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Abstract: 

The roles and chemistry of pheromones that mediate reproductive behaviors 
of cerambycid beetles have received remarkably little attention, given the 
economic importance of many cerambycid species.  Until recently, very few 
volatile sex pheromones and nonvolatile contact pheromones had been 
identified.  However, that situation is changing rapidly, with the number of 
identified pheromones more than doubling within the past few years.  Here, 
we present an overview of the known pheromone chemistry of the 
Cerambycidae, including descriptions of methods used to identify, bioassay, 
and synthesize both volatile attractant pheromones and nonvolatile contact 
pheromones. 

 
Keywords 
Sex pheromone, contact pheromone, analysis, synthesis, hydroxyketone, 
2,3-alkanediol, cuticular hydrocarbon 

 
Introduction 
 
Cerambycid beetles are among the most important insect pests worldwide, 
damaging and killing trees in natural and urban forests, plantations, and 
orchards, as well as degrading lumber and wooden structures (Solomon 
1995).  In addition to the damage caused by native species, cerambycid 
larvae sequestered in wood are easily transported by man, and pest species 
frequently are intercepted in international quarantine (Haack and Cavey 
1997; Brockerhoff and Bain 2000).  Management of these insects is 
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difficult, in part due to our rudimentary knowledge of their behavior.  
Although there is an extensive literature on geographic ranges of species and 
host relationships of larvae, the behavior of adult cerambycids is rarely 
studied (e.g., Duffy 1953, 1968; volumes indexed in Linsley and Chemsak 
1997).  Furthermore, in contrast to many other groups of pest insects for 
which semiochemicals have been extensively exploited for detection and 
management purposes, we know very little about the role of semiochemicals 
as essential signals mediating the behavior of cerambycid beetles. 

In a review of reproductive behaviors of cerambycid beetles, Hanks 
(1999) outlined several mate location strategies.  For example, in a number 
of species, adults do not use volatile pheromones for long-range attraction.  
Instead, the sexes are brought together by their mutual attraction to either the 
larval host or the food plant of the adults.  Once on the host, males search for 
mates by sweeping the bark surface with their antennae, recognizing females 
by contact sex pheromones. 

However, volatile pheromones play an important role in reproduction of 
three other subsets of cerambycid species with different mate location 
strategies.  In the first subset, mate location consists of three sequential steps 
(Ginzel and Hanks 2005): 1) both sexes are attracted to larval hosts by 
olfactory or visual cues; 2) once on the host, males produce a volatile 
pheromone that attracts females or both sexes over some distance; and 3) 
having attracted females, males then recognize them by contact pheromones.  
Males of a number of species in the subfamily Cerambycinae, representing 
the tribes Anaglyptini, Callidiini, and Clytini, have been shown to produce 
volatile pheromones (Table 1; Allison et al. 2004), many of which share a 
structural motif, consisting of hydroxyl or carbonyl groups at carbons two 
and three of six, eight, or ten carbon chains.  In some cases these 
pheromones have been shown to attract female beetles from distances of 
>100 m (Lacey et al. 2004), demonstrating the potential for exploitation of 
these pheromones in detection and management of cerambycid pests.   

In the course of research on these male-produced pheromones, two key 
discoveries were made.  First, Lacey et al. (2007a) identified a stereotyped 
calling behavior by males, which is clearly associated with pheromone 
release: the males adopt a “push-up” stance, with the anterior portion of the 
body raised to allow greater airflow over the body surface to disseminate the 
pheromone.  Second, following up on earlier reports by Noldt et al. (1995), 
Ray et al. (2006) showed that pheromone production was highly correlated 
with the presence of male-specific pheromone glands in the mesothorax that 
emptied onto the cuticular surface through characteristic pores.  These two 
characteristics should prove invaluable in rapid assessments of whether or 
not new species are likely to have male-specific pheromones.  That is, males 
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that have the gland pores and that show the diagnostic calling behavior are 
very likely to produce volatile pheromones. 

In another subset of species that produce volatile chemicals, 
hydroxyketone, 2,3-alkanediol, or other sex-specific compounds have been 
shown to be produced by male beetles, often in large quantities, suggesting 
that they might be pheromone components.  However, in this subset of 
species, the function of these male-specific compounds remains unclear.  
For example, within the large subfamily Lamiinae, male Anoplophora 
glabripennis (the Asian longhorned beetle) produce two volatile sex-specific 
compounds (Zhang et al. 2002; Table 1), but these compounds were not 
attractive to beetles of either sex in field trials (A. Zhang, pers. comm.).  
Thus, these compounds may have some other role, for example as 
aphrodisiacs to render females more receptive to mating once the two sexes 
have been brought together by some other means.  Alternatively, 
pheromone compounds may only be attractive when presented in 
combination with host volatiles, as is reported to be the case with Tetropium 
fuscum and T. cinnamopterum.  Males of these two species produce 
(E)-6,10-dimethyl-5,9-undecadien-2-ol, which only attracts beetles when 
combined with blends of ethanol and host monoterpenes (Silk et al. 2007).  

In the final subset of species that produce volatile chemicals, sex 
attractant pheromones are produced by females rather than males.  The first 
evidence of powerful female-produced sex pheromones has recently been 
obtained for the prionine species Prionus californicus (Barbour et al. 2006; 
Cervantes et al 2006).  Females of other prionine species display behaviors 
that are similar to the calling behavior of P. californicus, indicating that they 
probably produce analogous sex pheromones (see Barbour et al. 2006).  
There are indications of a possible female-produced sex pheromone in 
another prionine species, Tragosoma pilosicornis, males of which have been 
attracted during field trials of possible pheromones (JGM and LMH, unpub. 
data). 

In addition to volatile pheromones that act over a distance, there is ample 
evidence that male cerambycids in all of the species subsets discussed above 
use contact sex pheromones to recognize females (e.g., Kim et al. 1993, 
2006a, b; Wang 1998, Wang et al. 1991, 1996), and contact pheromones 
have been identified for a number of species (Fukaya et al. 1996, 1997, 2000; 
Ginzel et al. 2003a,b, 2005, 2006; Zhang et al. 2003).  These compounds are 
typically comprised of cuticular hydrocarbons, but more recently, ketones 
(Yasui et al. 2003) and structurally complex lactones (Yasui et al. 2007) also 
have been identified as cerambycid contact sex pheromone components. 

In addition, studies with a few species have hinted that cuticular 
components from females serve in mate location, with males following 
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residues left on bark or other substrates upon which females have walked 
(Galford 1977; Wang et al. 2002, and references therein).  These potential 
marking pheromones have not been studied in any detail, nor have any been 
identified.   

In sum, there is mounting evidence that both volatile pheromones and 
contact pheromones play major roles in the reproductive behaviors of 
cerambycid species.  The fragmentary information available to date 
presents tantalizing hints as to the various strategies and types of compounds 
that may be involved, and some trends in pheromone chemicals and 
pheromone usage within taxonomic groups are beginning to emerge, fueled 
by a recent surge in studies on cerambycid semiochemistry.  The study of 
such chemicals makes use of a variety of different experimental techniques, 
including preliminary behavioral studies to demonstrate that volatile and/or 
contact pheromones are used, followed by preparation of crude extracts of 
the bioactive components, and bioassay-driven fractionation of the extracts 
to isolate and identify the active compounds.  These compounds are then 
synthesized, and used to reconstruct the bioactive blends.  In the following 
pages, we will outline these techniques as they are applied to pheromones of 
different types. 

 
Preparation and analysis of volatile sex pheromones 
 
For those species that use volatile male-specific sex pheromones, the 
pheromones seem to be produced in much larger amounts (100 µg/male or 
more) than is normally seen in insects (e.g., Fig. 1). Thus, with careful work 
and modern instruments, it should be possible to identify a new pheromone 
from the volatiles produced by a single male.  The pheromones are easy to 
collect by sweeping clean air through a closed chamber holding one or more 
males, and collecting the volatiles on one of the adsorbent materials 
commonly used for such collections, such as Porapak Q or activated charcoal 
(Millar 2002), followed by elution of the trapped volatiles with methylene 
chloride or similar solvents.  Alternatively, volatiles can be collected on a 
fiber coated with adsorbent (solid phase microextraction, SPME), which can 
be desorbed directly into a gas chromatograph (review, Millar 2002).  The 
latter method has the advantage that no solvent is used, so very volatile 
insect-produced components will not be hidden under solvent peaks.  SPME 
has the disadvantage that it is essentially a sampling method, and it does not 
provide extracts that can be used for fractionation or bioassays, but this may 
only be a concern when entirely new compounds have to be identified.  That 
is, because the pheromone components seem to be quite highly conserved 
(see below), it has frequently been possible to completely identify 



pheromones for new species solely on the basis of gas chromatography and 
mass spectral data.  However, in our experience, inducing males to produce 
pheromone under laboratory conditions is not always easy.  We have 
aerated males of numerous species for days on end, in the presence or 
absence of host materials, and under different lighting and temperature 
conditions, with never a trace of pheromone being collected.  As an 
indication of the sensitivity of some species to environmental conditions, 
Lacey et al. (2004a) had no success with olfactometer bioassays in the 
laboratory, using live males as the stimulus.  However, when the apparatus 
was moved outside, bioassays conducted under natural daylight were 
successful. 

 

 
                    Retention time (min) 

 
Fig. 1.  GC-MS traces of SPME-collected volatiles produced by male (top 
trace) and female (bottom, inverted trace) Xylotrechus nauticus. 

 
Coupled gas chromatography-mass spectrometry (GC-MS), particularly 

if used in tandem with gas chromatography-electroantennogram detection 
(GC-EAD, Bjostad 1998) is the method of choice for analysis of solvent 
extracts or SPME extracts of pheromones.  In particular, it is important to 
use a low initial temperature so that very volatile components such as 
butanols and 2,3-hexanedione are not hidden under the solvent front.  
Furthermore, we and others (Sakai et al. 1984; Leal et al. 1995) have noted 
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that the hydroxyketone pheromones (see below) are thermally labile, and so 
relatively low injector temperatures (100ºC) should be used to minimize the 
interconversion of 2-hydroxy-3-alkanones and 3-hydroxy-2-alkanones, 
which also results in the loss of the stereochemical information as these 
compounds are chiral. On relatively nonpolar GC columns such as DB-5, the 
2,3- and 3,2-hydroxyalkanones separate poorly if at all, but they can be 
distinguished from their mass spectra.  However, on a chiral stationary 
phase Cyclodex B column (J&W Scientific, Folsom CA, USA), not only are 
the different positional isomers well separated, but the enantiomers of each 
are also resolved, so that a mixture of all 4 isomers yields 4 clearly resolved 
peaks (Fig. 2).  Thus, determination of which hydroxyketone regioisomer 
and enantiomer a beetle is producing is both unambiguous and 
straightforward as long as appropriate standards are available. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Resolution of the pairs of enantiomers of 2-hydroxy-3-hexanone and 
3-hydroxy-2-hexanone on a Cyclodex B column (50ºC/1 min, 5º/min to 
200ºC; injector 100ºC.  The small peak is an impurity.  The elution order is 
(2R), (3R), (2S), (3S). 

 
For those species that produce 2,3-alkanediols, for which there are four 

stereoisomers (two diastereomeric pairs of enantiomers, see Fig. 5 below for 
structures), the diastereomers are well separated on both liquid and gas 
chromatography.  Furthermore, the two enantiomers of each diastereomer 
are also resolved on a Cyclodex B GC column (Fig. 3), so unambiguous 
determination of which alkanediol stereoisomer a beetle produces is again 
straightforward with appropriate standards. 
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For volatile pheromones that are not hydroxyketones or alkanediols, 
GC-based methods are also the method of choice for analysis and structure 



determination.  If compounds cannot be identified by these methods alone, 
then microchemical tests to determine the presence or absence of functional 
groups (Attygalle 1998), and other spectral methods, such as GC-Fourier 
transform infrared (GC-FTIR) and nuclear magnetic resonance (NMR) 
spectrometry can be used.  Whatever the case, the identification of the 
active compounds in extracts is aided immensely by the relatively large 
amounts of material that each beetle produces. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Resolution of (2R,3R) and (2S,3S)-hexanediol enantiomers on a 
Cyclodex B column.  Elution order for all four 2,3-hexanediol 
stereoisomers is (2S,3S), (2R,3R), (2R,3S), (2S,3R). 
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In contrast to the ease of analysis of the large amounts of relatively 
volatile compounds produced by male cerambycids studied to date, in our 
single experience with a female-produced sex pheromone, for Prionus 
californicus, the compound has proven much more difficult to identify.  
Attempted collection of volatiles by aeration as described above was not 
successful.  Solvent extraction of female whole bodies or dissected 
ovipositors did yield extracts that were attractive to male beetles in bioassays, 
but the active compounds were present in such small quantities that they 
could not be detected by GC-MS.  To date, the only method that has yielded 
amounts of compounds sufficient for GC-MS analysis is to wipe an SPME 
fiber directly over the everted pheromone glands of one or more females 
(unpub. data).  These facts suggest that female P. californicus produce far 
less pheromone than the males of pheromone-producing species.  
Furthermore, in GC-EAD studies, antennae of males responded very 
strongly when stimulated with components in the SPME extracts (Fig. 4).  
We have not yet completed the identification of this pheromone, but both GC 



retention time data and detailed analysis of the mass spectra of the 
stimulatory compounds were crucial in establishing a tentative structure. 
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cannot climb out.  Use of the crossvane traps is also advantageous because 
the beetles can be trapped live for pheromone collection, GC-EAD analyses, 
or laboratory bioassays. 

In our experience, the release rates of synthetic pheromones must be 
relatively high (~10 mg/day or more), as might be expected given the large 
amounts of pheromone produced by male beetles.  However, obtaining a 
stable release rate of the quite volatile hydroxyketone compounds for a 
reasonable period of time is problematic.  We are currently using 1.5 ml 
septum-topped glass vials, with the septum pierced by a segment of glass 
tubing containing a pipe cleaner wick (Hanks et al. 2007).  The vial is filled 
with an ethanol solution of the hydroxyketone, and the release rate can be 
adjusted to some extent by adjusting the length that the wick protrudes from 
the end of the glass tube.  However, under the hot and dry midsummer 
conditions in southern California, these dispensers can be depleted in < 1 day.  
Thus, further development of more stable and more long-lived dispensers for 
these types of pheromones is critical.  

 
Preparation and analysis of contact sex pheromones 

 
Contact sex pheromones are present in the cuticular lipids of beetles, and are 
readily removed by brief extraction with solvents such as hexane or 
methylene chloride (e.g., Ginzel et al. 2003a,b, 2005, 2006).  Alternatively, 
cuticular lipids can be sampled by gently wiping a SPME fiber over the 
insect’s cuticle (Ginzel et al. 2003a, 2006).  The SPME method has several 
advantages.  First, unlike solvent extraction, it is nondestructive, so that the 
same individual can be sampled repeatedly.  Second, sampling of different 
body parts is straightforward, in case the profile of lipids varies with body 
part.  Third, wipe sampling of the cuticle samples the portion of the lipids 
that are most representative of those contacted by the male antenna.  The 
difference between solvent extraction and SPME wipe sampling results may 
be important, because the two methods have been shown to produce 
quantitatively different lipid profiles (Ginzel et al. 2003a, 2005, 2006). 

Detailed comparisons of extracts from males and females by GC-MS is 
used to determine which compounds are female-specific, or present in 
different quantities on females and males. The amounts of materials are 
fairly large (in the microgram range), so obtaining sufficient material for 
bioassays and analysis is not a problem.  Crude extracts are typically 
analyzed by GC-MS on nonpolar phases (e.g., dimethylsiloxane, with or 
without a proportion of phenylmethylsiloxane), using relatively high 
temperatures to ensure that as many as possible of the minimally volatile, 
higher molecular weight compounds are eluted.  Alternatively, the crude 
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extracts can be readily separated into fractions containing 1) saturated 
hydrocarbons, 2) unsaturated hydrocarbons, and 3) polar compounds, by 
analysis of a hexane solution of the crude extract on silica gel impregnated 
with 10-20% silver nitrate (available from Aldrich Chemical Co., or readily 
made).  Sequential elution with hexane, hexane with 20% cyclohexene, and 
ether (or a more polar solvent) provides each of the three fractions cleanly.  
The saturated hydrocarbon fraction can then be further broken down into 
branched chain and straight chain alkane fractions by treatment of an 
isooctane solution of the saturated hydrocarbon fraction with 3Å molecular 
sieve (O’Connor et al. 1962).  This simple fractionation sequence is 
extremely useful in terms of determining which class of compounds the 
active component(s) belong to, via bioassay of individual or if necessary, 
recombined fractions (Ginzel et al. 2006).  Furthermore, the resulting 
fractions are much less complex than the crude extract, simplifying GC-MS 
analyses by reducing overlapping peaks.  

The identification of both saturated and unsaturated hydrocarbons by 
GC-MS is straightforward, and has been described in detail in several 
excellent publications (Nelson 1993; Carlson et al. 1998).  Saturated 
straight chain compounds are readily identified from their molecular ions and 
their spectra, characterized by evenly spaced fragment ions separated by 14 
mass units.  Standards of most of them are also readily available 
commercially.  Saturated branched chain compounds can usually be 
identified by using MS and GC retention time data in tandem.  Specifically, 
the relationships between the position(s) of methyl branches and the 
retention time relative to the corresponding straight chain compounds have 
been well worked out for compounds with up to four methyl branches 
(Nelson 1993; Carlson et al. 1998).  The mass spectrum then provides the 
remaining data required for full identification of the basic structure of the 
compound, via the molecular ion (giving the molecular weight) and the 
enhanced diagnostic ions from cleavages on either side of each branch point.  
Used carefully, this methodology is sufficiently robust that it is usually 
possible to identify two or more overlapping branched chain compounds.  
Thus, identification of singly and doubly branched compounds is usually 
routine, with compounds with further methyl branches becoming 
increasingly difficult to identify unequivocally. 

Unsaturated hydrocarbons can be readily identified as such from their 
retention times being slightly shorter than those of the corresponding 
saturated hydrocarbons on nonpolar GC columns (for nonconjugated 
alkenes), with their molecular ions being 2, 4, 6, or more mass units less than 
the saturated hydrocarbons, and with characteristic patterns of ions.  
Although it is not usually possible to determine the position(s) or 
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geometry(s) of the double bonds from MS or retention time data, there are 
several excellent methods for determining these structural features (see 
Attygalle 1998).  For example, the alkenes can be derivatized with 
dimethyldisulfide to produce bis(methylthio) adducts, the mass spectra of 
which show large diagnostic ions that unequivocally determine the position 
of the original double bond.  Furthermore, the adducts from Z or E double 
bonds usually have different retention times, so as long as a standard of one 
of the two isomers is available, this information can also be determined 
readily.  The derivatization method also works for compounds with two or 
more double bonds, but there are two limitations.  First, as more and more 
methylthio groups are added with each double bond, the resulting derivatives 
become less and less volatile.  Second, depending on the relative positions 
of the double bonds, the adducts can lose dimethylsulfide, forming cyclic 
disulfides whose spectra are much more difficult to interpret (Attygalle 
1998).  It is also possible to determine that all the double bonds in a mono- 
or polyunsaturated hydrocarbon are in the (Z)-configuration by GC-FTIR, 
from the absence of the diagnostic out-of-plane C-H bending band of 
(E)-alkenes at ~970 cm-1. 

Polar lipids and other classes of cuticular compounds may be more 
difficult to identify due to their increased structural complexity in 
comparison to the hydrocarbons.  Nevertheless, with current spectroscopic 
methods, these compounds can also be identified with a determined effort 
(e.g., Yasui et al. 2007). 

However, it must be emphasized that there are two limitations to the 
analytical methods described above.  First, analysis of cuticular extracts by 
GC-MS is inherently limited only to those compounds that are sufficiently 
volatile to pass through the GC.  Although high temperature GC methods 
and columns have been developed that are capable of analysis of compounds 
with 60 or more carbons, these specialized columns have not to our 
knowledge been applied to the analysis of insect cuticular lipids.  Thus, 
most authors report hydrocarbons up to the C30-C40 range.  However, it has 
been shown that insect cuticular lipids do indeed contain compounds with 
>70 carbons (Cvacka et al. 2006).  Thus, it is possible if not likely that some 
contact pheromone components of cerambycids may consist of compounds 
that are too large to be analyzed readily by GC-MS.  Careful reexamination 
of some species for which contact pheromones have been reported but in 
which the full activity of the pheromone has not been reconstructed from 
synthetic compounds, may be warranted, using methods such as coupled 
LC-MS which will show all compounds present regardless of volatility. 

The second major limitation in studies of contact pheromones is that most 
of the methyl branched compounds are chiral, but very few researchers have 
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pointed out this problem, let alone attempted to address it. It is indeed a 
difficult problem, for several reasons.  First, there are no analytical methods 
available for separating the enantiomers of methyl-branched hydrocarbons, 
so the absolute configuration of an insect-produced hydrocarbon cannot be 
determined analytically.  Second, the optical rotations of long-chain 
methyl-branched hydrocarbons are extraordinarily small, so that even if 
standards were available, it would probably not be possible to determine the 
absolute configuration of the insect-produced compound by measurement of 
its optical rotation.  Thus, at present, it seems that the only possible way to 
determine the absolute configuration of the insect hydrocarbon is to 
synthesize and bioassay both enantiomers.  Even then, the responses of the 
test beetle to each enantiomer may be virtually identical (e.g. Fukaya et al. 
1997).  Taken individually or together, these two limitations may provide at 
least partial explanations for why reconstructed blends of contact sex 
pheromones are often not as stimulatory to male beetles as crude extracts or 
live females. 

Thus, a growing body of data has clearly shown that at close range or on 
contact, male cerambycids recognize females via the chemistry of the 
cuticular lipid components (e.g., Wang 1998; Yasui et al. 2003; Zhang et al. 
2003; Ginzel et al. 2003a, b, 2005, 2006; Barbour et al. 2007).  The contact 
pheromones are usually blends of saturated or unsaturated hydrocarbons or 
related compounds, with chain lengths between 20 and 40 carbons, but 
recently some much more structurally complex pheromone components also 
have been identified from Anoplophora malasiaca (Yasui et al. 2007)    

 
Bioassay of contact pheromones 
 
Contact of a male’s antenna with a female often results in immediate 
attempts to mount and copulate.  Because the responses are so fast and 
vigorous, in bioassays it is often possible to use models or “dummies” that 
have been treated with extracts from females or synthetic compounds.  
Alternatively, for species in which visual or tactile cues may also be 
important, freeze-killed beetles can be stripped of their cuticular lipids by 
several sequential brief immersions in solvent (hexane or methylene 
chloride), with or without brief sonication (e.g., Ginzel et al. 2003b, 2006).  
After testing to verify that the stripped carcasses elicit no responses from 
males, extracts can then be reapplied to the carcasses for bioassays.  The use 
of solvent-stripped male carcasses instead of females provides a further level 
of certainty in bioassay results.  That is, males rarely if ever display sexual 
responses to other males.  Thus, if treatment of a stripped male carcass with 
an extract or synthetic compound does indeed elicit vigorous mating 
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attempts by test males, one can be sure that these responses are due solely to 
the extracts applied to the carcass, and not to incomplete removal of the 
compounds from the cuticle. 

Because responses to fractions or individual synthetic compounds may be 
weaker than the responses elicited by female beetles, Ginzel et al. (2003b) 
used a multistep bioassay to measure male responses.  Thus, males were 
scored on four sequential behavioral steps: 1) the male orients to (turns 
toward) the female, 2) the male stops walking (= arrestment), 3) the male 
aligns his body with the female, and 4) the male mounts her and attempts to 
connect the genitalia.  This bioassay provides four sequential measures, 
each of which can be tested statistically with the corresponding responses to 
positive (e.g., fresh female carcass) or neutral (e.g., solvent-stripped male 
carcass) controls.    

 
Synthesis of male-produced volatile sex pheromones 
 

A large percentage of the male-produced pheromone components that have 
been identified to date have been found to consist of 2-hydroxy-3-alkanones, 
3-hydroxy-2-alkanones, or 2,3-alkanediols, with chain lengths of 6, 8, or 10 
carbons (Table 1).  Despite the apparent simplicity of these compounds, 
there is ample structural diversity to create unique pheromone signals.  That 
is, each of the hydroxyketones has two enantiomeric forms (Fig. 5A), so that 
there are a total of four possible different structures for each chain length, or 
12 in total.  Similarly, there are four stereoisomers of each 2,3-alkanediol 
(Fig. 5B), for a total of another 12 compounds.  In addition, males often 
produce blends of compounds consisting of one or more of these compounds 
in combination with other volatile components, such as terpenoids (Table 1).  
Thus, there is sufficient chemical diversity to create a wide variety of 
pheromone signals. 
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Fig. 5. Regio- and stereoisomers of hydroxyketones and 2,3-alkanediols of 
one chain length. 

The syntheses of the hydroxyketones can be approached from several 
different angles, depending on a researcher’s particular needs.  For example, 
a mixture of all 4 hydroxyketone isomers of a given chain length can be 
readily generated in one step by partial reduction of 2,3-alkanedione 
precursors (2,3-hexanedione is available from Aldrich Chemical, but the 
other chain lengths do not appear to be commercially available) with NaBH4 
in ethanol, followed by separation of the unreacted starting material and the 
over-reduced alkanediols, which are themselves useful (Fig. 6; Hanks et al. 
2007).  Alternatively, reduction of 2,3-alkanediones with Zn and ZnCl2 in 
ethanol gives a cleaner mixture containing only the hydroxyketones (Toda et 
al. 1989; Millar and Zhou unpub. data).   
 

O

O

OH

OH

O

OH

OH

O

a b +

a) 2,3-hexanedione added to NaBH4 in EtOH; 
b) NaBH4 added to 2,3-hexanedione in EtOH

 
Fig. 6. Synthesis of mixtures of all isomers of 2,3-hexanediols or 
2,3-hydroxyhexanones. 
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If a single compound is required in either racemic or enantiomeric form, 

then several syntheses have been developed.  Thus, racemic 
2-hydroxy-3-alkanones can be prepared in three steps from acetaldehyde and 
an appropriate alkanal, via the anion of the 1,3-dithiane formed from the 
alkanal (Fettköther et al. 1995), whereas the enantiomers of 
2-hydroxy-3-alkanones of any desired chain length are readily available 
from lactic acid precursors (Fig. 7; Sakai et al. 1984; Hall et al. 2006; Lacey 
et al. 2008). 

Whereas the racemic 3-hydroxy-2-alkanones can be readily made in any 
desired chain length from reaction of the anion of 2-methyl-1,3-dithiane with 
the appropriate aldehyde (Schröeder et al. 1994; Fettköther et al. 1995; Lacey 
et al. 2007b), direct preparation of the enantiomers entails somewhat longer 
syntheses that only produce one enantiomer at a time (Schröder et al. 1994). 
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OH
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O

OTHP
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Li
O

OTHP
DHP, H+ LiOH 1. RLi

R

O

OH

Methyl or ethyl
lactate

O

O

OH
R

O

OH
R = C3, C5, C7

D. R. Hall et al., 2006

2. Deprotect

 
Fig. 7. Synthesis of enantiomers of 2-hydroxy-3-alkanones from lactic acid 
ester precursors. 
 

However, the enantiomers can be prepared in multigram quantities and 
high enantiomeric purity by kinetic resolution of the racemic material with 
the Amano AK lipase (Fig. 8; Lacey et al. 2007b). 
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Fig. 8. Synthesis of 3-hydroxy-2-alkanone enantiomers by kinetic resolution 
of the racemates with Amano AK lipase. 
 

The 2,3-alkanediols are also readily synthesized.  A mixture of all four 
isomers of a given chain length can be produced simply by complete 
reduction of the corresponding 2,3-alkanedione with NaBH4 in ethanol (Fig. 
6; Hanks et al. 2007).  The two diastereomers can be prepared as racemates 
by ruthenium-catalyzed oxidation of the corresponding (2E)- or (2Z)-alkenes 
(Fig. 9). 

n

n

n

n

OH

OH

OH

OH

NaIO4, H2SO4

RuCl3, -10ºC

NaIO4, H2SO4

RuCl3, -10ºC

 
Fig. 9.  Stereospecific synthesis of racemic syn- or anti-2,3-alkanediols 

by ruthenium-catalyzed oxidation with periodic acid. 
 
  In principle, the enantiomers can also be prepared by asymmetric 

dihydroxylation of the same alkene precursors (Kolb et al. 1994), but in our 
experience, the enantiomeric excesses of the resulting products are 
unacceptably low (~80% or less).  Thus, an expedient alternative is to 
simply reduce one of the chiral hydroxyketones, yielding a mixture of two 
diastereomers which can be readily separated by flash chromatography (Fig. 
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10, Lacey et al. 2008).  Alternatively, two groups have described syntheses 
of the individual isomers of these compounds using Sharpless asymmetric 
epoxidation/kinetic resolution of 1-alken-3-ols to generate the corresponding 
1,2-epoxy-alkan-3-ols, which upon reduction with LiAlH4 gave one 
stereoisomer of the desired diol (Mori and Otsuka 1985; Schröder et al. 1994; 
Rhainds et al. 2001).  Schröder et al. (1994) also described the synthesis of 
another of the four stereoisomers from (-)-diethyl tartrate.  
 

+R

O

OH
R

OH
R

OH

OH OH

Flash chromatog.
Pure stereoisomers

 
Fig. 10.  Synthesis of enantiomers of 2,3-alkanediols by reduction, followed 
by separation of the diastereomeric products by flash chromatography. 

 
Using these methods, we synthesized all 24 possible 2-hydroxy-3-ketones, 

3-hydroxy-2-ketones, and 2,3-alkanediols with 6, 8, or 10 carbon chain 
lengths.  This library of standards has been extremely valuable for 
conclusively identifying these types of compounds in pheromone extracts 
from a variety of species.  Furthermore, by using both mixtures of 
stereoisomers (Hanks et al. 2007) and pure compounds (Millar and Hanks, 
unpub. data) we have been able to attract a wide variety of species in 
screening trials, and in almost all cases, the synthetic compound that 
attracted a particular species has been verified to be part of its pheromone.  
The only exception was Phymatodes lecontei, both sexes of which were 
attracted to 3-hydroxy-2-hexanone, whereas the only compound that was 
isolated from either sex was the male-specific (R)-2-methyl-1-butanol, to 
which both sexes were also attracted (Hanks et al. 2007).  This suggests that 
this species may be eavesdropping on the pheromones of related species, 
possibly to help in finding suitable habitats. 

 
Synthesis of contact sex pheromone components 
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Because the contact sex pheromones of cerambycids are usually simple 
hydrocarbons, they also can be readily obtained or synthesized.  Linear 
alkanes are generally commercially available.  A few alkenes are also 
available, but those that are not can be readily made by (Z)-selective Wittig 
reactions (the vast majority of insect cuticular alkenes have the 
(Z)-configuration).  If the required precursors (an aldehyde and a 
phosphonium salt) are not available, they can be obtained in one step each 



from the corresponding alcohol and alkyl halide, respectively.  The crude 
alkenes usually can be conveniently purified by low temperature 
recrystallization (0 to –20ºC) from acetone or hexane (e.g., Ginzel et al. 
2003).  Alternatively, (Z)-alkenes can be prepared by reduction of the 
corresponding dialkylacetylene by a variety of methods (e.g., Masuda and 
Mori 2002).  Alkadienes and more highly unsaturated compounds can be 
generated by iterative application of the (Z)-selective Wittig reaction to the 
appropriate precursors. 

Saturated methyl-branched compounds can also be made quite readily by 
a variety of methods (Fig. 11, top).  For monomethyl branched compounds, 
reaction of an alkan-2-one with a Grignard reagent, followed by dehydration 
and reduction of the resulting alcohol gives the desired product, albeit in 
racemic form.  Alternatively the same ketone can be reacted with a Wittig 
reagent, followed by reduction of the resulting alkene. 

Racemic dimethylalkanes can be generated in a few steps from 
symmetrical diketones, themselves available in one step from the acid 
chlorides of dicarboxylic acids (Fig. 11, bottom).  Analogous reaction 
sequences can be applied to produce more highly branched compounds. 

If desired, the corresponding chiral methyl-branched hydrocarbons can be 
produced by somewhat longer but still straightforward sequences, by 
sequential alkylation of appropriate methyl-branched chiral synthons (Fig. 
12), with iterative sequences used to introduce multiple methyl branches (see 
e.g., Marukawa et al. 2001; Masuda and Mori, 2002). 
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Fig. 11. Synthesis of racemic methyl-branched hydrocarbons 
 
 
 

X Y R1 R2

X Y R1 R2

Chiral, single methyl branch

Chiral, 2 or more methyl branches

 
 
Fig. 12. Synthetic strategy to produce enantiomers of methyl-branched 
hydrocarbons. 

 
A few more complex contact sex pheromones have been identified from 

cerambycids (unsaturated ketones; Yasui et al. 2003; complex lactones, 
Yasui et al. 2007).  With the relatively unique nature and increasing 
structural complexity of these compounds, specific, targeted syntheses of 
each of these compounds must be developed, rather than being able to 
generalize as to their syntheses. 

 
Summary 
 
During the past decade, researchers have made major progress in identifying 
and determining the functions of both volatile and nonvolatile pheromones 
for a number of cerambycid species.  The increase in the number of 
available structures has resulted in the emergence of the first tentative trends 
in pheromone chemistry and use within this large insect family.  To date, 
volatile pheromones have been identified only from males, although it is 
clear that there are powerful female-produced attractant pheromones in at 
least one subfamily, the prionines.  Many of the male-produced pheromones 
share a common structural motif, consisting of 2-hydroxy-3-alkanones, 
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3-hydroxy-2-alkanones, or 2,3-alkanediols of 6, 8, or 10 carbons.  Even 
though these are relatively simple molecules, the fact that each base structure 
has two or four stereoisomers greatly increases the number of structures that 
can be used as pheromone components.  In addition, it is becoming apparent 
that males can produce a variety of other classes of structures as pheromone 
components, including terpenoids and aromatic compounds.  In some 
species, the pheromone components are attractive by themselves, either 
singly or in blends, whereas in other species, pheromones only appear to be 
attractive when released in blends with host plant volatiles.  The biological 
function of the attractant pheromones appears to differ between species, 
because in some species, both sexes are attracted by the male-specific 
compounds, whereas in others, only females are attracted.   

For those species in which the attractant pheromones are male-produced, 
male beetles exhibit highly stereotyped calling behaviors, termed the 
“push-up stance”, which can be a useful indicator that males of a particular 
species do indeed produce pheromones.  Furthermore, males of 
pheromone-producing species have sex-specific cuticular pores associated 
with the pheromone glands, which serve as a another useful indicator of 
pheromone production.  Ongoing work suggests that, in those species in 
which the attractant pheromones are produced by females, the females also 
have specific pheromone glands and calling behaviors. 

As with many other insect species, male cerambycid beetles use contact 
sex pheromones for short-range recognition of conspecific females.  These 
compounds are typically cuticular hydrocarbons or related compounds, and 
there is some evidence that males also use these compounds as trail 
pheromones to track and locate females. 

Overall, it should be kept in mind that investigations into the 
semiochemicals of cerambycid beetles are only just beginning, considering 
that well under 100 species have received even cursory study of their 
pheromone chemistry, from the estimated 35,000 species in the family 
(Lawrence 1982).  Nevertheless, the trends in pheromone use that are 
beginning to appear, and the resulting predictions that can be made as to 
whether a particular species is likely to use pheromones, and if so, the most 
likely types of structures, should greatly accelerate the pace of research into 
cerambycid semiochemistry.  Substantial practical benefits also can be 
expected as pheromones that can be exploited for detection and management 
of pest cerambycid species are elucidated. 
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TABLE 1.  SUMMARY OF PUBLISHED RESEARCH ON ATTRACTANT PHEROMONES OF MALE 
CERAMBYCIDAE. 

Subfamily 
(Tribe) 

Species   Pheromone components References

Aseminae 
(Asemini) 

Tetropium fuscum Kirby (E)-6,10-dimethyl-5,9-undecadien-2-ol Silk et al. 2007 

Aseminae 
(Asemini) 

Tetropium 
cinnamopterum Kirby 

(E)-6,10-dimethyl-5,9-undecadien-2-ol Silk et al. 2007 

Lamiinae 
(Monochamini) 

Anoplophora 
glabripennis Motsch. 

4-(n-heptyloxy)butanal,  
4-(n-heptyloxy)butan-1-ol 

Zhang et al. 2002  

Cerambycinae 
(Anaglyptini) 

Anaglyptus subfasciatus 
Pic 

(R)-3-hydroxyhexan-2-one;  
(R)-2-hydroxyoctan-3-one  

Nakamuta et al. 1994, 1997; 
Leal et al. 1995 

Cerambycinae 
(Callidiini) 

Hylotrupes bajulus (L.) (R)-3-hydroxyhexan-2-one;  
(2R,3R)-and (2S,3R)-hexanediol 

Schröder et al. 1994; 
Fettköther et al. 1995 

Cerambycinae 
(Callidiini) 

Phymatodes lecontei 
Linsley 

(R)-2-methylbutan-1-ol Hanks et al. 2007 

Cerambycinae 
(Callidiini) 

Pyrrhidium sanguineum 
(L.) 

(R)-3-hydroxyhexan-2-one;  
(2R,3R)-and (2S,3R)-hexanediol 

Schröder et al. 1994 

Cerambycinae 
(Clytini) 

Megacyllene caryae 
(Gahan) 

(2S,3R)- and (2R,3S)-2,3-hexanediols; 
(S)-(-)-limonene, 2-phenylethanol, 
(-)-α-terpineol, nerol, neral, geranial 

Lacey et al. 2008 
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Cerambycinae 
(Clytini) 

Neoclytus acuminatus 
acuminatus (F.) 

(2S,3S)-hexanediol Lacey et al. 2004 

Cerambycinae 
(Clytini) 

Neoclytus modestus 
modestus Fall 

(R)-3-hydroxyhexan-2-one Hanks et al. 2007 

Cerambycinae 
(Clytini) 

Neoclytus mucronatus 
mucronatus (F.) 

(R)-3-hydroxyhexan-2-one Lacey et al. 2007b 

Cerambycinae 
(Clytini) 

Xylotrechus nauticus 
(Mannerheim) 

(R)- and (S)-3-hydroxyhexan-2-one Hanks et al. 2007 

Cerambycinae 
(Clytini) 

Xylotrechus pyrrhoderus 
Bates 

(2S,3S)-octanediol 
(S)-2-hydroxyoctan-3-one 

Iwabuchi 1982, 1988; 
Iwabuchi et al. 1985, 1986; 
Sakai et al. 1984  

Cerambycinae 
(Clytini) 

Xylotrechus chinensis 
Chevrolat 

2,3-octanediol 
2-hydroxyoctan-3-one,  
3-hydroxyoctan-2-one 

Iwabuchi et al. 1987; 
Kuwahara et al. 1987 

Cerambycinae 
(Clytini) 

Xylotrechus quadripes 
Chevrolat 

(S)-2-hydroxydecan-3-one 
 

Hall et al.2006 
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