
 

Structure elucidation of semiochemicals related to: 
Polygraphus poligraphus, Polygraphus punctifrons, 
Trioza apicalis, Whittleia retiella, Neodiprion 
edulicolus, Neodiprion scutellatus, Neodiprion knereri 
and Neodiprion virginianus 

 

  

Rizan Rahmani 

 
Main supervisor: Professor Erik Hedenström 

Co-supervisor: Professor Dan Bylund 

Faculty of Science, Technology and Media 

Thesis for a Doctor of Philosophy degree in Chemistry 

Mid Sweden University 

Sundsvall, Sweden, 2019-03-12 



ii 

 

Akademisk avhandling som med tillstånd av Mittuniversitetet i Sundsvall framläggs 

till offentlig granskning för avläggande av filosofie doktorsexamen i kemi tisdagen 

den 12 mars 2019, klockan 10:15, i sal O102, Mittuniversitetet Sundsvall. Seminariet 

kommer att hållas på engelska. 

Structure elucidation of semiochemicals related to: 
Polygraphus poligraphus, Polygraphus punctifrons, 
Trioza apicalis, Whittleia retiella, Neodiprion 
edulicolus, Neodiprion scutellatus, Neodiprion knereri 
and Neodiprion virginianus 

 

 

 

 

 

 

© Rizan Rahmani, 2019 

Printed by Mid Sweden University, Sundsvall 

ISSN: 1652-893X 

ISBN: 978-91-88527-88-2 

 

Faculty of Science, Technology and Media  

Mid Sweden University, SE-851 70 Sundsvall, Sweden 

Phone: +46 (0)10 142 80 00 

Mid Sweden University Doctoral Thesis 293 



iii 

 

Believe in your dreams. 

They were given to you 

for a reason. 

 
Katrina Mayer 

 

 

 

 

 

 

 

 

 

 

 



iv 

Acknowledgements 

 
I would like to express my sincere thanks to: 

My supervisor Erik Hedenström, who has given me the confidence and time 

to be able to grow.  I am grateful for his help and support during this time. 

My assistant supervisor Dan Bylund and my mentor Christina Dahlström. 

Joakim, who has always been one of my best friends and has helped me in 

everything, all the time; Erika for nice talks and the time we have spent 

together; I wish we could spend more time; Joel for technical help and funny 

discussions. You are all amazing and I am so happy to have had the chance to 

meet you and to be a friend and colleague to you. 

Fredrik and Lina, who have been kind, nice and great lab mates, I wish you 

the best in your life. Kerstin, who has a nice smile all the time and is a great 

host with a wonderful horse (Sara). Thanks to Jonas for being a kind and good 

friend and colleague.  

My present and former colleagues: Shiromi, Amelie, Natalia, Yirgalem, 

Christian, Isse, Samson and Saba. 

Special thanks to Torborg Jonsson and Håkan Norberg for all lab equipment, 

problem solving, preparing and ordering materials and so on. My sincere 

thanks to Anna Haeggström for her help and to lovely Ingrid and Gunnar. 

Thanks to Viktoria for being nice and arranging the Friday colour theme.  

Thanks to: Professor emeritus Hans-Erik Högberg, Professor Anders Jonsson, 

Professor Martin Schroeder from SLU University, Professor Olle Anderbrant 

from Lund University, Assistant Professor Mattias Larsson from Alnarp and 

Assistant Professor Catherine Linnen from the University of Kentucky and 

all other co-authors of my papers.  

Many thanks to all my Iranian friends, Rana, Ghadir, Tania, Emad, Morteza, 

Reza, Vahid, Farid, Amir, Sajjad, Mona, Hamid, Sona, Sina, Hoodad, Anne, 

Yashar and Rachel. Special thanks to my besties, two sweet sisters, Yasna and 

Rana; I don’t know what the last two years of my life would have been like 

without you.  



v 

I am so grateful to my parents; Mom, I don’t know how I would have survived 

without your support, you are so important to me. Dad, I wish you could be 

alive and celebrate this day with me, I will always love you and you are in my 

heart forever. Thanks to my father-in-law, who is a great grandfather. Thanks 

to the rest of my family, Shabnam, Razaveh, Farhad, Faryad, Golriz, Shahin, 

Zanyar, Babak, Agrin and Zhalin for their support. 

Thanks to my little love, my sweet son, Edwin Zhiwar, for his love, although 

you do not know what I have been doing and hopefully one day I can 

celebrate your successes. 

Finally a very special thanks to Sasan, the love of my life, who has been the 

best friend and company ever. 



vi 

Table of contents 

Acknowledgements ........................................................................................... iv 

Table of contents ............................................................................................... vi 

Abstract ............................................................................................................ viii 

Sammanfattning................................................................................................. xi 

List of papers ................................................................................................... xiv 

Author contributions ....................................................................................... xvi 

List of abbreviations....................................................................................... xvii 

1 Introduction ...................................................................................................... 1 

1.1 Chemical ecology ........................................................................................... 1 

1.2 Semiochemicals.............................................................................................. 1 

 Pheromones ......................................................................................... 2 

 Allelochemicals .................................................................................... 4 

1.3 Application of semiochemicals in pest management ...................................... 4 

 Monitoring ............................................................................................ 5 

 Mass trapping....................................................................................... 5 

 Attract and kill....................................................................................... 5 

 Mating disruption .................................................................................. 5 

 Repelling .............................................................................................. 5 

 Push and pull ....................................................................................... 6 

1.4 Stereochemistry .............................................................................................. 6 

 Stereochemistry in life .......................................................................... 8 

 Stereochemistry in pheromones .......................................................... 9 

2 Methods for structure elucidation................................................................ 10 

2.1 Sample preparation ...................................................................................... 10 

 Solid phase microextraction (SPME) ................................................. 10 

 Headspace ......................................................................................... 10 

 Solvent extraction............................................................................... 11 

2.2 Purification .................................................................................................... 11 



vii 

 Liquid chromatography....................................................................... 11 

 Preparative gas chromatography (Prep-GC) ..................................... 12 

2.3 Analytical instruments used in structure elucidation ..................................... 13 

 Gas Chromatography – Flame Ionisation Detection (GC-FID) .......... 13 

 Gas Chromatography – Electroantennographic Detection (GC-EAD) 13 

 Gas Chromatography – Single Sensillum Recording (GC-SSR) ....... 13 

 Gas Chromatography – Mass Spectrometry (GC-MS) ...................... 14 

 Quadrupole Time of Flight Liquid Chromatography Mass Spectrometry 

(Q-TOF-LC-MS) .......................................................................................... 14 

 Fourier Transform Infrared Spectroscopy (FT-IR) .............................. 14 

 Gas Chromatography – Fourier Transform Infrared Spectrometry (GC-

FTIR) ........................................................................................................... 15 

 Nuclear Magnetic Resonance Spectroscopy (NMR) .......................... 15 

 Polarimeter ......................................................................................... 15 

2.4 Synthesis ...................................................................................................... 15 

3 Objective......................................................................................................... 17 

4 Results and discussion................................................................................. 18 

4.1 Pheromone of male Polygraphus poligraphus and Polygraphus punctifrons 
(Papers I, II and III) ............................................................................................. 18 

4.2 Bioactive compound from the carrot Daucus carota L. extract (Paper IV).... 38 

4.3 Bioactive tentative pheromone components in Whittleia retiella female extract 
(Paper V) ............................................................................................................ 41 

4.4 Pheromone of Neodiprion spp (Paper VI)..................................................... 46 

5 Conclusion and future perspectives............................................................ 50 

6 References ..................................................................................................... 53 

 



viii 

Abstract 

Pest insects can have adverse and damaging impacts on agricultural 

production, the natural environment, and our lifestyles. They may cause 

problems by damaging forest and food production. To cope with these 

problems, many industries use pesticides. However, pesticides are 

detrimental for the environment and produce considerable damage to 

ecosystems. Pesticides can be harmful to non-target species; they pollute air, 

water and soil; and can also have considerable effects on natural biological 

equilibria. A more environmentally friendly form of pest management is thus 

called for, and one such alternative to pesticides is the use of semiochemicals, 

chemical substances that insects use for communication. Semiochemicals can 

be used to interfere with this communication by, for example, attracting the 

pests to traps to either kill or estimate the population size of the pest. By using 

species-specific communication, one can direct the effort towards only the 

insect one wants to influence. The method is very effective, which means that 

it can also be used for conservation purposes to investigate the occurrence of 

very rare and red-listed insect species. 

 

The focus of this thesis is on purification methods, the separation of 

stereoisomers, analysis and identification, structure elucidation, the synthesis 

of identified compounds, and the evaluation of identified compounds in field 

trials. The thesis is composed of four parts: 

 

The first part deals with a collection of volatile compounds emitted from 

different bark beetles, which are pest insects of Norway spruce (Picea abies), 

causing significant economic damage in different areas of Sweden. We 

followed chemicals by collecting all volatile compounds produced by male 

Polygraphus poligraphus, Polygraphus punctifrons and by Norway spruce using 

solid phase micro-extraction. The collected samples were analysed by gas 

chromatography and mass spectrometry. We found that single males of P. 

poligraphus emitted ()-(R)-terpinen-4-ol in high optical purity (>96.3% ee) but 

also that the optical purity decreases after the beetles have mated (down to 

67.7% ee). In the field evaluation for P. poligraphus, more optically pure ()-

(R)-terpinen-4-ol increased the catches compared to when lower optical purity 

was used (50% ee). Thus, the content of (+)-(S)-terpinen-4-ol decreased the 

catches. Also the percentage of males was higher when ()-(R)-terpinen-4-ol 

was used alone, compared to when ()-(R)-terpinen-4-ol was combined with 

frontalin. The addition of frontalin seems to lower the proportion of males. 
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A combination of (+)-(1R, 2S)-grandisol and ()-(R)-terpinen-4-ol was 

identified for the first time as the pheromone components of P. punctifrons. 

The activity of the synthetic references was verified by field assays (not pure 

enantiomers of grandisol). From field tests, a synergistic effect of rac-grandisol 

together with ()-(R)-terpinen-4-ol was noted as the combination increased 

the number of catches; in contrast to the effect of rac-grandisol only in the trap. 

 

The second part of the thesis is related to the separation and purification of 

bioactive compounds using preparative gas chromatography (Prep-GC). 

Purification and structure elucidation was done for an unknown bioactive 

compound in leaves from carrots (Daucus carota). The compound is active on 

the carrot psyllid, Trioza apicalis (Homoptera: Psylloidea) antennae, as 

recorded by GC-SSR; this species is one of the major pests for carrots in 

Northern Europe. The purification part of this study was done with Prep-GC, 

and further analysis was performed with infrared spectroscopy, gas- and 

liquid-chromatography coupled to mass spectrometry, and by nuclear 

magnetic resonance. The bioactive compound was identified as 

sesquisabinene B, which was confirmed by comparing with data from the 

literature.  

 

The third part deals with the analysis and identification of pheromones of the 

rare insect salt marsh bag moth species Whittleia retiella. Identifying the 

pheromone opens up the possibility of monitoring this rare and threatened 

species to survey its distribution and habitat requirements in order to use 

appropriate conservation methods. Two compounds produced by W. retiella 

females elicited electrophysiological responses from the antennae of males. 

The major compound was identified as the novel (2S)-butan-2-yl (5Z)-dec-5-

enoate and the activity was confirmed by field bioassay. The minor 

compound was suggested to be the novel propan-2-yl (5Z)-dec-5-enoate or 

propan-2-yl (4Z)-dec-4-enoate. The identity of this minor component needs to 

be confirmed by further field tests using both compounds, as only propan-2-

yl (5Z)-dec-5-enoate was used in this work.  

 

The final part is about pine sawflies, which are a family of insects that in some 

cases can be severe defoliators of pine trees. They store long chained 

secondary alcohols in the female body as a pheromone precursor, which is 

esterified to the sex pheromone when released from the body. Female extracts 

of eight Neodiprion species were purified by solid phase extraction and 

analysed using gas chromatography and mass spectrometry. Female extracts 
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of N. excitans, N. autmnalis, N. pinusrigidae and N. fabricii contained no alcohol 

in our analysis, probably due to the small amount of extracted females. 

However, a combination of 3-methyl-2-pentadecanol and 3,7-dimethyl-2-

pentadecanol were identified as pheromone precursors of N. edulicolus 

females. The identification was confirmed by comparing retention time and 

mass spectra with synthetic references. 3-methyl-2-pentadecanol and an 

unidentified alcohol X were isolated as pheromone precursors of N. scutellatus 

females. X was also found in the female extract of N. knereri and N. virginianus 

but the alcohol X is still unidentified.  

 

Keywords: Pheromone, semiochemicals, bark beetles, pest, Polygraphus 

poligraphus, Polygraphus punctifrons, Trioza apicalis, Whittleia retiella, Neodiprion 

spp., analysis. 
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Sammanfattning 
Angrepp av skadeinsekter kan ge stora negativa ekonomiska effekter på 

skogs- och jordbruk och för att bekämpa skadegörare används ofta 

insekticider. Dessa är ofta skadliga även för andra arter än den som man vill 

bekämpa och kan därför ha betydande effekter på den biologiska jämvikten. 

De kan också vara svårnedbrytbara vilket gör att de påverkar och förorenar 

vår livsmiljö i ett långsiktigt perspektiv. Mer miljövänliga övervaknings- och 

bekämpningsmetoder är därför önskvärda och ett alternativ kan vara att 

använda semiokemikalier som är naturliga kemiska ämnen som bland annat 

insekter använder för kommunikation. Semiokemikalier kan användas för att 

störa denna kommunikation genom att exempelvis locka insekten till 

fångstfällor för att antingen döda eller för att uppskatta mängden av 

skadegöraren. Man utnyttjar då att kommunikationen är artspecifik och kan 

på så sätt rikta insatsen mot endast den insekt man vill påverka. Metoden är 

mycket effektiv vilket gör att den även kan användas i bevarande syfte för att 

undersöka förekomster av mycket sällsynta och rödlistade insektsarter.  

 

Fokus för denna avhandling har varit att utveckla metoder för att rena, isolera 

och strukturbestämma semiokemikalier med ursprung både från insekter och 

växter. 

 

En del behandlar insamling av flyktiga föreningar som utsöndras från olika 

dubbelögade bastborrar, vilka är skadedjur på gran (Picea abies) i Sverige. I 

denna laboratoriestudie samlades föreningarna in från två arter, Polygraphus 

poligraphus och Polygraphus punctifrons samt från deras värdträd. För 

insamling användes fastfas mikroextraktion som är en lösningsmedelsfri 

teknik som absorberar flyktiga ämnen som emitteras från till exempel insekter 

och växter. De insamlade ämnena analyserades sedan med gaskromatografi 

och masspektrometri. Vid försöken avgav P. poligraphus hanar aggregations-

feromonet ()-(R)-terpinen-4-ol i hög optisk renhet (>96.3% ee)men den 

optiska renheten minskar efter att de har parat sig (ned till 67.7% ee). I 

fältförsök ökade fångsten av P. poligraphus med optiskt ren ()-(R)-terpinen-

4-ol jämfört med lägre optisk renhet (50% ee), vilket betyder att inblandning 

av (+)-(S)-terpinen-4-ol minskade fångsterna. Dessutom kan nämnas att när 

enbart ()-(R)-terpinen-4-ol användes som bete var procenten fångade hanar 

högre än då en kombination med frontalin användes. 

 



xii 

 En blandning av (+)-(1R,2S)-grandisol och ()-(R)-terpinen-4-ol har 

identifierats som feromonkomponenter hos P. punctifrons med den första 

föreningen som huvudkomponent. En ökning av fångsterna observerades för 

racemisk grandisol tillsammans med ()-(R)-terpinen-4-ol jämfört med om 

enbart racemisk grandisol användes i fällan.  

 

Nästa del fokuserar på separation och rening av bioaktiva föreningar med 

hjälp av preparativ gaskromatografi. Morotsloppan, Trioza apicalis, är ett 

mycket besvärligt skadedjur för morotsodlare i Nordeuropa. En oidentifierad 

bioaktiv förening som finns i blad från morot (Daucus carota) har vid 

mätningar visat aktivitet på loppans antenner. Föreningen renades och 

koncentrerades med preparativ gaskromatografi och strukturbestämdes 

därefter med metoder som; infraröd spektroskopi, gas- och vätske-

kromatografi kopplat med masspektrometri, samt med kärnmagnetisk 

resonans. Den identifierade bioaktiva föreningen var sesquisabinen B, vilket 

bekräftades genom att jämföra analysdata med data från litteraturen.  

 

En tredje del behandlar analys och identifiering av feromoner hos den 

sällsynta och rödlistade insektsarten Whittleia retiella. Målet med denna studie 

var att identifiera feromonet hos arten och därigenom möjliggöra 

övervakning så att insatser kan göras för att bevara denna sällsynta och 

hotade insekt. Huvudkomponenten i feromonet visade sig efter 

strukturutredning vara (2S)-butan-2-yl (5Z)-dek-5-enoat och identiteten 

bekräftades genom syntes och den biologiska aktiviteten genom fältförsök. 

Däremot råder en osäkerhet om den mindre komponenten är propan-2-yl 

(5Z)-dek-5-enoat eller propan-2-yl (4Z)-dek-4-enoat då den första inte gav 

tydliga indikationer på biologisk aktivitet i fältförsök och den senare inte 

ännu har testats. 

 

Den sista delen inriktar sig på tallsteklar, som är en familj av insekter som kan 

vara svåra skadegörare på tall. Honextrakt av åtta Neodiprion arter renades 

med vätskekromatografi och analyserades därefter med gaskromatografi 

kopplat med masspektrometri. Identifiering gjordes genom att jämföra 

retentionstider och masspektra med syntetiserade föreningar och 

litteraturdata. Normalt hittas i honextrakt långkedjiga sekundära alkoholer 

som prekursorer till estrar som är det aktiva feromonet. Extraktet från N. 

edulicolus visade sig innehålla en kombination av 3-metyl-2-pentadekanol och 

3,7-dimetyl-2-pentadekanol medan 3-metyl-2-pentadekanol och okänd 

alkohol X isolerades från N. scutellatus. Hos N. knereri och N. virginianus 



xiii 

identifierades samma okända alkohol X vars identitet ännu inte slutligen 

fastställts. Honextrakten av N. excitans, N. autmnalis, N. pinusrigidae och N. 

fabricii innehöll för få individer för att kunna avgöra om en långkedjig 

sekundär alkohol var närvarande i extrakten.
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1 Introduction 

Trees are some of the largest sources of raw materials for many industries and 

thus play an important role in the economy of many countries. In recent years, 

demand for wood-based raw materials for sustainable industry production 

has grown significantly. Forestry practices, which maintain healthy and well 

growing forests, will thus be even more important in the future. Pest insects 

cause great economic losses in the food industry and forestry. It has been 

estimated that invasive insects cause at least 69 billion euros of damage per 

year globally (Bradshaw et al. 2016). The pesticides normally used often have 

drawbacks: they are not selective and also kill other insects and animals; they 

can pollute ground water, soil and air; and the pest insects can develop 

resistance over long-term use. To lower the negative impact of forest pests 

such as insects and forest diseases, industries need to consider 

environmentally friendly methods to protect the forest. An alternative to 

insecticides is to use the natural chemicals that insects produce and utilise to 

communicate with each other.  

Often insects use one or several stereoisomers of a chiral substance as their 

sex pheromone, and they only respond to an exact composition. Chemical 

ecology deals with semiochemicals involved in the interactions in their 

communication system. It is therefore crucial to have and use analytical 

methods that can separate and detect these semiochemicals selectively. In this 

thesis, studies and experiments have been done in order to investigate and 

develop these analytical methods. 

 

1.1 Chemical ecology  

Ecology is the scientific study of interactions among organisms and between 

organisms and their environment. Chemical ecology is the study of the 

structure, origin and function of naturally occurring chemicals that mediate 

intraspecific or interspecific interactions. These chemicals are known as 

semiochemicals, a term proposed for the first time in 1971 (Law and Regnier 

1971).  

 

1.2 Semiochemicals  

Chemicals that transcribe a signal from one organism to another in order to 

modify the behaviour of the recipient organism are called semiochemicals. 
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These are small organic compounds that transmit chemical messages, which 

are used for intra- and interspecies communication. Semiochemicals are 

further divided into subgroups based on the purpose or benefits for the 

transmitter and/or receiver.  

The chemical analysis of semiochemicals should consider both effects and 

structure (Figure 1). In terms of effect, semiochemicals can be classified as 

pheromones or allelochemicals, based on how they are used and who benefits. 

 

 

Figure 1. Different groups and subgroups of semiochemicals. 

 

 Pheromones 

The term ‘pheromone’ was introduced in 1959 (Karlson and Lüscher 1959) 

and is derived from the Greek words ‘pherein’ (to carry) and ‘horman’ (to 
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excite/stimulate). Pheromones are secreted or excreted chemical factors 

enabling communication between life forms of a member or members of the 

same species, triggering a specific response in the recipient. Soon after that 

the first pheromone identification and categorisation was reported by 

Butenandt and pheromone science began (Butenandt et al. 1959). The 

existence of pheromones had been known since at least 1609, when lone bees’ 

attraction and provocation to mass sting following the release of a specific 

substance by a single sting was observed and described by Charles Butler 

(Nordlund and Lewis 1976). Some pheromone subgroups are: 

 

Aggregation. A type of pheromone, which is released by insects to attract both 

males and females of the same species to a location; a reaction to overcome 

host resistance by mass attack; defence against predators; and to attract 

potential mates. In 1966 volatiles produced by Ips paraconfusus were identified 

as the first known aggregation pheromone. A combination of three 

compounds, ipsdienol, ipsenol and cis-verbenol, produced by the male were 

attractive to both males and females (Silverstein et al. 1966). 

 

Repellent. Another group of chemicals, carrying a message of danger that 

signals the need to avoid unsuitable sources of food or unsuitable colonisation 

sites. It is used by honeybee (Apis mellifera ligustica) workers to mark with 

scent and reject all recently visited and nectar-depleted flowers (Giurfa 1993).  

 

Alarm. Volatile substances produced and released by some species to trigger 

flight or aggregation among members of the same species when attacked or 

to alert them to incoming predators. According to Vandermoten in 1972 (E)-

β-farnesene was identified as the first aphid alarm pheromone by Bowers, and 

it has been shown to be the primary alarm pheromone for many aphid species 

(Vandermoten et al. 2012). 

 

Trail. Chemicals used by many social insects to mark pathways to food 

sources and nests. In 1971, a trail pheromone produced by worker ants of Atta 

texana was analysed and identified for the first time (Tumlinson et al. 1971).  

 

Sex. Chemical compounds emitted to attract an individual of the opposite sex 

and encourage them to mate, usually produced by females (Howse et al. 1998). 

The first sex pheromone of the housefly (Musca domestica L.), (Z)-9-tricosene, 

was identified in 1971 (Carlson et al. 1971). 

 

https://en.wikipedia.org/wiki/Chemical
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 Allelochemicals  

Substances produced by living organisms, that mediate interactions with 

individuals of other species when released into the environment, are defined 

as allelochemicals (Nordlund 1981).  

 

Allomones (Gk. allo = different). A substance that is secreted by an individual 

of one species that affects the behaviour of another species, which serves the 

producing organisms but not the receiver. The production of allomones is a 

common form of defence, particularly by plant species against insect 

herbivores, and was proposed for the first time in 1968 (Brown 1968). 

 

Kairomones (Gk. kairos = opportunistic). Chemicals released by an organism 

that benefit an individual of another species which receives it (Brown et al. 

1970). 

 

Synomones (Gk. syn = with or jointly). A chemical emitted by an individual 

of one species that benefits both the producer and the recipient, which is of a 

different species. The feeding of an herbivorous arthropod and the 

oviposition of an herbivorous insect induce the release of plant synomones 

that are attractive to an egg parasitoid (Meiners and Hilker 2000). 

 

Apneumones (Gk. a-pneum = breathless or lifeless). A chemical released by a 

non-living source, that is beneficial to a recipient species but is unbeneficial to 

a different species associated with the non-living source. The original 

definition has been broadened by Nordlund and Lewis (1976) to involve 

information on transmitting chemicals and their function as toxins or 

nutrients (Nordlund and Lewis 1976). 

 

1.3 Application of semiochemicals in pest management 

Insect pests cause significant economic damage to forests and also destroy a 

large portion of our food (Witzgall et al. 2010). Pesticides have been one of the 

conventional methods for reducing these damages. However, due to 

increasing environmental awareness, various drawbacks, and harmful side 

effects, some more environment friendly methods have been developed.  

Since the first identification of a pheromone, chemical signals have become an 

interesting topic for scientists in biology, chemistry and agriculture/forestry. 

Biological control can be done by applying pheromones and kairomones to 
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detect, monitor and control insect populations (Norin 2007). Different 

applications include: 

 

 Monitoring 

One of the most common methods of pest management is to use attractants as 

sex pheromones, in traps used to detect and determine the temporal 

distribution of pest insects. For the Mediterranean fruit fly, Ceratitis capitata, 

male-produced pheromones could adequately attract insects to monitoring 

traps (Howse et al. 1998). 

 

 Mass trapping 

In this method, semiochemicals such as pheromones are applied in high 

densities in traps to catch as many individuals as possible of a pest species. 

Using sex pheromone for mass trapping has not been very successful in most 

cases. A male can fertilise more than one female; therefore a very high 

proportion of males would have to be removed in order to effect the fecundity 

of females (Howse et al. 1998). Thus, this method is only useful for species, 

which use aggregation pheromones. 

  

 Attract and kill 

A similar method to mass trapping which is based on using an attractant 

system to eliminate a substantial proportion of a pest population. The major 

difference is that, after attracting the pest, a pesticide is used to kill them (Koul 

et al. 2004).  

 

 Mating disruption 

Involves the use of sex pheromones in large amounts, saturating an area in 

order to prevent insects from finding the opposite sex for mating. For the 

oriental fruit moth, Grapholita molesta (Busck), mating disruption using its sex 

pheromone has been successfully performed by emitting pheromones in 

orchards (Kong et al. 2014). 

 

 Repelling 

Semiochemicals that are repellent and are feeding deterrents can also be a 

useful tool for managing insect behaviour. For example, nonanoic acid from 
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linden bark was used as a repellent for the pine weevil Hylobius abietis, making 

it avoid feeding on certain plants (Månsson et al. 2005). 

 

 Push and pull 

In this system, a repellent and an attractant semiochemical are simultaneously 

applied to increase efficacy in insect population management. Control of the 

cereal stem bores Chilo partellus and Busseola fusca on cereal crops in sub-

Saharan Africa is one successful example of the push and pull system (Khan 

et al. 2008).  

 

1.4 Stereochemistry 
Stereochemistry is a branch of chemistry that deals with the determination of 

the spatial (three dimensional shapes) arrangement of atoms from the 

structure of molecules. Stereochemistry studies the properties of chiral 

molecules and stereoisomers. Stereoisomers are isomers that have the same 

formula and connectivity but differ in the position of the atoms in space.  

 

Stereocentre. A carbon atom that bears four different atoms or groups of 

atoms (Figure 2A). 

 

Chiral. Any molecule with at least one stereocentre that is non-

superimposable with its mirror image but chiral molecules do not need to 

have a chiral centre. 

 

Enantiomers. Stereoisomers that are non-superimposable mirror images 

(Figure 2A). 

 

Diastereomers. Stereoisomers that are not mirror images of each other, with 

different physical and chemical properties. E/Z isomers of alkenes are one 

example. Structures containing more than one chiral centre, but that are not 

mirror images, are another example of stereoisomers (Figure 2B). 
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                A 

 

  

                B 

 

Figure 2. A: Enantiomers; (R)- and (S)-configurations of Lactic acid, S is the 

one of biological importance, B: Diastereomers; E/Z isomers and isomers with 

more than one chiral centre. 

 

Racemic mixture. A 1:1 (equimolar) mixture of two enantiomers; does not 

show any optical rotation. 

 

Optically active. The ability of some compounds to rotate plane polarised 

light is said to make them ‘optically active’, and this provides a means of 

measuring the optical purity. Specific rotation is a physical property and is 

defined according to the following equation: 

 

 

 

 

 

Alpha represents the optical rotation measured with a polarimeter, l the cell 

length of the sample, C the concentration of a solution or the density of a pure 

sample, T the temperature, and lambda the wave length of the light used, 

which is typically 589 nm from a sodium lamp. Enantiomers that rotate 

polarised light in a clockwise direction are termed dextrorotatory or (+), while 

their mirror-image partners, which rotate in a counter-clockwise manner, are 

termed levorotatory or (–). The prefixes dextro- and levo- come from the Latin 

dexter, right, and laevus, for left, and are abbreviated as D and L respectively. 

[  ] 


 

 
 

obs (degree) 

l (dm)× C (g/ml) 
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R and S configuration. To distinguish between enantiomers, a classification 

system of R and S is used, taken from the nomenculture system of the Cahn-

Ingold-Prelog (CIP). In this system each chiral centre in a molecule is assigned 

a prefix (R or S), and the symbol R comes from the Latin rectus for right, and 

S from the Latin sinister for left. A symbol is assigned depending on the 

priorities of the groups attached to a stereocentre. Priorities are based on the 

atomic number, with the group with the lowest priority (lowest atomic 

number) pointing back, and the rest of the groups being counted from highest 

to lowest priority. If the order is clockwise the centre is named R, and if it is 

counter-clockwise it is named S (Figure 2A).  

 

 Stereochemistry in life 

Stereochemistry has important effects in everyday life. Chirality is an essential 

dimension of pharmacology. For example, in drugs, many of the active 

components are chiral and often only one of a drug's enantiomers is 

responsible for the desired physiologic effects, while the other enantiomer is 

less active, inactive, or sometimes even productive of adverse effects.  

(−)-(R)-salbutamol (albuterol) is responsible for bronchodilator effects. (+)-(S)-

salbutamol has little bronchodilation activity, and actually causes 

hyperkalemia; and has been implicated in eosinophil activation and is 

thought to have pro-inflammatory properties (Vakily et al. 2002). 

Unfortunately, (−)-(R)-salbutamol (introduced as Levalbuterol) retains the 

undesirable side effects of hypokalaemia, hyperglycaemia, tachycardia, and 

QT prolongation, and its clinical superiority is debated (Boulton and Fawcett 

1997; Vakily et al. 2002). In the case of the well-known painkiller, ibuprofen, 

the (S)-enantiomer has the desired pharmacological activity while the (R)-

enantiomer is totally inactive; its racemic form has been used as an anti-

inflammatory drug (Geisslinger et al. 1989) (Figure 3). 

 

 

  
Figure 3. (S)- and (R)-ibuprofen 

 

https://en.wikipedia.org/wiki/Pharmaceutical_drug
https://en.wikipedia.org/wiki/Adverse_effects
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 Stereochemistry in pheromones 

Stereochemistry plays an important role in pheromones. With stereochemical 

knowledge of pheromones, which can mainly be obtained by enantioselective 

synthesis, it is possible to clarify the relationships between absolute 

configuration and bioactivity. For instance, sulcate, the aggregation 

pheromone of the ambrosia beetle Gnathotrichus sulcatus, is bioactive as a 

racemic mixture, while neither its (R)- or (S)-enantiomer is behaviourally 

active in its optically pure form (Mori 2014). In Mori’s 2007 review the main 

focus was on the significance of chirality in pheromones, which illustrated the 

importance of stereochemistry (Mori 2007). According to Riley, Silverstein 

and co-workers synthesised the enantiomers of 4-methyl-3-heptanone, which 

is the principal alarm pheromone of the leaf-cutting ant, Atta texana, showing 

that the (+)-(S) isomer is 400 times more active than the (−)-(R) isomer against 

worker ants of the same species (Riley et al. 1974). Another example is the 

main pheromone of the spruce bark beetle Polygraphus poligraphus that is (−)-

(R)-terpinen-4-ol, and the other enantiomer (+)-(S) played an inhibitor role in 

bioassay evaluation (Schurig et al. 1985; Rahmani et al. 2015).
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2 Methods for structure elucidation 

Due to the very small quantity of desired compounds in insect extracts, 

choosing the most efficient method can be critical. Here, the main 

experimental methods that were used to isolate and identify pheromones and 

other semiochemicals in our experiments are presented.  

 

2.1 Sample preparation 

An analytical scientist faces many challenges when determining which tools 

to use to achieve the desired result. The chosen sample preparation tools and 

approaches can significantly affect the success of experiments. Sample 

preparation is one of the challenges that have to be performed in the best way 

to achieve the most accurate results. Plants and insects emit volatile organic 

compounds (VOCs) that play an important role in their interaction and 

communication with the environment. Therefore, to be able to control insect 

behaviour it is important for biologists and chemists to study their 

communication system. Collecting VOCs using an analytical instrument such 

as gas chromatography-mass spectrometry (GC-MS) poses various challenges. 

There are several methods available to use when collecting semiochemicals.  

 

 Solid phase microextraction (SPME) 

This sample preparation method was invented by Pawliszyn in 1989, and 

since then SPME has been widely used in different fields of analytical 

chemistry. It involves the use of a fibre, coated with different extracting 

phases, which can extract analytes in the sample directly to the fibre coating 

(Vas and Vékey 2004; Belardi and Pawliszyn 1989). After inserting the fibre 

into the inlet of a gas chromatograph, extracted analytes can be desorbed. It is 

a fast, simple and solvent-free method, with detection limits at the ppbv (parts 

per billion by volume) level. The fibre can be re-used around 100 times and is 

relatively inexpensive; however, it is not suitable for highly concentrated 

analytes and quantification analysis (Fäldt et al. 2000; Ligor and Buszewski 

2004; Tholl et al. 2006).  

 

 Headspace 

Headspace sampling is essentially a separation technique in which volatile 

material may be extracted from a heavier sample matrix and injected into a 
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gas chromatograph for analysis. There are two types of headspace sampling: 

dynamic headspace sampling and static or equilibrium headspace sampling. 

These terms refer to how gaseous analytes are removed from the sample: 

either dynamically, by sweeping with inert gas; or statically, by allowing 

analytes to enter the gas phase driven only by thermal and chemical means, 

with subsequent analysis by gas chromatography (Kolb 1999). In static 

headspace, which means that air is not circulated around the sample, in 

contrast to dynamic headspace, volatiles are collected by an adsorbent 

without sampling impurities of a continuous air stream that might obscure 

the detection of smaller abundant volatiles. Static headspace is suitable for 

qualitative measurements, while dynamic headspace is suited for quantitative 

analysis. The major problem with headspace is its incomplete adsorption of 

volatiles (Tholl et al. 2006). 

 

 Solvent extraction 

Solvent extraction is an equilibrium-based separation process where samples, 

such as insects or plants, are immersed into an immiscible solvent to extract 

chemicals. It relies on variations in the solubility of different compounds in 

different solvents. It is a common method used to extract chemicals, such as 

pheromones from insects, by using different solvents with different polarities 

(Council 1969). With this method, the collection of emitted compounds from 

living samples, such as insects, is not possible. Relatively large amounts of 

solvent are often required and precautions must be taken so that volatile 

analytes are not lost during solvent evaporation while reducing the solvent 

volume by gas flow (Jones and Oldham 1999). 

2.2 Purification  

 Liquid chromatography  

Liquid chromatography (LC) is an analytical or preparative chromatographic 

technique that is useful for separating molecules that are dissolved in a 

solvent. Two types of phases can be applied, normal and reversed phase. In 

normal phase LC, the stationary phase is more polar than the mobile phase 

and the interaction between analytes and column has a predominantly polar 

character (hydrogen bonding, π–π or dipole–dipole interactions, etc.). The 

most commonly used normal stationary phase is silica gel (Vekey et al. 2008). 

Reversed phase chromatography uses a more polar mobile phase than the 

stationary phase. The stationary phase is commonly alkyl chains (C4, C5, C8, 

and C18) or other inert nonpolar substances, such as divinylbenzene (DVB), 
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that are normally covalently bonded to the surface of small silica particles 

constituting the packing material (Ciborowski et al. 2016). Separation can be 

followed either manually, by monitoring with thin-layer chromatography 

(TLC), or automatically, with a detector and a recorder connected to the 

column outlet. Preparative LC can be divided into three subgroups: 

 

Flash chromatography. Flash chromatography is a rapid and inexpensive 

method that separates with moderate resolution (Still et al. 1978). The use of 

reversed-phase packing has become more common in recent years. A fast and 

economic method that is ideal for the separation of compounds in up to gram 

quantities (Roge et al. 2011). 

 

Medium-pressure liquid chromatography (MPLC). MPLC is a preparative 

column chromatography method introduced in the 1970s that induces 

separation under pressure. It overcomes the major problem of limited sample 

loading associated with low-pressure methods. MPLC allows the purification 

of large numbers of compounds, and in comparison to flash chromatography, 

it is faster and separations are obtained with better resolution (Leonard et al. 

1997). 

 

Solid phase extraction (SPE). SPE is a sample preparation technology, with 

chromatographic packing material and ready to use. The samples are nearly 

always in a liquid state. SPE allows the analyst to use lower sample quantities 

and lower solvent volumes. Compared to liquid-liquid extraction, it is easier, 

faster and more efficient, with less solvent needed (Fritz 1999). 

 

 Preparative gas chromatography (Prep-GC) 

Prep-GC is an ideal technique for the preparation of pure substances, 

especially for volatile and thermo-stable compounds. Compared to 

preparative high-performance liquid chromatography (Prep-HPLC), it is an 

important and practical alternative for volatile compounds (Zuo et al. 2013). 

Prep-GC is equipped with a preparative fraction collector (PFC) system at the 

column outlet, which automatically collects compounds in milligram or sub-

milligram quantities after gas chromatography separation. The isolation of 

pure components can be achieved by repetitive injection and then condensing 

the organic compounds at the outlet in PFC columns (Hostettmann et al. 1997).  
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2.3 Analytical instruments used in structure elucidation 

Analytical instruments are used to provide information about the 

composition of a sample. They are employed to obtain qualitative information 

about the presence or absence of one or more components of the sample, but 

also quantitative data are achievable. The analytical instruments used in this 

thesis are listed in the following sections. 

 

 Gas Chromatography – Flame Ionisation Detection (GC-FID) 

Gas Chromatography – Flame Ionisation Detector or GC-FID is a very 

common and destructive analytical technique that is widely used to separate 

different components of a mixture or to check the purity of a particular 

substance. A FID typically uses a hydrogen/air flame into which the sample 

is passed to oxidise organic molecules, producing electrically charged 

particles (ions). The ions produce an electrical signal, which is then measured. 

It is a fast, efficient and high-resolution technique that only requires small 

samples. It is a reliable and relatively simple method (McNair and Miller 2009). 

The GC-FID is well suited for the analysis of hydrocarbons such as methane, 

ethane, acetylene etc., but also for organic substances containing 

hydrocarbons and for volatile organic compounds (VOCs) (Thomas and 

Haidar 2014).  

 

 Gas Chromatography – Electroantennographic Detection (GC-

EAD) 

The electroantennography (EAG) is a method, which measure the response of 

an insect antennae to a chemical substance. The method is based on a 

discovery by Schneider in 1957, who recorded small voltage fluctuations 

between the tip and base of an insect antennae during stimulation with 

pheromones (Arn et al. 1975). A major drawback of this method is that very 

pure chemicals are required. GC-EAD can overcome this problem. A GC with 

EAD detection permits the rapid separation and identification of antennae 

active compounds in complex mixtures. 

 

 Gas Chromatography – Single Sensillum Recording (GC-SSR) 

Single Sensillum Recording (SSR) and Single Cell Recording (SCR) use the 

same principle as GC-EAD, but individual sensilla show a good sensitivity of 

individual neurons to a specific compound. This method is noticeably more 

difficult than GC-EAD because it requires well-trained personnel to carry it 
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out and more complex electrophysiological equipment (Jackson and Linskens 

2002).   

 

 Gas Chromatography – Mass Spectrometry (GC-MS) 

The first coupling of gas chromatography with mass spectroscopy detection 

(GC-MS) was reported in 1959, but even at the beginning of the 1980s, it was 

still a complicated, expensive and time-consuming method. At the beginning 

of the 1990s, it became more widely used as a detection method for GC, while 

nowadays it is a very common method which can be found in almost every 

laboratory. MS is a detection method which allows the direct determination 

of the substance molecular weight and its fragmentation (Huebschmann 

2015).  

 

 Quadrupole Time of Flight Liquid Chromatography Mass 

Spectrometry (Q-TOF-LC-MS) 

The Quadrupole Time of Flight Liquid Chromatography Mass Spectrometry 

method is a powerful technique for identifying unknown compounds by 

predicting the molecular formula from an accurate ion mass measurement 

(Lee et al. 2009). The principle of TOF is that potential energy proportional to 

the charge of an ion is converted into kinetic energy. Thus, lighter ions will 

get a higher velocity through the flight tube and reach the detector faster than 

the heavier ions. When reference standards are not available it can be an 

effective tool for identification of an unknown compound (Aszyk and Kot-

Wasik 2016). 

 

 Fourier Transform Infrared Spectroscopy (FT-IR) 

This method can be variously applied to quantitative and qualitative analysis.  

The samples are irradiated with infrared light to measure how well they 

absorb light of different wavelengths. Vibrations in the bonds are measured 

to provide information about functional groups and double bond geometry 

(Jones and Oldham 1999; Eltz et al. 2010).  The method can even be used in 

the identification of Z or E configurations of olefinic compounds (Skoog and 

Leary 1992; Semon et al. 1998). Spectrum can be obtained from liquid and 

solid samples (Leonard et al. 1997) but for efficient structure analysis the 

sample needs to be chemically pure. 
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 Gas Chromatography – Fourier Transform Infrared Spectrometry 

(GC-FTIR) 

Gas Chromatography coupled with Fourier Transform Infrared Spectroscopy 

(GC-FTIR) facilitates analysis of complex mixtures of compounds. The 

method also facilitates quantitative analysis as well as providing structural 

information for the identification of unknown mixture components. 

Compared to FTIR, a small amount of sample is needed in GC scale and 

compared to GC-MS, it is well suited for the identification of specific isomers 

that are not differentiated using GC-MS (Sémon et al. 1998; Sasaki and Wilkins 

1999). 

 

 Nuclear Magnetic Resonance Spectroscopy (NMR) 

Nuclear magnetic resonance spectroscopy, commonly known as NMR 

spectroscopy or magnetic resonance spectroscopy (MRS), is one of the most 

powerful tools available to a chemist or biochemist. It is based on the 

measurement of atomic nuclei absorption of electromagnetic radiation in the 

radio frequency region (Skoog and Leary 1992). It is a useful technique to 

identify the structure of organic compounds based on their magnetic nuclear 

spin of 1H, 13C, 15N, 19F, 31P (Balci 2005). The sensitivity of NMR is lower 

than other techniques as GC, LC and MS (Willard et al. 1988). 

 

 Polarimeter 

The definition of optical rotation is the change or rotation in the plane of 

polarisation that occurs when polarised light passes through an optically 

active substance. A polarimeter is an optical instrument which can be used to 

measure the angle of rotation of a chiral substance (Yoshizawa 2009). It is a 

useful tool to assign what enantiomer we have and its enantiomeric purity.  

2.4 Synthesis 

The challenges that deals with the identification of semiochemicals have 

forced researchers to combine different areas of expertise such as analytical 

and organic chemistry together with biology. Analytical knowledge makes it 

possible to investigate the structure of an unknown compound but the 

synthesis of the compound is the strongest proof of a correct structure 

elucidation. The evaluation of the synthesised compounds biological activity 

is just as important before a final conclusion about the compounds identity 
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can be made. Thus, in order to correctly identify semiochemicals, different 

scientific skills must be combined.  
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3 Objective  

The aim of this work has been to understand semiochemicals in order to 

obtain environmentally friendly solutions for pest management. For this 

purpose, we have developed methods and applied them to identify 

pheromones and bioactive compounds in extracts or compounds emitted 

from living samples. 

 

The main focus has been on purification methods, the separation of 

stereoisomers, analysis and identification, structure elucidation, the synthesis 

of identified compounds, and the evaluation of identified compounds in field 

trials. 
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4 Results and discussion 

 

4.1 Pheromone of male Polygraphus poligraphus and 

Polygraphus punctifrons (Papers I, II and III) 

Bark beetles (Coleoptera: Curculionidae) are tiny insects among which some 

species are very serious pests of coniferous trees: they breed in the phloem 

and kill the trees. The chemical cues emitted from the trees attract the beetles, 

which locate and attack the trees (Raffa et al. 2008; Wood 1982). Except for 

some aggressive bark beetle species such as  Dendroctonus and Ips, which can 

attack and kill healthy trees, most species of bark beetles tend to feed on newly 

dead or dying and stressed trees (Wood 1982; Raffa 2001). In addition to Ips 

typographus, which is the major tree-killing bark beetle in Europe, Polygraphus 

poligraphus (Figure 4) were also present in the attacked Norway spruce trees 

(Picea abies) in the recent outbreak between 2008 and 2011 in the province of 

Västernorrland, central Sweden (Martin Schroeder and Sören Wulff, personal 

communication). Polygraphus punctifrons is also found in spruce trees in the 

northern parts of Europe and in Russia (Paper II). 
 

 

 

 

Figure 4. Adult female of P. poligraphus with the size of 2.8 mm. Photo by Udo 

Schmidt. 

 

In Papers I and II we describe the use of SPME to collect VOCs emitted by 

living P. poligraphus and P. punctifrons males and females over time as they 

feed on spruce stem sections, and the process of identifying the collected 

compounds using GC-MS (Figure 5). The majority of SPME applications in 

this work were used for screening and semi-qualitative purposes. The beetles 
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were put in Eppendorf tubes, nailed to the freshly cut stem sections from 

Norway spruce trees in the lab, and VOCs were collected from both species 

boring into the spruce sections with different types of SPME fibre and the 

collected VOCs were analysed by GC-MS. Only males of P. poligraphus began 

drilling into the bark, while the females did not (Paper I); while in P. 

punctifrons both sexes began boring into the bark (Paper II). 

 

 

Figure 5. SPME setup for collection of beetle pheromones. Photo by Rizan 

Rahmani. 

Over the following days, the GC peak areas for possible pheromone 

compounds were much greater than those from other VOCs observed in the 

background emissions from mechanically damaged spruce sections where 

beetles are absent. To determine the enantiomeric composition of the emitted 

pheromones from insects, GC-MS was applied using a column with chiral 

liquid phase. The compounds were identified by comparing the 

fragmentation patterns observed in the mass spectra with literature data and 

with mass spectral libraries. Finally, the unknown compounds were identified 

and their structures confirmed by comparing their retention times and mass 

spectra with those of authentic samples and synthetic references. 

Paper I focused on the produced volatiles and chemical composition of the 

pheromone of P. poligraphus. The pheromone of P. poligraphus was earlier 

identified as ()-(R)-terpinen-4-ol (Schurig et al. 1985). Our method was based 

on sampling of VOCs by SPME that were emitted from males when they 
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attacked a spruce stem in the laboratory.  Males usually began boring into the 

spruce bark around 3 h after introduction to the spruce stem. Males started to 

produce the pheromone, ()-(R)-terpinen-4-ol (Figure 6), 3 days after 

introduction and the highest amount was during the first three to eight days. 

 

Figure 6. ()-(R)-Terpinen-4-ol 

 

Some of the compounds emitted by the host plants were also identified, such 

as α-terpineol, trans-sabinene hydrate, cis-sabinene hydrate, chavicol and 

cubenol (Figure 7). In the case of including females with males, emissions of 

some host plant VOCs were increased for example for cubenol and chavicol. 

This might be due to the larger number of mated females and consequently 

their tunnelling into the bark phloem for egg laying, resulting in increased 

production of some VOCs by the host (Paper I).  

 

 
Figure 7. Identified compounds among the VOCs from P. poligraphus males. 

The commonly used assignment of cis- and trans- for sabinene hydrate, which 

is used here, is based on the relative positions of the hydroxyl and cyclopropyl 

groups. 
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We confirmed the presence of these compounds by comparing their retention 

times and mass spectra with those of authentic samples, and also by 

calculating the Kovats retention indices (Table 1) and comparing them with 

the following literature sources: trans-sabinene hydrate, cis-sabinene hydrate 

(Adams 1995; Southwell and Russell 2002); chavicol (Adams 1995; Lalel et al. 

2003); cubenol (Tellez et al. 1999; Couladis et al. 2001); α-terpineol (Jordan et 

al. 2002; Hognadottir and Rouseff 2003); terpinen-4-ol (Hognadottir and 

Rouseff 2003).  

 

 

DB-5 HP-5ms VF-5ms Actual   

Kovats RI Kovats RI Kovats RI Retention Time Compounds 

1068 1071 1072 12.845 

trans-Sabinene 

hydrate 

1097 1101 1103 13.785 cis-Sabinene hydrate 

1179 - 1184 16.169 Terpinen-4-ol 

1207 1198 1198 16.594 α-Terpineol 

1253 1254 1254 18.155 Chavicol 

16.41 1641 1635 27.777 Cubenol 

Table 1. The retention indices for the DB-5 and HP-5 columns were from the 

literatures. The calculated Kovats retention indices from this study are for a 

VF-5ms column (all three columns have the same stationary phase but from 

different suppliers).  

 

In an earlier study, only ()-(R)-terpinen-4-ol was reported as a pheromone 

(Schurig et al. 1985), but in this study (+)-(S)-terpinen-4-ol was also identified 

in a lower amount. The (+)/()-ratio increases when males are accompanied 

by more females. Therefore, the (+)/()-ratio, which can vary from 0.34/99.66 

to 16/84 (numbers in percentage), depends on the number of females present 

together with the male in the experiment. It appears that (+)-(S)-terpinen-4-ol 

can work as an inhibitor, and this was also confirmed in the field trials and 

EAG recording (Papers I and III). Spruce produces a very small quantity of 

terpinen-4-ol (Wajs et al. 2006) that we also could observe in our analysis. 
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However, when insects started boring into the spruce bark, we observed a 

much larger quantity of terpinen-4-ol emission (Paper I).  

Using field tests, we investigated the attractiveness of various compounds to 

P. poligraphus by using a number of naturally occurring compounds as baits 

in the traps. In Paper III we describe three field experiments related to P. 

poligraphus, which we carried out over three years (2015, 2016 and 2018) in 

central Sweden in the county of Västernorrland. Traps equipped with 

collection jars for dry catches (Figure 8) were placed at specific intervals (there 

was 30 m between the traps and they were placed at least 20 m into the forest). 

The experiments were performed with treatments randomly assigned to 

positions within the blocks in all three experiments. In the last year, 

treatments were rotated within each block (twice a week). Each block was 

considered a repetition; in 2015 and 2016, each block was in a different 

location. In 2018, all three blocks were in the same location but with 50 m or 

more between the blocks. In each year different treatments were used, 

consisting various semiochemicals with different release rates and 

enantiomeric purities, based on results from Paper I, previous field studies 

and EAG results (supplementary of Paper III). As controls we used traps 

without bait in 2015 and traps with only n-nonane in 2016 and 2018 (n-nonane 

was also used as a solvent for the wick-baits). Synergistic effects of 

semiochemicals were also considered. The total numbers of insects per trap 

were analysed and relevant treatments were compared using a two-sided 

Student’s T-test with a significance level of α = 0.05.  

  

 
Figure 8. Trap set up (black eco-trap). Photo by Leif Tideborn. 
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The pheromone of P. poligraphus, (–)-(R)-terpinen-4-ol, was tested at different 

evaporation rates and in different enantiomeric purities, to find the most 

attractive formulation for the beetles. In this study, we caught several 

thousand P. poligraphus males and females with various percentages, which 

confirmed that (–)-(R)-terpinen-4-ol is an aggregation pheromones in the field 

experiments. The main results showed that the optical purity of (–)-(R)-

terpinen-4-ol plays a key role for catches of P. poligraphus. The most effective 

bait tested had the high optical purity of ()-(R)-terpinen-4-ol (>99% ee), 

whereas 50% ee barely caught more beetles than the unbaited control traps. 

Release rate was also an important factor for the catches; higher release rates 

of pheromone resulted in larger catches. (Paper III). 

In the mountain bark beetle, Dendroctonus ponderosae, frontalin is a 

multifunctional pheromone which functions as an attractant to females in low 

concentrations and as a repellent to both sexes in higher concentrations, when 

the tree is fully colonised by beetles (Borden et al. 1987). Kohnle et al. reported 

that adding rac-frontalin to (–)-(R)-terpinen-4-ol (50% ee) could increase the 

catches (Kohnle et al. 1985). In all experiments, the number of beetles caught 

in traps baited with only frontalin was not significantly different from the 

number caught in the unbaited control traps (the difference was significant in 

2016 but the catches using frontalin were still very small). In our study a 

strong synergistic effect was observed only for frontalin and (–)-(R)-terpinen-

4-ol with lower optical purity (50% ee), whereas for optically pure (–)-(R)-

terpinen-4-ol (>99% ee) no synergistic effect was observed. Another important 

effect of adding frontalin to the ()-(R)-terpinen-4-ol (50% ee) bait was that 

the proportion of caught males was reduced.  

Compounds tested during field experiments were (–)-(R)-terpinen-4-ol (50% 

ee), (–)-(R)-terpinen-4-ol (90% ee), (–)-(R)-terpinen-4-ol (99% ee), (+)-(R)-

terpinen-4-ol (99% ee), frontalin, α-terpineol, estragole [methyl chavicol that 

found in spruce stem section (Wajs et al. 2006)], (+)-trans-sabinene hydrate, 

and n-nonane. To be able to develop an efficient pheromone bait specifically 

targeting P. poligraphus, we identified host VOCs, but among tested 

compounds, we did not find any additional attractants. None of α-terpineol, 

estragole, (+)-trans-sabinene hydrate were attractive alone or in combination 

with the pheromone. Interestingly, we also found that α-terpineol acted as a 

repellent for this species of bark beetle. An optimised bait would make it 

easier to study the involvement and the effects of P. poligraphus in bark beetle 

outbreaks, and in the future, it could be used to protect exposed forests in an 

environmentally friendly way (Paper III).  
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In Paper II we identified a major and a minor component of the pheromone 

of P. punctifrons and confirmed our results by utilising authentic compounds 

and by comparing mass spectra and retention times. Males produced the 

pheromone after boring into the bark. We found that a combination of two 

compounds acted as the pheromone: grandisol was the major compound and 

terpinen-4-ol was the minor compound. We also used these compounds as 

baits in traps, and these traps successfully attracted and caught beetles during 

the flight season in Sweden (Paper II). 

Grandisol is a naturally occurring organic compound, with the molecular 

formula C10H18O and a molecular weight of 154.253 g/mol. It belongs to the 

monoterpene group and contains a hydroxyl group, a cyclobutane ring and 

two chiral centres (Figure 9). It is found in some insect species such as the boll 

weevil, Anthonomus grandis Boheman (Coleoptera: Curculionidae), as a male-

produced aggregation pheromone (Tumlinson et al. 1969; Mori et al. 1978; 

Booth et al. 1983; Phillips et al. 1984). Grandisol is the major constituent of the 

mixture known as grandlure I, which is used to protect cotton crops from the 

boll weevil (Graham et al. 2010). 

There are four stereoisomers of grandisol that could be the pheromone. A 

racemic mixture of  and + grandisol is commercially available and a mixture 

of its diastereomers fragranol was synthesised in order to identify the 

stereoisomer produced by the insect (Figure 9). 

 

 

                                          (±)-Grandisol                  (±)-Fragranol              

Figure 9. Structures of rac-grandisol and rac-fragranol.  

 

A co-injection on a GC-column was made with a synthetic mixture of known 

ratio of rac-grandisol and rac-fragranol (Figure 10). To confirm the specific 

stereoisomer emitted from the insect the same co-injection method was 

https://en.wikipedia.org/w/index.php?title=Grandlure&action=edit&redlink=1
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applied, but by using SPME. As illustrated in Figure 10 the pheromone is 

obviously an enantiomer of grandisol and not of fragranol.  

 

Figure 10. Chiral GC-MS chromatogram (BETA DEX™ 225 column, 30 

m × 0.25 mm i.d and 0.25 μm film thickness) of (A) a synthetic mixture of 

grandisol (49.87, 50.92 min) and fragranol (50.32, 51.15 min) and (B) synthetic 

mixture of grandisol and fragranol co-injected with a male of P. punctifrons. 

The column was kept at 50 °C for 2 min, then programmed to 1 °C/min to 110 

°C , increased to 160 °C at 8 °C then cooled down to 50 °C at 8 °C/min. 

 

We further confirmed these results by conducting field tests using rac-

grandisol as bait in the traps. We trapped a significantly higher number of 

beetles in the rac-grandisol baited traps than in the unbaited traps (Student’s 

T-test, paired, two-tailed, P < 0.05). It is clear that fragranol cannot be the 

pheromone but to finally establish which enantiomer of grandisol that is the 

active one we needed a synthetic reference as comparison (Paper II). 

 

Synthesising the pure enantiomers is very time consuming when it comes to 

the methods in literature (Tumlinson et al. 1969; Bernard et al. 2007). 
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Therefore, we looked for alternatives. One potential way to obtain pure 

enantiomers is by performing enantioselective esterification via biocatalysis, 

using lipases such as Candida rugosa (CRL) (Sabbani et al. 2006). Since 

grandisol is a primary alcohol, the best option would be to perform oxidation 

of the alcohol to acid and then perform esterification using biocatalysts. Our 

first synthetic attempt started with the oxidation of grandisol to grandisoic 

acid with Jones reagent (Bowden et al. 1946) (Figure 11). 

 

 

 

Figure 11.  The desired synthetic route via Jones oxidation of grandisol (154 

g/mol) to grandisoic acid (168 g/mol). 

 

Oxidation products were analysed with GC-FID, GC-MS, HR-LCMS, GC-

FTIR and FTIR. All data showed that a different product than the expected 

grandisoic acid was obtained.  

Initial result from GC-MS analysis of the main product (m/z = 168) at 15.41 

min showed similarity to the desired product grandisoic acid (Figure 12).  
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Figure 12. GC chromatogram of the product mixture from Jones oxidation of 

grandisol, using a VF-23ms column; the column temperature was started at 

50 °C, held there for 2 min and then increased by 5 °C /min up to 230 °C, then 

230 °C for 10 min. 

 

At an early stage of the structure elucidation, we suspected that the product 

was an ester instead of an acid; therefore the sample was hydrolysed by 

NaHCO3 (sat.aq.), Na2CO3 (sat.aq.) and NaOH (1.0 M) to get the acid back 

from the supposed ester. Flash chromatography with a gradient elution 

developed method (Bergström et al. 1995) was applied to the sample to purify 

and separate all compounds. After all purifications, analysis showed that the 

same problem appeared again. The major product was the same, with a 

molecular weight of 168 g/mol, which generated a GC-peak at 15.41 min along 

with the side product with molecular mass of 150 g/mol at 11.75 min.  

GC-FTIR analysis of the oxidation product showed no peak that correlated 

with the OH group of a carboxylic acid, which should have appeared in the 

IR-spectrum of grandisoic acid. Then, FTIR was carried out on a purified 

sample for the compound with m/z 168 to confirm the previous results from 

GC-IR (Figure 13). 
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Figure 13. FTIR spectra of a purified fraction of the unknown compound (Mw= 

168) at 15.41 min. 

 

As is shown in Figure 13, there is a strong absorption at 1694 cm-1, 

corresponding to the carbonyl group (six membered ring ketones or larger 

rings). However, not very strong absorption appears at the 3431 cm-1 that 

might correspond to the hydroxyl group of alcohols (3500-3100 cm-1) or water. 

Expected region for acidic hydroxyl group is 3000-2400 cm-1.  

High-resolution liquid chromatography was conducted to confirm the 

molecular weight, the correlated number was 169.1215 in positive mode, and 

the molecular formula is estimated to be C10H16O2. To further elucidate the 

structure 1H and 13C-NMR, DEPT-90 and DEPT-135 spectra were acquired.  

 

 



 

29 

 
Figure 14. 1H-NMR of purified fraction containing unknown product with 

Mw= 168 g/mol. 

 

In the 1H-NMR the two strong three-proton singlets at 1.18 and 1.24 represent 

the existence of two methyl groups. The two multiplets from 2.15-2.19 ppm 

with four protons confirm two CH2 groups in the cyclobutane and in the 

downfield, the doublet-doublet peaks of 2.52-2.65 ppm with four protons 

represent the other two CH2 groups in the cyclohexane part (Figure 14).  
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Figure 15. 13C-NMR, DEPT-90 and DEPT-135 (and expanded in the second 

part) of fraction containing the unknown product with Mw= 168 g/mol. 
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To further elucidate we performed DEPT-NMR experiments (Figure 15). This 

was done in three stages: first an ordinary 13C-NMR was run to locate 

chemical shifts for all carbons, second a DEPT-90 was carried out so that only 

signals due to CH carbons appeared and finally a DEPT-135, in which CH3 

and CH resonances appeared positive and CH2 signals appeared as negative 

signals (below the baseline). 

Based on the molecular formula C10H16O2, there are 10 carbons. According to 
13C-NMR, a C=O peak appears at δ 212.1 (which is in the ketone area, for acid 

is at δ 182-165), another peak in the close chemical shift with half of abundance 

could be from another diastereomer or impurity.  As it is shown peak 

appeared at δ 72.2 correlated to -C-OH, and one carbon without any attached 

hydrogen bonded at δ 37.3.  

As shown in Figure 15, there is evidence for the existence of one CH group at 

δ 49.65, indicated with the help of the DEPT-90 spectrum. The number of CH2 

was obtained by subtracting the spectrum at the DEPT-135: there are 4 

negative signals from CH2 groups (that previously confirmed by 1H-NMR). 

Hence, there are 4 CH2 groups bound to cyclobutane and cyclohexane. Finally, 

there are 2 CH3 groups in DEPT-135 at δ 15.9 and 32.6. 

A total of 7 carbons were indicated in the DEPT experiments and hence there 

are 3 carbons without any hydrogen connected to them, one of which is 

mentioned above.  

Analysis with FTIR and NMR did not confirm the expected grandisoic acid 

product. Acid catalysed esterification with ethanol was tried to obtain 

grandisoic acid ethyl ester (Mw = 196 g/mol). This time, the peak with m/z 168 

disappeared and the product of 150 g/mol became the main peak with no peak 

related to 196 g/mol. 
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Figure 16. One main product (m/z of 150) was obtained after acid catalysed 

esterification of the product from the Jones oxidation (expected to be 

grandisoic acid).  Analysed with GC-MS using a VF-23ms column, with the 

temperature program: 50 °C for 2 min and then 5 °C/min up to 230 °C and 

maintained for 10 min. 

 

The IR spectrum of the main product of attempted oxidation showed no OH 

group, and the NMR spectra of this product led us to conclude the main 

product of oxidation cannot be the desired acid. The main question for us to 

consider is which products correlated to Mw= 168 g/mol and 150 g/mol. 

High-resolution mass spectrometry was performed on the main product 

(Figure 16) to confirm the molecular weight of the 150 g/mol compound at 

11.75. The molecular weight was 151.1113 g/mol in the positive mode 

suggesting the molecular formula C10H14O.  

1H-NMR experiments were performed on the fraction containing the 

compound with the largest peak at m/z 150 to try to elucidate its structure. 
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Figure 17. 1H-NMR of fraction containing unknown product with Mw= 150 

g/mol. 

 

The two singlets consisting of three protons each that appear at δ 1.28 and 1.87 

represent methyl groups for C5 and C1 (see Figure 17 and 18). The two 

doublet peaks at δ 2.18 and 2.28, each with one proton (a tightly coupled AB 

system), belong to the C4 CH2 group and are connected to the carbonyl group. 

One singlet proton at δ 5.95 represents the olefinic proton for C2. 

To answer the question regarding the structure, we searched the literature 

and found that a similar problem was reported in 1987 related to extreme 

sensitivity of grandisal to acidic conditions. This paper describes how 

decomposition occurred when using silica gel to purify the synthetic rac-

grandisal produced by pyridinium chlorochromate oxidation of grandisol 

(Webster et al. 1987). They obtained after purification by silica gel, a non-

direct product of grandisal rearrangement was identified, with a formula of 

C10H14O and molecular ion peak at m/z of 150.  The structure of this compound 

was elucidated and is shown in Figure 18. 

By comparing our data from 1H-NMR and MS with data from the literature 

we found support for our proposed structure of the unexpected by-product 

from our Jones oxidation of grandisol (Figure 18).  
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Figure 18. Proposed structure from Webster in 1987 and in our work by NMR 

for the compound with Mw= 150 g/mol, main by-product of oxidation of 

grandisol (also the main product of esterification of tentative grandisoic acid). 

 

In Figure 19, we suggest a mechanistic pathway to get to the two unknown 

compounds which were obtained in the oxidation of grandisol. 

 

 

Figure 19. Suggested mechanism for formation of two unwanted compounds 

with Mw= 150 and 168 in the oxidation of grandisol. Step 1 and 3 Jones 

oxidation. Step 2 Prins reaction. Step 4 Acid catalysed elimination. 
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In conclusion we suggest that the structure of the compound with m/z = 168 

is not the expected grandisoic acid but instead the compound shown in Figure 

20. 

 

 
Figure 20. Proposed structure by using NMR data for the compound with 

Mw= 168 g/mol. 

 

Therefore, since the Jones oxidation resulted in unwanted products and 

because of the reported complicated synthesis of the pure enantiomers of 

grandisol (Alibés et al. 1996) we looked for another alternative.  

 

We decided to investigate whether we could use Prep-GC to separate and 

purify the enantiomers of grandisol and then measure the optical rotation of 

each enantiomer. By using a semi-prep column with a chiral liquid phase, we 

performed Prep-GC to separate the grandisol enantiomers (separated and 

collected pure enantiomers is shown by arrow as drops in the glass trap in 

Figure 21). The Prep-GC method is not always a useful method for all types 

of extracts as the containing compounds must be stable in the method 

conditions. For example, purification of Coleus forskohlii extract resulted in 

well-separated compounds, but the unknown compound was not 

thermostable (Rahmani unpublished result). 
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Figure 21. PFC traps and collected compound after several runs. Photo by 

Rizan Rahmani. 

 

The purified and concentrated enantiomers were checked by polarimeter, and 

the optical activity of the collected compounds from trap 1 with 95.4 ee (by 

GC analysis) was α = + (n-hexane) and from trap 2 with an optical purity of 25 

ee (by GC analysis) was α =  (n-hexane). The signs were verified by another 

purification and concentration sequence via Prep-GC, which gave the same 

optical rotation sign for trap 1 (+) and trap 2 (−). 

To determine and confirm the enantiomeric composition of grandisol and 

terpinene-4-ol, we collected volatiles emitted from male beetles and analysed 

them using a GC column with a chiral liquid phase and compared the 

retentions times of active compounds with the purified collected fractions 

from Prep-GC for grandisol and reference compounds terpinen-4-ol. The 

results (Figure 22) showed that the active compounds produced by P. 

punctifrons males are (+)-(1S, 2R)-grandisol (Figure 23) and (–)-(R)-terpinen-4-

ol. 

An overlaid chromatogram of emitted compounds from male, purchased (–)-

(R)-terpinen-4-ol (50% ee) and purified (+)-(1S, 2R)-grandisol (95.4% ee) is 

shown below in Figure 22.  
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Figure 22. Overlaid chiral chromatogram of GC-MS chromatogram (BETA 

DEX™ 225 column, 30 m × 0.25 mm i.d and 0.25 μm film thickness) of (+)-(1R, 

2S)-grandisol, (–)-(R)-terpinen-4-ol and male (using SPME fibre) of P. 

punctifrons. The column was kept at 50 °C for 2 min, then programmed to 5 

°C/min to 200 °C. 

 

 

 

Figure 23. (+)-(1R, 2S)-Grandisol 

 

The ratio between (+)-(1R, 2S)-grandisol and (–)-(R)-terpinen-4-ol varies from 

(98.7% : 1.3%) to (79.6% : 20.4%) in the emission from different male insects. 

The results of field trials from 2015 in Sweden showed that grandisol is an 

aggregation pheromone that can attract both males and females. Traps with 

rac-grandisol caught 643 insects, out of which 61% were females. In 2016, due 

to the large number of catches, only catches from the first week was counted 

and total catch of beetles (P. poligraphus and P. punctifrons) were 16244 in this 

week from all treatments. The mean catch per trap was 950 beetles of P. 

punctifrons for the combination of rac-grandisol and (–)-(R)-terpinen-4-ol. Due 

to the high number of catches in this field trial, the ratio of males to females 

was not evaluated. The traps baited with a combination of rac-grandisol and 

()-(R)-terpinen-4-ol caught significantly more beetles than traps with only 

rac-grandisol. ()-(R)-Terpinen-4-ol alone did not catch any P. punctifrons. The 

large catches in 2016 were probably due to the higher release rate of rac-
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grandisol from the dispensers, as compared to the release rates in 2015. For P. 

punctifrons, a combination of rac-grandisol and frontalin did not show an 

increased catch. However, the combination of rac-grandisol and ()-(R)-

terpinen-4-ol seemed to result in a synergistic effect when it came to trap 

catches of P. punctifrons (Paper II). 

  

4.2 Bioactive compound from the carrot Daucus carota L. 

extract (Paper IV)  

The carrot psyllid (Trioza apicalis Förster) is a serious pest for carrot crops 

(Daucus carota L.) in parts of northern and central Europe and causes severe 

damage to carrot crops (Nissinen et al. 2007)(Figure 24). Leaf curling, 

yellowish and purplish discoloration of the leaves are typical symptoms 

(Meadow 2010; Nissinen et al. 2007).  The main goal of Paper IV was to 

separate and identify the compound released from leaves of carrot D. carota 

that gave EAD-response from a carrot psyllid. This work is just the beginning 

of studies, which attempt to manipulate this psyllid with semiochemicals 

instead of using insecticides. 

 

 

 

Figure 24. Adult male of Trioza apicalis with the size of 3.5mm. Photo by Joe 

Botting.  

 

For sample preparation of liquid extracts of carrot (D. carota) flash 

chromatography and Prep-GC were applied. Prep-GC was used to separate 

the active compound from a complex mixture with compounds that eluted 

from the GC-column very closely to the desired compound.  
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Based on primary mass spectral data obtained from GC-MS, some potentially 

active compounds were identified. Two potential kairomones, namely β-

sesquiphellandrene and α-cis-bergamotene, were synthesised and analysed 

using the GC-MS method. When the data for these compounds was compared 

with that for the unknown active compound from the extract, it was found 

that neither sesquiphellandrene nor α-cis-bergamotene showed identical GC 

retention times to those of the unknown compound. The new approach in the 

study was to purify the compound from the extract using Prep-GC and then 

characterising the isolated and concentrated compound. 

In Paper IV, we present the successful purification by Prep-GC. Further 

analysis such as HPLC-QTOF and NMR were applied for the structure 

elucidation. We also used GC-SSR to confirm the activity of the compound 

from the extract, and 1H-NMR, 13C-NMR were conducted on the purified 

active compound. Based on knowledge from HPLC-QTOF, some useful data 

was obtained, which gave an exact mass of active compound of 205.1951 for 

(M+H)+ in positive mode. With 99.78% probability from the Agilent 

MassHunter Qualitative software, C15H24 was the suggested formula that 

might correlate to a sesquiterpene. From our GC-MS data, we were unable to 

propose a structure, but MS library searches suggested many close hits for 

different sesquiterpene with very similar fragmentation patterns. Using NIST 

Chemistry WebBook library for C15H24, we obtained more than 600 

compounds with the same formula. Using ChemDraw software and the 

nmrdb.org website, more than 200 structures were checked based on their 1H-

NMR, 13C-NMR spectra, an interesting candidate was found. The search 

results were compared with literature data, and finally this work led us to 

confirm the structure of the unknown compound to be a sesquiterpene type 

compound named sesquisabinene (Figure 25). This structure can exist as two 

diastereomers, A and B, and each of them can also exist as two enantiomers 

(Figure 25). 
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Figure 25. Sesquisabinene A                                     Sesquisabinene B               

 

Data from 13C-NMR and mass spectra from GC-MS shows that the unknown 

compound is most likely sesquisabinene B, which is an analogue of sabinene 

(Fuerstner and Schlecker 2008).  

To decide if the unidentified compound was sesquisabinene A or 

sesquisabinene B, differences and similarities of chemical shifts were 

considered. There are some particularly distinguishable differences in 1H-

NMR data related to the diastereomers A and B. The similarity between 

sesquisabinene B and unidentified compound can be observed as; the two 

cyclopropyl protons at δ 0.65 (H1) and δ 0.74 (H2) that appear more downfield 

for B than for A; the two protons δ 1.51-1.56 (H6) and δ 1.37-1.44 (H5) that 

appear more upfield for B than for A; the methylene protons H8 and H10 in 

sesquisabinene A appear with the same chemical shifts, while in unidentified 

compound and sesquisabinene B appear in different chemical shifts.   

In the literature, the coupling pattern of H6 of cyclopropane is reported as a 

dd [doublet of doublet (Fuerstner and Schlecker 2008)] for sesquisabinene B, 

while for A it appears at δ 1.60 an combined with H37. In our work, H6 appears 

as multiplets, and the reason for this was the presence of an impurity.  

Two vinyl methyl groups appear at δ 1.60 and 1.68 (H7 and H9) and one vinyl 

hydrogen at δ 5.08-5.17 (H15), indicating the presence of an iso-pentylidene 

group.  

13C-NMR spectra showed that the carbons at δ 35.2, 29.7 and 17.4 for the 

unknown compound are significantly closer to the chemical shifts for the two 

methylene carbons in the five membered ring and for the methyl carbon in 

alkyl chain in sesquisabinene B than in sesquisabinene A. 
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The ultimate way to finally confirm the structure is to synthesise 

sesquisabinene B, and this is under way in our research group and follows the 

same pathway as in the literature (Fuerstner and Schlecker 2008). 

 

4.3 Bioactive tentative pheromone components in 

Whittleia retiella female extract (Paper V)  

Conservation of the Whittleia retiella species may benefit from the use of 

pheromone monitoring, and the species could potentially constitute a good 

indicator species for landscape preservation. Sex pheromones have a high 

potential for monitoring red-listed insect species populations, dynamics and 

distribution changes, which otherwise would be extremely difficult to assess 

in particular habitats. The W. retiella (Newman 1847) is a threatened salt 

marsh species from the bag moth family Psychidae, with a wingspan of 7.5-

8.5 mm (Figure 26). The females are wingless with rudimentary pairs of legs. 

It is a rare species that begins flying at the end of April or the beginning of 

May (Bengtsson and Palmqvist 2008). In this work, we aimed to identify the 

pheromone of W. retiella. Two compounds, found in both headspace 

collections and female body extracts, elicited repeatable responses from male 

antennae using GC-FID-EAD.  

 

 

Figure 26. Whittleia retiella. Photo by Marko Mutanen, University of Oulu. 

 

By comparing retention times of the two antennally active compounds from 

the GC-FID-EAD recordings, with GC-MS using the same types of columns, 

mass spectra of the active compounds was obtained.  Due to very small extract 

amount obtained during collection process, structural investigation was 

difficult. GC-MS analysis resulted in m/z of 212 and 226 (Figure 27) and most 

probably, the two m/z represent the mother ions (M+ ions) for compound A 

and compound B. The observed fragmentations from A and B show almost 

identical fragmentation patterns from 170 and below for both compounds 
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(Figure 27A and B). However, for the fragments m/z 170, 152, 135, 123, 110, 

97, 69, 55 and 41 just small differences can be observed. It seems that both 

compounds cleave at the same bond in the ion source. The normalised 

intensity of the 171 peak related to the 170 peak in the mass spectra, indicates 

the number of carbon atoms by dividing the intensities of the 12C peak by the 
13C peak: 11.47/1.1 (Figure 27B). This calculation predicts the presence of 10 

carbon atoms in the fragment of m/z 170. These ten carbons contribute with 

120 u of the mass of 170; therefore, 50 u is left for other atoms such as oxygen 

and hydrogen to make up the structure. When considering the presence of 

one oxygen (16 u) or two oxygen (32 u) atoms in the 170 u fragment, the 

fragment most likely consists of 10 carbon and 2 oxygen atoms, where the 

remaining 18 u is composed of hydrogen atoms. This led us to suggest that 

the compound might be an ester. 

 

  

Figure 27. A) Mass spectra of the first unknown active peak. B) Mass spectra 

of the second unknown active peak from W. retiella extract separated with a 

Vf-23ms column. 

 

Thus, the 170 fragment could be the acid part of the ester, and the alcohol part 

might be different for the two compounds. The alcohol part could be an alkane 
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with 3 and 4 carbon atoms. With this information, we suggested that the 

molecular formula could be C13H24O2 and C14H26O2 for m/z 212 and 226 

respectively. From the ring plus double bonds formula (DBE), the number of 

double bonds or rings for both compounds was two. One double bond 

represents the carbonyl group in the acid part while the other double bond 

might be a carbon-carbon. The speculation of a long chained unsaturated acid 

part also gives the possibility of structural variations including E and Z 

isomerism. With this knowledge, we decided to synthesise different esters 

with different double bond positions, from selected alcohols and acids by 

Fischer-Speier esterification. All esters were compared with the active 

compounds in the female extract, based on mass spectra and GC retention 

time. The most similar compounds based on mass spectra and retention time 

to the first peak in the extract were propan-2-yl (5Z)-dec-5-enoate or propan-

2-yl (4Z)-dec-4-enoate, which eluted closely on different columns. For the 

second peak in the extract, the closest compound was butan-2-yl (5Z)-dec-5-

enoate. A co-injection was done with closely eluted esters and extract to 

confirm these results. The retention time of butan-2-yl (5Z)-dec-5-enoate 

coincided with the second active compound in the female extract and 

therefore the other synthesised esters could be excluded from the 

investigation. Butan-2-yl (5Z)-dec-5-enoate contains one chiral centre; 

therefore, pure enantiomers were required to be able to identify the 

enantiomer in the extract. To obtain a pure enantiomer of (2S)- and (2R)-

butan-2-yl (5Z)-dec-5-enoate, esterification was performed using the bio-

catalyst Candida rugosa lipase (CRL) (Scheme 1). 
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Scheme 1. Reagents and conditions in the ester synthesis: (i) immobilised CRL, 

(S)- or (R)-butan-2-ol, room temperature, stirring, molecular sieves, and 72 h, 

(ii) H2SO4 (Conc.), propan-2-ol, room temperature, stirring, molecular sieves, 

24 h.   

 

Retention time of the unknown compound (at 25.657 min) in the extract was 

compared with the retention time of synthetic mixture of (2S)- and (2R)-butan-

2-yl (5Z)-dec-5-enoate (25.671 and 25.730 min respectively). To do the final 

confirmation, a mixture of synthetic esters with known ratio co-injected with 

female extracts on a chiral column. Co-injection caused an increase of 

abundance at the retention time related to (2S)-butan-2-yl (5Z)-dec-5-enoate 

(at 25.660 min). 
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The GC-analytical study showed that two compounds, propan-2-yl (4Z)-dec-

4-enoate and propan-2-yl (5Z)-dec-5-enoate, eluted very close to the 

compound in the female extract. However, the retention time for propan-2-yl 

(5Z)-dec-5-enoate was somewhat closer to the compound in the extract. After 

comparing the mass spectra of both compounds, due to major similarities of 

their mass spectra, neither of them could be ruled out. Thus, due to eluting 

somewhat closer to the main extract component, propan-2-yl (5Z)-dec-5-

enoate was selected for field evaluation. Both (2S)-butan-2-yl (5Z)-dec-5-

enoate and propan-2-yl (5Z)-dec-5-enoate are potential pheromone 

candidates for W. retiella but, to finally determine this bioactivity studies 

needs to be performed(Figure 28). 

Thus, the synthetic compounds were applied in the field test as trap baits to 

monitor the attractiveness of the compounds. Due to conservation of species 

restrictions, we were not allowed to catch the specimens just to observe their 

behaviour. 

 

 

 
Figure 28. The two pheromone candidates are; propan-2-yl (5Z)-dec-5-

enoate and (2S)-butan-2-yl (5Z)-dec-5-enoate. 

 

These field trials were performed with monitoring traps, with manual 

observation if the baits attracted some insects. Monitoring was done in May 

2015 - 2018 between 12:00-14:00 in good weather conditions. In 2015-2016 due 

to poor weather, no observations were reported. In 2017, a total of 11 males 

were attracted to the trap with the major component (2S)-butan-2-yl (5Z)-dec-

5-enoate and 13 males were also attracted to rac-butan-2-yl (5Z)-dec-5-enoate. 

In 2018, a total of 21 males were attracted to the trap with (2S)-butan-2-yl (5Z)-

dec-5-enoate. When the baits consisted of (2S)-butan-2-yl (5Z)-dec-5-enoate 

combined with propan-2-yl (5Z)-dec-5-enoate in different proportions the 

attraction seemed to be the same as for (2S)-butan-2-yl (5Z)-dec-5-enoate 

alone. No attracting effect was observed for the control baits with only n-

hexane, nor for the baits with only the minor component propan-2-yl (5Z)-

dec-5-enoate, nor for the baits with the pure (2R)-butan-2-yl (5Z)-dec-5-enoate 
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as the main constituent. Based on these results, it is clear that the compounds 

produced by females comprise a sex pheromone that can attract males 

specifically. The attracting effect of (2S)-butan-2-yl (5Z)-dec-5-enoate is 

obvious but the role of propan-2-yl (5Z)-dec-5-enoate is not clear yet and it is 

not possible to consider it a pheromone component from these observations. 

Current results from the field tests show that propan-2-yl (5Z)-dec-5-enoate 

could not be established as a pheromone component. Therefore, more 

bioassay evaluation is required for both propan-2-yl (5Z)-dec-5-enoate and 

propan-2-yl (4Z)-dec-4-enoate to determine the identity of the minor 

component. 

 

4.4 Pheromone of Neodiprion spp (Paper VI)  

The aim of this work was to analyse and identify pheromone precursor 

compounds of the eight pine sawfly species: Neodiprion edulicolus, Neodiprion 

scutellatus, Neodiprion knereri, Neodiprion virginianus, Neodiprion excitans, 

Neodiprion autmnalis, Neodiprion pinusrigidae and Neodiprion fabricii (Figure 29). 

 

 

 
           USDA Forest Service - Ogden , USDA Forest Service, Bugwood.org 

Figure 29. Neodiprion edulicolus. Photo by USDA Forest Service – Ogden. 

  

In this work, extracts of pine sawfly females were purified by SPE column and 

then analysed. In four species, N. excitans, N. autmnalis, N. pinusrigidae and N. 

fabricii, no alcohol pheromone precursor was identified. Most likely, the lack 

of precursor alcohol was due to the small amount of insect females extracted, 

meaning that the amount of alcohol present was too low to be observed. 

Similarly, in a previous study that was done on Diprion jingyuanensis, no 

alcohol was identified from the body extract (Olle Anderbrant and Erik 
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Hedenström, personal communication with). Whether this was due to a small 

amount of alcohol or the possibility that the species did not produce the 

expected alcohols was not further investigated.  

We used 2-pentadecanol as an internal standard, which eluted at 13.807 min. 

The unknown compound (referred to as compound X) elutes from the GC 

column at retention time of 14.029, 14.078, and 14.083 minutes in species N. 

scutellatus, N. knereri and N. virginianus respectively. The mass spectra of 

compound X from the three species were quite similar and m/z 45, 57, 69, 85, 

97, 111, 126, 140, 154, 207, 227 were some of the fragments found in all three 

species. 

Based on mass spectra for all Xs in the three species, X might be the same 

compound, but could be different diastereomers, which would lead to the 

small differences in retention times registered (see Paper VI) and also the 

differences noted in the mass spectra (Figure 30).  

 

 

 

Figure 30. Mass spectra of compound X in: A) N. scutellatus at 14.029 min B) 

N. knereri at 14.078 min and C) N. virginianus at 14.083 min. 
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Since the first identification of pheromone precursor, several more have been 

found in other pine sawfly species. They all have a very similar structure; a 

straight chain with 11-15 carbon of secondary alcohol substituted with one to 

three methyl groups (Jewett et al. 1976; Kraemer et al. 1979; Kraemer et al. 

1983; Olaifa et al. 1984). With this knowledge, we could estimate the molecular 

formula of X. Due to spectral evidence and the fragmentation patterns of X, 

the initial assumption was that m/z of 228 was the M+ peak [due to signal at 

m/z 227 (M-H)+]. The 228 fragment is predicted to consist one oxygen atom 

with 16 u, fifteen carbon atoms with 180 u, thus 32 u will be left that 32 

hydrogen atoms can make up the structure. Therefore, a possible molecular 

formula was C15H32O.  

Building on this knowledge, the ChemDraw fragmentation tool was used to 

simulate alcohols, i.e. between twelve to fourteen carbon straight chain 

compounds branching with one to three methyl groups. The simulation data 

showed that the closest related fragmentation patterns belongs to twelve 

carbon with three methyl group branched in position 3,6,8- 4,6,8- 4,7,10- 5,6,8 

compounds. 

On the other hand, previous studies showed that chains with more branching 

elute from the similar polar GC columns at an earlier time in comparison with 

straight chain ones with the same number of total carbon atoms (Tai et al. 

2002). It was also shown that when the position of the methyl group was closer 

to the end of the chain the compound eluted later compared to when the 

methyl group was closer to the hydroxyl group. Therefore, due to the elution 

order of X, after the internal standard (2-pentadecanol that eluted at 13.803 

min) with fifteen carbon atom and before 3-methyl-2-pentadecanol with 

sixteen carbon atoms (in N. scutellatus extract), could bring the idea which X 

compound includes sixteen carbon atoms. Thus, the compound should 

consist of a 2-pentadecanol carbon chain with one methyl group, a 2-

tetradecanol with two methyl groups or a 2-tridecanol with three methyl 

groups in different positions.  

By comparison of retention time of different synthetic references, branched 

tetradecanol showed the closest retention time to that of the unknown 

compound. Consequently, based on the structure elucidation of the X alcohol 

we suggest two possible structures: 3,12-dimethyl-tetradecanol and 3,13-

dimethyl-tetradecanol. Reference compounds are now synthesised and 

hopefully one of them will match the analytical results for X. To summarise 

the result a combination of 3-methyl-2-pentadecanol and 3,7-dimethyl-2-

pentadecanol were identified as pheromone precursors in N. edulicolus. 
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Precursor alcohols are 3-methyl-2-pentadecanol and an unknown compound 

X in N. scutellatus and just X were found in N. knereri and N. virginianus.  
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5 Conclusion and future perspectives  

The research reported in this thesis has investigated different methods with 

which to analyse, identify and elucidate structures of semiochemicals among 

other substances in VOCs or extracts. This type of work is often challenging, 

and demands efficient methods and advanced instruments. 

 

The male sex pheromone in P. poligraphus was earlier known to be ()-(R)-

terpinen-4-ol, but now we have also identified up to 16% of (+)-(S)-terpinen-

4-ol in the pheromone when single males have mated. Notably, (+)-(S)-

terpinen-4-ol decreased the field catches. The synergistic effect of frontalin in 

field trials, when combined with low optical purity (−)-(R)-terpinen-4-ol, 

disappeared when combined with optically pure ()-(R)-terpinen-4-ol. These 

somewhat puzzling results encourage continued investigations in order to 

fully understand the chemical communication of this insect. 

 

For P. punctifrons, for the first time, we reveal two components of the 

aggregation pheromone. Released from males was a combination of the major 

component (+)-(1R, 2S)-grandisol and the minor component ()-(R)-terpinen-

4-ol. The combination of rac-grandisol and ()-(R)-terpinen-4-ol caught the 

most insects in the field assays. The key step in the identification of the (+)-

(1R, 2S)-grandisol was to use rac-grandisol in a GC separation of the 

enantiomers on a chiral GC-column followed by concentration of the 

separated enantiomers on the PFC unit. Then the optical rotation of the 

collected fractions was measured, allowing us to identify the emitted 

compound. This method worked successfully for the laboratory analysis, but 

to do a field evaluation a larger quantity is required. Consequently, as we 

used rac-grandisol in the field assays we need further investigations to assess 

both enantiomers in higher amounts and develop appropriate synthetic 

methods. 

 

The Prep-GC technique was also applied when sesquisabinene B was 

identified as a GC-SSR active compound in a carrot leaf extract. It should 

therefore be possible to use sesquisabinene B for pest control of the carrot pest 

T. apicalis. By using the Prep-GC method on extracts from carrot leaves a 

sample for NMR analysis was obtained. Thus, the structure was confirmed by 

comparison with data from the literature. However, the stereochemical 
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identity of sesquisabinene B in the carrot leaves remains to be investigated 

and a synthetic method needs to be presented for the compound to finally 

confirm the identity of the GC-SSR active compound. 

 

To identify the sex pheromone of a threatened salt marsh species, W. retiella, 

we used a more traditional structure elucidation approach, as only very small 

amounts of extract were available. Thus, we used mainly GC and MS analysis 

together with synthetic reference compounds, including several novel ones. 

Two compounds produced by W. retiella females elicited electrophysiological 

responses from the antennae of males. The major novel compound was 

identified as (2S)-butan-2-yl (5Z)-dec-5-enoate and the activity was confirmed 

by field bioassay. The minor compound was suggested to be the novel 

propan-2-yl (5Z)-dec-5-enoate or propan-2-yl (4Z)-dec-4-enoate. The identity 

of this minor component needs to be confirmed by further field tests using 

both compounds, as only propan-2-yl (5Z)-dec-5-enoate was tested in our 

work. This work opens up the possibility of monitoring this rare and 

threatened species to survey its distribution and habitat requirements in order 

to use appropriate conservation methods. 

 

To identify sex pheromone precursors in female extracts of eight Neodiprion 

species the extracts were purified by SPE and analysed using GC-MS. In the 

extracts of N. excitans, N. autmnalis, N. pinusrigidae and N. fabricii no long 

chained secondary alcohols were found, which was probably due to few 

extracted females. Both 3-methyl-2-pentadecanol and 3,7-dimethyl-2-

pentadecanol were identified as pheromone precursors of N. edulicolus 

females. The identification was confirmed by comparing retention time and 

mass spectra with synthetic references. 3-methyl-2-pentadecanol and an 

unidentified alcohol X were isolated as pheromone precursors of N. scutellatus 

females. The precursor alcohol X was also found in the female extract of N. 

knereri and N. virginianus but the alcohol X is still unidentified. Based on the 

structure elucidation of the X alcohol we suggested two possible structures: 

3,12-dimethyl-tetradecanol and 3,13-dimethyl-tetradecanol. Reference 

compounds are now synthesised and hopefully one of them will match the 

analytical results for X. Future work will include identifying the 

stereochemistry of the compounds in question, which will be a very time-

consuming task. 
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To conclude, this thesis presents purification methods, the separation of 

stereoisomers, analysis and identification, structure elucidation, the synthesis 

of identified compounds, and the evaluation of identified compounds in field 

trials. 
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