and t h e  s o l v e n t  removed by d i s t i l l a t i o n  th rough  a 12" Vigreux 

column. The r e s i d u e  w a s  s u b j e c t e d  t o  bulb-to-bulb d i s t i l l a t i o n  ( 2  mm Hg 

w i t h  g e n t l e  warming) and y i e l d e d  a c o l o r l e s s  o i l  (322 mg, 79% y i e l d ) ,  98% 

p u r e  by GC a n a l y i s i s .  'H NMR (CDC13): 6 0.82 ( 3  H I  t , 9-H); 1.11-1.31 

( 6  H I  b r  s, 5-H t o  8-H); 1.46-1.56 ( 2  H I  m, 4-H); 2.08 ( 3  H I  s, 1 - H ) ;  2.38 

( 2  H I  t , 3-H). MS ( E I )  m / e  ( r e l a t i v e  i n t e n s i t y ) :  147 (1 .6 ) ;  146 (4 .8 ) ;  

145 (10 .4 ) ;  144 (M', 13 .2 ) ;  143, (7 .9 ) ;  142 (2 .3 ) ;  130 ( 3 . 4 ) ;  129 (5 .9 ) ;  

128 (3.8); 102 ( 1 . 8 ) ;  101  (3 .4 ) ;  100 (3 .4 ) ;  99 (1 .5 ) ;  87 (4 .6 ) ;  86 (7 .5 ) ;  

85 ( 7 . 4 ) ;  84 (3 .4 ) ;  83  (3 .8 ) ;  82 (3 .2 ) ;  73 (6 .2 ) ;  72 (16.2) ;  71  (28 .4) ;  70 

(4 .6 ) ;  60 ( 1 6 ) ;  59 (59 ) ;  58 (99 ) ;  57 (27 ) ;  56 ( 1 6 ) ;  55 ( 2 1 ) ;  45 ( 1 7 ) ;  44 

( 5 0 ) ;  43 (100) ;  42 (89 ) ;  41  ( 7 8 ) .  MS ( C I )  m / e  ( r e l a t i v e  i n t e n s i t y ) :  148 

(1 .9 ) ;  147 (10.5) ;  146 (44.4) ;  145 (M+1, 100) ;  144 (61 .9) ;  143 (18 .0) ;  142 

(0 .9 ) .  



C) RESULTS AND DISCUSSION 

The male MPB used in this study produced about ten times more exo- 

brevicomin than endo-brevicomin. Initial efforts were therefore directed 

towards the study of the biosynthesis of the exo-isomer and will be 

discussed first. 

1. Biosynthesis of exo-brevicomin 

a) Is (2)-6-nonen-2-one a precursor of exo-brevicomin in vivo? 

The first objective of this study was to determine if (2)-6-nonen-2- 

one could serve as a precursor of exo-brevicomin in vivo. The approach 

taken was to expose insects to vapors of a deuterated analogue of (2)-6- 

nonen-2-one (namely, [4,4-D2]-(2)-6-nonen-2-one) and to check for the 

incorporation of deuterium into the brevicomins produced by the insects 

(by GC-MS analysis). Incorporation of the precursor into exo-brevicomin 

was expected to proceed as shown in Figure 34. 

Figure 34: Expected pattern of deuterium incorporation into exo- 

brevicomin synthesized from the deuterated analogue of (2)-6-nonen-2-one. 

Synthesis of labelled (2)-6-nonen-2-one 

[4,4-D2]-(2)-6-Nonen-2-one [D2-(2)-391 was synthesized from [l,l-D2]- 

3-hexen-1-01 (D2-leaf alcohol, 36) as shown in Scheme 7. Deuterated leaf 

alcohol was prepared by a Jones oxidation of commercially available leaf 

alcohol (quantitative yield), followed by reduction of the acid with 

LiA1D4 (80% yield after distillation). The remainder of the synthetic 

route (summarized in Scheme 7) followed the method of Rodin et al. (1971), 

and produced [4,4-D2]-(2)-6-nonen-2-one (96% pure) in an overall yield of 
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Scheme 7: Synthetic route to [4,4-D2]-(2)-6-nonen-2-one, D2-(2)-39. 

26%. The product was 88% enriched with two deuteriums and 12% unenriched, 

as judged by SIM-MS analysis. 

Incorporation of (2)-6-nonen-2-one into exo-brevicomin in vivo 

Male MPBs and BBBs exposed to vapors of [4,4-D2]-(2)-6-nonen-2-one 

produced exo-brevicomin that was clearly enriched in two deuteriums. In 

Figure 35 the MS of exo-brevicomin extracted from unexposed MPB males is 

compared to that from males exposed to the precursor for 24 hours. The 

mass spectra of deuterium-enriched exo-brevicomin isolated from MPBs and 

BBBs were indistinguishable and, therefore, only one is presented in the 

Figure. 
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Figure 35: MS (EI) of exo-brevicomin extracted from unexposed male MPBs 
and from males exposed to [4,4-D2]-(2)-6-nonen-2-one. 
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It is not clear if female MPBs and BBBs normally produce exo- 

brevicomin. Pitman et dl. (1969) reported that emergent and fed female 

MPBs contained trace amounts of exo-brevicomin, but Pierce et dl. (1987b) 

failed to detect exo-brevicomin in fed females. To my knowledge the 

production of exo-brevicomin by female BBBs has not been investigated. In 

this study, emergent unfed female MPBs and BBBs did not produce detectable 

levels of exo-brevicomin unless they were exposed to [4,4-D2]-(2)-6- 

nonen-2-one. Although the quantity of exo-brevicomin produced varied from 

experiment to experiment*, female MPBs and BBBs exposed to (2)-6-nonen-2- 

one always produced less exo-brevicomin than exposed males (although this 

difference was not always statistically significant, Table 19). 

The exo-brevicomin produced by female MPBs exposed to [4,4-D2]- 

(2)-6-nonen-2-one was enriched in two deuteriums. The exo-brevicomin 

produced by female BBBs was identified on the basis of the comparison of 

GC retention time (R.T.) with known standards. Unfortunately the samples 

evaporated before MS analyses could be performed. 

Male MPBs continued to emit exo-brevicomin, after the initial 24 

hour exposure period. Male and female beetles were held individually in 

glass vials for 24 hours, while exposed (or not exposed) to vapors of (2)- 

6-nonen-2-one. After 24 hours the beetles were either: (1) extracted 

immediately (to give a "whole beetle extract", WBE-1); or (2) aerated for 

48 hours while the volatiles emanating from the beetles were collected on 

Porapak Q. After aeration for 48 hours the insects were individually 

extracted (to give the second "whole beetle extract", WBE-2). Captured 

volatiles were removed from the Porapak Q by flushing with diethyl ether 

(to provide the "Porapak Q extract", PQE). The quantity of exo-brevicomin 

that was present in each extract is presented in Figure 36. 

* This variation was likely due to such factors as the health of the 
beetles, temperature and atmospheric conditions (Professor J. H. Borden, 
personal communication; personal observations). Professor Borden's address 

' is: Dept. of Biological Sciences, Simon Fraser University, Burnaby, BC, 
Canada. V5A 1S6. 



Table 19: Ex?-brevicomin production by male or female MPB or BBB', 

exposed (or not exposed) to (2)-6-nonen-2-one. 

Species treatment 

Exo-brevicomin product ion1 - 
(ng/beetle, x f SE) 

males females 

MPB : 
Trial 1 Unexposed 

Exposed 

Trial 2 Unexposed 
Exposed 

Trial 3 Unexposed (16 h) 

(24 h) 
Exposed (16 h) 

(24h) 

BBB : Unexposed n.d. n.d. 
Exposed 237 * 57 (4)a 50 f 3 (21b 

The number of samples for each treatment is shown in brackets. Numbers 

(within a trial) that are not significantly different from one another 

(P < 0.05) have the same letter superscripts. Each sample was usually 

prepared from one beetle. 

As can be seen in Figure 36, control and exposed males continued to 

emit relatively large quantities of exo-brevicomin during the aeration 

period. In contrast, the females emitted relatively small quantities of 

exo-brevicomin during the aeration period. 

Table 20 reveals that the exo-brevicomin produced by exposed male 

MPB over the 48 hour aeration period (PQE) was as enriched in two 

deuteriums as the WBE-1, while the enrichment seemed to be somewhat less 

in the WBE-2 extract. Likely during the 48 hours following the exposure, 

the exogenously supplied labelled precursor dropped to low enough levels 

to be significantly diluted by endogenously-produced unlabelled precursor. 
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Figure 36: Content of exo-brevicomin in extracts of male and female MPB, 

exposed (or not exposed) to (2)-6-nonen-2-one. (WBE-1, whole beetle 

extract prepared after the 24 hour exposure period; PQE, Porapak Q 

extract; WBE-2, whole beetle extract prepared after the aeration period.) 

The volatiles extracted from beetles exposed to vapors of 

(2)-6-nonen-2-one included unused precursor, as well as (2)-6-nonen-2-01 

which the insects likely produced through reduction of the ketone. The 

identities of these two compounds were determined by 

GC-R.T.8 and GC-MS fragmentation patterns with those 

standards (prepared as described in the Experimental 

quantities of each compound in the WBE-1, WBE-2, and 

female MPB are presented in Figure 37. 
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Table 20:  Enhancement of the (~+2)+ peak in exo-brevicomin isolated from 

various extracts of male BBB or MPB, exposed (or not exposed) to [4,4-D2]- 

(2)-6-nonen-2-one. The relative abundance of the (~+2)+ peak in the MS of 

the putative precursor [4,4-D2]-(2)-6-nonen-2-one is provided for 

comparison. 

- - - - - 

Relative abundance 
(X' + SE) 

Unexposed MPB: 
WBE-1 (4) 100.0 1.0 + 0.04 
PQE (4) 100.0 2.0 i 0.5 
WBE-2 (3) 100.0 0.8 * 0.0 

Exposed MPB: 
WBE-1 (2) 

PQE ( 7 )  
WBE-2 (7) 

Exposed BBB' : 
WBE-1 (4) 

Precursor: 
D2-(2)-6-nonen-2-one 

The number of samples (each prepared from 1 beetle) is indicated in 

brackets; exo-brevicomin was not detected in extracts of unexposed BBBs. 

Endo-brevicomin enriched in deuterium was also formed when the 

insects were exposed to [4,4-D2]-(2)-6-nonen-2-one (Table 21). No (E)- 

isomer was detectable in this precursor by GC analysis. However, each 

beetle was exposed to roughly 8 x 10' ng of [4, 4-D2] - (2) -6-nonen-2-one, 
and produced up to 33 ng of D2-endo-brevicomin (0.004%). Thus the 

observed D2-endo-brevicomin production could be due to extremely small 

quantities (not detected by GC or NMR analyses) of the (E)-isomer present 

as an impurity in the (2)-6-nonen-2-one. 
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Figure 37: , Content of exo-brevicomin, (2)-6-nonen-2-one and (2)-6-nonen- 
2-01 in extracts of male or female MPB exposed to (2)-6-nonen-2-one. 
(Note the different scales). 



Table 21: Relative abundance of peaks of interest in MS (IBCI)' of the 

brevicomins produced by male MPB after exposure to [4,4-D2]-(2)-6-nonen-2- 

one for 24 hours. 

Relative abundance 

(31 f SE) 

unexposed (2) 

exo-brevicomin: 100.0 9.9 * 0.1 1.1 f 0.03 0.1 f 0.0 

+ D2-(2)-nonenone (1) 
exo-brevicomin: 21.7 7.8 100.0 9.9 

endo-brevicomin: 43.1 14.1 100.0 14.4 

The MS of brevicomin obtained by chemical ionization (rather than 

electron impact) exhibits the parent peak as m/e = (M+I)+. To avoid 

confusion, therefore, the peak representing the (~+1)+ peak of the 

unlabelled compound is represented as P+. Molecules enriched for one 

deuterium would exhibit an (~+2)+ peak, represented here as (~+1)+; the 

number of samples [each prepared from 3 (control) or 7 (exposed) beetles] 

is indicated in brackets. 

Incorporation of (Z)-6-nonen-2-one into exo-brevicomin: biologically 

relevant? 

One might suggest that the observed conversion of (2)-6-nonen-2-one 

into exo-brevicomin is not relevant to normal in vivo brevicomin 

biosynthesis. A plausible mechanism for this is non-specific epoxidation 

of the keto-alkene by poly-substrate mono-oxidases (which are known to 

epoxidize alkenes) followed by the cyclization of the thus-formed 

keto-epoxide. The latter process is known to occur spontaneously in the 

laboratory under acidic conditions (Bellas et al., 1969), or neutral 

conditions if heat is applied (Wasserman and Barber, 1969). However, I 

believe that the incorporation of (2)-6-nonen-2-one into exo-brevicomin is 

, biologically relevant for the following reasons: 



1. Female MPBs and BBBs exposed to the precursor under the 

same conditions as the males always produced less exo-brevicomin 

(Table 19). The female MPBs used in this study weighed, on average, 

about 1.5 times as much as the males, and would be expected to have 

PSMOs at least as active as the males since they are the first 

attacking sex. For these reasons I would expect the females to far 

out-produce the males, if the conversion of (2)-6-nonen-2-one to 

exo-brevicomin was non-specific. 

2. Unlike the males, female MPB did not continue to emit large 

quantities of exo-brevicomin during the 48 hour aeration period 

after the initial exposure (Figure 36). 

3. When male and female Ips pini, which are not known to 

produce exo-brevicomin, were exposed to the precursor under 

identical conditions as the MPB, very little (if any) exo-brevicomin 

was produced. A peak which co-eluted on the GC with exo-brevicomin 

was produced at a level of about 2% of the exo-brevicomin produced 

by male MPB (the I. pini used in this experiment weighed half as 

much as male MPB, so production by male MPB was compared to twice as 

many I. pini). Unfortunately the samples evaporated before the 

identity of this peak could be determined by GC-MS. 

4. The exo-brevicomin produced by male and female MPBs 

exposed to the precursor was found to be of the natural (+ ) -  

chirality by complexation chromatography, using the method of 

Schurig et al. (1983). 

5. Dr. Gerhard ~ries* (personal communication) has observed 

that male MPBs and BBBs both emit (2)-6-nonen-2-one. The volatiles 

of the insects were trapped on Porapak Q, and analyzed by GC-MS. 

The putative (2)-6-nonen-2-one peak had the same GC-R.T. as an 

authentic sample, and exhibited the same MS fragmentation pattern. 

* Department of Biological Sciences, Simon Fraser University, 
Burnaby, BC, Canada. V5A-1S6. 
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b) Elucidation of the mechanism of conversion of 2-6-nonen-2-one into 

exo-brevicomin: 

One could envision several intermediates that might be involved in 

the conversion of (2)-6-nonen-2-one to exo-brevicomin (Figure 38). The 

first step likely involves the epoxidation of the double bond. The 

resulting keto-epoxide (46) could cyclize to brevicomin directly, or could 

first be acted upon by an epoxide hydrolase. The resulting keto-diol 

intermediate (47), in turn, could either cyclize to brevicomin directly or 

could first be derivatized. One of the alcohol groups could be converted 

to a leaving group (LG), such as pyrophosphate, and one of the derivatized 

intermediates 48 or 49 might then cyclize to form brevicomin. 

Figure 38: Possible intermediates in the conversion of (2)-6-nonen-2-one 

, to (+)-exo-brevicomin, 42. ("LG" denotes "leaving group"). 



It should be possible to distinguish between these different paths 

experimentally. One method would be to allow the insects to synthesize 

brevicomin from 180-labelled (2) -6-nonen-2-one. Depending on the 

intermediate involved and the mechanism of attack, quite different results 

with respect to the ''0 content and stereochemistry of the brevicomin 

product should be obtained. 

For example, there exist two enantiomers of 6,7-epoxynonan-2-one 

(46). Each enantiomer could cyclize in one of two ways [by attack at 

either a or b, as shown in Figure 39 for the (6R17S)-enantiomer]. In this 

Figure, the cyclization is represented as proceeding stepwise, through 

discrete intermediates. It is possible that some of these steps are 

concerted, but this should not affect the stereochemical outcome of the 

overall reaction. 

attack a t  k t t a c k  a t  t~ 

Figure 39: Stereochemical outcome of the cyclization of [2-180] -(6~, 75) - 
' epoxynonan-2-one, 46, to exo-brevicomin, 42. 



In a similar fashion, one can derive the identity of the products 

formed through the cyclization of the keto-diol 47. All epoxide 

hydrolases studied to date catalyze the trans addition of water across the 

oxirane ring, with inversion of configuration at the oxirane carbon being 

attacked (Armstrong, 1987; Meijer and DePierre, 1988). To my knowledge, 

the cis addition of water has never been reported. Thus only the threo 

isomers of 47 will be considered in this discussion. There are two threo 

enantiomers of 2-keto-6,7-nonandiol. Each enantiomer could cyclize in one 

of two ways (by attack by one or the other of the alcohol groups, as shown 

in Figure 40 for one enantiomer). 

I" HOo OHb A 
(6R,7R)-47 

attack by a attack by b J \ 

rotation, ($? 

(+)-em-42 

180 lost 

Figure 40: Stereochemical outcome of the cyclization of [2-180]-2-keto- 

(6Rf7R)-nonandiol, 47, to exo-brevicomin, 42. 



If the two keto-diol enantiomers are derivatized at one of the 

alcohols prior to cylization, the cyclization could proceed with expulsion 

of the leaving group. This is shown in Figure 41 for derivative 49. 

Figure 41: Stereochemical 

biosynthetic derivative of 

(LG = "leaving group"). 

outcome of the cyclization of 49, a putative 

180- (2) -6-nonen-2-one, to endo-brevicomin, 42. 

Summarized in Table 22 are the possible intermediates ultimately 

involved in the conversion of (2)-6-nonen-2-one to brevicomin, the 

stereochemical outcome of the reactions, and the fate of each oxygen atom 

in each intermediate. Only mechanisms leading to the formation of exo- or 

endo-brevicomin are considered in the Table. Since the keto-diol 

derivatives 47 produce the same product regardless of which alcohol group 

is drawn to attack "first" (Figure 40), the two mechanisms are not 

differentiated. 



Table 22: Isomers of brevicomin formed (and fate of oxygens) through the 

cyclization of putative biosynthetic derivatives of (2)-6-nonen-2-one. 

Intermediate Mechanism 

I 
I 
I 
I 
I 

I 

I 
I 
I 
I 

attack at a 1 
I 

attack at b 1 2 
I 
I 
I 

I 
I 
I 
I 
I 
I 

attack at a I 3 
! 
i 

attack at b ; 4 
I 

I 

I 
through diol I 5 

I 
i 

derivatized at a 6 
i 
I 

derivatized at b j 7 
I 

I 

I 

through diol 1 8 
I 
I 

derivatized at a 1 9 
I 
I 

derivatized at b j 10 
I 

The numbering scheme is as shown: 

Brevicomin product 

isomer 6 j 8 / lost 
I I 

I I 
I I 
I I 

I . A  
I I 

I I 
A ; = #  I 

I I 
I I 
I 
I I 
I I - I I 

I I 

A 
I I 
I I 
I I 

A ; . ;  
I I 



Since MPB was found to produce (+)-exo-brevicomin, mechanisms 

leading to the other isomers may be ruled out immediately. Thus, all 

mechanisms involving cyclization of the derivatized keto-diol 

intermediates 48 and 49 (mechanisms #6, 7, 9 and 10, Table 22) may be 

eliminated from consideration since they all lead to endo-brevicomin. 

Similarly, mechanisms #2, 3 and 8 may be ruled out since they lead to the 

production of (-)-exo-brevicomin. Only mechanisms #l, 4 and 5, which lead 

to (+)-exo-brevicomin, may be considered as viable options. As summarized 

in Table 22, these mechanisms can be distinguished if one oxygen of the 

precursor is labelled as 180, by the stereochemistry and the 180-labelling 

pattern of the brevicomin product. Thus MPBs were exposed to 180-(2)-6- 

nonen-2-one and the fate of the 180 label in the final (+)-exo-brevicomin 

product was examined. 

Synthesis of 180- (2) -6-nonen-2-one 

The 180-label was introduced into (2)-6-nonen-2-one by hydrolyzing 

the ketal analogue of (2)-6-nonen-2-one (40) with acid in the presence of 

180-water, as summarized in Scheme 8. The 180- (2) -6-nonen-2-one was 

synthesized in 25% overall yield (98% pure by GC analysis; 95% 180 by 

GC/SIM-MS analysis). 

Scheme 8: Synthetic route to 180- (2) -6-nonen-2-one, 180- ( 2 )  -39. 



~ncorporation of "0- (2)-6-nonen-2-one in vivo 

Male MPBs were exposed to vapors of 180-(~)-6-nonen-2-one, and the 

incorporation of 180 was determined by GC/SIM-MS analysis. Inspection of 

the results in Table 23 reveals that the (+)-exo-bsevicomin produced by 

MPB exposed to 180-(~)-6-nonen-2-one was not enriched in 180. 

Table 23: Enhancement of the (~+2)+ peak in exo-brevicomin isolated from 

male MPB exposed (or not exposed) to 180-(~)-6-nonen-2-one. 

Relative abundance 
(Z * SE) 

Unexposed (4) 

Exposed (5) 

Each sample was prepared from 1 beetle. 

The lack of '% incorporation would seem to indicate that the 

cyclization proceeds with loss of the carbonyl oxygen. If so, the 

conversion of (2)-6-nonen-2-one to (+)-exo-brevicomin likely involves a 

keto-diol intermediate (Table 22). However, it is possible that the ''0 

label was simply washed out before it was incorporated into exo- 

brevicomin. Carbonyl oxygens are known to undergo acid-catalyzed exchange 

with the oxygens of water. Evidence that this process occurred in this 

system is that the (Z)-6-nonen-2-one isolated from the insects after the 

24 hour exposure to 180-(~)-6-nonen-2-one no longer had detectable levels 

of 180. The corresponding alcohol recovered from the beetles was only 

about 38% enriched for 180. If the conversion of the precursor to exo- 

brevicomin occurred on a time scale comparable to that of the reduction of 

the precursor to the alcohol, it would seem that the exo-brevicomin should 

have been significantly enriched in 180, unless the conversion had 



proceeded through a keto-diol intermediate. Alternatively, the label may 

have washed out before the precursor was converted to exo-brevicomin. 

Alternative approach t o  the investigation of the reaction mechanism 

An alternate approach to the study of the conversion of (2)-6-nonen- 

2-one to (+)-exo-brevicomin is to study the incorporation of 180 supplied 

by I8o2 or 180~2. If the results obtained in the study of the incorporation 

of 180-(2)-2-nonen-6-one are not misleading, and the cyclization does 

proceed through a keto-diol intermediate with loss of the carbonyl carbon, 

then one of the oxygens of exo-brevicomin should be derived from molecular 

oxygen (which is introduced when the double bond is epoxidized), while the 

other oxygen should be derived from water (when the epoxide is opened up 

to form the diol). Thus, exo-brevicomin synthesized in the presence of 

I8o2, should ultimately contain one 180-labelled oxygen (Figure 42). 

Figure 42: Expected 180-labelling pattern in (+)-exo-brevicomin produced 

from 6-nonen-2-one in vivo in the presence of I8o2 (if the conversion 
proceeds through a keto-diol intermediate). 



Similarly, in the presence 

the epoxide is opened up) should 

of 180~2, only one oxygen (introduced when 

be labelled (Figure 43). In this case, 

the carbonyl oxygen would probably also exchange with the water and could 

become 180-labelled. However, if the cyclization proceeds through a 

keto-diol intermediate, the carbonyl oxygen would be lost and thus would 

not serve as a source of 180 label in the final product. 

Figure 43 : Expected 180-labelling pattern in (+) -exo-brevicomin produced 

from 6-nonen-2-one in vivo in the presence of 180~2 (if the conversion 

proceeds through a keto-diol intermediate). 

Incorporation of 1802 and l80EI2 in vivo 

Exo-brevicomin synthesized by male MPBs in the presence of I8o2 (but 

not exposed to the precursor (2)-6-nonen-2-one) was significantly enriched 

in 180 (Table 24). After 24 hours exposure to I8o2, roughly one fifth of 

the exo-brevicomin molecules were enriched for two atoms of 180. This 

proportion increased to over half by 48 hours. This clearly indicates 

that both oxygens of exo-brevicomin were derived from molecular oxygen. 

I This prohibits cyclization through a keto-diol intermediate (mechanism #5, 



Table 248 Incorporation of 180 into exo-brevicominl by male and female 

MPBs exposed to 1802. 

Relative abundance 
(z f SE) 

'602 
males, 24 h (2) 

1802 
males, 24 h (4) 

1802 + (2) -6-nonen-2-one 
males, 24 h (7) 100.0 307 2 15 27 f 2 
females, 24 h (5) 100.0 278 f 70 2 f 1 

The (2) -6-nonen-2-one and (2) -6-nonen-2-01 isolated from the beetles 

were not enriched in 180; each sample was prepared from 1-10 beetles. 

Table 22): cyclization must proceed through a keto-epoxide intermediate 

(mechanism # 1 or 4, Table 22; see also Figure 42). 

A relatively high proportion of the exo-brevicomin synthesized by 

MPBs in the presence of 1802 was enriched in one 180 (Table 24). This 

indicates that both oxygen atoms were not derived from the same molecule 

of oxygen. (The 1802 gas used was >97% 180). The oxygens must have been 

introduced singly. Exo-brevicomin that was singly-enriched for 180 may 

have been synthesized from precursor that already had one (unlabelled) 

oxygen inserted before the experiment was initiated; or may have been 

synthesized using one 180 and one of the unlabelled oxygens that were 

unvoidably present during the experiment. 

Relatively little of the (+)-exo-brevicomin synthesized by male and 

female MPBs exposed to both 1802 and vapors of (2)-6-nonen-2-one was doubly 



enriched with 180* (Table 24). This is consistent with cyclization 

proceeding through a keto-epoxide intermediate, since one oxygen was 

already present in the (2)-6-nonen-2-one. This (unlabelled) oxygen would 

have been retained if cyclization proceeded through a keto-epoxide 

intermediate. 

Exo-brevicomin synthesized by male MPB [not exposed to (2)-6- 

nonen-2-one] in the presence of 180~2 was enriched for one 180 

atom/molecule of exo-brevicomin (Table 25). This result would initially 

appear to contradict the results of the I8o2-labelling experiment, which 

indicated that both oxygens were derived from molecular oxygen. However 

as discussed previously, carbonyl oxygens can exchange with the oxygen 

atoms of water. Thus, the 180 may have been introduced through exchange 

with endogenous precursor. The exo-brevicomin synthesized by male MPBs in 

the presence of both 180~2 and (2)-6-nonen-2-one was greatly enriched in 

one 180 atom/molecule of brevicomin . The (2) -6-nonen-2-one and 

(2)-6-nonen-2-01 that were isolated from the beetles were significantly 

enriched in 180 (EFs = 50% and 38%, respectively). These observations 

support the hypothesis that the introduction of label into the exo- 

brevicomin was via label exchange into the carbonyl oxygen, and not 

through cyclization of a keto-diol intermediate. It is noteworthy that, 

even in one case in which the exo-brevicomin was 51% enriched in one 180, 

there was no detectable enrichment for two 180 atoms/molecule of exo- 

brevicomin. 

* The (~+4)+ peak of the exo-brevicomin produced by the females is 
0.7 f 0.5% the abundance of the (~+2)+ peak. This is largely due to the 
natural abundance of heavy isotopes in exo-brevicomin molecules singly 
enriched for 180, rather than enrichment for two ''0 atoms/molecule of exo- 
brevicomin. 



Table 25: Incorporation of 180 into exo-brevicomin by male and female 

MPBs exposed to 180~2 for 24 h: relative abundance of peaks of interest 

(GC/SIM-MS). 

-- 

Relative abundance 
(Z  f SE) 

I60H2, males (2) 100.0 0.7 + 0.1 n.d. 

I80H2, males (2) 

180~2 + (2)-6-nonen-2-one 
males (3) 100.0 65 + 35 n.d. 
females (1) 100.0 2 5 n.d. 

Each sample was usually prepared from 5 beetles. 

c) Stereochemistry of the cyclization of the keto-epoxide intermediate. 

As shown in Table 22, it is possible to determine both the isomer of 

keto-epoxide intermediate cyclized and the site of epoxide attack, by 

examination of the position of the 180 label in the (+)-exo-brevicomin 

product. The identity of the oxygen of brevicomin labelled with 180 can 

be discerned through examination of the MS fragmentation pattern. 

Accordingly, [8-180] -exo-brevicomin was synthesized and its MS 

fragmentation pattern was compared to that of unlabelled exo-brevicomin. 

The fragments most suitable for analysis were then determined. 

Synthesis of [8-180] -exo-brevicomin 

The 180-labelled exo-brevicomin was synthesized according to 

Scheme 9. Ketal-epoxide 41 was prepared through the epoxidation of ketal- 

alkene 40 under alkaline conditions, using the method of Anderson and 

Veysoglu (1973). Hydrolysis of the ketal in the presence of I80H2 then 

gave the 180-keto epoxide intermediate 50. To prevent loss of the 180 

label this intermediate was not isolated, but rather was cyclized directly 



by treatment with heat and acid. The MS (EI), 'H and I3c NMR spectra of 

the product 42 were in agreement with those previously published for exo- 

brevicomin (Gore et al., 1976; Silverstein et al., 1968 and Pearce et all 

1977, respectively). The product was 96% enriched for 180 as judged by 

GC/SIM-MS analysis. 

MCPBA 

Scheme 9 : Synthetic route to 180-exo-brevicomin, 42. 

The 180 label in the exo-brevicomin was unambiguously determined to 

be in position 8 by I3c NMR spectroscopy. The resonances of carbons ,a to 

180 exhibit an upf ield shift, on the order of about 0.010 to 0.035 ppm for 

singly bonded oxygen atoms (Vederas, 1987). This small difference is 

difficult to detect by comparison of the I3c NMR spectra of labelled and 

unlabelled compounds. For this reason, synthetic samples of unlabelled- 

and 180-exo-brevicomin were mixed in a 2:l ratio (respectively). The I3c 

NMR absorptions of the carbons of interest [i.e., those a to the two 

oxygens, assigned according to Pearce et a1 (1977)l in the 2:l mix are 

represented in Figure 44. The absorption due to C-7 was not shifted in 

the 180-exo-brevicomin. However, those of C-1 and C-5 were shifted 

upfield 0.03 and 0.04 ppm, respectively. Thus the latter carbons must be 

a to the 180, which must be in position 8. 



Figure 44: 13c NMR resonances of C-1, C-5 and C-7 of unlabelled and 180- 
exo-brevicomin, mixed in a 2:l ratio (respectively). 



exo-brevicomin: 

Comparisons of the MS (EI) of [8-180]-exo-brevicomin to that of 

unlabelled exo-brevicomin are summarized in Tables 26 and 27. Table 26 

compares the observed relative abundances of the major MS (EI) fragments 

in the two compounds (the actual MS (EI) of unlabelled and 180-exo- , 

brevicomin are presented in Figure 45). Table 27 summarizes the identity 

of the fragments and their expected m/e values in the two compounds (based 

on mechanistic information in Gore et dl., 1976). 

The usefulness of the major MS (EI) fragments for determination of 

the position of the 180 label in the exo-brevicomin synthesized by MPB was 

evaluated by comparison of the expected fragmentations of the unlabelled 

and 180-labelled analogues to those observed (Table 27). 

Table 26: Comparison of relative abundances of important MS (EI) 

fragments in unlabelled- and [ 8-180] -exo-brevicomin. 

ratio of relative abundances 

Fragments of fragments in brevicomins 

F+ / (F+2)+ unlabelled [8-180] 



Table 2 7 :  Major fragment ions by MS (EI) of unlabelled and 180-exo- 

brevicomin. 

Fragment 

Expected m/e of fragments 

Comments 

not clearcut: 
there is a 
large m/e=43 
in [8-180]- 
exo-brevicomin 

not clearcut : 
there is a 
large m/e=88 
in [5-18~]- 
exo-brevicomin 

not useful: 
both oxygens 
are retained 



unlabelled 

Figure 45 : MS (EI ) of unlabelled and [8-"0-1 -exo-brevicomin. 
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None of the fcagmentations could be interpreted completely 

unambiguously. Fragments of m/e=98, 85, and 114 (in unlabelled exo- 

brevicomin) looked most promising, and were therefore selected for further 

study. 

Choice of fragments for QC/SIM-MS analyses 

Male and female MPBs were exposed to I8o2 and, in some cases, the 

precursor (2)-6-nonen-2-one. The relative abundance of the fragments of 

interest are presented in Table 28. By way of example, the interpretation 

of the data for one of the samples will be discussed in the following 

paragraphs. Those of the other samples are summarized in Table 29. 

Exo-brevicomin produced by the male MPB exposed to I8o2, sample A 

(Table 2 8 ) ,  was 18% enriched for two 180 atoms per molecule of exo- 

brevicomin, 34% enriched for one 180 atom, and 48% unenriched. The 

relative abundances of the m/e = 114 and 116 fragments indicate that this 

sample was 36% enhanced for exo-brevicomin molecules containing 180 in 

position 6 (this includes [6-180] - and [6, 8-I8o2] -exo-brevicomin) . Since 

the relative abundance of the m/e=160 peak indicated that this sample was 

18% (36% minus 18%) enriched for the doubly labelled brevicomin, this 

implies that about 18% was singly labelled in position 6. (Note: this is 

only a rough estimate, since it was shown in Table 26 that [8-180]-exo- 

brevicomin exhibits an m/e=116 fragment of about 22% the relative 

abundance of the m/e=114 fragment). Furthermore, since the relative 

abundance of the m/e=158 fragment indicated that the sample was 34% 

enriched for one atom of 180, of which about 18% was in position 6, the 

sample must be about 16% [8-180] -exo-brevicomin. 

Using similar reasoning, the relative abundances of the fragments of 

m/e=98 and 100 indicated that this sample was at least 32% enriched for 

180 in position 8. (The sample likely contained more [8-180]-, since a 

portion of the relative abundance of the m/e=98 fragment is also due to 

[8-180] -exo-brevicomin) . Since about 18% of the [8-180] - was due to doubly 



fable 28: Relative abundance of fragments of interest [GCISIM-MS (EI)] of 

exo-brevicomin (42) ( synthetic or isolated from male or female MPB' ) . 

II relative abundances of fragment groups2 

F+/ (F+2)+ M+/ (~+2)+/(~+4)+ 

Sample 85/87 981100 1141116 156/158/160 

male MPB + I8o2 
A 
B 
C 
D 

male MPB 
+ I8o2 + (2)-39 

A 
B 
C 
D 

female MPB 
+ I8o2 + (2)-39 

A 
B 
C 
D 

Beetles were exposed to (2)-6-nonen-2-one, 39, and/or 1802 for 16 hours. 

Letters (A through D) represent different samples (replicates), each 

prepared from 10 beetles; the abundance of each fragment shown is 

relative to the others in the group. 



labelled brevicomin, the remainder (about 14%) was due to brevicomin 

molecules singly labelled in position 8. This indicates that the sample 

was about 20% [6-180] -exo-brevicomin. 

The relative abundances of the m/e=85 and 87 fragments indicate that 

the sample was about 30% enriced for [6-180]-exo-brevicomin. By arguments 

similar to those above, this indicates that the sample was about 12% 

enriched for singly labelled [ 8-180] -exo-brevicomin ( and was thus 22% 

[ 6-180] -exo-brevicomin) . 
These numbers for the ratios of [6-180]- as compared to [8-180]-exo- 

brevicomin (namely, 18/16, 20/14, and 22/12) are only estimates. However, 

they are in fair agreement and are useful to indicate trends. All numbers 

indicate that the exo-brevicomin in sample A contained both [6-180]- and 

[8-180]-exo-brevicomin in roughly equal quantities (with slightly more of 

the former). 

In order to maximize sensitivity, it is desirable to scan the least 

possible numbers of ions during GC/SIM-MS analyses. It was clearly 

necessary to determine the relative abundance of the ions of m/e = M', 

(~+2)+ and (~+4)+ in order to determine how many atoms of 180 were 

incorporated per molecule of exo-brevicomin. However it did not seem 

necessary to scan all three pairs of fragment ions. I decided to choose 

one of the three pairs to scan in future experiments. The m/e=85/87 pair 

was the first that I eliminated, since the (F+1)+ peak of m/e=86 (which is 

about 10% of the relative abundance of the F', due to the natural 

abundance of heavy isotopes) might affect the abundance of the m/e=87 peak 

in complicated ways. In order to determine which of the remaining pairs 

(m/e=98/100 or 114/116) should be eliminated, the results obtained from 

calculations using the relative abundances (obtained by GC/SIM-MS) of each 

were compared. In these calculations, it was attempted to correct for the 

fact that the fragmentations did not appear to go cleanly as expected (for 

example, [8-180]-exo-brevicomin exhibited an m/e=116 peak that was about 

, 22% the abundance of the m/e=114 peak). Samples of these calculations are 



supplied in Appendix I; the results are presented in Table 29. Those 

obtained using the m/e=98/100 pair seemed to agree best with the overall 

result obtained by the reasoning process previously described. The 

results using the relative abundances of the m/e=114/116 pair appeared to 

become skewed in some cases (most notably, in the exo-brevicomin samples 

isolated from male MPBs exposed to I8o2). Therefore m/e=98/100 pair ,was 

selected for future studies. 

Table 29: Ratios of unlabelled, [6-180]-, [8-''0]-, and [6, 8-"~~]-exo- 

brevicomin produced by MPBs as calculated from results of GC/SIM-MS: 

ratios calculated from both the 98/100 and the 114/116 pairs. (Original 

data presented ih Table 28). 

male MPB + 
I8o2 

A 
B 
C 
D 

male MPB + 
I8o2 + (2)-39 

A 
B 
C 
D 

female MPB + 
"0, +(Z)-39 

A 
B 
C 
D 

Ratios of isomers of exo-brevicomin ( % )  

Letters (A through D) represent different samples (replicates), each 

prepared from 10 beetles. 



~ncorporation of '80 from 1802 into exo-brevicomin: ratios of production 

of [6-"01- to [a-180] -exo-brevicomin and implications for the mechanism of 

formation 

Male MPBs exposed to I8o2 produced exo-brevicomin that was singly 

labelled with oxygen in both the 6- and the 8- positions (Table 29). 

Since the proportions of the exo-brevicomin that were unlabelled and 

doubly labelled with I8o2 are not relevant to this discussion, the data 

from Table 29 are re-presented in Table 30, showing only the ratios of 

[6-180]- to [8-180]-exo-brevicomin (Trial 1, Table 30). Similar results 

were obtained when this experiment was repeated (Trial 2, Table 30). 

When the beetles were exposed to both I8o2 and (2)-6-nonen-2-one, the 

180 label was incorporated mainly via the epoxide oxygen (since the keto- 

oxygen was already in place, see Figure 41). According to Table 22, 

incorporation of label into both positions 6 and 8 of exo-brevicomin 

indicates that cyclization proceeds through both enantiomers of 6,7- 

epoxynonan-2-one, 46, according to the mechanisms shown in Figure 46. 

Figure 46: Production of (+)-exo-brevicomin from (6S17R)- and (6RI7S)- 

epoxynonan-2-one, 46, labelled with 180 from I8o2. 

Cyclization through the (6R17S)-epoxide appears to be favored in 

males. Interestingly, the opposite mechanism of cyclization appears to be 

dominant in the females: cyclization appears to proceed largely through 

the (6S,7R)-epoxide (Table 30). 
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Table 30: Incorporation of 180 from I8o2 into exo-brevicomin by male and 
female MPB exposed (or not) to (2)-6-nonen-2-one, (2)-39: ratio of 

[ 6-180] - to [ 8-180] -exo-brevicomin . (Results of two experiments, labelled 

Trials 1 and 2'). 

- - 

Ratios 
(I i SE) 

Sample [6-I8o] - [ a-I8o] - 

Trial 1': 

male MPB + I8o2 (4) 2.4 * 0.7 
male MPB + I8o2 + (2)-39 (4) 2.5 f 0.1 

female MPB + + (21-39 (4) 1.0 

Trial 23: 

male MPB + I8o2 (2) 1.6 f 0.0 

male MPB + I8o2 + (2)-39 (2) 1.5 f 0.2 

female MPB + I8o2 + (2)-39 (2) 1.0 

Trial 2 (single  beetle^)^: 
male MPB + I8o2 (2) 3.6 f 1.1 

male MPB + I8o2 + (2)-39 (5) 2.6 f 0.3 

female MPB + I8o2 + (2)-39 (3) 1.0 

Raw data from Trials 2 and 3 presented in Table 40, Appendix II; ' each 
sample prepared from 10 beetles; each sample prepared from 20, 5, or 10 

beetles, respectively; each sample prepared from 1 beetle. 

All of the samples discussed so far were prepared from several 

beetles. In order to determine if some individuals synthesize the exo- 

brevicomin by one route, while other beetles use the other route, the exo- 

brevicomin extracted from single beetles exposed to I8o2 was analyzed. 

Both [6-180] - and [a-180] -exo-brevicomin were found in the extracts of 
single beetles (Table 30). 

The observation that cyclization proceeds through both routes even 

in males that were not exposed to vapors of (2)-6-nonen-2-one argues 



against the result being an artifact. The fact 

altered by the presence of (2)-6-nonen-2-one is 

that the trend was not 

yet another indication 

that this is a biologically relevant intermediate in exo-brevicomin 

synthesis. 

Incorporation of 180 from 180E12 into exo-brevicomin: ratios of production 

of [6-180] - to [8-180] -exo-brevicomin and implications for the mechanism of 
formation 

When MPB was exposed to 180~2, the labelled oxygen exchanged into the 

keto-oxygen of (2)-6-nonen-2-one and was thus incorporated into the exo- 

brevicomin produced by the beetles (Table 25). This is equivalent to the 

experiment designed to determine the mechanism of the conversion of (2)-6- 

nonen-2-one to exo-brevicomin. In that instance, no meaningful results 

were obtained since the 180 label exchanged out of 180-(Z)-6-nonen-2-one, 

into the water. In this instance, the label exchanged into the originally 

unlabelled (2)-6-nonen-2-one from the labelled water. 

The exo-brevicomin produced by MPB exposed to 180H2 was labelled with 

180 in both positions (Table 31). Most of the label in exo-brevicomin 

produced by males was in position 8; in contrast, most of the label in 

that produced by the females was in position 6. These distribution trends 

are opposite to those in the 1802 experiment, as expected (Figure 47). 

Figure 47: Production of (+)-exo-brevicomin from (6SI7R)- and (6R17S)- 

epoxynonan-2-one, 46, labelled with 180 from I80H2. 
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Table 31: Incorporation of 180 from 180H2 into exo-brevicomin by MPB: 

ratio of [ 6-180] - to [8-180] -exo-brevicominl. 

Sample 

Ratios 
(Z f SE) 

- - 

male MPB + 180H2 (1) 

male MPB + 180H2 + (2)-6-nonen-2-one (213 1.0 4.6 f 0.5 

female MPB + 180H2 + (2)-6-nonen-2-one (114 1.8 1.0 

Raw data presented in Table 41, Appendix II; sample prepared from 6 

beetles; each sample prepared from 5 beetles; sample prepared from 5 

beetles. 

Interpretation of results 

The data presented in this study support the conclusion that, in 

MPB, both (6S,7R)- and (6R,7S)-epoxynonan-2-one cyclize to the (+ ) -  isomer 

of exo-brevicomin, with the initial attack of the oxirane ring by the 

carbonyl oxygen proceeding as shown in Figures 45 and 46. This situation 

seems analogous to that reported by Prestwich et al. (1989) regarding the 

hydrolysis of disparlure, the epoxide pheromone of the gypsy moth, by 

enzymes located in the antennae of the male. The hydrolysis of both (+)- 

and (-)-disparlure led to the same (7R,8R)-threo-diol. As shown in Figure 

48, the initial steps of the cyclizations of (6S,7R)- and (6R,7S)- 

epoxynonan-2-one could, similarly, be imagined to be catalyzed by a single 

enzyme. In the Figure, the active site of the enzyme is envisioned to 

lock the oxygens of the two isomers into the same relative positions. The 

hydrogens are pictured to rise out of the plane of the paper, while the 

hydrocarbon chains are envisioned to fold into a hydrophobic pocket in the 

enzyme below the plane. The carbonyl oxygens are envisioned to attack the 

carbons of the oxirane rings in the same relative position. 
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Figure 48: Example of possible stereochemistry of the initial steps in 

the cyclization of (6S17R)- and (6R17S)-epoxynonan-2-one, 46, ultimately 

leading to (+)-exo-brevicomin. 

The mechanisms shown in Figure 48 are the same as those in Figures 

45 and 46, and thus lead to (+)-exo-brevicomin. 

2. Biosynthesis of endo-brevicomin 

The objective of this portion of the project was to determine if 

(E)-6-nonen-2-one would serve as a precursor of endo-brevicomin in vivo. 

The approach used was to expose insects to vapors of a deuterated analogue 

of (E)-6-nonen-2-one, namely [6,7-D2]-(E)-6-nonen-2-one, and to determine 

if deuterium was incorporated into the endo-brevicomin produced by the 

beetles by GC/SIM-MS. Incorporation of the precursor into endo-brevicomin 

was expected to proceed as shown in Figure 49. 

Figure 49: Expected pattern of deuterium incorporation into endo- 

brevicomin synthesized from the deuterated analogue of (E)-6-nonen-2-one. 

a) Synthesis of labelled (6)-6-nonen-2-one 

The [6,7-D2]-(E)-6-nonen-2-one required for this study was kindly 



synthesized by Dr. Mohan singh* according to Scheme 10. The product was 

>99% pure by GC analysis and >98% enriched in two deuteriums as judged by 

GC/SIM-MS analysis. 

2% I) LiAlD,/diilyrne 

KOH 
D 2) W / n C I  

EtOH 

D 0 
1) aq NaOH 

Scheme 10: Synthetic route to [6,7-D2]-(E)-6-nonen-2-one, D2-(E)-39. 

(Designed and executed by Dr. Mohan Singh). 

b) Incorporation of (3)-6-nonen-2-one into endo-brevicomin in vivo 

The endo-brevicomin produced by both MPB and BBB in the presence of 

D2-(E)-6-nonen-2-one was enriched for two deuteriums (Figure 50, Table 

32). Endo-brevicomin production was significantly enhanced in male and 

female MPBs exposed to the precursor (Table 33). The chirality of the 

endo-brevicomin produced by the beetles was not determined. ~ n a l o ~ o u s  to 

the situation with (2)-6-nonen-2-one, the extracts of both MPB and BBB 

exposed to (E) -6-nonen-2-one contained excess precursor [ (E) -6-nonen-2- 

one] and the corresponding alcohol [(E)-6-nonen-2-01]. The identities of 

these compounds were determined by comparison of the GC R.T.s and the 

GC/MS fragmentation patterns with those of authentic samples. 

* Department of Chemistry, Simon Fraser University. Burnaby, BC, 
Canada. V5A 156. 
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Table 32: Enhancement of the (~+2)+ peak 

male BBB or MPB, exposed (or not exposed) 

in endo-brevicomin isolated 

to DZ-(E)-6-nonen-2-one. 

f rom 

Treatment 

Relative abundance 
(X f SE) 

Exposed MPB (4) 

Exposed BBB (2) 

Table 33: Endo-brevicomin content in extracts of male and female MPB and 

BBB, exposed (or not exposed) to (2)- or (E)-2-nonen-6-one for 24 hours. 

Treatment 

~ndo-brevicomin' 
(nglbeetle, % f SE) 

males females 

MPB, unexposed 7.3 f 1.4 (8)a n.d. 

MPB, exposed to: 
(2)-6-nonen-2-one 11 f 5 (21)a n.d. 
(E)-6-nonen-2-one 33 * 5 ( 1 9 ) ~  4.2 * 0.9 ( 1 1 ) ~  

BBB, unexposed n.d. 

BBB, exposed to: 
(2)-6-nonen-2-one n.d. 
(E)-6-nonen-2-one 139 f 76 (31a 

Numbers (within an experiment) that are not significantly different from 

one another (P < 0.05) have the same letter superscripts. Each sample was 
normally prepared from 3 beetles. 



not exposed 

exposed 

I Figure 50: MS (CI) of endo-brevicomin produced by male MPBs exposed (or 
not exposed) to (E)-6-nonen-2-one. 



1 Table 34: Relative abundance of peaks of interest in MS (IBCI) of the 

brevicomins produced by male MPB after exposure to D2-(E)-6-nonen-2-one 

for 24 hours. 

Relative abundance 
(E + SE) 

unexposed (2) 
exo-brevicomin: 100.0 9.9 + 0.1 1.1 + 0.03 0.1 * 0.0 

+ D2- (E) -nonenone ( 1 ) 
exo-brevicomin: 100.0 13.8 8.9 1.0 
endo-brevicomin: 7.3 9.6 100.0 7.6 

-- -- -- - - - - - - -- -- 

I Each sample was prepared from 3 (unexposed) or 7 (exposed) beetles. 

The production of exo-brevicomin by male MPB was sharply inhibited 

in the presence of (E)-6-nonen-2-one. The analogous inhibition of endo- 

brevicomin production in the presence of (2)-6-nonen-2-one was not 

observed (Table 33). This phenomenon is very interesting and worthy of 

further study. 

Exo-brevicomin enriched in deuterium was present in extracts of male 

MPBs that had been exposed to D2-(E)-6-nonen-2-one (Table 34). By GC, the 

(E)-6-nonen-2-one precursor contained no detectable Z isomer. However, 

each beetle was exposed to roughly 8 x lo5 ng of D2-(E)-6-nonen-2-one and 

produced less than 2 ng of exo-brevicomin. Thus, the observed D2-exo- 

brevicomin could have been produced from as little as 0.0003% of a D2-(E)- 

6-nonen-2-one contaminant. This small quantity would not have been 

detectable by GC under the conditions that the analysis was performed. 

c) Incorporation of 180 from 1802 into endo-brevicomin: preliminary study 

At least one atom of 180 was incorporated into endo-brevicomin by 

' male MPBs exposed to 1802 (Table 35). Male and female MPBs exposed to I8o2 



and (E)-6-nonen-2-one (either unlabelled or [6,7-D2]) produced endo- 

brevicomin enriched with one atom of 180/molecule. There was not enough 

endo-brevicomin in the sample to support or to rule out the possibility 

that a significant proportion of the molecules was enriched with two atoms 

of 180. Thus these data alone are not enough to determine if the 

conversion of (E)-6-nonen-2-one to endo-brevicomin proceeds through .a 

keto-epoxide or a keto-diol intermediate. However, by analogy with the 

situation with (2)-6-nonen-2-one, the cyclization of the E-isomer through 

a keto-diol intermediate, in which one of the hydroxyl groups is converted 

to a leaving group, can be eliminated since this mechanism would lead to 

exo-brevicomin. The biosynthesis of endo-brevicomin was not further 

investigated. 

Table 35: Incorporation of 180 from 180, into endo-brevicomin by MPBs 

exposed (or not) to (E)-6-nonen-2-one, (E)-39. 

Treatment 

Relative abundance 
(5 * SE) 

I6o2 
males (1)l 100.0 n.d. n.d. 

"0, + (E)-39 
males (112 
females (213 

"0, + D2- (E)-39 
males (11, - 
females ( I ) ~  

Sample was prepared from 20 beetles; each sample prepared from 5 
'beetles; each sample prepared from 10 beetles. 



3. Origin of (2)-6-nonen-2-one 

The biosynthetic origin of (2)-6-nonen-2-one is unknown. It is 

possible that the beetles synthesize this compound themselves; or the 

compound (or a precursor) might be supplied by either the host tree or by 

fungi associated with the beetles. It is well known that scolytids often 

use compounds supplied by the host tree as pheromone precursors. 

Microorganisms are suspected to be involved in the production of some 

beetle "pheromones" (Borden, 1985; Vanderwel and Oehlschlager, 1987; 

Chapter I of this thesis). 

Attempts to detect (2)-6-nonen-2-one by analytical GC in diethyl 

ether extracts of the phloem of lodgepole pine, or in ether extracts of 

fungi scraped from the galleries of MPB in lodgepole pine, failed. 

Some possible biosynthetic precursors to (2)-6-nonen-2-one are presented 

in Figure 51. It is possible that the beetles synthesize the compound de 

novo from simple precursors such as acetate. Alternatively, it is 

conceivable that the beetles derive (2)-6-nonen-2-one from other compounds 

which contain a double bond in the 0-2 position. Two such compounds are 

leaf alcohol (which could be derived form the host) and linolenic acid. 

long-chain fatty acid 
(eg. linolenic acid) 

acetic acid leaf alcohol 

2- nonanone 

Figure 51: Putative precursors of (2)-6-nonen-2-one. 



The possibility that (2)-6-nonen-2-one is derived from fatty acids 

was not examined. Male MPBs exposed to I3c-labelled acetate did not 

produce exo-brevicomin enriched in I3c in detectable levels (Table 36). 

Likewise, the exo-brevicomin produced by MPB males exposed to D2-leaf 

alcohol was not detectably enriched in deuterium (Table 36). As the 

incorporation of these precursors into exo-brevicomin is very inefficient 

(or non-existent), a better way to approach this problem would be to 

expose the insects to radiolabelled precursors, and to check for 

incorporation by radio-HPLC or radio-GC analysis. 

Table 36 : Incorporation of [2-13c] -sodium acetate and [ 1, 1-DZ] -leaf 

alcohol into exo-brevicomin by male MPB~: relative abundances of peaks of 

interest (GCISIM-MS). 

Relative abundance 

Put at ive Exposure M' (M + 1)+ (M + 2 ) +  
precursor: time : 

D2-leaf alcohol 24 h 100.0 11.6 n. d. 
100.0 10.9 0.9 

48 h 100.0 9.6 1.1 
72 h 100.0 9.3 1.0 

100.0 8.8 0.8 

Each sample was prepared from 1 beetle. 

The ability of 2-nonanone to serve as a precursor to the brevicomins 

in vivo was also examined. The D2-labelled analogue was readily 

synthesized through the reduction of [6,7-D2]-(E)-6-nonen-2-one with 

hydrogen gas over palladium on activated carbon. The final product was 



98% pure and did not contain any detectable starting material (by GC 

analysis). As mentioned in Chapter 11, this method of hydrogenation 

causes some hydrogen exchange. Some scrambling of the deuterium label in 

the keto-alkane product was observed. The "D2"-2-nonanone was actually 8% 

unenriched; 28% enriched in one deuterium; 44% enriched in two deuteriums; 

15% enriched in three deuteriums, and 5% enriched for four deuteriums (as 

judged by GC/SIM-MS analysis). 

When male MPBs were exposed to vapors of D2-nonanone for 24 hours, 

the exo- and endo-brevicomin produced by the beetles were enriched for 

one, two and three deuteriums (Table 37). The GC-R.T.s of the two peaks 

were identical to those of exo- and endo-brevicomin, and the two compounds 

were produced in about the same quantity as exo- and endo-brevicomin 

produced in unexposed beetles (Table 38). 

Table 37 : Relative abundance of peaks of interest in GC/SIM-MS (IBCI)' of 

the brevicomins produced by male MPB after exposure to D2-2-nonanone for 

24 hours. 

Relative abundance 
( 2  f SE) 

unexposed (2 ) 
exo-brevicomin 100.0 9.9 f 0.1 1.1 f 0.03 0.1 f 0.0 

+ D2-nonanone (2) 
exo-brevicomin 100.0 36 f 4 17 f 3 6.3 f 1.3 
endo-brevicomin 100.0 62 f 13 26 f 12 3 f 2  

The peak representing the (~+1)+ peak of the unlabelled compound is 

represented as P+. Molecules enriched for one deuterium would exhibit an 

(~+2)+ peak, represented here as (P+l)+; each sample was prepared from 

three MPBs. 



T a b l e  38: Production of exo- and endo-brevicomin by male MPB exposed to 

vapors of D2-2-nonanone. 

Brevicomin production 
(nglbeetle, Z f SE) 

exo- endo- 

unexposed (3) 

+ D2-2-nonanone (2 ) 

Each sample was prepared from three MPBs. 

In the process of the conversion of D2-nonanone to exo- and endo- 

brevicomin, some deuterium was lost (Table 39). Since deuterium was 

located mainly in the 6 and 7 positions, exactly where the double bond 

would be inserted during the production of 6-nonen-2-one, some deuterium 

would be lost en route to the brevicomins. 

T a b l e  39: Comparison of the deuterium content in the brevicomins produced 

by male MPBs after exposure to D2-2-nonanone with that in the original D2- 

2-nonanone sample: percentage of the molecules enriched for one, two or 

three deuteriumsl . 

Sample % D % D2 % D3 

MPB + D2-nonanone 
exo-brevicomin: 
endo-brevicomin: 

This is a re-presentation of the data in Table 37. The percentages are 

calculated using only the abundances of the molecules enriched for 

deuterium: the data was calculated to exempt unenriched molecules, and 

those with a higher molecular weight due to the natural abundance of heavy 

I isotopes. 



D ) CONCLUSIONS 

MPBs and BBBs exposed to [4,4-D2]-(2)-6-nonen-2-one produced exo- 

brevicomin enriched with two deuterium atoms/molecule, indicating that 

(2)-6-nonen-2-one is a precursor of this pheromone. Evidence in support 

of biological relevance of this observation include: (1) the exo- 

brevicomin produced by MPB was shown to be of the natural (+)-  chirality 

by complexation chromatography; (2) Dr. Gerhard Gries has found (2)-6- 

nonen-2-one in the volatiles of male MPBs and BBBs; (3) female BBBs and 

MPBs (which are not normally known to produce exo-brevicomin) produced 

significantly less exo-brevicomin when exposed to the precursor than did 

the males; and (4) Ips pini, a bark beetle not known to produce exo- 

brevicomin, produced little or no exo-brevicomin when exposed to (2)-6- 

nonen-2-one. 

MPBs exposed to 1802 produce exo-brevicomin that was enriched in two 

atoms of 180/molecule, indicating that both oxygens of exo-brevicomin were 

derived from molecular oxygen. A significant portion of the exo- 

brevicomin molecules were enriched in only one atom of 180, indicating 

that the oxygen atoms did not arise from the same molecule of oxygen. 

These results indicated that the conversion of (2)-6-nonen-2-one to (+)-  

exo-brevicomin proceeded through a keto-epoxide intermediate, and that the 

epoxide was not converted to a diol prior to the cyclization. 

Labelling studies with I8o2 and 180~2 indicated that the conversion of 

the keto-epoxide to (+)-exo-brevicomin in MPB proceeded through both keto- 

epoxide derivatives of (2)-6-nonenen-2-one, (6S17R)- and (6R17S)- 

epoxynonan-2-one. Though the route through the (6S17R)-epoxide was 

favored in males, while that through the (6R,7S)-epoxide was favored in 

females, both routes operated in individuals of either sex. The initial 

steps in the cyclizations of the ketoepoxide precursors was envisioned to 

proceed as shown in Figure 48. 

Attempts to demonstrate the incorporation of I3c-acetate and D2-leaf 

alcohol into exo-brevicomin by male MPB failed. However, male MPBs 



exposed to D2-nonanone produced exo- and endo-brevicomin that was enriched 

in deuterium. 

(E)-6-Nonen-2-one was shown to serve as a precursor of endo- 

brevicomin in MPB and BBB. At least one of the oxygens of endo-brevicomin 

produced by male MPBs in vivo is derived from molecular oxygen. Not 

enough data was collected in this study to determine if the conversion of 

(E)-6-nonen-2-one to endo-brevicomin ultimately proceeds through a keto- 

epoxide or a keto-diol intermediate. 

The production of exo-brevicomin by male MPB was repressed when the 

insects were exposed to (E)-6-nonen-2-one. 



APPENDIX I 

Example of calculations for ratios of [6-180] : [8-180] -exo-brevicomin 

produced by male MPB + lQ2, sample A (Table 29) 

relative 100 55.3 100 69 .8 37.4 
abundance 

m/e=114 fragment was due to unlabelled (U) and [8-180]- (y) brevicomin 

m/e=116 fragment was due to doubly labelled (D) and [6-180]- (x) 

brevicomin 

m/e=156 ion was due to U 

m/e=158 ion was due to singly labelled brevicomins (x + y) 
m/e=160 ion was due to D 

Step 1: 

Attempt to correct values for natural abundance of heavy isotopes, etc. 

a) There was a natural abundance of the m/e=158 peak in unlabelled 

brevicomin, equal to 0.7% of the abundance of the m/e=156 peak. Therefore 

rel. abun. of singly labelled = 69.8 - 0.7 = 69.1 = x + y 
Since the 0.7% represents unlabelled brevicomin, it was added to the 

relative abundance of the m/e=156 peak. 

b) The [8-180]-exo-brevicomin standard exhibited an m/e=116 peak equal to 

21.8% of the abundance of the m/e=114 peak. Therefore the abundance of 

m/e=116 peak was corrected to attempt to give a truer estimate of the 

relative abundance of brevicomins labelled in the 6 position: 

55.3 - 21.8 = 33.5 = D + x 

Step 2: 

Set up equation as follows: 

rel. abun. m/e=114 / corrected rel. abun. m/e=116 
= U + y / D + x  

= rel. abun. m/e=156 + y / rel. abun. m/e=160 + x 
Since 69.1 = x + y; y = 69.1 - x. 
Substituting in the values, the equation becomes: 

100 / 33.5 = [100.7 + (69.1 - x)] / (37.4 + x )  

Step 3: 
' Solve equation using simple algebra. Then solve for y, as y = 69.1 - x. 



By a similar reasoning process, the calculation was repeated using the 

data of the m/e=99 and 100 pair. 

relative 100 49.4 100 69 .8 37.4 
abundance 

m/e=98 fragment was due to unlabelled (U) and [6-180]- (x) brevicomin 

m/e=100 fragment was due to doubly labelled (D) and [8-180]- (y) 

brevicomin 

m/e=156 ion was due to U 

m/e-158 ion was due to singly labelled brevicomins (x + y) 
m/e=160 ion was due to D 

Step 1: 

Attempt to correct values for natural abundance of heavy isotopes, etc. 

a) Correct the relative abundance of singly labelled brevicomin as 

described previously. 

rel. abun. of singly labelled = 69.1 = x + y ) 

And relative abundance of unlabelled brevicomin becomes 100.7%. 

b) The unlabelled standard brevicomin exhibited an m/e=100 peak equal to 

5.2% of the abundance of the m/e=98 peak. Therefore correct as: 

49.4 - 5.2 = 44.2 

c) The [8-180] -exo-brevicomin standard exhibited an m/e=98 peak equal to 

24.2% of the abundance of the m/e=100 peak. Therefore the abundance of 

m/e=98 peak was corrected to attempt to give a truer estimate of the 

relative abundance of brevicomins unlabelled in the 8 position. 

Therefore, first set the m/e=100 peak = 100. This makes the m/e=98 peak 

have a relative abundance of 226 (100144.2 x 100). Then correct as- 

226 - 24.2 = 202 = U + x 

Step 2: 

Set up equations, using similar reasoning as described previously: 

rel. abun. m/e=98 / rel. abun. m/e=100 
= U + x / D + y  

= rel. abun. m/e=156 + x / rel. abun. m/e=160 + y 
When the values are substituted in, this becomes: 

202 / 100 = (100.7 + x) / [37.4 + (69.1 - x)] 



APPENDIX I1 

Table 40: Relative abundance of fragments of interest [GC/SIM-MS (EI)] of 

various exo-brevicomin (42) samples extracted from male or female MPB' . 
(Raw Data of Trials 1 and 2, Table 30). 

relative abundance of f ragrnent groups2. 

F+/ (F+2)+ M+/ (~+2)+/ (M+4)+ 

sample 98/100 156/158/160 

male MPB + I8o2 + (2)-39 
A (5) 100.0/46.4 100.0/260.6/24.2 
B (5) 100.0/55.4 lOO.Q/280.8/22.1 
c (1) 100.0/41.4 100.0/341.1/25.9 
D (1) 100.0/45.7 100.0/292.8/25.2 
E (1) 100.0/35.7 100.0/327.3/27.4 
F (1) 100.0/33.7 100.0/272.2/29.1 
a (1) 100.0/36.9 100.0/377.0/37.5 

- - - - -- - - 

female MPB + I8o2 + (2)-39 
A (10) 100.0/62.7 100.0/181.6/5.6 

B (10) 100.0/84.4 100.0/183.6/n.d. 

c (1) 100.0/87.4 100.0/289.5/n.d. 

D (1) 100.0/105.7 100.0/215.5/4.6 

E (1) 100.0/95.2 100.0/218.6/n.d. 

Beetles were exposed to (2)-6-nonen-2-one, 39, and/or I8o2 for 24 hours. 
Letters represent different samples (replicates), each prepared from the 

number of beetles shown in brackets; the abundance of each fragment 

shown is relative to the others in the group. 



Table 41: Relative abundance of fragments of interest [GC/SIM-MS (EI)] of 

various exo-brevicomin (42 ) samples extracted from male or female MPB' . 
(Raw Data of Table 31). 

relative abundance of fragment groups2 

Sample 98/100 156/158/160 

male MPB + " 0 ~ ~  

A (6) 
-- - p- -- 

male MPB + 180H2 + (2)-39 
A (5) 100.0/20.3 100.0/20.0/n.d. 
B (5) 100.0/22.4 100.0/24.8/n.d. 

female MPB + I80H2 + (2)-39 
A (10) 100.0/12.6 100.0/25.l/n.d. 

' Beetles were exposed to (2)-6-nonen-2-one [ (2) -391, and/or 180H2 for 24 

hours. Letters represent different samples (replicates), each prepared 

from the number of beetles shown in brackets; the abundance of each 

fragment shown is relative to the others in the group. 



CHAPTER IV 

IPSDIENOL BIOSYNTHESIS IN DENDROCTONUS PONDBROSAE, IPS PARACONPUSUS, 

AND TWO POPULATIONS OF IPS PINI 

A) INTRODUCTION 

Ipsdienol is used as an aggregation pheromone by several species of 

bark beetles (Borden, 1985). One mechanism by which attraction is limited 

to conspecifics is through variation of the chirality of the ipsdienol 

used (Borden, 1985). Interpopulational variation of ipsdienol chirality 

has been noted in the pine engraver, Ips pini. Populations of I. pini 

from Idaho (Plummer et al., 1976), California (Birch et al., 1980), and 

southeastern B.C. (Miller et al., 1989) produce primarily (R)-(-)- 

ipsdienol. In contrast, populations from New York (Lanier et al., 1980; 

Miller et al., 1989) and southwestern B.C. (Miller et dl., 1989) produce 

primarily (S)-(+)-ipsdienol. Slessor et al. (1985)'and Miller et al. 

(1989) reported significant differences in the chirality of ipsdienol 

produced by different individuals within an I. pini population. 

The biosynthetic mechanism(s) by which closely-related organisms, 

presumably with similar biosynthetic pathways, can manipulate the 

chirality of their pheromone is not well understood. 

Two possible biochemical mechanisms by which the chirality of the 

ipsdienol might be controlled are readily apparent. Different individuals 

might simply oxidize myrcene to different ratios of (S):(R)-ipsdienol: 

i.e., the ratio of enantiomers that is initially produced is the ratio of 

enantiomers that is ultimately emitted by the insect. Alternatively, the 

oxidation of myrcene might NOT be enantioselective, but one enantiomer 

might be selectively removed by degradation, rearrangement, etc. For 

example in I. aminitinus, which uses only (R)-ipsdienol as a pheromone and 

produces only traces of ipsenol, it has been suggested that the reduction 

of (R)-ipsdienol is blocked, and that (S)-ipsdienol is enantioselectively 

a rearranged to amitinol (Francke and VitQ, 1983). Fish et al. (1984) have 



suggested that an enantioselective interconversion between ipsdienol and 

ipsdienone might be involved in "fine-tuning" the chirality of the 

ipsdienol emitted by I. paraconfusus. 

1. Evidence for ipsdienol-ipsdienone interconversion 

Fish et al. (1979) originally suggested that an alternate pathway to 

(S)-ipsenol, involving an oxidation-reduction equilibrium between 

ipsdienol and its ketone, ipsdienone, was present in I. paraconfusus to 

account for the loss of deuterium observed when male beetles were exposed 

to racemic deuterated ipsdienol (64% D, labeled at the carbinol carbon). 

The deuterium contents of the ipsdienol and ipsenol recovered from the 

beetles were reduced to 59% and 25%, respectively (Fish et al., 1979). 

These results were interpreted to mean that (S)-(-)-&sen01 could be 

generated indirectly, through the oxidation of ipsdienol to ipsdienone, 

reduction back to both (S)- and (R)-ipsdienol and, finally, through the 

reduction of the thus formed (R)-ipsdienol (Figure 52). 

ipsdienol 

64% D 
ipsdienone ipsdienol ipsenol 

ipsdie no1 ipsenol 

59% D 25% D 

Figure 52: Interpretation of results by Fish et al. (1979): involvement 

of an ipsdienone intermediate in the biosynthesis of ipsenol. 



In subsequent experiments, male beetles converted exogenous ipsdienone to 

(R)-ipsdienol [28% enantiomeric excess (ee)] and (S)-ipsenol (86% ee) 

(Fish et al., 1984, Figure 53). 

ipsdienone ipsdienol ipsenol 

(s)-(+)- (RH-1-  (R)-(+)- (SH-1 -  
36 64 7 93 

J 
Figure 53: Products of the reduction of ipsdienone by Ips paraconfusus 

(Fish et al., 1984). 

Fish et al. (1984) believed that ipsenone, the ketone analogue of 

ipsenol, was not involved, since no ipsenol was detected in the males 

after they were exposed to ipsenone. Furthermore, although not directly 

demonstrated, the oxidation of ipsdienol was apparently enantioselective, 

in that only the (R)-enantiomer of ipsdienol was converted to ipsdienone. 

If this were not the case, beetles exposed to (S)-ipsdienol could form 

(S)-ipsenol through ipsdienone. This, in fact, does not occur (Fish et 

al., 1979). 

2. Implications of the ipsdienol-ipsdienone interconversion 

Thus according to Fish et al. (1984), in I. paraconfusus only the 

(R)- enantiomer of ipsdienol is oxidized to ipsdienone, while both the 

(S)- and (R)-enantiomers of ipsdienol are formed upon reduction (Figure 

54). 



ipsdienone 

ipsenol 

Figure 54: Enantioselective interconversion of ipsdienol and ipsdienone, 

according to Fish et al. (1984). 

Such an equilibrium between ipsdienol and ipsdienone could affect 

the chirality of the ipsdienol emitted: the greater the extent of the 

interconversion, the more (S)-ipsdienol that would be formed (at the 

expense of the !R)-enantiomer) (Fish et al., 1984). 

This suggestion is very interesting, and provokes several questions. 

Why is the reaction apparently catalyzed in both directions for (R)- 

ipsdienol, but in only one direction for (S)-ipsdienol? How is (are) the 

enzyme(s) biased to use only one substrate in one direction, but both in 

the other? Why was the deuterium content in the recovered ipsenol (25%) 

so much lower than that in the recovered ipsdienol (59%), if ipsdienol is 

the precursor to ipsenol? Is this interconversion between ipsdienol and 

ipsdienone really involved in determining the chirality of the ipsdienol 

ultimately emitted by I. paraconfusus? 

These questions seemed worthy of further study. The objectives of 

this project were to: 

1. attempt to duplicate the results of Fish et al. (1979, 1984) 

which indicate that ipsdienol deuterated at the carbinol carbon 



loses deuterium after exposure to I. paraconfusus; and that 

ipsdienone is converted to ipsdienol by I. paraconfusus; 

2. determine if other scolytids are able to perform these 

conversions; 

3. confirm that the ipsdienol-ipsdienone equilibrium occurs in vivo 

in I. paraconfusus; 

4. determine if the enantioselective oxidation of (R)-ipsdienol to 

ipsdienone, and the reduction of ipsdienone to both (R)- and (S)- 

ipsdienol, is involved in the biological resolution of ipsdienol in 

I. paraconfusus and other scolytids. 

The bark beetles used in this study were: Dendroctonus ponderosae 

Hopkins, reported to produce (S)-(+)-ipsdienol (97% ee) (Hunt, 1987); Ips 
C 

paraconfusus Lanier, reported to produce (S)-ipsdienol [87.6% ee, Fish et 

al. (1984)l; and two populations of Ips pini (Say). The population from 

Princeton, in southwestern British Columbia (Canada) is reported to 

produce (S)-ipsdienol (32% ee, Miller et al. (1989)l while the population 

from Kimberly, in southeastern British Columbia is reported to produce 

(R)-ipsdienol [88% and 78% ee, according to Slessor et al. (1985) and 

Miller et al. (1989), respectively]. 



EXPERIMENTAL 

Insects 

Mountain pine beetle (MPB), D. ponderosae, was collected and reared 

described in Chapter III. 

Adult I. paraconfusus from infested ponderosae pine, Pinus 

ponderosa, in the Blodgett Research Forest, El Dorado Co., CA., were 

generously supplied by Steve J. ~e~bold*. After receipt the colony was 

maintained in the laboratory. Fifty to one hundred males were released in 

a cage (held at approximately 28 OC) which contained one to three unwaxed 

ponderosa pine logs (aged for 2 weeks to one month before use**). After 

the beetles started to bore into the logs (about two hours), a number of 

females roughly equal to the number of males were released in the cage. 

Two more batches of females were released in the cage at twelve hour 

intervals. Adult beetles began to emerge from the logs :bout four weeks 

after innoculation. Emergent beetles were collected daily and their sex 

was determined by the presence (males) or absence (females) of a major 

median frontal tubercle (Wood, 1982). Beetles were stored as described 

for MPB in Chapter III. 

The two populations of pine engraver, I. pini, were obtained from 

infested lodgepole pine forests near Kimberly (in southeastern British 

Columbia) and near Princeton (in southwestern British Columbia). Infested 

bolts were waxed and treated as described for MPB in Chapter III. 

Colonies were maintained year-round as described above for I. paraconfusus 

(except that waxed lodgepole pine logs were used in place of ponderosa 

pine logs). Emergent adults were collected daily, their sex was 

determined by the presence (males) or absence (females) of an enlarged 

third spine (Wood, 1982), and stored as described for MPB in Chapter III. 

* 
Department of Entomology, University of California, 201 Wellman Hall. 

Berkeley, CA. 94720. 

** 
The beetles were sometimes pitched out from fresh logs. When the 

beetles were presented with both fresh and aged logs in the same cage, much 
more boring dust was observed around the aged logs. 



2. Treatment of insects 

a) Exposure to deuterium-labelled precursors 

For the deuterium-labelling experiments, newly-emerged male D. 

ponderosae, I. paraconfusus, and I. pini were individually placed into 3.5 

mL screw-cap vials, equipped with teflon-lined lids (Gries et al., 1990a). 

The chemicals (quantities summarized in Table 42) were added, and the 

sealed vials were stored at RT in the dark. After the specified time 

period, the insects were removed from the vials and extracted. 

Table 42: Exposure of beetles to precursors: quantities used and 

exposure times. 

conditions of this study 
precursor 

and 
concentration 

ipsdienol 
(0.100 g/mL, 
or 117 p~/mL)' 

ipsdienone 
(0.500 g/rnL, 
or 588 p~/mL)' 

ipsenone 

myrcene (neat) 

quantity precursor used I time 

0.15 (soln) j 2.5' 24 
(0.088)' I 

I 
I 
I 
! 

I 

pL13.5 mL I pL/100 mL 
I 

0.80 (soln) 1 2.72 
(0.094)~ I 

I 

(h) 

4 8 

conditions used 

( in 
other studies 

i 
0.15 (soln) 1 2.52 
(0.088)~ 1 

I 

2.5-12.5 pL/lOO mL 
for 24 h3 

24 

5 pL/lOO mL 
for 40 h4 

2.5-12.5 pL/lOO mL 
for 24 h3 

5000 pL/lOO mL 
for 24 h4#' 

50 pL/lOO mL 
for 18 h6 

' solution in pentane; of actual precursor; Fish et al. (1979); Fish 

et al. (1984); ' this quantity seems unreasonable high: perhaps there was 

a typographical error in the paper--more reasonably, the authors may have 

intended to indicate that they used 1 pL/20 rnL (rather than 1 mL/20 mL), 

which would give 5 pL/100 mL; Hendry (1980) ; Hunt (1987). 

b) Exposure to 180-labelled water 

Insects were treated sequentially, first by exposure to ''0-water 



and then by exposure to D2-myrcene. Newly emerged male I. paraconfusus 

were first placed on a strip of Kimwipe (ca. 5 mm x 40 mm) soaked in 150 

pL I80H2, in a loosely-capped 12 mL screw-cap vial with a teflon-lined lid. 

After 24 h at RT in the dark, the beetles were removed from the 180~2, and 

treated with D2-myrcene as described previously. 

c) Exposure to 1802 

Insects were treated simultaneously with I8o2 and D2-myrcene. A 

Schlenck tube equipped with a serum stopper was filled wtih I8o2 as 

described in Chapter 111 of this thesis. Insects were introduced as 

described previously, then D2-myrcene was introduced by syringe through 

the septum. The insects were held in the dark at RT for 24 h. 

3. Insect extraction 

For each sample, one to three insects were transferred to a one mL 

glass vial containing 50 or 100 uL of hexane (containing 10 pg/mL racemic 

3-octanol as an internal standard), which was cooled in dry ice. The 

insects were macerated with a blunt-edged microspatula. The extract was 

filtered through a mini-column of anhyd MgS04 (made in a Pasteur pipette 

with a plug of glass-fiber filter paper), into a 1 mL glass culture tube. 

The remains in the glass vial were washed twice with 100 pL of hexane. 

These washes were passed through the mini-column and combined with the 

first extract. 

The samples were analyzed on a Hewlett-Packard 5890 GC equipped with 

a capillary inlet system and an FID. Samples were introduced by splitless 

injection onto a DB-1 column (15 m x 0.25 mm I.D.; 0.25 pm film 

thickness). The oven temperature program was: 50 OC for 1 min, then 5 

OC/rnin to 85 OC where the temperature was held for 15 min, followed by an 

increase at 25 Oc/min to 265 OC for a 12 min bake. 



4. Derivatization of extracts 

The insects were extracted as described in the previous section, 

except that 100 pL of CH2ClZ (containing 10 pg/m~ racemic 3-octanol) was 

used in place of hexane, and ca. 50 mg anhyd NaS04 was added to the 

extract prior to filtration through the mini-column of anhyd MgS04 to help 

to ensure that the extracts were dry. The washes were with CH2C12 instead 

of hexane. 

The acetyl-(S)-lactyl derivatives were prepared by slight 

modifications of the procedure described by Slessor et al. (1985). One 

drop (ca. 10 pL) of pyridine (dried over KOH pellets) and 6 drops (ca. 60 

pL) of acetyl (S)-lactyl chloride s o h  were added to each insect extract, 

and the solns well mixed. The tubes were sealed with a serum &topper, and 

left to stand overnight at RT. 

In the morning the extracts were washed sequentially with ca. 0.2 mL 

each of distilled water, 25% NaHC03 soln, and brine. At each step the 

organic and aqueous phases were well mixed, allowed to separate, and the 

upper aqueous phase carefully removed with a Pasteur pipette. After the 

final wash, the organic extracts were forced through a mini-cshurnn of 

anhyd MgS04. Two pentane washes (each ca. 100 pL) of the aqueous phase 

were passed through the mini-column and combined with the organic extract. 

The proportion of each diastereomer was determined by analytical GC. 

The oven temperature program was: 70 OC for 1 min, then 5 O~/min to 150 

OC, followed by 30 Oc/min to a final temperature of 265 OC with a 9 min 

bake. The (S)-isomer was assumed to elute first, as reported by Slessor 

et al. (1987). Samples containing more than a few percent of unreacted 

ipsdienol or ipsenol were resubjected to the derivatization procedure. 

4. US analyses 

Mass spectra were recorded on a Hewlett-Packard 5985B GC/MS system 

as described in Chapter 11, by either EI ionization or by CI using 

, isobutane as the ionizing gas. Prior to GC/SIM-MS analyses, the 



identities of peaks with the same GC R.T.s as ipsdienol, ipsenol, or the 

acetyl-(S)-lactyl derivatives of ipsdienol or ipsenol were confirmed by 

their MS fragmentation patterns. 

The (M+1)+ peak of ipsenol (m/e=155) was readily observable by GC/MS 

(CI) (Figure 55). Therefore for SIM analyses of ipsenol, the (M+1)+ ion 

and those corresponding to deuterium incorporation were scanned. In 

contrast, the (M+1)+ ion of ipsdienol (m/e=153) was very weak by GC/MS 

(CI) (Figure 55). The major fragment ion corresponded to that due to the 

loss of water from the (M+1)+ ion. Therefore for the SIM analyses of 

ipsdienol, the fragments of m/e=135 (and the appropriate ions 

corresponding to incorporation of deuterium) were scanned. 

The (~+1)+ ions of the acetyl-(S)-lactyl derivatives of, ipsdienol 

were difficult to discern by GC/MS (CI) due to loss of the acetyl-(S)- 

lactyl groups (Figure 56). The (M+l)+ ions of the derivatives of ipsenol 

was observable, but again the major fragment ion corresponded to the loss 

of the acetyl-(S)-lactyl group (Figure 56). Therefore for SIM analyses 

the m/e=135 ion for the ipsdienol derivatives, and the m/e=137 ion for the 

ipsenol derivatives (as well as the appropriate ions corresponding to the 

incorporation of deuterium), were scanned. 

5. Statistical analyses 

Data were analyzed by one-way Analysis of Variance (ANOVA). Where 

more than two treatments were used, means were separated by Tukey's 

multiple range test (P = 0.05). Pearson's correlation coeeficients were 

calculated. 



' 
F i p n  55:  YO ipsdienol (1, EI; 2, CI) and ipsenol (3, EI; 4, CI). 



, Figure 56: MS (EI) of the acetyl-(S)-lactyl derivatives of ipsdienol, 1, 
and ipsenol, 2. 



6. Synthesis of stable isotope-labelled chemicals 

a) Analyses: 

IH NMR , MS and IR spectra were recorded as described in Chapter II. 

b) Syntheses of chemicals: 

All reactions were performed and worked up as described in Chapter 

11, with the exception that solvent was usually removed by distillation 

through a 12" Vigreux column. Remaining traces of solvent were removed by 

blowing a gentle stream of Ar or N2 gas over the product. All flash 

column chromatography was performed as described in Chapter II. ( 

Anhyd diethyl ether was used as purchased. Absolute ethanol was 

stored over activated molecular sieves (4 A). CH2C12 was distilled from 

CaH2, and stored over activated molecular sieves (4 A). 3-Methyl-3-buten- 

1-yne (Farcham) was distilled and stored over activated molecular sieves 

(4 A ) .  THF was always freshly distilled from sodium or potassium metal 

under Ar. Potassium t-butoxide, LiA1D4, and CuBraMe2S were handled in a 

glove bag under N2. LiBr was dried by heating to 100 OC under high vacuum 

for 24 h, and handled in a glove bag under N2. 

Lippa oil containing ipsdienone (60% by GC) was generously donated 

by Pherotech, Inc. 

Preparation of acetyl (S)-lactyl chloride: 

The reagent was prepared as described by Slessor et al. (1985) and 

in Chapter 11 of this thesis. 

Preparation of Dt-ipsdienone and of D3-ipsdienol (Scheme 11) 

2-Methyl-6-rnethylene-2,7-octadien-4-one (Ipsdienone) (50) 

Lippa oil containing ipsdienone (60% by GC) was subjected to flash 

chromatography (pentaneldiethy1 ether, 90110) to yield ipsdienone, 95% 

pure by GC analysis. 'H NMR (CDC13) : 6 1.88 (3 HI s, methyl-H) ; 2.14 

(3 HI s, methyl-H); 3.29 (2 H, s, 5-H); 5.06-5.25 (4 HI m, 8-H and 



6-methylene H's); 6.15 (1 HI s, 3-H); 6.35-6.45 (1 HI dd, 7-H). MS (EI) 

m/e (relative abundance): 150 (M', 30); 135 (8); 122 (27); 83 (100); 55 

(28) 

D2-Ipsdienone (D2-50) 

Ipsdienone (12.7 mmol) dissolved in pentane (1 mL) was added to 20 

mL of NaOD in D20 (prepared by dissolving 2.5 mmol Na metal in 20 mL D20). 

The reaction was stirred vigorously at RT. The extent of the deuterium 

exchange was monitored periodically by working up a small sample and 

analyzing by NMR. After 20 h, the ipsdienone was extracted from the ( 

reaction mixture as usual. The crude oil (93% pure by GC analysis) was 

flash chromatographed (pentaneldiethyl ether, 90110) to yield 1.69 g (89% 

yield) of product 97% pure by GC analysis. 'H NMR (CDC13) : 6 1.88 (3 HI 

s, methyl-H); 2.14 (3 HI s, methyl-H); 3.29 (0.1 HI s, 5-H); 5.06-5.25 

(4 HI m, 8-H and 6-methylene H's) ; 6.15 (1 HI p, J1,3=J2,3-methyl=1.51 3-H) ; 

6.35-6.45 (1 HI dd, J7,8=J6-methylene,7=17. 5, 7-H) . MS (EI) m/e (relative 

abundance): 152 (M', 3); 124 (2); 84 (5); 83 (100); 55 (26). The product 

was stored as an 0.5 g/mL s o h  in pentane, under Ar gas, at -20 OC. 

[4,5,5-D3]-2-methyl-6-methylene-1,6-octadien-4-ol (D3-Ipsdienol) (D2-51) 

D2-Ipsdienone (3.29 rnrnol) dissolved in anhyd diethyl ether (3 mL) 

was added dropwise to a slurry of LiA1D4 (1.23 mmol) in anhyd diethyl 

ether (15 mL) cooled to 0 OC. After 1 h stirring at 0 OC, the reaction 

was quenched by addition to 10% tartaric acid (15 mL). The usual workup 

yielded a quantitative yield of product, 96% pure by GC analysis. This 

was flash chromatographed (pentaneldiethyl ether, 60140) to yield 0.50 g 

(97% yield) of product 99.8% pure by GC analysis. 'H NMR (CDC13) : 6 1.67 

(3 HI dl J=1.5, methyl-H); 1.73 (3 HI dl J=1.5, methyl-H); 5.07-5.15 (3 HI 

m, 6-methylene-H's and 8-H); 5.09 (1 HI br s, 3-H); 6.34-6.42 (1 HI dd, 

J7,8=J6-methylene,7=17.5). MS (EI) m/e (relative abundance) : 155 (M+, 1) ; 86 

(100); 68 (8); 58 (6); 55 (5); 43 (7); 42 (12); 41 (8). The product was 



stored as an 0.1 g/mL soln in pentane under Ar gas at -20 OC. 

Preparation of DZ-myrcene (Schemel2) 

3-Methyl-2-butenoic acid chloride (3,3-dimethylacrylic acid chloride) (52) 

Thionyl chloride (193 mmol) was added to 3,3-dimethylacrylic acid 

(140 mmol). The soln was stirred at RT for 3 h, then excess thionyl 

chloride was blown off with a gentle stream of N2 gas. The crude product 

was distilled (52 OC, 50 mm Hg) to yield a colorless oil (14.6 g, 89% 

yield), 99% pure by GC analysis. 'H NMR (CDC13): 6 1.96 (3 HI s, methyl- 

H); 2.14 (3 HI s, methyl-H); 6.03 (1 HI s, 2-H). MS (EI), m/e (relative' 

abundance): 83 (100); 55 (32). IR: 3000 (m); 2960 (m); 2930 (m); 1770 

(8); 1615 (s); 1445 (s); 1380 (s); 1210 (m); 1010 (m); 840 (s); 760 (s) 

cm-' . 

[I, 1 -D2]-3-Methyl-2-butenol (D2-53) 

The acid chloride 52 (121 mmol) dissolved in anhyd diethyl ether (20 

mL) was added dropwise to a slurry of LiA1D4 (61 mmol) in anhyd diethyl 

ether (40 mL) cooled to -50 OC. The slurry was stirred at 4 OC for 1 h, 

then the reaction was quenched by addition to cold 3% HC1 (aqueous). The 

usual workup yielded a pale yellow oil (10.8 g, quant.), 97% pure by GC 

analysis. 'H NMR (CDC13): 6 1.66 (3 HI s, methyl-H); 1.73 (3 H, s, 

methyl-H); 5.37 (1 HI s, 2-H). MS (EI) m/e (relative abundance): 88 (M', 

15); 73 (100); 70 (26); 69 (15); 55 (16); 45 (37); 43 (18); 42 (17); 41 

(13) 

[Ill-DZ]-3-Methyl-2-butenyl bromide (D2-54) 

Dimethylsulfide (19 mmol) was added dropwise to N-bromosuccinimide 

(NBS, 18 mmol) dissolved in 100 mL anhyd CH2C12 cooled to 0 OC. The 

reaction mixture was stirred at 0 OC for 30 min. The suspension was 

cooled to -30 OC, then D2-53 (17 mmol) dissolved in anhyd CH2C12 (4 mL) was 

, added dropwise. The reaction mixture was stirred for 1 h at 0 OC, then 



warmed to RT. The usual workup, followed by bulb-to-bulb distillation of 

the product (RT at 4 mm Hg, with careful cooling of the collecting bulb) 

yielded a colorless oil (12 mmol, 70% yield), 97% pure by GC analysis. 'H 

NMR (CDC13): 6 1.73 (3 HI s, methyl-H); 1.78 (3 HI s, methyl-H); 5.52 

(1 HI s, 2-H). MS (EI) m/e (relative abundance): 152 (13); 150 (M+, 14); 

81 (8); 79 (6); 71 (100); 55 (17); 43 (48); 42 (76); 41 (39). 

[5,5-D2]-7-Methyl-3-methylene-2-octen-1-yne (D2-55) 

Butyllithium (17.5 mmol of a 2.5 M soln in hexane) was added 

dropwise to a soln of 3-methyl-3-buten-1-yne (7.95 mmol) in anhyd THF (50 

mL), cooled to -50 OC and stirred with an overhead mechanical stirrer. 

The s o h  turned a pale yellow. The soln was then cooled to -70 OC and 

potassium t-butoxide (17.5 mmol) dissolved in THF (10 mL) was carefully 

added dropwise. The reaction was extremely exothermic, and the reaction 

mixture turned a deep orange and developed a heavy precipitate. The 

temperature was maintained below -60 OC during the addition. After 

stirring for 30 min at -70 OC, the reaction mixture (which by this time 

had turned bright yellow) was warmed to +5 OC, stirred 10 min, then cooled 

to -20 OC. Anhyd LiBr (17.5 mmol) dissolved in THF (10 mL) was added 

dropwise. The orangy-red reaction mixture was stirred for 20 min at -20 

OC, then cooled to -60 OC. The bromide 54 (7.95 mmol) dissolved in THF (5 

mL) was added dropwise. The reaction mixture was stirred at -60 to -50 OC 

for 1 h, during which time the color disappeared. The reaction was 

quenched by addition to water (80 mL). After the usual workup the product 

(1.98 g) was 65% pure. The crude product was usually carried directly 

through to the next step. Some was purified (92% pure by GC analysis) by 

flash chromatography (pentane) for analyses. 'H NMR (CDC13) : 6 1.62 

(3 HI s, methyl-H); 1.70 (3 HI s, methyl-H); 2.17 (2 HI s, 4-H); 2.89 

(1 HI s, 1-H); 5.09 (1 H I  br s, 6-H); 5.28 (1 HI s, 3-methylene-H); 5.54 

(1 HI s, 3-methylene-H). MS (EI) m/e (relative abundance: 119 (M-15, 

20); 105 (8); 91 (43); 77 (12); 69 (36); 51 (36); 41 (100). MS (CI): 135 



[5,5-D2]-7-Methyl-3-rnethylene-1,6-octadiene (D2-MyrCene) (D2-56) 

To a suspension of Zn powder (29 mmol) in absolute ethanol (2.6 a) 

was added 1,2-dibromoethane (127 pL). The suspension was heated to reflux 

with vigorous stirring until ethylene no longer evolved. After cooling, 

more dibromoethane (127 pL) was added and the suspension was brought to 

reflux again. After 5 min, the heat was removed. A s o h  of anhyd LiBr 

(8.8 mmol) and CuBraMe2S (4.4 mmol) dissolved in THF (4 mL) was added, and 

the reaction mixture was brought to reflux again for another 15 min. The 

heat was removed, and the alkenyne 55 (1.98 g of the crude product, 

roughly 6.4 mmol, assuming an 80% yield) dissolved in THF (1 mL) was 

added. The reaction mixture was refluxed for 1 h. The reaction was 

quenched by pouring into saturated NH4C1 (50 mL). The aqueous layer was 

extracted with pentane (7 x 20 mL). The combined pentane extracts were 

washed once with brine, and dried over anhyd MgS04. Removal of solvent by 

distillation through a 12" Vigreux column left a colorless oil (2.66 g) 

64% pure by GC. The crude product was purified by flash chromatography on 

silica impregnated with 10% AgN03 (pentaneldiethy1 ether, 90/10). The 

final product (0.23 g, 21% from the bromide) was 97% pure by GC analysis 

and had the characteristic odour of myrcene. IH NMR (CDC13) : 6 1.62 

(3 H, s, methyl-H); 1.70 (3 HI s, methyl-H); 2.21 (2 HI s, 4-H); 4.99-5.08 

(3 HI m, 1-H and 3-methylene-H's); 5.16 (1 HI s, 6-H); 5.25 (1 HI dl 

J1,2=17.5; 1-H); 6.35-6.42 (1 HI dd, J1,2=J2,3-methylene=17.5, 2-H). MS (EI) 

m/e (relative abundance): 138 (M', 8); 123 (6); 96 (10); 95 (100); 94 

(11); 93 (23); 92 (11); 79 (12); 78 (11); 71 (69); 43 (22); 42 (35); 41 

(26) 

Preparation of [5-Dl-myrcene (Scheme 13) 

3-Methyl-2-butenol (53) 

3-Methyl-2-butenoic acid chloride 52 (84 rnrnol, prepared as described 



in Scheme 12) was reduced with LiA1H4 (52 mm01) in anhyd diethyl ether at 

0 OC as described in Scheme 12. The usual workup, and distillation of the 

crude product, yielded a colorless oil (6.2 g, 86% yield), 99% pure by GC 

analysis, bp 68-70 OC (33 mm Hg) . 'H NMR (CDC13) : 6 1.66 (3 HI s, methyl- 

H); 1.73 (3 HI s, methyl-H); 1.99 (1 HI br s, -OH); 4.08 (1 HI dl J1,2=1.5, 

1-H); 5.38 (1 HI m, J1,2=1.5, 2-H). MS (EI) m/e (relative abundance): 86 

(M', 30); 71 (100); 69 (5); 68 (8); 67 (15); 53 (21). 

3-Methyl-2-butenal (57) 

3-Methyl-2-butenol (51 mmol) dissolved in anhyd CH2ClZ (20 mL) was 

added to 56 mmol of "activated" oxalyl chloride (prepared by the addition 

of 56 mmol of oxalyl chloride to 112 mmol DMSO at -60 OC, as described in 

Chapter 11, Scheme 5). The soln was stirred with an overhead mechanical 

stirrer for 1 h at -50 OC, then triethylamine (38 mL) was added to quench 

the reaction. The usual workup followed by distillation yielded a 

colorless oil (4.3 g, 96% yield), >99% pure by GC analysis, bp 55-60 OC 

(40 mm Hg). 'H NMR (CDC13): 6 1.96 (3 HI s, methyl-H); 2.15 (3 H I  s, 

methyl-H); 5.87 (1 HI dl 2-H); 9.94 (1 HI dl 1-H). MS (EI) m/e (relative 

abundance): 84 (M', 100); 83 (46); 69 (9); 55 (64); 53 (16); 41 (48). 

[I-Dl-3-Methyl-2-butenol (D-53) 

The aldehyde 57 (55 mmol) was dissolved in 95% ethanol (5 mL) and 

cooled to 0 OC. NaBD4 (21 mmol) dissolved in 95% ethanol (5 mL) was 

added, and the soln was stirred at RT for 45 min. The usual workup and 

distillation under vacuum (78-80 OC at 40 mm Hg) yielded a colorless oil 

(2.89 g, 61% yield), 97% pure by GC analysis. NMR (CDC13): 6 1.65 (3 HI 

s, methyl-H); 1.709 (3 HI s, methyl-H); 4.08 (1 HI br s, 1-H); 5.37 (1 HI 

br s, 1-H). MS (EI) m/e (relative abundance): 87 (M', 20); 86 (17); 72 

(100); 71 (78); 69 (31); 68 (35); 67 (14); 54 (19); 53 (24); 44 (34); 43 

(40); 42 (27); 41 (50). 



[I-Dl-3-Methyl-2-butgnyl bromide (D-54) 

The bromide was prepared from the alcohol D-53 (30 rnmol) with NBS as 

described in Scheme 12, in quantitative yield. 'H NMR (CDC13): 6 1.73 

(3 HI s, methyl-H); 1.78 (3 H, s, methyl-H); 4.00 (1 HI d, 1-H); 5.52 

(1 HI d, 2-H). 

D-Myrcene (D-56) 

The bromide D-54 (8 mmol) was coupled with the dilithiated anion of 

3-methyl-3-buten-1-yne, and the alkyne product reduced with activated Zn, 

as described for D2-myrcene in Scheme 12. The final product (0.5 g, 45% 

yield after purification) was 99% pure by GC analysis. 'H NMR (CDC13): 6 

1.62 (3 H, s, methyl-H); 1.70 (3 H, s, methyl-H); 2.14-2.25 (3 H, m, 4-H 

and 5-H); 4.99-5.08 (3 HI m, 1-H and 3-methylene-H's); 5.13-5.18 (1 H, br 

dl J5t6=6.5, 6-H); 5.25 (1 HI dl JIt2=17.5, 1-H); 6.35-6.42 (1 HI dd, 

J1t2=J2t3-methylene=17. 5, 2-H) . MS (EI) m/e (relative abundance) : 137 (M+, 

10); 122 (9); 95 (10); 94 (100); 93 (20); 92 (27); 91 (12); 81 (11); 80 

(12); 79 (13); 78 (12); 77 (12); 70 (60); 53 (9). By SIM-MS, the myrcene 

was 1.6% unenriched; 6% enriched for 1 Dl and 92% enriched for 2 D per 

molecule. 

Preparation of D4-ipsenone (Scheme 14) 

7-Methyl-3-methylene-1-octen-5-one (Ipsenone) (58) 

Chromic acid soln (2.5 M) was added dropwise to a soln of ipsenol 

(12.4 mmol) in acetone (50 mL) cooled to 0 OC until the yellow color 

persisted. The reaction mixture was stirred an additional 30 min at 0 OC, 

then warmed to RT. Isopropanol was added dropwise until the yellow color 

was gone, and the soln was green. The reaction mixture was filtered 

through Celite, then the Celite was washed with diethyl ether (3 x 20 mL). 

The filtrate and washes were combined, about 213 of the solvent was 

, removed by rotary evaporation, and the remaining organic phase was 



extracted with 1% HCl. The aqueous phase was washed with diethyl ether (3 

x 15 mL). The combined organic layers were washed with brine (1 x 10 mL) 

and dried over anhyd MgS04. The crude yellow oil (87% pure by GC 

analysis) was flash chromatographed (pentaneldiethy1 ether, 90/10) to 

yield a colorless oil (1.10 g, 58% yield) 98% pure by GC analysis. 'H NMR 

(CDC13): 6 0.88 (6 HI d, methyl-H); 2.07-2.18 (1 H, m, 2-H); 2.32 (2 H, 

d, 3-H); 3.26 (2 HI s, 5-H); 5.08-5.17 (3 H, m, 6-methylene H's and 8-H); 

5.25 (1 HI sf 8-H); 6.36-6.45 (1 H, dd, 7-H). MS (EI) m/e (relative 

abundance): 152 (M', 32); 95 (10); 85 (100); 67 (18); 65 (12); 57 (92). 

D4-Ipsenone (D4-58) 

Ipsenone (6.58 mmol) dissolved in pentane (1 mL) was added to a s o h  

of Na metal (1.3 mmol) dissolved in D20 (25 mL). The reaction mixture was 

stirred vigorously at RT overnight, then worked up as described for the 

preparation of D2-ipsdienone. The crude product was flash chromatographed 

(pentaneldiethy1 ether, 9515) to yield 0.83 g (80% yield) product, 99% 

pure by GC analysis. 'H NMR (CDC13): 6 0.88 (6 HI d, J2,,thyl-H=6.5, 

methyl-Hs); 2.05-2.16 (1 HI m, J2:3=J2tmethyl-H1=6.5f 2-H); 2.32 (0.8 H, d, 

J6,7=6.5, 3-H); 3.25 (0.6H, s, 5-H); 5.08-5.16 (3 H, m, 6-methylene H's and 

8-H); 5.25 (1 HI Sf 8-H); 6.36-6.46 (1 HI dd, J7,8=J6-,thylene,7=17'5, 7-H). 

MS (EI) m/e (relative abundance): 156 (M+, 39); 155 (23); 154 (12); 153 

(5); 152 (11); 98 (12); 97 (20); 87 (79); 86 (56); 85 (76); 70 (13); 69 

(40); 68 (12); 67 (21); 66 (12); 59 (100); 58 (65); 57 (80). By GC/SIM-MS 

analysis, the product was 21% unenriched; 5% enriched for one deuterium 

atom/molecule; 14% for two; 22% for three; and 38% for four. The product 

was stored as an 0.5 g/mL s o h  in pentane, under Ar gas, at -20 OC. 



C) RESULTS AND DISCUSSION 

1. Confirmation of results of Fish et al. 

The first objective of this study was to attempt to duplicate the 

experiments of Fish et al. (1979, 1984). 

As mentioned in the Introduction to this chapter, Fish et al. (1979) 

demonstrated that when I. paraconfusus was exposed to ipsdienol deuterated 

at the carbinol carbon, the ipsdienol recovered from the insects had lost 

some deuterium. The deuterated ipsdienol used in their study was 

deuterated only in the "reactive" position. In the present study insects 

were exposed to ipsdienol labelled with two deuteriums in relatively 

nonreactive positions, as well as with deuterium on the carbinol carbon 

(the reactive postion). This was done to ensure that the apparent loss of 

deuterium was not simply due to the dilution of labelled ipsdienol with 

endogenous unlabelled ipsdienol. 

Fish et al. (1984) also demonstrated that I. paraconfusus exposed to 

ipsdienone produced (R)-ipsdienol (28% ee) and (S)-ipsenol (86% ee). This 

experiment was repeated in this study, by exposing the insects to D2- 

ipsdienone and checking for the production of deuterium-enriched ipsdienol 

and ipsenol. The ee of the ipsdienol produced was determined by GC 

analysis of the acetyl-(S)-lactyl derivatives (Slessor et al., 1985; 

Miller et al., 1989). The derivatives of ipsenol were not separable by 

GC, and the chirality of ipsenol was not determined. 

a) Syntheses of [5,5-D2]-ipsdienone and [4,5,5-D3]-ipsdienol 

[5,5-D2]-Ipsdienone was prepared in high yield through the base 

catalyzed exchange of the acidic protons of ipsdienone with deuteriums in 

D20 (Scheme 11). The starting material, unlabelled ipsdienone, was 

obtained through the purification of crude Lippa oil by column 

chromatography. [4,5,5-D3]-Ipsdienol was formed through LiA1D4 reduction 

of D2-ipsdienone. 



Scheme 11: Synthetic route to [5,5-D2]-ipsdienone (D2-50) and [4,5,5-D3]- 

ipsdienol (D3-51) . 

b) Exposure o f  I. paraconfusus t o  D3-ipsdienol 

I. paraconfusus was exposed to vapors of D3-ipsdienol for 48 hours, 

and the recovered ipsdienol and ipsenol were analyzed for deuterium 

content by GC/SIM-MS (CI). The results in Table 43 indicate that the 

ipsdienol recovered from I. paraconfusus was not as enriched in deuterium 

as the starting material. This is the same trend reported by Fish et al. 

(1979). The ipsenol recovered from I. paraconfusus showed a dramatic loss 

of deuterium: about three-quarters of the ipsenol was enriched for only 

two deuteriums, instead of three. Fish et al. (1979) also observed a much 

greater loss of deuterium in the ipsenol than in the ipsdienol. This 

observation will be discussed in more detail later in this Chapter. 

c )  Exposure o f  I. paraconfusus t o  D2-ipdienone 

I. paraconfusus exposed to D2-ipsdienone produced ipsdienol and 

ipsenol enriched in deuterium (Table 44), as expected from the report by 

Fish et al. (1984). The ipsdienol produced by I. paraconfusus from 

ipsdienone was largely of the (R)-chirality (Table 45). The ee of the 

(R)-ipsdienol determined in this study (71 + 6%) was larger than that 
reported earlier (28%) by Fish et al. (1984). The reason for the 

difference is not clear. However, if it is true that (R)-ipsdienol is the 

ultimate precursor of (S)-ipsenol, then a decreased rate of reduction of 



T a b l e  43: Deuterium content of ipsenol and ipsdienol isolated from I. 

paraconf usus exposed to ~~-i~sdienoll for 48 hours. [Relative abundance 

of peaks of interest by GC/SIM-MS (cI), 1 f SE]. 

Ipsenol 

(M+2 )+  ( ~ + 3  ) +  

Each biological sample was prepared from one beetle. 

Ipsdienol 

(F+2)+ (~+3)+ 

D3-ipsdienol standard 

I. paraconfusus (3) 

(R)-ipsdienol to (S)-ipsenol would result in a larger ee. However, if 

this is true then the quantity of ipsenol formed during exposure to 

ipsdienone [which is largely the (S)-isomer according to Fish et al. 

(1984)l should be added to the quantity of (R)-ipsdienol extracted from I. 

paraconfusus to give the total quantity of (R)-ipsdienol formed from 

ipsdienone. In this study the ee of (R)-ipsdienol formed from reduction 

of ipsdienone would then be roughly 86% [based on the estimate by Fish et 

al. (1984) that the ee of the (S)-ipsenol formed upon reduction of 

ipsdienone was 87%].  

T a b l e  44: Deuterium content of ipsenol and ipsdienone, produced by I. 

paraconfusus exposed to D2-ipsdienone for 24 hours1. [Relative abundances 

of peaks of interest by GC/SIM-MS (CI), Tt f SE]. 

n.d. n.d. 

243 + 35 100. 0 

Species 

15.6 f 0.3 100.0 

17.6 f 0.6 100.0 

Ipsdienol 

F+ (F+2 )+  

I. paraconfusus 13 k 1 100 4 f 4 100 

, ' Three samples (three beetles per sample) were analyzed. 



Table 45: Quantity and chirality of ipsdienol and ipsenol produced by I. 

paraconfusus after exposure to D2-ipsdienone for 24 hours1 ( f  f SE). 

2 .  Do other bark beetles lose  the carbinol-D of D3-ipsdienol? 

MPB and I. pini (P)* were exposed to vapors of D3-ipsdienol and 

extracted after 48 hours. The extracts were analyzed as described for I. 

paraconfusus, and the results are presented in Table 46. The D3-ipsdienol 

recovered from I. pini (P) and MPB did not appear to lose deuterium. This 

does not rule out the possibility that an ipsdienone-ipsdienol 

interconversion occurred in these beetles. This process may simply not 

have been detected in this experiment, due to the fact that the beetles 

were exposed to a relatively large quantity of D3-ipsdienol (80 pglbeetle 

for 48 h) compared to the quantity of ipdienol that they normally produce 

(less than 1 pg/beetle/24 h). Even if the beetles had removed deuterium 

from some ipsdienol, this D2-ipsdienol would be diluted by the relatively 

large pool of D3-ipsdienol. This effect could have been minimized by 

decreasing the quantity of D3-ipsdienol that the insects were exposed to, 

and by increasing the time of exposure. However an alternate approach 

(using deuterated myrcene, discussed at the end of this section) was used 

to circumvent this problem. 

Ipsdienol 

(nglbeetle) (R)-ipsdienol (nglbeetle) 

* 
The two populations of I. pini (from Princeton and Kimberly) will be 

designated as "I. pini (P)" and "I. pini (K)", respectively. 

I. paraconfusus I 
Each sample was prepared from three beetles. 

11 3 (5) 71 f 6 (3) 192 + 42 (5) 



Table 46: Deuterium content of ipsenol and ipsdienol isolated from bark 

beetles after exposure to D3-ipsdienol for 48 hours. [Relative abundance 

of peaks of interest by GC/SIM-MS (cI), (f f SE)]. 

II 
- 

Ipsenol I Ipsdienol 

D3-ipsdienol standard 

Each biological sample was prepared from one beetle. 

I. paraconfusus (3) 
I. pini (P) (2) 
MPB (3) 

3. Can other bark beetles reduce ipsdienone to ipsdienol? 

MPB and both populations of I. pini exposed to D2-ipsdienone 

produced ipsdienol that was enriched in two deuteriums (Table 47). MPB 

produced almost racemic ipsdienol, while that produced by the two I. pini 

populations was almost pure (R)-ipsdienol. These species are not known to 

produce Fpsenol, br?t a peak with the game GC-R.T. and SIX-MS pattern as 

the D2-ipsenol produced by I. paraconfusus was observed. Unfortunately 

this observation was not explored due to time constraints. 

243 f 35 100.0 
n.d. n.d. 
n.d. n.d. 

Table 47: Deuterium content of ipsdienol, produced by bark beetles 

exposed to Dz-ipsdienone for 24 hours1. [Relative abundances of peaks of 

interest by GC/SIM-MS (CI) (X f SE) I .  

-1 Ipsdienol 
Species 

# ' Each sample was prepared from three beetles. 

I. pini (K) (3) 
I. pini (P) (3) 
MPB 

7 f l  100 
5.5 f 0.4 100 
5 * 4  100 



Table 48: Quantity and chirality of ipsdienol and ipsenol produced by 

different bark beetles after exposure to D2-ipsdienone for 24 hours1 

( 5  f SE). 

I 

I. pini (P) 11 130 f 7 5  (2) 98 f 1.4 (2) 1 ? 

Species p a n t  it y % ee of 
(nglbeetle) (R)-ipsdienol 

I. paraconfusus 11 f 3 (5) 71 k 6 (3) 

I. pini (K) 458 f 38 (2) 97 f 1.1 (3) 

Ipsdienol 

quantity 
(nglbeetle) 

192 f 42 

?2 

Each sample was usually prepared from three beetles; a peak with the 

same fragmentation pattern and retention time as D2-ipsenol was detected 

by GCISIM-MS but was not quantified. 

Ipsenol 

MPB 

4. Alternate approaches to study the ipsdienol-ipsdienone interconversion 

a) Use of deuterated myreeae 

An alternate approach used to determine if ipsdienol was in 

equilibrium with ipsdienone was to expose the insects to deuterated 

myrcene (labelled at the pre-carbinol carbon), and then to determine the 

deuterium enrichment of the products. Loss of deuterium by the ipsdienol 

and ipsenol products could indicate the existence of an ipsdienol- 

ipsdienone interconversion in vivo. This is illustrated in Figure 57. 

Synthesis of deuterated myrcene 

The synthetic route to [5,5-D2]-myrcene, D2-56, involved coupling of 

[l,l-D2]-3-methyl-2-butenyl bromide, D2-53, with a synthetic equivalent of 

the isoprene anion: dilithiated isopropenylacetylene (Scheme 12). This 

is an adaptation of the method used by Klusener et al. (1987) to 

synthesize ipsenol and ipsdienol. This coupling reaction can be extremely 

82 f 18 (7) 15 + 5 (3) ? 



Figure 5 7 :  Expected loss of deuterium from deuterated myrcene en route to 

ipsdienol and ipsenol, if the ipsdienol-ipsdienone equilibrium occurs in 
vivo . 
high-yielding: in cases where scrupulously dry conditions were attained, 

near quantitative yields were obtained. The deuterated precursor required 

for this coupling was easily prepared as outlined in Scheme 12. 

LiA1D4 

OH (89%) C1 (quant) 

DQ <activated Zn 

D 
(21% from 54) 

I Scheme 12: Synthetic route to [5,5-D2]-myrcene (D2-56). 

199 



[5-Dl-Myrcene was prepared by a scheme analogous to that described 

for the preparation of D2-myrcene, the major difference being that [1-Dl- 

3-methyl-2-butenol, 0-53, was used in place of D2-53. This precursor was 

prepared in good yield through the NaBD4-reduction of 3-methyl-2-butenal, 

57 [prepared through the oxidation of 3-methyl-2-butenol by the method of 

Mancuso et al. (1978)l. This route is represented in Scheme 13. 

oxalyl 
chloride NaBD4 

O H  uH (61%) OH 
53 57 D-53 

(96%) 

Scheme 13: Synthetic route to [5-Dl-myrcene (D-56). 

Exposure of beetles to deuterated myrcene 

As expected from the results of other studies (Hughes, 1974; Byers 

et al., 1979; Hendry et dl., 1980; Hunt, 1986) extracts of all of the male 

bark beetles tested contained ipsdienol after exposure to vapors of 

deuterated myrcene for 24 hours (Table 49). I. paraconfusus was the only 

beetle to produce ipsenol. 

The chiralities of the ipsdienol contained in the extracts were 

determined by GC analyses of the acetyl-(S)-lactyl derivatives. Most of 

the results were in agreement with previous reports. The major 

,discrepancy occurred with I. pini (K). Although both this and the other 



studies (Slessor et al., 1985; and Miller et al., 1989) indicate that this 

population produces (R)-ipsdienol, the other studies reported a much 

higher ee (88% and 78% eel respectively, as compared to 24% determined in 

this study). This difference may be due to an isotope effect [which would 

decrease the turnover rate of an enzyme catalyzing the conversion of 5-D- 

(S)-ipsdienol to 5-D-(R)-ipsdienol, discussed in a later section.] 

Table 49: Quantity and chirality of ipsdienol and ipsenol produced by 

male bark beetles after exposure to myrcene for 24 hours' ( Z  f SE). 

Species 

I. paraconf usus 

I. pini (K) 

I. pini (P) 

MPB 

Ipsdienol 

quantity chirality, 
(nglbeetle) % ee 

Ipsenol 

quantity 
(nglbeetle) 

33 f 6 (7) 

Each sample was prepared from one MPB or three Ips beetles. 

As expected, the ipsdienol and ipsenol produced by the beetles 

exposed to D2-myrcene were enriched in deuterium (Table SO). In all cases 

at least some of the ipsdienol produced was unlabelled. This was most 

obvious with I. pini (K): about one-fifqh of the ipsdienol extracted from 

the beetles was not deuterium-labelled. The ipsenol present in extracts 

of I. paraconfusus was found to be dramatically depleted in deuterium: 

about three-quarters of the ipsenol did not contain deuterium (after 

correcting for the natural abundance of stable isotopes in the unenriched 

ipsenol), as compared to only 4% of the ipsdienol! 



Table 50: Deuterium content of ipsenol and ipsdienol isolated from three 

scolytid species after exposure to ~~-m~rcenel. [Relative abundance of 

peaks of interest by GC/SIM-MS (CI) (E f SE)]. 

Sample 

I. paraconfusus (36 h) (3) 

I. pini (K) (48 h) (3) 

I. pini (P) (36 h) (3) 

MPB (36 h) (3) 
(48 h) (2) 

- 

Ipsenol Ipsdienol 

F+ (~+1)+ 

Each MPB sample was prepared from one beetle; each Ips sample was 

prepared from three beetles. 

b) Exposure of beetles to DZ-myrcene and 180-labelled water or oxygen 

The results of Fish et al. (1976, 1984) and this study indicate that 

I. paraconfusus converts exogenous ipsdienone to ipsdienol and ipsenol, 

and that during the conversion of D2-myrcene to ipsdienol some of the 

deuterium at the carbinol carbon is lost. However, there is no evidence 

that these two facts are related. For this reason, experiments were 

performed in which I. paraconfusus was exposed to both D2-myrcene and 

either I8o2 or 180~2. 

Ipsdienol is widely believed to be formed through the PSMO-mediated 

oxidation of myrcene (Vanderwel and Oehlschlager, 1987, and references 

cited therein). The source of oxygen for PSMO activity is molecular 

oxygen (Guengerich and Macdonald, 1984). When I. paraconfusus was exposed 

to both D2-myrcene and 1802, the ipsenol that was formed was, as expected, 

enriched in 180 (Table 51). 

As the oxidation of myrcene involves molecular oxygen, beetles 

exposed to D2-myrcene and 180n2 should not incorporate ''0 into ipsdienol 



Table 51: Incorporation of deuterium and 180 into ipsenoll produced by 

male I. paraconfusus exposed to unlabelled myrcene or to D2-myrcene and 

1802. [Relative abundance of peaks of interest by GC/SIM-MS (CI) ] . 

Ipsenol 

M' (M+l) + (M+2 )+  (M+3)+ 

Unfortunately there was not enough ipsdienol in the sample for analysis. 

As mentioned in the Experimental, the (M+1)+ peak in the GC/MS (CI) 

spectrum of ipsdienol is quite weak. Analyses were usually performed 

using the peak corresponding to the loss of water, but this was clearly 

not suitable in this experiment; each sample was prepared from 3 

beetles . 

unlabelled, 

+ 1802 + D2-myrcene 

and ipsenol unless the ipsdienone/ipsdienol equilibrium does exist in 

vivo. As discussed in Chapter 111 of this thesis, ketone oxygens are 

vulnerable to exchange with water in vivo. Thus the oxygens of ipsdienone 

could exchange with the 180-oxygens of 180-water. Upon reduction, the 180 

would end up in ipsdienol and, subsequently, ipsenol (see Figure 58). 

When I. paraconfusus was exposed to D2-myrcene and 180~2, the 

products ipsenol and ipsdienol were enriched in either D or 180, but not 

both (Table 52). This was the expected pattern according to Figure 58. 

After correcting for the natural abundance of stable isotopes, the 

ipsdienol produced in this experiment was 48% unlabelled, 37% enriched in 

D alone and 14% enriched in 180 alone. The ipsenol synthesized by the 

beetles under these conditions was 72% unlabelled, 8% enriched in D alone, 

20% enriched in 180 alone. 

These data support the hypothesis by Fish et al. (1976, 1984) that 

an equilibrium between ipsdienol and ipsdienone functions in vivo in I. 

paraconfusus. 

100 11 1.3 n.d. 

100 6 7 92 13 



Figure 5 8 :  Expected pattern of incorporation of 180 from 180~2 into 

ipsdienol and ipsenol through an ipsdienone intermediate. 

Table 52: Incorporation of D and ''0 into ipsdienol and ipsenol produced 

by male I. paraconfusus exposed to unlabelled myrcene or to D2-myrcene and 

180~,. [Relative abundance of peaks of interest by GC/SIM-MS (CI) 1. 

Each sample was prepared from 3 beetles. The letters A and B refer to 
different samples. 



5. Is the ipsdienol-ipsdienone equilibrium involved in the biological 

resolution of ipsdienol? 

To this point, this study has served to confirm the findings of Fish 

et al. (1976, 1980) that ipsdienone is reduced to ipsdienol, and that an 

equilibrium between ipsdienol and ipsdienone may exist in vivo in I. 

paraconfusus. This study also indicates that this process might occur in 

the other bark beetle species tested. The hypothesis of Fish et al. 

(1976, 1980), that this equilibrium is involved in the biochemical 

manipulation of the chirality of the ipsdienol produced by the beetles, 

will now be addressed. 

According to Fish et al. (1979, 1984), in I. paraconfusus only (R)- 

ipsdienol is oxidized to ipsdienone, whereas both (S)- and (R)-ipsdienol 

are formed upon the reduction of ipsdienone. They suggested that the 

greater the extent of the ipsdienol-ipsdienone interconversion, the 

greater the proportion of (S)-ipsdienol that will develop. If this 

hypothesis is correct, then the more (S)-ipsdienol produced by beetles 

exposed to myrcene deuterated at the precarbinol carbon, the more 

deuterium should be lost by the ipsdienol. 

This strategy was used to test the hypothesis of Fish et al. (1984). 

Insects were exposed to deuterated myrcene, then extracted as usual. The 

chirality of the ipsdienol in each extract was determined [through 

analysis of the acetyl-(S)-lactyl diastereomeric derivatives (Slessor et 

al., 1985)l and compared to the proportions of (S)- and (R)-ipsdienol that 

had lost deuterium [determined by GC/SIM-MS (CI)]. (Since more 

experiments were performed with [5-Dl-myrcene than with [5,5-D2]-myrcene, 

the results of the former are presented here.) 

The results are presented graphically in Figure 59. Each point 

corresponds to a single sample (prepared from one MPB or three Ips 

beetles). In Graph 1, the proportion of (S)-ipsdienol in the sample that 

did not contain deuterium (as a percentage of the total (S)-ipsdienol) was 

. plotted against the percentage of (S)-ipsdienol in that sample. There 



does not appear to be a significant correlation between increased loss of 

deuterium in (S)-ipsdienol and an increased proportion of (S)-ipsdienol. 

In the Graph 2 of Figure 59, the percentage of (R)-ipsdienol that did not 

contain deuterium was plotted against the percentage of (S)-ipsdienol in 

that sample. There is a negative correlation between the two: the more 

(S)-ipsdienol in the sample, the less the deuterium loss in the (R)-, 

ipsdienol. If only the data for the I. pini populations are considered 

(Graph 3 of Figure 59), there is an even more significant correlation. 

These results clearly do not support the hypothesis that an increase 

in the extent of the ipsdienol/ipsdienone interconversion effects a higher 

proportion of (S)-ipsdienol. There was no discernable relationship 

between D loss in (S)-ipsdienol and the percentage of (S)-ipsdienol. 

Moreover, the relationship between deuterium-loss in (R)-ipsdienol and the 

percentage of (S)-ipsdienol produced was opposite to that expected. This 

is also demonstrated in Table 53: I. pini (K), which produced the lowest 

proportion of (S)-ipsdienol (Table 49), exhibited the greatest loss of 

deuterium. 

O t h e r  results i n  T a b h e  53 w e r e  a h s o  unexpected. For example the 

(R)-ipsdienol produced by I. pini (P) exposed to [5-Dl-myrcene was 

expected to be less enriched for D than the (S)-isomer, taking into 

account the facts that this population produced largely (R)-ipsdienol (ee 

98%) from exogenous ipsdienone (Table 48), and produced much less (R)- 

ipsdienol than (27)-ipsdienol from exogenous myrcene (Table 49). However, 

according to Table 53 there was no statistically significant difference 

between the deuterium enrichments of the (R)- and (S)-ipsdienol produced 

by this beetle. MPB produced almost racemic ipsdienol from ipsdienone 

[(R)-ipsdienol, ee 15%, Table 481, and produced largely (S)-ipsdienol from 

myrcene (ee 94%, Table 49), and therefore was expected to produce a higher 

proportion of unlabelled (R)-ipsdienol than unlabelled (S)-ipsdienol after 

exposure to [5-Dl-myrcene. In fact significantly more of the (S)- 



Figure 59: Quantity of ipsdienol not enriched in D produced by bark 
beetles after exposure to D-myrcene, compared to the quantity of (S)- 

ipsdienol produced, for both (S)- and (R)-ipsdienol. Graphs 1 and 2 
include data from I. paraconfusus, I. pini (K), I. pini (P) and MPB. 

, Graph 3 includes only data from the I. pini populations. 



Table 53: GC/SIM-MS (CI) abundance of (F+l)+ and (~+1)+ peaks [relative 

to (F+)+ and (~+1)+ peaks] of ipsdienol and ipsenol, respectively, 

produced by different bark beetle species after exposure to D-myrcene for 

36 hours1. (t f SE). 

Species 

Relative abundance of (F+l)+ 
peak of ipsdienol 

Re 1 at ive 
abundance of 
(M+2 ) +  peak of 

ipsenol 

I. pini (P) 11 51 f 4. (9) 42 f 4ab (9) I n.d. 

I. paraconfusus 

I. pini (K) 

MPB I 50 * 2. (10) 26 f gbc (8) I n.d. 

' Each sample was prepared from one MPB or three Ips beetles. 

21 + lc (8) 53 f 5. (3) 

37 f labc (10) 89 f 6d (10) 

ipsdienol produced by this beetle was unenriched. These results are not 

consistent with the explanation that the deuterium loss is due solely to 

the ipsdienol-ipsdienone equilibrium as suggested by Fish et al. (1984). 

285 + 44e (8) 

n.d. 

6 .  Is there an alternate biosynthetic route t o  ipsenol? 

Several observations reported by Fish et al. (1979, 1984) and 

presented in this chapter do not support the hypothesis that ipsdienol is 

the major ultimate precursor of ipsenol. These observations include: 

1. the ipsenol produced by I. paraconfusus exposed to deuterated 

ipsdienol or deuterated myrcene always contained much less deuterium than 

ipsdienol, the supposed ultimate precursor (Fish et dl., 1979; Tables 43, 

50, 52 and 53); 

2. the ipsenol produced by I. paraconfusus exposed to both D2- 

myrcene and 180~2 was more enriched in 180 than the ipsdienol produced 

, under these conditions (20% as compared to 14%); 



3. extracts of I. paraconfusus exposed to ipsdienone (0.088 pL 

ipsdienone/beetle for 24 h) contained as much ipsenol as those of beetles 

exposed to ipsdienol (0.094 pL ipsdienol/beetle for 48 h); 

4. I .  paraconf YSYS exposed to both D2-myrcene and I8o2 (Table 52). 

produced little ipsenol enriched in both D and 180. The ipsenol produced 

in this experiment was 40% unlabelled, 24% enriched in D alone and 35% 

enriched in '$0 alone. The ( ~ + 3 ) +  peak was largely due to the natural 

abundance of stable isotopes, and only about 1% of the ipsenol was 

enriched in both D and 180. It was expected that a significant proportion 

of 180,~-ipsdienol would be reduced to reduced to 180,~-ipsenol 

(Figure 60). 

Figure 60:  Expected pattern of incorporation of 180 from I8o2 into ipsenol 
through an ipsdienone intermediate. 

For these reasons, it was suspected that ipsenol could also be 

synthesized through an alternate path where ipsdienol is not the ultimate 



precursor to ipsenol. One possibility is that ipsenol is formed directly 

through the reduction of ipsdienone. Evidence in favor of this hypothesis 

is that MPB and both populations of I. pini (which do not normally 

produce ipsdienol) produced small quantities of ipsenol when exposed to 

ipsdienone. 

Another possibility is that ipsdienone could be reduced to ipsenone, 

which then might serve as the direct precursor to ipsenol. Ipsenone has 

been detected in the vapors of I. paraconfusus (Byers and Birgersson, 

1990). The possibility that ipsenone is a precursor to ipsenol was tested 

by exposing beetles to deuterated ipsenone, and checking for the 

production of deuterium-enriched ipsenol. 

a) Synthesis of [3,3,5,5-Dq]-ipsenone 

[3,3,5,5-D4]-Ipsenone was synthesized according to the route in 

Scheme 14. Ipsenol was oxidized to ipsenone by a Jones oxidation. 

Deuteriums were inserted through the base-catalyzed exchange of the acidic 

protons with the deuteriums of D20. Unfortunately, the reaction was 

terminated before the hydrogen exchange was complete, so that the "D4- 

ipsenone" was in fact 21% unlabelled, 5% enriched for one deuterium, 14% 

enriched for two deuteriums, 22% enriched for three deuteriums, and 38% 

enriched for four deuteriums. 

Scheme 14: Synthetic route to [3,3,5,5-D4]-ipsenone (D4-59). 



b) Exposure of beetles to D4-ipsenone 

All beetles exposed to D4-ipsenone produced ipsenol enriched in 

deuterium (Tables 54 and 55). The ipsenol produced by the beetles was not 

as enriched in deuterium as the starting material (Table 55), likely due 

to the exchange of the deuteriums (in acidic positions) with the hydrogens 

of water in vivo. I. paraconfusus did not produce significantly more 

ipsenol than the other beetles tested (Table 54). This was surprising, 

since I. paraconfusus was the only species known to produce ipsenol under 

normal conditions. It is not clear why Fish et al. (1984) did not detect 

ipsenol in extracts of I. paraconfusus that had been exposed to ipsenone. 

Table 54: Quantity of ipsenol produced by beetles exposed to ipsenonel. 

Beetle species Quantity ipsenol in extract 
(population) (nglbeetle, X + SE) 

I. paraconfusus 

I. pini (K) 

I. pini (P) 

MPB 

' Each sample was prepared from three beetles. 

Ipsdienone and ipsenone were converted to ipsenol equally well by I. 

paraconfusus (Figure 61). There was no statistically significant 

difference between the quantities of ispenol produced by I. paraconfusus 

exposed to ipsenone, ipsdienone, or ipsdienol. The quantity of ipsenol 

produced after exposure to myrcene was significantly less than that after 

exposure to ipsdienol or ipsdienone. 



Table 55s Incorporation of deuterium into ipsenol produced by beetles 

exposed to D4-ipsenone. [Relative abundances of peaks of interest by 

GC/SIM-MS (CI)]. 

D4- ipsenone 

sample1 

I. paraconfusus (3) 
I. pini (K) (3) 
I. pini (P) (3) 
MPB (3) 

Relative abundance 
( a  * SE) 

(F+l)+ (F+2)+ (~+3)+ (F+4)+ 

Each sample was prepared from three beetles. 

myrcene ipsdlenol lpsdlenone ipsenone 

Figure 61: Quantities of ipsenol produced by male I. paraconfusus exposed 

to various precursors. 



Thus, for reasons listed earlier, there is evidence for an alternate 

route to ipsenone where ipsdienol is not the ultimate precursor. I 

believe that this route is through the reduction of ipsenone, formed by 

the reduction of ipsdienone. Although I. paraconfusus converted 

ipsdienone and ipsenone to ipsenol equally well, MPB and both populations 

of I. pini produced only small quantities of ipsenol after exposure to 

ipsdienone, but produced about the same quantity of ipsenone as I. 

paraconfusus when exposed to ipsenone (Table 54). 

The data presented herein do not provide conclusive evidence that 

ipsenol is formed through the reduction of ipsdienone or ipsenone. This 

will likely only be provided by in vitro experiments. It would have been 

very interesting to determine the chirality of the ipsenol produced from 

exogenous ipsdienone and ipsenone, but unfortunately time constraints 

prohibited such studies. 

7. Possible mechanism for the biological resolution of ipsdienol in I. 

pini 

Steve Seybold (personal communication*) has suggested that an 

epimerase might be involved in biological resolution of ipsdienol in some 

bark beetles. The trend observed in Figure 59, that the more (R)- 

ipsdienol produced, the more deuterium is lost by the (R)-ipsdienol, can 

be interpreted in this light. Some epimerases.are believed to act through 

oxidation at the carbinol carbon followed by reduction to the other isomer 

(Martin et al., 1985; Flentke and Frey, 1990; Wainwright et al., 1990). 

The conversion of (S)-ipsdienol to (R)-ipsdienol by such an epimerase 

would be consistent with the data for I. pini (K), namely: (1) exogenous 

ipsdienone is reduced to (R)-ipsdienol; (2) the conversion of [5-Dl- 

myrcene to ipsdienol proceeds with a greater loss of deuterium by the (R) 

'isomer of ipsdienol; (3) the correlation between deuterium-loss in (R)- 

* Department of Entomology, University of California, 201 Wellman Hall. 
Berkeley, CA. 94720. 



ipsdienol and decreased production of (S)-ipsdienol demonstrated in Figure 

59 was highly significant when the data for I. pini was considered; and 

(4) I. pini (K) produces more (R)-ipsdienol than (s)-ipsdienol. It would 

be interesting to determine if I. pini (K) produces (R)-ipsdienol after 

exposure to (S)-ipsdienol. 

Although such a mechanism might operate in I. pini (K), it 

apparently does not operate in I. paraconfusus. Fish et al. (1979) 

reported that I. paraconfusus exposed to (S)-ipsdienol did not produce 

ipsenol (which is formed from (R)-ipsdienol). 

8. Possible mechanism for the biological resolution of ipsdienol by I. 

paraconf usus 

This study does not support the hypothesis of Fish et al. (1984) 

that an enantioselective oxidation of (R)-ipsdienol to ipsdienone, and a 

reduction of ipsdienone to both (R)- and (S)-ipsdienol, is involved in the 

biological resolution of ipsdienol by I. paraconfusus. Firstly, as 

discussed previously, an increase in the proportion of (S)-ipsdienol 

produced did not correlate with an increase in the interconversion (Figure 

59, Table 53). Secondly, this study failed to corroborate the report by 

Fish et al. (1984) that the reduction of ipsdienone forms appreciable 

quantities of (S)-ipsdienol. In the present study, I. paraconfusus 

reduced ipsdienone to largely (R)-ipsdienol. As discussed previously, it 

seems likely I. paraconfusus produces ipsenol through two pathways: 

through the direct reduction of (R)-ipsdienol, and through the indirect 

reduction of (R)-ipsdienol through an ipsdienone intermediate (which may 

proceed through an ipsenone intermediate). When I. paraconfusus was 

exposed to D2-myrcene, 96% of the ipsdienol was deuterated, as compared to 

25% of the ipsenol (Table 50). This indicates that about 26% of the 

'ipsenol was synthesized through direct reduction of ipsdienol. If the 

same proportion held true when I. paraconfusus was exposed to D2- 

ipsdienone, then about 50 ng of ipsenol was synthesized through the 



reduction of (R)-ipsdienol (26% of the 192 * 42 ng ipsenol/beetle, Table 
48). The ipsdienol remaining in the extract (11 f 3 nglbeetle) was 85.5% 

R, indicating that there was about 9.4 ng (R)- and 1.6 ng (S)-ipsdienol. 

These calculations indicate that, overall, ipsdienone was reduced to (R)- 

ipsdienol with an ee of about 96%*. 

A possible mechanism for the biological resolution of ipsdienol in 

I. paraconfusus could involve the selective removal of (R)-ipsdienol 

through conversion to (S)-ipsenol (either through direct reduction or 

through reduction via the ipsdienone intermediate, as shown in Figure 62). 

This process should effectively increase the ee of (S)-ipsdienol that is 

ultimately emitted by the beetle. 

myrcene 
ipsdienol 

I I 

0 

ipsdienone 

ipsenol 
I I 
I I 

0 2 
ipse none 

Figure 62: Possible mechanism for the biological resolution of ipsdienol 

in I. paraconfusus. (The conversion of ipsdienone to ipsenone is not 

represented by equilibrium arrows since no ipsdienol was detected in the 

extracts of I. paraconfusus exposed to ipsenone). 

* These figures do not take into account the report by Fish et al. 
(1984) that the (S)-ipsenol formed from ipsdienone has an ee of only 87%. 
If this was true in this study, then the overall ee of the (R)-ipsdienol 
formed from ipsdienone in this study would be about 92%. 
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9. possible mechanism for the biological resolution of ipsdienol by MPB 

The data presented in this thesis do not indicate the mechanism of 

the biological resolution of ipsdienol in MPB. It seems unlikely that an 

ipsdienol-ipsdienone equilibrium is involved since the chirality of the 

ipsdienol produced upon the reduction of ipsdienone was almost racemic. It 

is possible that one of the isomers of ipsdienol is enantioselectively 

rearranged to as yet unknown products. It is also possible that the 

initial products of the oxidation of myrcene to ipsdienol are the products 

ultimately emitted by the beetle. 



D) CONCLUSIONS 

This study supports earlier reports by Fish et al. (1979, 1984) that 

an equilibrium between ipsdienol and ipsdienone is involved in ipsdienol 

and ipsenol biosynthesis in I. paraconfusus. As reported by Fish et al. 

(1979, 1984), ipsdienol and ipsenol recovered from beetles exposed to 

ipsdienol deuterated at the carbinol carbon were less enriched than the 

starting material. Exogenous ipsdienone was reduced to (R)-ipsdienol and 

ipsenol . 
Evidence presented in this study does not support the hypotheses of 

Fish et al. (1984) that an enantioselective oxidation of (R)-ipsdienol to 

ipsdienone, and a reduction of ipsdienone to both (R)- and (S)-ipsdienol, 

is involved in the biological resolution of ipsdienol by I. paraconfusus. 

Furthermore the results of this study indicate that, although some 

(S)-ipsenol may be formed through the direct reduction of (R)-ipsdienol, 

the major biosynthetic route to ipsenol in I. paraconfusus proceeds 

through reduction of ipsdienone (which may proceed through an ipsenone 

intermediate). Since (R)-ipsdienol is the precursor to ipsdienone, this 

route provides a mechanism for the biological resolution of ipsdienol by 

I. paraconfusus. 

Like I. paraconfusus, MPB and both populations of I. pini studied 

reduced exogenous ipsdienone to ipsdienol. MPB produced (R)-ipsdienol 

with an ee of 15%, while I. pini (K) and (P) produced (R)-ipsdienol of 97% 

and 98% ee, respectively. These bark beetles did not effect a detectable 

loss in deuterium from the carbinol carbon of ipsdienol. However the 

ipsdienol produced by these beetles when exposed to myrcene deuterated at 

the pre-carbinol carbon did exhibit a loss of deuterium. The more (R)- 

ipsdienol produced by these beetles, the more deuterium was lost. It was 

suggested that an epimerase, catalyzing the conversion of (S)-ipsdienol to 

' (R)-ipsdienol, might be involved in regulating the chirality of the 

ipsdienol ultimately emitted by I. pini. 



CONCLUDING REMARKS 

Pheromone biosynthesis in several species of bark and grain beetles 

was studied using both radio- and stable isotope-labelling techniques. 

Radiolabelled precursors were most useful to study the biosynthesis of 

pheromones from substrates incorporated at very low levels (such as 

through de novo biosynthesis from acetate and mevalonate). Stable 

isotope-labelled precursors were more useful to study the biosynthesis of 

pheromones from more immediate precursors. The incorporation of stable 

isotopes was determined by GC/SIM-MS, obviating requirements to 

extensively purify the pheromones prior to analyses. 

The information collected in this study supports the idea that 

coleopteran pheromones are often produced through adaptations of "normal" 

biosynthetic pathways (Vanderwel and Oehlschlager, 1987). The macrolide 

aggregation pheromones produced by the cucujid grain beetles C. 

ferrugineus and 0. mercator were formed through modifications of fatty 

acid and terpenoid metabolism (Chapter II). Ipsdienol, utilized as an 

aggregation pheromone by many bark beetles, is apparently formed through 

the modification of normal monoterpene-detoxification pathways (references 

summarized in Vanderwel and Oehlschlager, 1987; Chapter IV). The 

biosynthetic origins of the cyclic ketals endo- and exo-brevicomin remain 

to be determined. 

Though the biosynthesis of coleopteran pheromones may have evolved 

from basic metabolic pathways, considerable sophistication has crept into 

the scheme. Bark beetles are apparently able to control the chirality of 

the pheromones that they emit, through several ingenious biosynthetic 

mechanisms. In MPBs, both enantiomers of 6,7-epoxynonan-2-one were 

converted to (+)-exo-brevicomin. In the Ips bark beetles, the chirality 

of ipsdienol ultimately emitted by the insects may be manipulated through 

'the selective removal of one enantiomer of ipsdienol, or through the 

conversion of one enantiomer to the other. 

Studies such this only begin to enhance our appreciation and 



understanding,of coleopteran biochemistry. Continued investigations 

should yield information that will not only satisfy academic curiosity, 

but should lead the way to environmentally-acceptable pest control 

strategies. 
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