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Abstract 

Natural Products from Nonracemic Building Blocks 

Synthesis of Pine Sawfly Pheromones 

Michael Larsson, Chemistry, Department of Natural Science, Mid Sweden University, SE-851 70 
Sundsvall, and KTH Chemistry, Organic Chemistry, SE-100 44 Stockholm, SWEDEN 
© Michael Larsson, 2005, Doctoral Thesis. ISBN: 91-7283-952-X 

This thesis describes a number of synthetic approaches for obtaining chiral, en-
antiomerically pure natural products, in particular some semiochemicals. This 
has been accomplished by using various strategies; by starting from compounds 
from the chiral pool, by using chiral auxiliaries, via enzymatic resolutions or by 
chemical asymmetric synthesis. 

Hence, the sexual pheromone of Microdiprion pallipes, a propanoate ester of 
one or several isomers of 3,7,11-trimethyltridecan-2-ol, was synthesised, both as 
a mixture of all isomers and as the sixteen pure, individual stereoisomers. These 
compounds were obtained by joining different enantiopure building blocks 
stemming from the chiral pool.  

When compared with some synthetic blends, both the propanoate esters of the 
stereoisomeric erythro-3,7,11-trimethyltridecan-2-ols originally found in the 
extract from the female of M. pallipes, surprisingly, showed lower activities in 
biological studies. Indeed, the propanoates of two threo-isomers gave signifi-
cantly higher responses in biological tests, than did the propanoates of the two 
natural erythro-ones. Because the synthetic strategy used earlier was not very 
efficient for the preparation of the threo-isomers of 3,7,11-trimethyltridecan-2-ol, 
we were encouraged to look for alternative synthetic approaches.  

The new synthetic strategy chosen led us to two key synthetic building blocks, 
an O-protected derivative of (2S,3S)-3-methyl-4-(phenylsulfonyl)butan-2-ol 
butanol and (3R,7R)-1-iodo-3,7-dimethylnonane. Deprotonation of the former 
followed by alkylation with the latter should give a compound with the desired 
carbon skeleton. 

For efficient preparation of the first building block, we developed a new di-
astereoselective addition reaction of dialkylzincs to some chiral aldehydes, the 
products of which were diastereomerically enriched 1,2-dialkyl-alkanols. Using 
this method, each enantiomer of the desired building block was obtained via 
efficient diastereoselective addition of dimethylzinc to each enantiomer of a 2-
methylaldehyde. The resulting product, a diastereomerically and enantiomeri-
cally highly enriched 3-methyl-2-alkanol was further purified by enzyme cata-
lysed acylation followed by some functional group interconversions.  

The second building block was prepared via convergent multistep synthesis, 
starting from a single, enantiomerically pure compound, (R)-2-methylsuccinic 
acid 4-t-butyl ester, derived from the chiral pool.  

The two enantiomerically pure building blocks, so obtained, were coupled to-
gether. Some additional functional group manipulations of the product produced 
furnished the desired isomer, which had shown the highest activity in field tests 
of the M. pallipes, namely the propanoate ester of (2S,3R,7R,11R)-3,7,11-
trimethyltridecan-2-ol. 

 
Keywords: Total synthesis, diastereoselective addition, dimethylzinc, Lewis acid, alkyllithium, 
chelation, Microdiprion pallipes, pheromones. 
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Abbreviations 

  
Bn  Benzyl  
Bp Boiling point 
DEAD Diethyl azodicarboxylate 
Dess-Martin 

periodinane 
Commercial name for [1,1,1-tris(acetyloxy)-1,1-

dihydro-1,2-benziodoxol-3-(1H)-one] 
DIBAL-H Diisobutylaluminium hydride 
DIPEA N,N-Diisopropylethylamine 
DHP 3,4-Dihydro-2H-pyran 
DMF  Dimethylformamide  
DMPU  1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone  
DMSO  Dimethylsulfoxide  
Dr  Diastereomeric ratio  
DTBB 4,4´-di-tert-butylbiphenyl 
ee  Enantiomeric excess  
equiv Equivalent 
GC  Gas chromatography  
Gk Greek 
HMPA Hexamethylphosphoramide 
LiAlH4 Lithium aluminium hydride 
LDA Lithium diisopropylamide 
m-CPBA 3-Chloroperoxybenzoic acid 
Me  Methyl  
MTPACl α-Methoxy-α-(trifluoromethyl)phenylacetyl chloride 
NaBH4 Sodium borohydride 
NMR  Nuclear magnetic resonance  
Oxone Commercial name for potassium peroxomonosulfate 
Ph  Phenyl  
PPTS Pyridinium p-toluenesulfonate 
Ra-Ni  Raney nickel  
rt Room temperature  
TBAF Tetrabutylammonium fluoride 
TBDMS tert-Butyldimethylsilyl 
TBDPS tert-Butyldiphenylsilyl 
THF  Tetrahydrofuran  
THP Tetrahydropyran 
Ts Toluenesulfonyl, tosyl group 
X  Halogen unless specified  
∆x  Reflux  
[α]D  Specific rotation at λ = 589 nm  

* Stereogenic centre  
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1. Introduction 

Organic chemistry is the study of carbon compounds, which play vital roles in all 
living organisms. Carbon containing compounds transmit the genetic information 
of living species in their deoxyribonucleic acid (DNA) and are the building 
blocks for the proteins of our skin, muscles, and the enzymes that catalyse the 
reactions that occur in our bodies.  

About 200 years ago organic chemistry emerged as a separate discipline of 
chemical science, and the major part of this discipline nowadays involves: the 
structures, properties, and reactions of carbon compounds, their isolation from 
natural sources, and their preparation by synthesis. 

Organic compounds, natural or synthetic, are essential to human life. For ex-
ample, they make up our food, clothing, most of our energy sources, our medici-
nal drugs and the organic pesticides we use. However, several of the organic 
compounds used on a daily basis in everyday products are far from safe for the 
users or the environment.  

Insect pests cause severe damage to modern food and fibre production and the 
losses due to these pests are estimated to be approximately 15% world-wide.1 
Thus, efficient control methods are needed. Extensive use of a number of insecti-
cidal carbon compounds has led to serious consequences. Not only are the target 
pest insects killed but also many of their predating insects as well as other 
classes of organisms. In addition many insects rapidly develop resistance to pes-
ticides. These problems have prompted chemists and biologists worldwide to 
search for new and environmentally safe strategies for insect pest management. 
For example, biological control agents such as parasitic2,3 and predatory4 insects 
have been used for quite a long time. Recently, they have been complemented by 
the use of naturally occurring odour signals, semiochemicals.  

1.1 Semiochemicals 

Substances transmitting messages between individuals are called semiochemi-
cals.5 This term is derived from the Greek word semio, meaning sign or mark. 
Several pest-causing insects utilise such signal-transmittor compounds for their 
orientation, survival and reproduction. The semiochemicals are divided into two 

                                                           
1. Dev, S.; Koul, O. Insecticides of Natural Origin; Harwood Academic Publishers: Am-

sterdam, 1997; p vii. 
2. Cross, J. V.; Solomon, M. G.; Babandreier, D.; Blommers, L.; Easterbrook, M. A.; Jay, 

C. N.; Jenser, G.; Jolly, R. L.; Kuhlmann, U.; Lilley, R.; Olivella, E.; Toepfer, S.; Vidal, S. 
Biocontrol Sci. Techn. 1999, 9, 277–314. 

3. Klein, O.; Kroschel, J. Biocontrol 2002, 47, 245–277. 
4. Solomon, M. G.; Cross, J. V.; Fitzgerald, J. D.; Campbell, C. A. M.; Jolly, R. L.; Olszak, 

R. W.; Niemczyk, E.; Vogt, H. Biocontrol Sci. Techn. 2000, 10, 91–128. 
5. Nordlund, D. A. Semiochemicals: a review of the terminology. In: Semiochemicals: 

Their Role in Pest Control; (Eds.: Nordlund, D. A.; Jones, R. L.; Lewis, W. J.) John 
Wiley and Sons, New York, 1981; pp 13–28 and references therein. 
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main categories (Figure 1.1): those which transmit signals between species (in-
terspecifically), these are called allelochemicals (Gk. allelon = of each other). 
Those which function within indivuals of the same species i.e. intraspecifically 
are called pheromones (Gk. pherein = to carry and horman = to excite). These 
two main categories can be divided into several subgroups according to their 
functions. Thus the allelochemicals are grouped into: allomones (Gk. allo = dif-
ferent; transfer signals that are advantageous to the emitter), kairomones (Gk. 
kairos = opportunistic; signal advantage for the receiver), synomones (Gk. syn = 
with or jointly; are to the advantage of both the emitter and the receiver), and 
apneumones (Gk. a-pneum = breathless or lifeless; signal of dead material). 
These classes often overlap and a specific compound can serve as both an intra- 
and interspecific signal. Before semiochemicals are used in integrated pest man-
agement, much research is needed to fully understand and control all the aspects 
of these molecular-based communication systems. 

Semiochemicals

Between species Within species

Allelochemicals Pheromones

Repellent SexAlarm Aggregation Trail
 

Figure 1.1 Semiochemicals are divided into two main groups, allelochemicals and phero-
mones. 

The term pheromone was first proposed in 1959 as a description for an intras-
pecific chemical signal.6 The same year, the first insect pheromone, that of the 
silkworm moth Bombyx mori was identified as the dienol 1 (bombykol).7 (Figure 
1.2) 

(10E,12Z)-Hexadeca-10,12-dien-1-ol

(CH2)9OH

1

 

Figure 1.2. The first identified insect pheromone, that of the silkworm moth. 

Because the same compound may serve more than one purpose, the subgroups in 
the pheromone category are sometimes difficult to distinguish.5  
                                                           
6. Karlson, P.; Butenandt, A. Ann. Rev. Entomol. 1959, 4, 39–58. 
7. Butenandt, A.; Beckman, R.; Stamm, D.; Hecker, E. Z. Naturforsch. 1959, 14 b, 283–

284. 
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Representative subgroups are: repellent, alarm, aggregation, trail, and sex 
pheromones. Examples of the groups are given below. 

In the gregarious phase, the male of the desert locust, Schistocerca gregaria, 
releases phenylacetonitrile (2) as a courtship inhibition pheromone (repellent) to 
ensure his reproductive success by preventing the female from mating with com-
peting males.8 The grass-cutting ants, Atta bisphaerica and A. capiguara, are 
dominant herbivores in the neotropics and are some of the most destructive pest 
insects in these regions. When threatened, they secret a mixture of volatile com-
pounds from their mandibular glands as an alarm pheromone.9 The most abun-
dant compounds are the ketones 3 and 4.10 (Figure 1.3) 

OH

N

O

OH O
O O

2-Heptanone

O

4-Methyl-3-heptanone

O

Desert locust Grass-cutting ants

3,5-dimethyl-6-
(1`-methylpropyl)-tetrahydro-

2H-pyran-2-one

 Honeydew ants

3,4-dihydro-8-
hydroxy-3,5,7-trimethyl-

isocoumarin

6 7

Phenylacetonitrile

(4S,5S)-4-Methyl-5-nonanol

Palm weevil

5

432

 

Figure 1.3. Examples of compounds in different subgroups of the pheromone category. 

One stereoisomer of the branched alcohol 5 is the male-produced aggregation 
pheromone of the palm weevil, Dynamis borassi (F.). This species is a major pest 
on coconut and the Arikury palm. When males emit this aggregation pheromone, 
they induce colonisation of susceptible host plants.11 The honeydew collecting 
ants, Camponotus castaneus, C. balzani and C. sericeiventris, uses the tetrahy-
dropyranone 6 and isocoumarin 7 as their trail pheromones. When required, 
these chemical signals are extruded from their hindguts between nests and feed-
ing sites.12 

The term sex pheromone refers to a chemical signal emitted by one sex to in-
vite the other for mating. For example, females may secret a mixture of com-
pounds with the dual purpose of both attracting males from a distance and when 
closer invite them for mating. A sex pheromone often contains a mixture of com-
pounds, but it can also be based on only one constituent. 

                                                           
8. Seidelmann, K.; Ferenz, H.-J. Journal of Insect Physiology 2002, 48, 991–996. 
9. Hughes, W. H. O.; Howse, P. E.; Vilela, E. F.; Goulson, D. Physiol. Entomol. 2001, 26, 

165–172. 
10. Hughes, W. H. O.; Howse, P. E.; Goulson, D. J. Chem. Ecol. 2001, 27, 109–124. 
11. Giblin-Davis, R. M.; Gries, R.; Gries, G.; Pena-Rojas, E.; Pinzon, I.; Pena, J. E.; Perez, 

A. L.; Pierce, H. D.; Oehlschlager, A. C. J. Chem. Ecol. 1997, 23, 2287–2298. 
12. Kohl, E.; Hölldobler, B.; Bestmann, H.-J. Chemoecology 2003, 13, 113–122. 
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The olive fruit fly, Bactrocera oleae, uses different stereoisomers of the spi-
roketal 8 to attract males and females. The (R)-isomer attracts males, whereas the 
(S)-one is active for females.13 (Figure 1.4) 

1,7-Dioxa-spiro[5.5]undecane

O

O

O

O

 Olive fruit fly

(4aS,7S,7aR)-
Nepetalactone

Aphids

O

O

O

OH

(1R,4aS,7S,7aR)-
Nepetalactol

(R)-8 (S)-8 9 10

 

Figure 1.4. Attractants of the olive fruit fly and some species of aphids. 

Examples are known, where pheromones also act as allelochemicals. Thus, 
closely related species are able to communicate with each other via phero-
mones.14  

Another example of pheromones acting as allelochemicals is aphid – parasitic 
wasp interactions. Aphids are the main insect pests on agricultural crops in no-
thern Europe. The lactone 9 and the lactol 10 are the sex pheromone of some 
species of aphids (Figure 1.4).Very recently a non-food crop, the catmint, Nepeta 
cataria (Lamiaceae) has been used as the feedstock for the production of some 
commercially valuable aphid pheromones. The lactone 9 not only attracts males 
of certain aphid species, but it is also a foraging stimulant to eggs laid in the 
aphids by parasitic wasps.15  

Knowledge of the structure and action of semiochemicals can be exploited for 
the protection of valuable crops. Thus, pheromones can be used in traps to moni-
tor changes in population levels, allowing pest managers to accurately time in-
sect control measures, so that they coincide with population increases close to 
the threshold causing economic losses. Apart from this, sex pheromones can also 
be used to reduce pest insect populations through mating disruption. Impregna-
tion of a crop/forestry area with a pheromone prevents individuals of one sex to 
locate the other, thus preventing reproduction. 

Even when used in mating disruption, only small amounts of pheromones are 
required. Almost all pheromones are easily degradable, naturally occurring com-
pounds with a low environmental impact, apart from that on the targeted insect 
species. Thus, when compared with the environmental stress caused by conven-
tional pest control methods with pesticides and insecticides, the stress caused by 
the use of pheromones should be extremely low. 

                                                           
13. Mori, K. Eur. J. Org. Chem. 1998, 1479–1489. 
14. a) Francke, W.; Schultz, S. Pheromones. In: Miscellaneous Natural Products Including 

Marine Natural Products, Pheromones, Plant Hormones and Aspects of Ecology; (Ed.: 
Mori, K.) Vol 8, pp 198–199. In: Comprehensive Natural Products Chemistry; (Eds.: 
Barton, D.; Nakanishi, K; Meth-Cohn, O)  Elsevier Science: Oxford, 1999. b) Akino, T. 
Chemoecology 2002, 12, 83–89. 

15. Birkett, M. A.; Pickett, J. A. Phytochemistry 2003, 62, 651–656. 
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1.2 Pine sawflies 
Insects of the order Hymenoptera are biologically and economically important 
members of natural and agro ecosystems and exhibit diverse biologies and mat-
ing systems.16 When odour signals are used for mating, the structural variation of 
their pheromone components is very large.16 

The pine sawfly family Diprionidae, a suborder of Hymenoptera, consists of 
approximately 125 species17 occurring in Asia, Europe, northern Africa, and 
North and Central America. They belong to the most serious defoliators of pines 
worldwide.18,19 The economic losses are considerable and environmental prob-
lems may arise from both the damage as such and from the chemical treatments 
of outbreak populations. 

The economical damage caused by sawflies prompted the European Commu-
nity to finance a research project aiming to monitor and control the population of 
sawfly species by making use of their sexual pheromones.20 In a collaborative 
interdisciplinary project engaging chemists and biologists from different univer-
sities in Sweden and elsewhere, the main theme for the chemists in the project 
was to contribute to the understanding of insect olfactory communication by 
synthesising the relevant biologically active compounds for use as substitutes for 
natural insect sex pheromones in biological experiments.  

The pine sawflies produce their pheromones in such minute amounts (in the 
ng range), that larger biological experiments always have to be conducted with 
synthetic compounds identical with the natural ones. Due to the small quantities 
of the individual natural pheromone components available from insects, the de-
termination of their structure and especially their absolute configurations is ex-
tremely difficult. Therefore, the latter have to be determined by enantioselective 
syntheses and several or all possible stereoisomers of the pheromone have to be 
prepared and compared with the natural one. In order to clarify the structure-
activity relationships between various stereoisomers, their biological activities 
have to be studied.  

 
 

                                                           
16. Ayasse, M.; Paxton, R. J.; Tengo, J. Annu. Rev. Entomol. 2001, 46, 31–78. 
17. Anderbrant, O. Sawflies and Seed Wasps. In: Pheromones of Non-Lepidopteran In-

sects Associated with Agriculture Plants. (Eds.: Hardie, R. J. And Minks, A. K. ), CAB 
International, GB-Wallingford, 1999, pp 199–226. 

18 Smith, D. R. Systematics, Life History, and Distribution of Sawflies. In: Sawfly Life 
History Adaptations to Woody Plants (Eds.: Wagner, M. R. and Raffa, K. F.), Academic 
Press, San Diego, 1993, pp 3–32. 

19. Anderbrant, O. Pheromone Biology of Sawflies. In: Sawfly Life History Adaptations to 
Woody Plants (Eds.: Wagner, M. R. and Raffa, K. F.), Academic Press, San Diego, 
1993, pp 119–154. 

20. Anderbrant, O.; Östrand, F.; Lyytikäinen-Saarema, P.; Bergström, G.; Wassgren, A.-B.; 
Högberg, H.-E.; Hedenström, E.; Nguyen, B.-V.; Larsson, M.; Karlsson, S.; Varama, M.; 
Sierpinski, A.; Kolk, A.; Slusarski, S.; Bystrowski, K.; Herz, A.; Heitland, W.; Auger-
Rosenberg, M.-A.; Geri, C.; Baronio, P.; Baldassari, N.; Martini, A. Final report of the 
project PHERODIP supported by the European Community, FAIR1-CT95-0399 and 
IC20-CT96-0090 1999: "Pine sawfly pheromones for sustainable management of 
European forests." pp 93–96. 
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When the biological activities of the various stereoisomers have been estab-
lished, synthetic pheromones can be used either in monitoring traps or for mating 
disruption.21 

1.2.1 The pine sawfly Microdiprion pallipes 
The pine sawfly, Microdiprion pallipes, belongs to the family Diprionidae (Hy-
menoptera) and is one of the significant defoliating insects in the northern part of 
Europe and northern Asia. The larvae feed on both pines (Pinus spp.) and spruce 
(Picea spp.).18,22 M. pallipes consists of two allopatric subspecies. The southern 
one, M. pallipes politum, often referred to as M. politum occurs in alpine regions 
of Germany, Switzerland, and Austria. The northern one, M. pallipes pallipes, 
often referred to as M. pallipes dominates in Scandinavia. 

M. pallipes is a solitary species that occasionally has outbreaks in stands of 
Scots pine (Pinus sylvestris) and when the population is large enough the sawfly 
can cause the trees considerable damage, and sometimes even death.23,24 

The first registered outbreak of M. pallipes occurred in Denmark in 1872-
1873. This was also the only outbreak there. In Finland outbreaks were observed 
in 1902-1903 and since then they have been few. In Sweden, major outbreaks 
have occurred in the highland areas of Lapland, the coastal regions and in the 
northwest of the province of Dalarna.23 From 1988 until present, considerable 
outbreaks have been reported from the province of Uppland.25 

The adults of the pine sawfly M. pallipes emerge from cocoons in June and 
live only for about 10 days. During this time they have to mate, find a host and 
lay eggs. The females of the pine sawfly attract the males by a sex pheromone. 
After mating they use their sawlike ovipositor to cut out small pockets at the tips 
of the needle of Scots pine in which they lay their eggs. The eggs hatch into 
larvae, which feed on the needles causing damage to the host tree. In the autumn, 
the larvae fall to the ground and transform into cocoons. The cocoons hybernate 
and generate a new life cycle. A one-year life span predominates, but in all popu-
lations a varying proportion has a longer development, depending on the length 
of the diapause in the cocoon stage. 

One possible method for controlling and monitoring the local populations of 
these pine sawflies would be to use pheromone-baited traps located in pine 
stands.  

                                                           
21. Martini, A.; Baldassari, N.; Baronio, P.; Anderbrant, O.; Hedenström, E.; Högberg, H.-

E.; Rochetta, G. Agricultural and Forest Entomology 2002, 4, 195–202. 
22. Smith, D. R. Conifer Sawflies, Diprionidae: Key to North America genera, checklist of 

world species, and new species from Mexico (Hymenoptera). Proc. Entomol. Soc. 
Washington 1974, 76, 409–418. 

23. Olofsson, E. Biology and outbreak of Microdiprion pallipes (Hymenoptera: Diprionidae) 
in Sweden. Studia Forestalia Suecica, no 193, 1994. 

24. Pschorn-Walcher, H. Unterordnung Symphyta, Pflanzenwespen. In: Die Fortschädlinge 
Europas (Ed.: Schwenke, W.), Verlag Paul Parey, Hamburg, 1982, pp 4–234. 

25. Östrand, F.; Wassgren, A.-B.; Anderbrant, O.; Bergström, G.; Hedenström, E.; Högberg, 
H.-E.; Nguyen, B.-V.; Larsson, M. Chemoecology 2003, 13, 155–162. 
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1.3 Pine sawfly sex pheromones 
In 1976, Jewett et al. identified 3,7-dimethylpentadecan-2-ol (diprionol, [11H]) 
in females of the North American pine sawfly, as the first example of a sex 
pheromone precursor within the Diprionidae family.26 The acetate and pro-
panoate ester of diprionol are the actual sex pheromones of Neodiprion lecontei 
(Fitch) and Diprion similis (Hartig), respectively (Figure 1.5). Until recently, the 
sex pheromones of all pine sawfly species were believed to be either the acetate 
and/or the propanoate of only two stereoisomers of diprionol, either (2S,3S,7S)- 
or (2S,3R,7R)-3,7-dimethylpentadecan-2-ol (11H).19 However, during the last 
decade, several pine sawfly species have been found to use sex pheromones 
representing structural types different from that of the diprionyl esters. Thus, the 
pheromone of D. pini was identified as either the propanoate or acetate of one 
stereoisomer of a chain-shortened diprionol, i.e. (2S,3R,7R)-3,7-dimethyltri-
decan-2-ol (SRR-12H).27,28 An even shorter homologue, the propanoate of 
(2S,3R,9S)-3,9-dimethylundecan-2-ol (SRS-13H) was identified as the phero-
mone of the Japanese pine sawfly D. nipponica by Tai et al.29 Recently, we iden-
tified the sex pheromone of M. pallipes as the propanoate of one or several 
stereoisomers of 3,7,11-trimethyltridecan-2-ol and two erythro-isomers of this 
alcohol were found to be present in females of this species, that is SSSR-14H and 
SSSS-14H.25,30 Yet another structural variation is found in the female of Macro-
diprion nemoralis, which produces (2S,3R,7R,9S)-3,7,9-trimethyltridecan-2-ol 
(SRRS-15H) as the precursor for the active sex pheromone, the acetate.31 
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Figure 1.5. Examples of sex pheromones within the Diprionidae family. 

                                                           
26. Jewett, D. M.; Matsumura, F.; Coppel, H. C. Science 1976, 192, 51–53. 
27. Anderbrant, O.; Hansson, B. S.; Hallberg, E.; Geri, C.; Varama, M.; Hedenström, E.; 

Högberg, H.-E.; Fägerhag, J.; Edlund, H.; Wassgren, A.-B.; Bergström, G.; Löfqvist, J. 
Insect Physiol. 1995, 41, 395–401. 

28. Bergström, G.; Wassgren, A.-B.; Anderbrant, O.; Fägerhag, J.; Edlund, H.; Hedenström, 
E.; Högberg, H.-E.; Geri, C.; Auger, M.-A.; Varama, M.; Hansson, B. S.; Löfqvist, J. Ex-
perentia 1995, 51, 370–380. 

29. Tai, A.; Syouno, E.; Tanaka, K.; Fujita, M.; Sugimura, T.; Higashiura, Y.; Kakizaki, M.; 
Hara, H.; Naito, T. Bull. Chem. Soc. Jpn. 2002, 75, 111–121. 

30. Bergström, G.; Wassgren, A.-B.; Anderbrant, O.; Hedenström, E.; Högberg, H.-E. Na-
turwissenschaften 1998, 85, 244–248. 

31. Wassgren, A.-B.; Bergström, G.; Sierpinski, A.; Anderbrant, O.; Högberg, H.-E.; Heden-
ström, E. Naturwissenschaften 2000, 87, 24–29. 
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The pine sawfly pheromones are chiral compounds containing several stereo-
genic centres and the stereochemical purity of the synthetic compounds is there-
fore often a crucial factor for success in field tests. There are numerous examples 
of the importance of stereochemistry in the pheromone field.32 One example is 
the pheromone of the pine sawfly Neodiprion sertifer. The Swedish population 
of this insect is extremely sensitive in this respect. The females use (SSS)-11Ac 
as attractant (Figure 1.5). Only a trace of (SRR)-11Ac (< 0.1%) in this, efficiently 
inhibits the attractant properties.(ref.: Geographical variation) Therefore the 
synthetic methods used for preparing the building blocks and for joining them to 
the final products must be highly selective to insure formation of only the desired 
stereoisomer.  

                                                           
32. Mori, K. In The Synthesis of Insect Pheromones 1979–1989; ApSimon, J. Ed.; The 

Total Synthesis of Natural Products; John Wiley & Sons: Ottawa, 1992; vol. 9. 
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2. Stereochemistry 

2.1 Chiral Compounds 

Before one speak about pure enantiomers and diastereomers one has to consider 
the subdivision of different isomers (Figure 2.1): Isomers are different com-
pounds that have the same molecular formula. 

Isomers
(Different compounds with same 

molecular formula )

Stereoisomers
(Isomers with same 

connectivity but 
differ in space)

Constitutional isomers
(Isomers whose atoms have a 

different connectivity)

Enantiomers
(Stereoisomers that 
are mirror images of 

each other)

Diastereoisomers
(Stereoisomers that 

are not mirror 
images of each other)

 

Figure 2.1. Subdivision of different isomers. 

Constitutional isomers differ, because their atoms are not connected in the same 
order. Stereoisomers are not constitutional isomers, instead stereoisomers have 
the same connectivity of their atoms but differ in the arrangement of these in 
space. Stereoisomers can be subdivided into two general categories: enantiomers 
and diastereomers. Enantiomers are mirror images of each other whereas di-
astereomers are stereoisomers which are not mirror images of each other. 

An object that is not identical with its mirror image is called chiral (Gk. 
“cheir”, hand). A simple illustration of the relation between chiral objects is 
provided by putting your left hand in front of a mirror. The mirror image of your 
left hand is a right hand and these two are not superimposable. This fact becomes 
obvious when one attempts to put a “right-handed” glove on a left hand or vice 
versa. Other examples of familiar chiral objects are shoes, screws, scissors and 
propellers. Objects that are superimposable on their mirror images are achiral, 
for example cap and spoons. On the molecular level similar relationships exist. 
Thus molecules can be chiral or achiral. A chiral molecule and its mirror image 
are called enantiomers, and their relationship is defined as enantiomeric. 

Historically, molecular chirality was discovered in the year 1815, when the 
French physicist Jean-Baptiste Biot revealed that organic compounds can rotate 
the plane of polarized light.33 In 1848 Louis Pasteur realised that this ability was 
                                                           
33. Biot, J. B. Bull. Soc. Philomath. Paris 1815, 190.  
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due to the mirror-image relationship of chiral molecules.34 In 1874, Jacobus 
van´t Hoff and Charles Le Bel, independently and simultaneously, laid the foun-
dation of Organic Stereochemistry, a field covering the symmetry properties of 
organic molecules.35,36 They proposed that the mirror-image relationship, dis-
covered earlier by Pasteur, originated from a tetrahedral arrangement of the at-
oms in space around the central carbon atom, the stereogenic centre (Figure 2.2). 

Stereogenic centre

Enantiomers

 

Figure 2.2. Mirror-image relationship between enantiomers. 

In a symmetrical environment, the chemical and physical properties of two enan-
tiomers are indistinguishable. Thus, they have the same boiling point, density, 
solubilities in common solvents, melting points, and nuclear magnetic resonance 
spectrum etc. Only in a chiral environment do enantiomers show differences. 
Thus, in a solvent consisting of a single enantiomer, different solubilities for the 
enantiomers may be observed. One easily observable way in which enantiomers 
differ, is in their behavior towards plane-polarised light. One enantiomer will 
rotate the light clockwise and the other one counterclockwise. Because this prop-
erty is easily measured, enantiomers have earlier been called optically active 
compounds.  

A chiral molecule must be either “left-handed” or “right-handed”. However, a 
chiral compound is an assembly of a very large number of chiral molecules. A 
chiral compound is called racemic (racemic mixture or racemate) if the com-
pound consists of a mixture of an equal number of molecules with both left- and 
right-handed sense of chirality (“left and right-hands”), whereas it is called enan-
tiomerically pure if all of the molecules are for example “left-handed”. An enan-
tiomerically enriched chiral compound is called nonracemic. The enantiomeric 
purity of a sample is usually given as enantiomeric excess (ee) in percent. Pro-
vided the “left”-enantiomer is in excess, ee is calculated as follows: 

%ee  =
Left

x 100
Right-

Left Right+
 

                                                           
34. Pasteur, L. Ann. Chim. Phys. 1848, 24, 442–460. 
35. van´t Hoff, J. H. Arch. Neerl. Sci. Exactes Nat. 1874, 9, 445. 
36. Le Bel, J.-A. Bull. Soc. Chim. Fr. 1874, 2, 337–347.  
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Chirality plays a vital role in Nature. As early as in 1857, Louis Pasteur discov-
ered that, for compounds involved in the chemistry of life, one enantiomer is 
superior to the other. Pasteur was also the first one to separate a racemic mixture 
into the enantiomers, namely the two mirror forms of the sodium ammonium salt 
of tartaric acid.37  

Most of the molecules that are active in living cells are chiral and in most 
cases, only one enantiomer is found in Nature. Except for the simplest amino 
acid, glycine, all of the 20 amino acids that make up naturally occurring proteins 
are L-amino acids, “left-handed” (some exceptions are known in peptides in 
bacterial cell walls). In the polysaccharides (e.g. glycogen, cellulose and starch) 
and in the nucleic acids (DNA and RNA), only the D-enantiomers, “right-
handed”, of the monosaccharides are present. All receptors and enzymes are built 
from proteins. Therefore effects of enantiomers could often be very different (for 
some examples, see Section 2.3.1). 

2.2 Preparation of enantiomerically pure compounds 

When trying to obtain enantiomerically pure, or enantiomerically enriched com-
pounds, the synthetic chemist has three alternatives to choose from; to start from 
a pure enantiomer, e.g. a natural product (the so-called “chiral pool”), to resolve 
a racemic mixture into pure enantiomers, or to use stereoselective synthesis (Fig-
ure 2.3). 
 

Enantiomerically pure target compounds

Chiral pool Resolution Stereoselective synthesis

From plant 
or animal 
sources

Classical 
resolution

Chromato-
graphic 

resolution

Kinetic 
resolution

Dynamic
kinetic 

resolution

Chiral 
auxiliary

Chiral 
reagent

Chiral 
catalyst

 

Figure 2.3. Three alternative approaches to prepare enantiomerically target compounds. 

Isolation of chiral enantiopure compounds from plant or animal sources gives the 
chemist access to a vast variety of starting materials. Low cost and very high 
optical purity are two reasons to choose from this directory of compounds. One 
drawback is that several steps are often required to reach the target. Provided one 
can control the purity in these steps so that the stereogenic centre/centres are 
preserved or changed in a known way, this approach can be attractive. A disad-
vantage is that most natural products are readily available only in one enanti-
omeric form. 
 
 

                                                           
37. Pasteur, L. C. R. Acad. Sci. 1858, 46, 615–618. 
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One example of such an approach is the synthesis of (-)-wikstromol (16), a bio-
active α-hydroxylated lactone lignan, from (-)-malic acid (Scheme 2.1). This 
strategy has the advantage of having a readily available enantiomerically pure 
starting material. Only six steps are required at an overall yield of 30%.38 

OH

HOOC COOH
S

(-)-Malic acid
O

OH

O

MeO

HO OH

16

OMe

6 steps

 

Scheme 2.1. An example of a synthetic strategy, starting from the chiral pool. 

The separation of a racemic mixture into its enantiomers is called resolution. 
Resolutions fall broadly into three classes: Classical, Chromatographic, and 
Kinetic resolutions. 

Classical resolutions involve the use of a stoichiometric amount of a chiral re-
solving agent. The resolving agent is associated to the substrate, either covalently 
or non-covalently, to generate a pair of diastereomers. Diastereomers have dif-
ferent physical and chemical properties and could thus be separated by, for ex-
ample chromatography or crystallization.  

Chromatographic resolution relies generally on the use of a chiral stationary 
phase to resolve enantiomers contained in the mobile phase. 

Kinetic resolution involves a chemical reaction of a racemate with a chiral en-
antiopure resolving agent. In the reaction one enantiomer reacts faster than the 
other giving a mixture of enantioenriched starting material and product, which 
are subsequently separated and isolated. Kinetic resolution is often achieved by 
using a chiral catalyst, either a small synthetic compound or a biocatalyst (e.g. an 
enzyme). One advantage of these resolutions is that you can prepare both of the 
enantiomers from the same racemic mixture. However, if only one of the enanti-
omers is desired, the maximum yield is 50%. In kinetic resolutions, the enanti-
omers (SS + SR) of a racemic substrate react at different rates to form a product 
(PS or PR). The rate difference depends on the free energy difference, ∆∆G#, be-
tween the diastereomeric transition states in the reaction pathway (Figure 2.4). 

                                                           
38. Sefkow, M. J. Org. Chem. 2001, 66, 2343–2349. 
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SS + SR

PS or PR

∆∆∆∆∆∆∆∆G#

reaction coordinate

G

 
Figure 2.4. A reaction energy profile of a kinetic resolution, there one of the two enanti-
omers of the substrate, (S), reacts more rapidly than the other with a resolving agent (for ex-
ample; an enzyme). 

Because the kinetic resolution reaction proceeds under kinetic control, the reac-
tion has to be stopped before completion to be of any practical use. After an 
infinite time, i.e. under thermodynamic control, both enantiomers would either 
have reached full conversion (irreversible case) or an equilibrium position (re-
versible case). At equilibrium, equal amounts of the enantiomeric products PS 
and PR are formed because in an achiral environment these have the same energy.  

The use of dynamic kinetic resolution,39 in which the slow reacting enanti-
omer is continuously racemised, can solve the problem of the yield maximum of 
50%. A nice example of such a procedure is the ruthenium-catalysed enzymatic 
resolution of racemic α-methylbenzyl alcohol (Scheme 2.2).40 However, today 
such a procedure is rather substrate-dependent and usually provides only one 
enantiomer. 

Ph
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O O
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COOC
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Scheme 2.2. Enzymatic resolution under substrate-racemising conditions. 

The third approach to enantiopure compounds is enantioselective synthesis, 
which includes the generation of stereogenic centres, starting from achiral pre-
cursors, either under substrate control using a chiral auxiliary, under reagent 
control using a chiral reagent, or by the use of a chiral catalyst.  

                                                           
39. Huerta, F. F.; Minidis, A. B. E.; Bäckvall, J.-E. Chem. Soc. Rev. 2001, 30, 321–331. 
40. Larsson, A. L. E.; Persson, B. A.; Bäckvall, J.-E. Angew. Chem. Int. Ed. Engl. 1997, 36, 

1211–1212. 
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Reactions involving use of chiral auxiliaries can furnish high diastereoselectivi-
ties, in for example alkylations, and are attractive for the creation of new enan-
tioenriched products (Scheme 2.3).41 One drawback is that at least two additional 
steps are required in the synthetic sequence, attachment and removal of the auxil-
iary. 

O

XC

1. Base

2. R-X

O

XC
R

* Hydrolysis O

OH
R

*

OH
R

*

XC = Chiral auxiliary

Reduction

 

Scheme 2.3. Diastereoselective alkylation using stereoisomerically pure chiral auxiliary fol-
lowed by reduction or hydrolysis. 

Apart from being versatile catalysts for resolutions, enzymes can be used suc-
cessfully as chiral reagents in for example, enantioselective hydrogenation of 
allylic alcohols and α,β-unsaturated aldehydes (Scheme 2.4). Thus bakers´ yeast 
mediated reduction of thiophenepropenal furnishes the thiophenepropanol of 
>98% ee.42 

S
CHO

Bakers´yeast

S

OH

(S)-18
70% yield
>98% ee

17

 

Scheme 2.4. Bakers´yeast mediated reduction of the unsaturated aldehyde 17 furnishing the 
saturated alcohol (S)-18 in >98% ee and 70% yield. 

The use of chiral catalysts in stereoselective synthesis has grown exponentially 
during the last two decades and several catalysts have become versatile everyday 
tools. These have the advantage that a very minute amount of a nonracemic 
compound can yield a stoichiometric amount of a chiral product. A chiral catalyst 
can be a catalytic antibody, an enzyme, an organometallic complex (organic 
ligand coordinated to a metal ion), or a metal-free organic compound. One limi-
tation in using chiral catalysts is that it is hard to develop a catalyst that has wide 
substrate specificity. Another is that the catalysts often are derived from the 
chiral pool and thus readily available in only one absolute configuration. To 
surmount this shortcoming an increasing number of investigators have been 
exploring the possibility of transferring the chirality of a single ligand to both 
enantiomers of a product in an enantiodivergent fashion.43 

                                                           
41. Högberg, H.-E. E21 Stereoselective synthesis. In: Houben-Weil Methods of Organic 

Chemistry. (Ed.: Helmchen, G.), Thieme: Stuttgart 1995, pp 791–915. 
42. Högberg, H.-E.; Hedenström, E.; Fägerhag, J.; Servi, S. J. Org. Chem. 1992, 57, 

2052–2059. 
43. Zanoni, G.; Castronovo, F.; Franzini, M.; Vidari, G.; Giannini, E. Chem. Soc. Rev. 2003, 

32, 115–129. 
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2.3 Natural product synthesis 

The art of synthesis of natural products has developed tremendously during the 
20th century. Some elegant examples are (Figure 2.5):  
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Figure 2.5. Some examples of natural products, which have been made by total synthesis. 

Tropinone (19), a stimulant of the nervous system (R. Willstätter, 1901 and R. 
Robinson, 1917), equilenin (20), a sex hormone (W. E. Bachmann, 1939), and 
penicillin V (21). The latter belong to a group of antibiotics, which emerged as 
life saving drugs for allied soldiers in the end of World War II. At that time it was 
produced by fermentation of the mold Penicillium notatum. The first rational 
total synthesis of a penicillin culminated in 1957 (J. C. Sheehan, 1957). Another 
elegant synthesis is that of strychnine (22), an infamous alkaloid poison (R. B. 
Woodward, 1954). In natural product chemistry, the majority of substances stud-
ied to date originate from plants.  

2.3.1 Importance of preparation of the correct stereoisomer 
Roughly 40% of the pharmaceutical drugs used today are based on biologically 
active natural products, which, in many cases, have served as lead compounds 
for further development.44 Important classes of biologically active chiral com-
pounds for which syntheses need to be developed, include a wide variety of 
drugs, semiochemicals, flavours, agrochemicals such as herbicides, fungicides, 
insecticides, etc. As already mentioned, biological tissues are inherently chiral. 
Thus, in such environments, the two enantiomers of a biologically active sub-
stance do not have equal chemical properties and therefore have different physio-
logical effects. Thus, it is common that only one of the enantiomers has the de-
sired effect, whereas the other one, in many cases, exhibits no biological activity 
at all. In some cases, however, the undesired enantiomer has been shown to be 
more or less toxic (Figure 2.6). A well known example is the marketing of the 

                                                           
44. Samuelsson, G. Drugs of natural origin; Apotekarsocieten-Swedish Pharmaceutical 

Society, Swedish Pharmaceutical Press: Stockholm, 1999, p17. 
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racemic mixture of the sedative thalidomide (23) (Neurosedyn in Sweden), 
where the (R)-enantiomer is an efficient sedative, while the (S)-enantiomer is a 
potent teratogen (causing birth defects). Because thalidomide racemises in body 
fluids, the pure (R)-enantiomer cannot be used as a sedative, at least not by preg-
nant women.  
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Figure 2.6. Examples of chiral compounds with biodiscriminating enantiomers. 

Thalidomide has, however, reappeared as a treatment for serious deceases such 
as leprosy and has recently attracted attention as an anticancer and antiinflamma-
tory agent.45 (S)-Nicotine (24) occurs naturally and is much more toxic than the 
unnatural (R)-enantiomer. Whereas one enantiomer of Ethambutol (25) is a po-
tent tuberculostatic drug the other induces serious red-green colour vision defects 
in man and goldfish. Another example demonstrates that enantiomers can inter-
act with different receptors in the taste buds. Thus, one enantiomer of the com-
monly used artificial sweetener aspartame (26) tastes extremely sweet whereas 
the other one has a bitter taste. These examples show the necessity to produce 
only the correct enantiomer. 

                                                           
45. Franks, M. E.; MacPherson, G. R.; Figg, W. D. Lancet 2004, 363, 1802–1811. 
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2.4 This thesis 

This thesis deals with the development of efficient strategies for the total synthe-
sis of some chiral natural products, especially some pine sawfly pheromones. 
The initial work was guided towards the development of pheromone based 
methods for the control of pine sawfly pests of interest in the Pherodip research 
program: “Pine sawfly pheromones for sustainable management of European 
forests”.20 The first part of this thesis (Chapter 3) describes the total synthesis of 
each of the sixteen stereoisomers of 3,7,11-trimethyltridecan-2-ol,I including the 
two erythro♣-isomers (SSSR-14H and SSSS-14H) (Figure 1.5) identified as 
pheromone precursors in females of the pine sawfly Microdiprion pallipes.30 The 
convergent syntheses started with compounds from the chiral pool and were 
supplemented by some enzyme catalysed kinetic separation steps. The efficiency 
of the key coupling step in the synthetic strategy that between an alkyllithium 
and an enantiopure lactone, was studied extensively. We encountered difficulties 
in attempts to improve this coupling. We also experienced some additional prob-
lematic steps in this strategy.  

The results of the biological tests [e.g. field tests and electroantennographic 
(EAG) recordings] with the synthetic propanoates of the sixteen stereoisomers of 
3,7,11-trimethyltridecan-2-ol (14H) showed that, apart from the two erythro-
stereoisomers found in the extracts of M. pallipes females, some threo-isomers 
were also active. The threo-isomers in the synthetic strategy above were prepared 
from the erythro-ones via three additional steps, Mitsunobu reaction, hydrolysis, 
and esterification. These steps gave about 50% overall yield. The general experi-
ences described above, prompted us to look for an alternative synthetic strategy 
which would lead to threo-isomers. 

The alternative synthetic strategy to the threo-isomers, mentioned above, in-
cluded as a key step, the coupling between two building blocks, different from 
those above and at least one derived from the chiral pool. The first building 
block was obtained via a diastereoselective addition of a methylmetal reagent to 
either a racemicII or an enantiopure 2-methylaldehydeIII, followed by an enzyme-
catalysed resolution or purification, respectively.III The second building block 
was obtained by a convergent synthesis via a coupling between two substrates, 
both originating from the same compound.IV The possibility to gain access also 
to the the corresponding erythro-isomers via a similar strategy was explored 
successfully.V 

                                                           
♣ The prefixes erythro- and threo- describe relative stereochemistry on vicinal stereo-

genic centres. Several definitions of these prefixes are given. One, by Winstein, is: “In 
a compound with two asymmetric carbons that has two common ligands and a third 
that differs, the isomers that would be meso if the third legend were identical are 
erythro diastereomers.” Winstein, S.; Lucas, H. J. J. Am. Chem. Soc. 1939, 61, 2845–
2848. Cited by Smith, M. B. Organic Synthesis: Retrosynthesis, Stereochemistry, and 
Conformations; Second ed.; McGraw-Hill Companies, 2002, p 22. I have used this defi-
nition to describe the relative stereochemistry of the two vicinal stereogenic centres in 
the 2,3-position of many of the 3-methyl-2-alkanols discussed in this thesis. The same 
prefixes are used for compounds having various vicinal alkyl groups, in which these are 
considered as equivalent. 
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3. Synthesis of all stereoisomers of the Micro-
diprion pallipes pheromoneI 

3.1 Structure elucidation of the sex pheromone of M. pallipes 

The chemical structure of sex pheromones in different species of pine sawflies is 
rather similar (see Figure 1.5). Earlier syntheses of sex pheromones of pine saw-
flies by our group28,46,47,48 were based on the two approaches described in 
Scheme 3.1. 
 

CH3

CH3

OH

CH3
* *

*
7

3 2

O
O

*
*

CH3
* Li

23

O
* *

CH3

* CuLi
2

a

b

ba

14H

30

 

 

Scheme 3.1. Two different retrosynthetic approaches, route a and b, in the synthesis of the 
sex pheromone of Neodiprion sertifer. 

 
Analysis of the extracts of the females and comparison with various synthetic 
compounds, prepared by our group, and used in field tests as well as in electro-
physiological studies, indicated that the sex pheromone of M. pallipes was the 
propanoate of one or several stereoisomers of 3,7,11-trimethyltridecan-2-ol 
(14H). For confirmation of the structure a mixture of all possible stereoisomers 
was needed. We decided to use a similar strategy as that in route a (Scheme 3.1) 
for the syntheses of the mixture of stereoisomers (Scheme 3.2). 

                                                           
46. Byström, S.; Högberg, H.-E.; Norin, T. Tetrahedron 1981, 37, 2249–2254. 
47. Högberg, H.-E.; Hedenström, E.; Wassgren, A.-B.; Hjalmarsson, M.; Bergström, G., 

Löfqvist, J.; Norin, T. Tetrahedron 1990, 46, 3007–3018. 
48. Hedenström, E.; Högberg, H.-E.; Wassgren, A.-B.; Bergström, G., Löfqvist, J.; Hans-

son, B. S.; Anderbrant, O. Tetrahedron 1992, 48, 3139–3146. 
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Scheme 3.2. The retrosynthetic strategy for the preparation of all 16 possible stereoisomers 
of 3,7,11-trimethyltridecan-2-ol (14H). 

3.2 Syntheses of mixtures of isomers of 3,7,11-trimethyltri-
decan-2-ol 
The preparation of the mixture of all 16 possible stereoisomers (erythro/threo 
ratio 58:42) was performed essentially by the same method as that used in some 
of the previous syntheses of pine sawfly pheromones.46 However, in this case the 
synthesis started from racemic citronellol (27), which was converted into a tosy-
late and reduced with LiAlH4 to yield racemic 2,6-dimethyl-2-octene. Selenium 
dioxide oxidation of this furnished an allylic alcohol 28, which was hydrogen-
ated and converted to the alkyllithium 29, which was reacted with a racemic 
mixture of diastereomers of 3,4-dimethyl-γ-butyrolactone (30). After Huang-
Minlon reduction and propanoylation, a mixture of stereoisomers of 3,7,11-
trimethyltridecan-2-ol (14H) was obtained (For details see paper I and below). 
According to GC-analysis, the erythro-isomers of this mixture co-eluted with the 
natural pheromone.30 

In order to evaluate the correct stereostructure of the sex pheromone of M. 
pallipes, we decided to synthesise some isomeric mixtures to be able to compare 
them with the natural extracts from the females. Thus, four different 4-isomer 
blends, two with erythro-configurations (SS++) and (RR++) and two with threo-
configurations (SR++) and (RS++) were needed. From racemic citronellol (27) 
and the enantiomers of cis-3,4-dimethyl-γ-butyrolactone (30) we prepared the 
two mixtures with erythro-configurations and these were converted to the threo-
configured alcohols via Mitsunobu inversion (see Scheme 3.2 and discussion 
below). Chiral GC-analysis and EAG-measurements of the propanoates of these 
four blends and of extracts from M. pallipes females, revealed that the latter 
contained at least one of the two isomers with (SS++)-configuration, probably 
the SSSS- and/or SSSR-14H.25 Although no threo-isomers of the alcohol were 
present in the extracts, propanoates of the four component threo-blend (SR++) 
showed high activity in both field experiments and in electrophysiological 
tests.25  
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Results of our initial studies on the identification, synthesis and biological activ-
ity of some stereoisomers of the M. pallipes pheromone were presented at a 
EUCHEM conference in Sundsvall 1998.49 At that occasion, we presented the 
SRRR- and SSSR-14Pr as the isomers active in the field. These results inspired 
Nakamura and Mori to develop a total synthesis furnishing both these isomers.50 
Their synthetic approach was different from ours (Scheme 3.3) and they used the 
building blocks 31 and 32 and coupled them to give products SRRR- and SSSR-
14Pr of 92 and 93% stereoisomeric purity, respectively.  

OH

* * *7
3

2 TsO *11

OTHP
MgBr

+

14H 31 32
 

Scheme 3.3. The retrosynthetic strategy used by Nakamura and Mori in their total synthesis 
of the two isomers SRRR- and SSSR-14Pr. 

In light of the results of the biological experiments, it was evident to us, that if 
we wanted to advance further in our studies of the M. pallipes pheromone, we 
were forced to synthesise each of the sixteen highly stereoisomerically pure 
isomers of 3,7,11-trimethyltridecan-2-ol (14H) and their propanoates . 

3.3. Synthetic plan for the individual stereoisomers of 3,7,11-
trimethyltridecan-2-ol 
For the syntheses of the eight erythro-isomers, one or several of which were 
potential sex pheromone precursors present in the females of M. pallipes, we 
decided to employ the same synthetic plan we had used to prepare the isomer 
blends (Scheme 3.2). The key step in this plan is the coupling between a stereoi-
somerically pure alkyllithium (29) and one of the cis-3,4-dimethyl-γ-
butyrolactone (30) enantiomers. In this coupling reaction, no bond-breaking or 
bond formation involves the carbons at or adjacent to the stereogenic centres. 
Thus, we regarded this route as an attractive way to obtain these isomers. For the 
threo-isomers, however, bond-breaking and bond formation take place at the 
secondary alcohol centre, the configuration of which is inverted by a Mitsunobu 
reaction at C-2 [e.g. (2R,3R)-isomers to (2S,3R)-ones]. In most cases, however, 
this reaction is known to proceed with complete inversion.51 

Thus, our synthetic plan for all the sixteen individual stereoisomers of 3,7,11-
trimethyltridecan-2-ol (14H), led to six key non-racemic building blocks, the two 
enantiomers of the cis-3,4-dimethyl-γ-butyrolactone (30) and the four pure 
stereoisomers of 1-lithio-2,6-dimethyloctane (29) (Scheme 3.13, Section 3.6). 
The four corresponding alcohols were planned to be obtained by lipase catalysed 
kinetic separation by acylation of (2R/S,6S)- and (2R/S,6R)-2,6-dimethyl-1-
octanol (38) (Scheme 3.5) derived from the enantiomers of citronellal (36) 
(Scheme 3.5). 
                                                           
49 Larsson, M.; Nguyen, B. V.; Hedenström, E.; Högberg, H.-E. EUCHEM Conference, 

Ecological Chemistry: Chemical Communications, August 12-15, 1998, Poster No. 15, 
Sundsvall, Sweden 

50 Nakamura, Y.; Mori, K. Eur. J. Org. Chem. 1999, 2175–2182. 
51 Mitsunobu, O. Synthesis 1981, 1–28. 
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3.4 Preparation of building blocks 

3.4.1 The enantiomers of cis-3,4-dimethyl-γ-butyrolactone 
Several syntheses of the two enantiomers of cis-3,4-dimethyl-γ-butyrolactone 
(30) have been published by our group and others.28,47,48,52,53,54,55,56 The retro-
synthetic approach by our group is presented in Scheme 3.4. 
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O

O

O

O O
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O

O
OMe MeO

O

O
MeO

+ +

HO OH
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R
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(RR)-34

HO OH

S

S

(2S,3S)-2,3-butanediol 
(SS)-34

HO OH
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R HO OH
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(RR)-35

(2S,3S)-(-)-tartaric acid 
(SS)-35

(2S,3S)-2,3-epoxybutane 
(SS)-33

(2R,3R)-2,3-epoxybutane 
(RR)-33

(3S,4S)-3,4-dimethyl-γ-butyrolactone
 (SS)-30.

(3R,4R)-3,4-dimethyl-γ-butyrolactone
 (RR)-30.

 

Scheme 3.4. Retrosynthetic analysis of the two pure enantiomers of cis-3,4-dimethyl-γ-
butyrolactone (30). 

Originally, the (RR)-enantiomer of tartaric acid [(RR)-35] was converted to the 
corresponding (SS)-enantiomer of 2,3-butanediol [(SS)-34]. The (RR)-enantiomer 
of the latter [(RR)-34] was a sample given to us and originally obtained from 
fermentation.57 Later our group developed an efficient transformation of a com-
mercial d,l- and meso-mixture of 2,3-butanediol (34) into enantiomerically pure 
(SS)-34 via isomerisation followed by an enzyme catalysed resolution.58 The 
butanediol enantiomers were transformed into the corresponding trans-2-
                                                           
52 Najera, C.; Yus, M.; Seebach, D. Helv. Chem. Acta 1984, 67, 289–300. 
53 Mosandl, A.; Gunther, C. J. Agric. Food Chem. 1989, 37, 413–418.  
54 Larcheveque, M.; Sanner, C.; Azerad, R.; Buisson, D. Tetrahedron 1988, 44, 6407–

6418. 
55 Yamamoto, Y.; Nishii, S.; Ibuka, T. J. Chem. Soc. Chem. Commun. 1987, 6, 464–466. 
56 Carretero, J.; Rojo, J. Tetrahedron Letters 1992, 33, 7407–7410. 
57 Gift from Servi, S. Dipartimento di Chimica, Politecnico di Milano. 
58 Liu, R.; Högberg, H.-E. Tetrahedron: Asymmetry 2001, 12, 771–778. 



  22

butylene oxide (33) enantiomers in a well documented reaction sequence.46 The 
epoxides (33) were reacted with the anion of dimethyl malonate furnishing the 
corresponding lactone ester, followed by Krapcho59 decarboxylation. Thus, the 
two enantiomers of cis-3,4-dimethyl-γ-butyrolactone (SS)-30 and (RR)-30, were 
obtained in high optical purities (99.9%) with less than 0.1% of the trans-
lactone.47,48 Because the corresponding cis-epoxide is achiral, neither the 
(3S,4R)- nor the (3R,4S)-isomers of the lactone is available via this route. 
 
 

3.4.2 The highly pure stereoisomers of 2,6-dimethyl-1-octanol 
Some syntheses of the four stereoisomers of 2,6-dimethyl-1-octanol (SS-, SR-, 
RS- and RR)-38 have been published.60,61,62,63,64 However, if a high stereocontrol 
is needed, none of these syntheses seems attractive.  

Our preparation of the four stereoisomers of 2,6-dimethyl-1-octanol (38) 
started with the commercially available (S)- and (R)-3,7-dimethyl-6-octenal (S- 
and R-citronellal (36), both >98% ee) which was reduced to give the alkene (R)-
37 and (S)-37, respectively under standard Huang-Minlon conditions (Scheme 
3.5). Selenium dioxide oxidation of the resulting alkene followed by in situ re-
duction with NaBH4 furnished the allylic oxidation product 2,6-dimethyl-2-
octen-1-ol [(R)-28] and [(S)-28], respectively. The allylic alcohol was subjected 
to catalytic hydrogenation with Raney nickel to give 2,6-dimethyl-1-octanol 
[(R)-38] and [(S)-38], respectively, each as a mixture of two diastereomers. 

Three out of the four stereoisomers of the alcohol 38 were obtained, in high 
isomeric purities, from the alcohols (R)-38 and (S)-38 by double consecutive 
lipase-catalysed kinetic diastereoselective acylations and hydrolyses. The isomer 
(SR)-38 was an exception. After two consecutive transesterfication-hydrolysis 
cycles, it had only 89.7% of (S)-configuration at carbon 2. For our requirements, 
this stereoisomeric purity was unacceptably low. 

                                                           
59. Krapcho, A. P.; Weimaster, J. F.; Eldridge, J. M.; Jahngen, Jr., E. G. E.; Lovey, A. J.; 

Stephens, W. P. J. Org. Chem. 1978, 43, 138–147. 
60. Gamalevich, G. D.; Serebryakov, E. P. Mendeleev Commun. 1994, 40–41. 
61. Gamalevich, G. D.; Morozov, B. N.; Serebryakov, E. P. Russ. Chem. Bull. 1996, 1, 204–

215. 
62. Cheskis, B. A.; Lebedeva, K. V.; Moiseenkov, A. M. Bull. Acad. Sci. USSR Div. Chem. 

Sci. 1988, 37, 745–751. 
63. Moiseenkov, A. M.; Cheskis, B. A. Dokl. Chem. 1986, 290, 417–420. 
64. Chenevert, R.; Desjardins, M. J. Org. Chem. 1996, 61, 1219–1222. 
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Scheme 3.5. a) N2H4·H2O, KOH, diethylene glycol, 170 oC. b)  i. t-BuOOH, SeO2, CH2Cl2.  
ii. NaBH4, NaOH, MeOH, 0-30 oC. c) Ra-Ni, H2, MeOH, 40 oC. d) consecutive reactions 
with Amano PS, CHCl3, vinylbutyrate, aw~0 and KOH/MeOH. 

Candida rugosa lipase (CRL) has recently been used by our group for successful 
catalysis of kinetic stereoselective separation by esterification of some dimethyl-
alkanoic acids, such as 2,6-dimethyloctanoic acid.65 Therefore, we decided to 
apply this method to enhance the stereoisomeric purity of our sample of the al-
cohol (SR)-38. Accordingly, Jones oxidation of this alcohol gave the carboxylic 
acid (SR)-39 (Scheme 3.6) which was subjected to an esterification reaction, 
catalysed by immobilised CRL, with 1-hexadecanol in cyclohexane at aw = 0.8. 
After reduction (LiAlH4) of the (SR)-ester 40 obtained at 40% conversion, the 
alcohol (SR)-38 was obtained with >99.5% S-configuration at carbon 2. 
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Scheme 3.6. a) CrO3 / H2SO4, acetone, 0 oC. b) Lipase catalysed kinetic acylation; Im-CRL, 
1-hexadecanol, aw ~ 0.8, cyclohexane, c = 40%. c) LiAlH4, Et2O.  

                                                           
65. Nguyen, B.-V.; Hedenström, E. Tetrahedron: Asymmetry 1999, 10, 1821–1826. 
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Whereas the optical rotations of our samples of alcohol (SR)-38 and (RS)-38 
were much higher than those obtained previously, those of our alcohols (SS)-38 
and (RR)-38 were much lower.60-64 Most of the previous syntheses involved 
catalytic hydrogenation of an enantiomerically enriched unsaturated alcohol with 
the stereogenic centre located between the hydroxyl group and the double bond. 
In many cases reduction of such substrates are known to give a certain degree of 
epimerisation42,66,67,68,69,70 leading to lower stereoisomeric purity than expected.  

In order to establish the “true” optical rotation values for the individual iso-
mers of alcohol 38, we used an independent and unambiguous synthetic route to 
prepare two of the stereoisomers of 2,6-dimethyl-1-octanol, namely (RS)- and 
(SS)-38 (Scheme 3.7). 
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Scheme 3.7. a) PPh3, Br2, imidazole (57%). b)  i. Na (s), EtOH, diethyl malonate, reflux.  ii. 
KOH/MeOH, reflux.  iii. H+.  iv. 200 oC (77%). c)  i. LiAlH4, Et2O.  ii. PPh3, imidazole, I2, 
CH2Cl2 (70%). d)  i. LiCl, THF, -78 oC, LDA, 45.  ii. Add 44, (86%). e) LiH2NBH3, THF, 0-
23 oC (80%). 

                                                           
66. Peppiatt, E. G.; Wicker, R. J. J. Chem. Soc. 1955, 3122–3125. 
67. Eliel, E. L.; Schroeter, S. H. J. Am. Chem. Soc. 1965, 87, 5031–5038. 
68. Ishibashi, H.; So, T. S.; Okochi, K.; Sato, T.; Nakamura, H.; Nakatani, M.; Ikeda, M. J. 

Org. Chem. 1991, 56, 95–102. 
69. Nishide, K.; Shigeta, Y.; Obata, K.; Inoue, T.; Node, M. Tetrahedron Letters 1996, 37, 

2271–2274. 
70. Node, M.; Nishide, K.; Shigeta, Y.; Obata, K.; Shiraki, H.; Kunishige, H. Tetrahedron 

1997, 53, 12883–12894. 
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Hence, enantiomerically pure (S)-2-methyl-1-butanol (41, >99% ee) was con-
verted into the bromide (S)-42 and transformed into (S)-4-methylhexanoic acid 
(43, >98% ee) via a malonic ester two-carbon chain-extension sequence. This 
acid was reduced (LiAlH4) to the alcohol, which was converted to the iodide 44. 
When this was used in a diastereoselective alkylation of either one of the 
enolates obtained from the pure enantiomers of propanoylated pseudoephedrine 
45, two diastereomeric 2,6-dimethyloctanoic amides 46 were obtained. These 
were reduced (LiH2NBH3) to give the target compounds (RS)-38 and (SS)-38, 
which displayed optical rotations very similar to those obtained four the samples 
prepared via the transesterification reactions described above (cf. Scheme 3.5 
and 3.6). 

The stereoisomeric purity at carbon 2 of each of the four isomers of alcohol 
38 was determined by GC after conversion to the corresponding (R)- or (S)-1-
phenylethylamides [By: 1. Jones oxidation 2. Conversion to the acid chloride 3. 
Reaction with either (R)- or (S)-N-(1-phenylethyl)amine].71 

                                                           
71. Berglund, P.; Holmquist, M.; Hedenström, E.; Hult, K.; Högberg, H.-E. Tetrahedron: 

Asymmetry, 1993, 4, 1869–1878. 
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3.5 Preparation of alkylmetals and their reaction with 
lactones 
Earlier syntheses in our laboratory of sex pheromones,46,47,48 via the coupling 
reactions between alkyllithium substrates and lactones often resulted in low 
yields (25 to 50%, based on the lactones) of the desired monoaddition products, 
which were obtained as an equilibrium mixture of their ketoalcohol and lactol 
forms. The low yields prompted us to investigate if we were able to improve 
both the preparation of the alkyllithium and the subsequent addition to the lac-
tone. 

3.5.1 Preparation of organolithium compounds 
When trying to prepare our desired long chain 2-methylalkyllithiums, we often 
obtained low yields accompanied by formation of varying amounts of the corre-
sponding alcohol, despite rigorous control of the reaction conditions.  

There are three general methods for the preparation of organolithium com-
pounds (Scheme 3.8): 1. Reaction of an organic halide with lithium metal. 2. 
Organometal-organohalide exchange, 3. Metallation (acid-base reaction). Be-
cause we were interested in preparing primary alkyllithiums, the third method 
was not applicable and hence not studied in this thesis. 

  +   2 Li +   LiX.RX RLi1.

  +   R´Li +  R´XRX RLi2.

  +   R´Li +  R´HRH RLi3.
 

Scheme 3.8. Three general methods to get to an organolithium compound. 

3.5.1.1 Conversion of alkyl halides to alkyllithiums (Method 1) 

When an alkyl halide is converted to an alkyllithium by reaction with lithium 
metal, three side reactions (Scheme 3.9) are well known: 1. Wurtz-type coupling 
2. β-Elimination 3. α-Elimination. Proton abstraction is also a problem. The 
latter occur mostly in etheral solvents at temperatures above 0 °C. 

In our case most of the alkyl halides were of the 2-methylalkyl structural type. 
When we worked with this type of substrates, considerable amounts of the corre-
sponding alcohol were often produced in an unwanted side reaction 4. When n-
alkyl halides were used under similar conditions, this side reaction was not a 
problem. This type of side reaction has been noted occasionally with similar 
substrates.72 

                                                           
72. Lundhaug, K. The synthesis of (1S,3R,5R,7S)-sordidin, the main component of the 

aggregation pheromone emitted by the banana weevil (Cosmopolites sordidus). Dis-
sertation for the Degree of Dr. Scient. 2003; Faculty of Mathematics and Natural Sci-
ences; University of Oslo; ISSN 1501-7710; No. 312, pp 39–44. 
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The reactivities of alkyl halides towards lithium metal vary (RI > RBr > RCl). 
The propensity for Wurtz-type coupling (see Scheme 3.9) follows the same or-
der. Therefore, for efficient preparation of an individual alkyllithium the optimal 
balance between the desired alkyllithium and the undesired Wurtz-product can be 
achieved by the proper choice of halide. 
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Scheme 3.9. Side reactions during alkyllithium formation from primary alkyl halides and 
lithium metal. 

To promote the initiation and the rate of the reaction, the lithium metal should be 
very clean and divided into small pieces. To increase the reactivity of lithium 
towards organic halides, a small amount of sodium (1-2%) in lithium can be 
used. Screening of primary alkyl halides (RCl, RBr, RI) both straight chain and 
2-methyl substituted ones, were performed.♣ 

                                                           
♣ In all experiments solvents were dried, distilled and degassed (~1 h) by argon bubbling 

directly before use. 
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When alkyl iodides were refluxed with Li (s) in n-hexane, Wurtz-products and 
alcohol were exclusively produced. This result was not unexpected and indicated 
that the reactivity of alkyl iodides were too high when exposed to lithium metal. 
We therefore turned to the less active alkyl bromides. Thus, in ethereal solvents 
(e.g. Et2O or THF) at -20 °C and with varying amounts of sodium (0.5-2%) in 
lithium, the amount of Wurtz-type product decreased. However, the conversion 
was low and in some cases a large amount of alcohol was produced. We found 
that the best method was to use an alkane solvent (e.g. n-hexane) and to reflux it 
with lithium metal prior to addition of the alkyl bromide. The conversion was 
high, but formation of Wurtz-type product (20-30%) was still a problem.  

The reaction of an organic halide with lithium metal most probably involves 
one electron transfer (i.e a radical pathway). It is known that a radical anion 
(with lithium as counter-ion) can react with an organic halide to furnish an alkyl-
lithium compound.73  Therefore, we tested this method with our alkyl bromides. 
Thus, we added an alkyl bromide to a mixture of 4,4´-di-tert-butylbiphenyl 
(DTBB)74 and Li in THF or a mixture of a catalytic amount of DTBB75 and Li in 
Et2O at low temperatures. However, only small amounts of the desired alkyllith-
ium were formed. Wurtz-type product and alcohol were the major products. We 
also made unsuccessful attempts to prepare the Grignard reagents from alkyl 
bromides and Mg (s). Only Wurtz-type products were formed.  

Thus, the most promising procedure for the production of the 2-
methylalkyllithiums from the corresponding alkyl bromide was to reflux a mix-
ture of the bromide with lithium in n-hexane. This method was then repeated 
with the corresponding chlorides. Thus, addition of 2-methylalkyl chloride (neat) 
to a refluxing mixture of lithium (1% sodium) in n-hexane consistently furnished 
a yield of ~90 % of the alkyllithium (by titration with diphenylacetic acid)76 
together with small amounts of alcohol, n-alkane and Wurtz-type product. 

3.5.1.2 Alkyllithiums from primary alkyl iodides by halogen metal interchange 
(Method 2) 

Bailey and Punzalan77 and Negishi78 developed an efficient method for the lith-
ium-halogen interchange of primary alkyl iodides and tert-BuLi (Scheme 3.10). 
This circumvents the problems with both β-elimination and Wurtz-coupling. 
When a primary alkyl iodide is mixed with tert-BuLi, the alkyllithium is pro-
duced along with tert-BuI. The latter is prone to elimination (E2-reaction) in the 
presence of an alkyllithium. To prevent destruction of the desired alkyllithium by 

                                                           
73. Wakefield, B. J. Organolithium Methods; Academic Press Limited: London, 1988, pp 

26. 
74. a) Brandänge, S.; Dahlman, O.; Lindqvist, B.; Måhlen, A.; Mörch, L. Acta Chem. Scand. 

1984, B 38, 837–844. b) Rawson, D. J.; Meyers, A. I. Tetrahedron Letters 1991, 32, 
2095–2098. c) Zhu, S.; Cohen, T. Tetrahedron 1997, 53, 17607–17624. 

75. Gomez, C.; Huerta, F. F.; Yus, M. Tetrahedron 1997, 53, 13897–13904. 
76. Kofron, W. G.; Baclawski, L. M. J. Org. Chem. 1976, 41, 1879–1880. 
77. Bailey, W. F.; Punzalan, E. R. J. Org. Chem. 1990, 55, 5404–5406. 
78. Negishi, E.; Swanson, D. R.; Rousset, C. J. J. Org. Chem. 1990, 55, 5406–5409. 
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protonation in the elimination reaction, the much stronger base tert-BuLi is used 
in excess (2 equiv) to effect the elimination to isobutene. 

RCH2I    + Li interchange
RCH2Li   + I

Li I+ if excess
of base

H
+    LiI+RCH2Li   + RCH2Li+

 

Scheme 3.10. Lithium-halogen exchange between tert-BuLi and a primary alkyl iodide. 

We tried to use tert-BuLi in various solvents and stochiometries. However, our 
experiments with 2-methylalkyl iodides were not very successful. The yields of 
the desired alkyllithiums were generally low and were accompanied by side 
products: Wurtz-type coupling (~2-5%), reduction of the alkyllithium to the 
corresponding alkane (~5-20%) and formation of the corresponding alcohol 
(~10-30%) were the most prominent side reactions. 

3.5.1.3 Why is alcohol present? 

Despite the fact that we had taken all the commonly prescribed precautions re-
commended in the procedures for the preparation of alkyllithiums, the corre-
sponding alcohols were almost always side products. As pointed out above this 
side product was remarkably abundant, when we tried to prepare 2-
methylalkyllithiums. This did confuse us and we decided to study how alcohols 
were formed (e.g. from metal oxides, water or oxygen). An alkyllithium sample, 
obtained from the corresponding chloride and lithium metal in n-hexane at re-
flux, were quenched under dry oxygen-free argon with distilled and oxygen-free 
diisopropylamine to give exclusively the corresponding alkane. When quenched 
with oxygen-free water, the same alkyllithium gave alkane only. However, when 
dry oxygen was bubbled through a solution of this alkyllithium for 15 min, prior 
to quenching with degassed (argon) diisopropylamine, the corresponding alcohol 
was the major product. These results indicated that alkyllithium and oxygen gave 
the corresponding alcohol, which also corresponds with the results from the 
literature (Scheme 3.11).79 Because this side reaction seems to be a major prob-
lem associated mainly with the long chain 2-methylalkyllithiums of interest for 
us, it appears to have been largely overlooked before. 
 

                                                           
79. Wakefield, B. J. Organolithium Methods; Academic Press Limited: London, 1988, pp 

129–131. 
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Scheme 3.11. The formation of alcohols from the corresponding alkyllithium. 

Although alternative explanations have been given for the formation of alcohols 
during the preparation of similar alkyllithiums,72 we think that oxygen is the 
main culprit. Thus, when trying to prepare bulky 2-methylalkyllithiums from the 
corresponding halide, much more rigorous oxygen-free conditions must be main-
tained, than those required for the preparation of most n-alkyllithiums. 

3.5.2 Reactions of alkyllithiums with γ-lactones 
As mentioned previously the coupling of alkyllithiums with γ-lactones usually 
gave low yields of the desired ketoalcohol-lactol equilibrium mixture. Having 
improved the yield in the formation of alkyllithiums, we proceeded by studying 
the coupling reaction. In additions of primary alkyllithium to lactones, various 
side reactions are possible and some have been observed by our group80 and 
others81 (Scheme 3.12). 

Side reaction 1. Addition of two equivalents of alkyllithium. The desired reac-
tion is the addition of one molar equivalent of the alkyllithium to the lactone, 
giving the addition product, the lithium salt of a five membered ring lactol, or its 
ring-opened isomeric lithium ketoalkoxide. Due to the high reactivity of the 
latter, addition of a second equivalent of the lithium reagent is possible, which 
results in a diol. Attempts to trap the initially formed five membered ring lactox-
ide as a cyclic O-silyl ketal, using TMSCl as an additive gave no improvement.80 
Reaction in the presence of an extremely oxophilic metal ion, such as cerium(III) 
in CeCl3, should, after addition of the alkyllithium to the lactone, give a strong 
Ce-O bond, which cleaves more slowly than the Li-O bond. When mixing the 
lactone with CeCl3 in Et2O

82 followed by addition of alkyllithium and work-up, 
we isolated the desired product in unchanged yield (~50%). Other Lewis acids 
were tested e.g. LiCl and HgCl2 without any significant improvement in yield.  

                                                           
80. Hedenström, E. Syntheses of chiral compounds related to the pheromones of pine 

sawflies. Ph. D. Thesis, Royal Institute of Technology, Stockholm, 1992. 
81. Mudryk, B.; Shook, C. A.; Cohen, T. J. Am. Chem. Soc. 1990, 112, 6389–6391, and 

references cited therein. 
82. Dimitrov, V.; Bratovanov, S.; Simova, S.; Kostova, K. Tetrahedron Letters 1994, 35, 

6713–6716. 
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Scheme 3.12. Side reactions in the alkyllithium addition to a γ-butyrolactone. 

Side reactions 2 and 3. Enolisation. Both the lactone and the desired keto-
alkoxide product can form enolates via proton abstraction by the strong alkyllith-
ium base, which is transformed into the alkane. In an effort to circumvent this 
problem, the alkyllithium was converted to the less basic alkylcerium dichloride 
(RCeCl2). Following the general experimental method described by Imamoto et 
al.83 an alkyllithium and anhydrous CeCl3 was converted to the alkylcerium 
reagent in either THF or in Et2O. In these reactions a large amount of alkane was 
formed and the final yield of the desired ketoalcohol-lactol mixture was around 
30%. Ultrasound84 for promoting the reaction was also tested without success. 
Attempts were made to protonate the enolates formed during the reaction in 
order to regenerate the lactone, which was then treated once again with alkyllith-
ium. No significant improvement of the yield of the desired ketoalcohol-lactol 
product was observed. 
                                                           
83. Imamoto, T.; Kusumoto, T.; Tawarayama, Y.; Sugiura, Y.; Mita, T.; Hatanaka, Y.; Yoko-

yama, M. J. Org. Chem. 1984, 49, 3904–3912. 
84. Greeves, N.; Lyford, L. Tetrahedron Letters 1992, 33, 4759–4760. 
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The molar ratio of the reactants (lactone/alkyllithium) seemed to be a crucial 
factor. When using an excess of lactone, we observed products derived from 
intermolecular oligomerisation by enolate formation and subsequent condensa-
tion. Hence to avoid this side reaction an optimal lactone/alkyllithium ratio was 
found to be ~0.8. Thus, using this ratio and the optimal conditions described 
above for the preparation of alkyllthiums, the desired lactols-ketoalcohols were 
usually obtained in 35–60 % yield accompanied by dialkylation product (~5%), 
remaining lactone (~5%), alkane (~10%), and the alkyllithium-derived alcohol 
(~3-5%). 

3.6 Coupling of chiral building blocks to give the M. pallipes 
pheromone 
Having established the best conditions for the preparation and reaction of alkyl-
lithiums with lactones, we proceeded with the syntheses of each of the sixteen 
stereoisomers of the propanoate esters of 3,7,11-trimethyltridecan-2-ol (14H), 
one or several being constituents of the pheromone of M. pallipes. Hence, each 
of the four individual stereoisomers of 2,6-dimethyl-1-octanol (SS-, SR-, RS-, 
and RR)-38 was converted to the corresponding alkyl chloride 47, followed by 
reaction with Li (s, with a content of 1% sodium) under reflux in n-hexane. 
Then, the resulting alkyllithium 29 was added to one of the enantiomers of the 
cis-lactone 30 (0.75-0.80 equiv) at – 78 °C in Et2O (Scheme 3.13). 

The products from the coupling reactions, eight stereoisomeric lactols-
ketoalcohols, were not isolated. Instead they were immediately subjected to 
Huang-Minlon reductions furnishing each of the eight erythro-isomers of the 
trimethyltridecanol 14H in 30-40% yields (based on the lactone). A part of each 
of the samples of the eight erythro-isomers was subjected to the Mitsunobu reac-
tion followed by alkaline ester hydrolysis, which yielded the corresponding 
threo-isomer of trimethyltridecanol 14H in 50-60% yield. The Mitsunobu reac-
tion is known to proceed with virtually complete inversion of configuration.51 
GC-analyses confirmed this and showed that the threo-alcohols contained only 
traces of the erythro-ones. Acylation of the individual erythro- and threo-isomers 
using propionyl chloride furnished the sixteen isomeric propanoate esters of 
3,7,11-trimethyltridecan-2-ol (14H). Each of the eight individual erythro-isomers 
was obtained with a diastereomeric purity of >97%, except for the SSSS- and 
RRSS-isomers, which had the diastereomeric purity of 95.9 and 95.7%, respec-
tively. Each of the eight individual threo-isomers was obtained with a di-
astereomeric purity of >97.4%, except for the RSSS- and SRSS-isomers, which 
had the diastereomeric purity of 95.3 and 95.5%, respectively. 
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Scheme 3.13. Synthesis of the sixteen individual stereoisomers of 14H: a) PPh3, CCl4. b)  i. 
Li (s), reflux, n-hexane.  ii. -78 oC , add to RR- or SS-30. c) N2H4·H2O, KOH, diethylene 
glycol, 170 oC, 1 h; 210 oC, 3 h. d)  i. THF, PPh3, benzoic acid, DEAD.  ii. KOH/MeOH. 

The SSSR-alcohol 14H (probably along with the SSSS-isomer) is the alcohol 
isomer found in the female of M. pallipes) and its propanoate showed high activ-
ity both electrophysiologically and in field tests. However, also some threo-
isomers of the propanoate esters of 3,7,11-trimethyltridecan-2-ol (14H), espe-
cially the SRRR-and SRSR- isomers showed even higher activity.25 Because none 
of the corresponding alcohol precursors are found in females, these activities are 
rather surprising and certainly warrant further biological studies. 

Although reliable, the synthetic route described above gave poor yields in the 
final steps, especially when the threo-isomers of 14H were needed. Therefore we 
wanted to explore alternative ways to obtain building blocks which would more 
easily lead to similar threo-isomers of natural products in general, and pine saw-
fly pheromones in particular. 
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4. Diastereoselective addition of methylmetal 
reagents to 2-methylaldehydesII 

4.1 General aspects 

When a carbonyl compound has diastereotopic faces, nucleophilic addition reac-
tions can occur in a diastereoselective fashion and they usually proceed accord-
ing to Cram’s rule.85 (Figure 4.1) Since its introduction in 1952, the models for 
open chain systems have been further developed by, among others, Cornforth, 
Karabatsos, Felkin and Ahn.86 In simple systems, all models predict the forma-
tion of the same major diastereomer, the so-called Cram-product. For carbonyl 
compounds incorporating a suitably placed heteroatom (for example O, N or S in 
the α-, β-, or γ- position) chelation can occur. In such cases, the addition usually 
proceeds according to Cram’s cyclic model, which leads to the so-called anti-
Cram-product.85,87  
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Figure 4.1. Newman projections of different models, all leading to the so-called Cram-
product in excess. 

                                                           
85. Cram, D. J.; Elhafez, F. A. A. J. Am. Chem. Soc. 1952, 74, 5828–5835. 
86. a) Cornforth, J. W.; Cornforth, R. H.; Mathew, K. K. J. Chem. Soc. 1959, 112–127. b) 

Karabatsos, G. J. J. Am. Chem. Soc. 1967, 89, 1367–1371. c) Cherest, M.; Felkin, H.; 
Prudent, N. Tetrahedron Letters 1968, 2199–2204. d) Ahn, N. T. Top. Curr. Chem. 
1980, 88, 145–162. 

87. Cram, D. J.; Wilson, D. R. J. Am. Chem. Soc. 1963, 85, 1245–1249. 
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4.2 Retrosynthetic analysis and screening experiments 

 
 
If we look at the functionalised part of a natural product (Scheme 4.1) (e.g. a 
pheromone of a pine sawfly) and analyse it retrosynthetically (backwards), we 
see that an efficient and highly diastereoselective addition of a methyl moiety to 
a chiral aldehyde of type III could be a promising way to get to a target of type I 
(the pheromone precursor). 
 
 

R

OH

**

Y

OH

**
Y = leaving group, electrophilic carbon 
 or a group that renders the adjacent

 carbon nucleophilic

X H

O

*

X = Ph, o-MeOC6H4 
or PhS
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I
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R = straight alkyl chain or a 
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Scheme 4.1. Retrosynthetic analysis of a potential pheromone precursor, leading to a chiral 
aldehyde as starting material. 
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We prepared three 2-methyl-aldehydes 48, 49, and 52 (Scheme 4.2) and studied 
their reactions with a variety of methylmetals and solvents with or without added 
chelating agents (Table 4.1). One of these aldehydes, 2-methyl-3-phenylpropanal 
(48), served as a non-chelating reference substrate.  

S
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H S

O

H

R

52
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threo  isomers (T)
anti-Cram product

53T

OH

+

+
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R

OH

R

OH
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Scheme 4.2. Preparation of mixtures of the threo and erythro isomers (T and E, respec-
tively) of compounds 50, 51 and 53. 

The best results were obtained with 2-methyl-3-(phenylsulfanyl)propanal (52). 
Thus, the addition product 53T was obtained in excellent diastereomeric ratios 
(up to 95:5 anti-Cram/Cram) in reactions of Me2Zn with aldehyde 52 in CH2Cl2 
with TiCl4 as a Lewis acid catalyst (entry 16, Table 4.1) 

Table 4.1. Diastereoselective additions of methylmetal reagents to the aldehydes 48, 49, and 52 

Entrya Reagent Equiv 
MeMetal 

(Lewis acid) 

Substrate Temperature 
(° C) 

Drb T/E (anti-
Cram/Cram) 

Solvent 

1 MeLi 1.5 49 −70 60:40 Et2O 
2 MeLi 1.5 48 −70 50:50 Et2O 
3 MeLi 1.5 49 −70 65:35 THF/Cumenec 

4 MeLi 1.5 49 −100 60:40 Et2O 
5 MeMgBr 1.5 49 −50 55:45 Et2O 
6 MeMgBr 1.5 48 −50 47:53 Et2O 
7 MeTi(i-OPr)3 1.5 49 −40 46:54 Et2O 
8 MeTi(i-OPr)3 1.5 48 −40 54:46 Et2O 
9 (1)TiCl4, (2)Me2Zn (1.0) 1.6 49 −70 45:55 CH2Cl2

d 

10 Me2TiCl2 1.5 49 −70 39:61 CH2Cl2
d 

11 MeLi 1.5 52 −70 65:35 Et2O 
12 (1)TiCl4, (2)MeLi (1.0) 1.6 52 −70 58:42 Et2O 
13 MeLi 1.5 52 −70 56:44 CH2Cl2

d 
14 (1)TiCl4, (2)MeLi (1.0) 1.6 52 −70 69:31 CH2Cl2

d 
15 Me2TiCl2 1.5 52 −70 79:21 CH2Cl2

d 
16 (1)TiCl4, (2)Me2Zn (1.0) 1.6 52 −70 95:05 CH2Cl2

d 
17 (1)TiCl4, (2)Me2Zn (2.0) 1.6 52 −70 95:05 CH2Cl2

d 
18 (1)TiCl4, (2)Me2Zn (0.5) 1.6 52 −70 86:14 CH2Cl2

d 
19 Me2Zn 1.5 52 −70 -e CH2Cl2

d 
 

a  Yields were in range of 40-95%, according to GC and in entry 16 the isolated yield was 85%. b 
Diastereomeric ratio was determined by GC analysis of the alcohol products 50 and 51, or of the 
butyrate of alcohol product 53. c  Proportions: 10/90. d  Mixed with a small amount (3-6 vol%) of 
the solvent from the methylmetal reagent. e  Only starting material was isolated.   
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Because experiments made it clear that an equimolar amount of TiCl4 relative to 
the substrate was needed, this indicated that the reaction took place via a 1:1 
substrate: Lewis acid complex. Because the effect of a lower amount of Lewis 
acid was lower selectivity, it appeared as if the catalyst was still bound as a 1:1 
alkoxycomplex in the product. This complex could in turn function as a Lewis 
acid catalyst, but with lower selectivity explaining the results obtained when 
using less than an equimolar amount of the catalyst. We tentatively suggest that 
the reaction between compound 52, TiCl4 and dimethylzinc in CH2Cl2 proceeds 
via the path described in Scheme 4.3. 
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Scheme 4.3. Proposed pathway for the formation of compound 53T. 

 
Thus, we had established an efficient method for acquiring a potentially valuable 
building block II (see Scheme 4.1) for various natural products. Because this 
building block was obtained as a racemate, an efficient resolution strategy for it 
was needed. Lipases are very efficient resolving agents for this type of secondary 
alcohols.88 Therefore we decided to study the resolution of racemic (2R*,3R*)-
53 by lipase-mediated acylation. 

                                                           
88. Ohtsuka, Y.; Katoh, O.; Sugai, T.; Ohta, H. Bull. Chem. Soc. Jpn. 1997, 70, 483–491. 
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4.3 Resolution of racemic threo-methyl-4-(phenylsulfanyl)-
butan-2-olIII 
As described above, we had easy access to threo-3-methyl-4-(phenylsulfanyl)-
butan-2-ol [(2R*,3R*)-53] in a good diastereomeric ratio [95/5, (2R*,3R*)/ 
(2R*,3S*)]. This compound was subjected to consecutive lipase-catalysed acyla-
tions and hydrolysis furnishing (2S,3S)-3-methyl-4-(phenylsulfanyl)butan-2-ol 
[(2S,3S)-53] of 98/2 dr and 98% ee and (2R,3R)-3-methyl-4-(phenylsulfanyl)-
butan-2-ol [(2R,3R)-53] of 98/2 dr and 99% ee (Scheme 4.4).  
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Scheme 4.4. Preparation of racemic (2R*,3R*)-53 and its enzyme catalysed resolution and 
diastereoselective purification. 

Although the lipase catalysed reactions of the slightly diasteromerically impure 
and racemic (2R*,3R*)-53 furnished both (2S,3S)-53 and (2R,3R)-53 relatively 
pure, we were not satisfied with the isomeric purities of these samples. They 
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were too low to be useful for the preparation of the desired highly pure single 
stereoisomers of pine sawfly pheromones. Clearly, alternative approaches to the 
pure enantiomers (2S,3S)- and (2R,3R)-53 were needed. 

4.4 Preparation of (2S,3S)-53 and its purification by enzyme 
catalysed acylationIII 
If we had easy access to enantiomerically pure 2-methyl-3-(phenyl-
sulfanyl)propanal (52), we could, by using our diastereoselective dimethylzinc 
addition reaction, be able to prepare both (2S,3S)- and (2R,3R)-53 in quite high 
isomeric purities, provided that no racemisation of the aldehyde 52 would occur 
during the reaction sequence. Furthermore, due to their opposite configuration in 
the 2-position, the undesired isomers in the product mixture obtained from enan-
tiomerically pure aldehyde 52 should be easily removed by lipase catalysed reac-
tions.  

The preparation of (2S,3S)-53 was conducted as follows (Scheme 4.5). Com-
mercially available methyl (R)-3-hydroxy-2-methylpropanoate [(R)-54, >99% ee 
by GC analysis] was treated with diphenyldisulfide to give the corresponding 
thioester [(S)-55, >97% ee by GC analysis]. 
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Scheme 4.5. Synthesis of the building block (2S,3S)-53: (a) (PhS)2, (n-Bu)3P, DMF, 0 °C, rt 
(95%); (b) LiAlH4, THF (96%); (c) i. DMSO, oxalyl chloride, -78 °C. ii. DIPEA, CH2Cl2, -
78 °C. iii. Extractive workup with KH2PO4; (d) i. CH2Cl2, -78 °C, TiCl4 (1.0 equiv), 10 min, 
Me2Zn (1.0 equiv) [75%, over steps (c) and (d)]. 

Reduction of this compound with lithium aluminiumhydride gave the alcohol 
[(S)-56, >97% ee by 1H NMR analysis of its corresponding MTPA-ester, derived 
from (−)-MTPAC1]. Swern oxidation of the alcohol (S)-56 using oxalyl chloride 
in DMSO and DIPEA (N,N-diisopropylethylamine) was followed by workup 
with aqueous KH2PO4 to ensure that no amine remained and that the pH was 
neutral. This afforded the corresponding aldehyde (S)-52. The enantiomeric pu-
rity of this was checked by reduction of a sample of (S)-52 to (S)-56 and analysis 
of its MTPA-ester (vide supra). The solution of the aldehyde (S)-52 was reacted 
with dimethylzinc in the presence of titanium tetrachloride to give the following 
mixture of stereoisomers of compound 53: 91.5% of (2S,3S)-53; 7% of (2R,3S)-
53; 1.4% of (2R,3R)-53; 0.1% of (2S,3R)-53 (Scheme 4.5). 
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Scheme 4.6. Enzyme catalysed purification of (2S,3S)-53 prepared from methyl (R)-3-
hydroxy-2-methylpropanoate [(R)-54]. 

The mixture of the four stereoisomers containing mainly compound (2S,3S)-53 
was subjected to purification by lipase-catalysed esterification and after 9% 
conversion the slow reacting alcohol (2S,3S)-53 was recovered in a very high 
isomeric purity (>99.9:0.1 dr and >99.9% ee) and in 90% yield based on the 
starting mixture (Scheme 4.6). The overall yield was 61% based on methyl (R)-
3-hydroxy-2-methylpropanoate (R)-54 over five steps. In an analogous way, 
(2R,3R)-53 was prepared from (S)-3-hydroxy-2-methylpropanoate [(S)-54]. 
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5. Synthesis of natural products from chiral 
nonracemic building blocks 

5.1 Synthesis of a potential pheromone precursor from 
Gilpinia spp 
To demonstrate the synthetic usefulness of the alcohol (2S,3S)-53, we synthe-
sised (2S,3R)-3-methylpentadecan-2-ol, [(2S,3R)-60], a potential pheromone 
precursor, isolated from the pine sawflies G. socia and G. frutetorum.III 

Treatment of the alcohol (2S,3S)-53 with tert-butylchlorodimethylsilane 
(TBDMSCl) gave the silyl ether (1S,2S)-57 (Scheme 5.1). 
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Scheme 5.1. Synthesis of (2S,3R)-3-methylpentadecan-2-ol [(2S,3R)-60] from the chiral 
building block (2S,3S)-53: (a) TBDMSCl, DMF, imidazole (99%); (b) m-CPBA, CH2Cl2 
(88%); (c) i. THF, DMPU, -40 °C, n-BuLi (2.1 equiv), up to 0 °C, cool to -40 °C. ii. 1-
Iodoundecane (1.2 equiv), THF, up to 20 °C (96%); (d) 10% Na-Hg, MeOH, Na2HPO4, rt 
(94%); (e) i. TBAF, THF, reflux. ii. Acetyl chloride, pyr, CH2Cl2 (84%); (f) i. Ra-Ni, EtOH, 
H2. ii. KOH/MeOH, rt (82%). 

Oxidation of this with MCPBA furnished the sulfone (1S,2S)-58. The carbanion 
derived from this was alkylated with 1-iodoundecane to yield (1S,2S)-59, whose 
phenylsulfone unit and the TBDMS protective group were removed with sodium 
amalgam followed by tetrabutylammonium fluoride (TBAF), respectively, to 
give (2S,3R)-60. In our hands, the sodium amalgam reaction yielded the alcohol 
(2S,3R)-60 contaminated with an elimination product (~15%). NMR-analysis 
indicated that the double bond in this undesired product was located between the 
4- and 5-carbons, which was expected.89 Therefore, the crude product mixture 
was acylated and treated with Raney nickel in ethanol under hydrogen. Alkaline 
hydrolysis followed by chromatography gave, from sulfone (1S,2S)-59, (65%) of 
the pure pheromone precursor alcohol (2S,3R)-60 [>99:1 dr, >99% ee, and 54% 
overall yield based on (2S,3S)-53]. 

This demonstrated that the enantiomerically and diastereomerically pure alco-
hol (2S,3S)-53 could indeed be used successfully in synthesis.  

                                                           
89. M.B. Smith, J. March, March's Advanced Organic Chemistry. Reactions, Mechanisms, 

and Structure. 5th Ed., John Wiley & Sons, New York 2001, p 1336. 
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5.2 New synthesis of one of the four possible (2S,3R,-
7S/R,11S/R)-3,7,11-trimethyltridecan-2-ols, precursors for M. 
pallipes attractants 

Having completed the synthesis of (2S,3R)-3-methylpentadecan-2-ol, (2S,3R)-
60, from the stereoisomerically pure alcohol (2S,3S)-53, we focused on using the 
latter as a potential building block in the synthesis of the propanoates of the four 
different (2S,3R,7S/R,11S/R)-3,7,11-trimethyltridecan-2-ols (14H), attractants to 
Microdiprion pallipes.  

Retrosynthetically, the new strategy differs from the former one (Chapter 3), 
in that the cleavage is between carbon 4 and 5 of the trimethyltridecanol 14H, 
leading to two synthons, the first, I, is derived from the alcohol (1S,2S)-53 
(Scheme 5.2) and the second, II, is one with hidden symmetry.  
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Scheme 5.2. Comparison between the two retrosynthetic routes of (2S,3R,7S/R,11S/R)-
3,7,11-trimethyltridecan-2-ol (14H). 

The plan for the synthon, II, was to use a single enantiomerically pure starting 
material from the chiral pool and exploit the symmetry properties of some inter-
mediates for a stereodivergent reaction sequence, following three different routes 
(1-3), leading to stereoisomerically pure building blocks (Scheme 5.3).  

These four stereoisomers should be accessible from the same starting material, 
(R)-2-methylsuccinic acid 4-tert-butyl ester [(R)-61], via convergent synthesis. 
This kind of building blocks (e.g. 1,9-difunctionalised 3,7-dimethylnonane de-
rivatives) could also be useful in other kinds of natural product syntheses. In this 
study focus is on the synthesis of pheromone components of sawflies. 
 



  43

OH
O

t-BuO
O

(R)-2-methylsuccinic acid
4-tert-butyl ester [(R)-61]

X Y

R R

X Y

R

Br

R

1

1a 1b

2 3 (S)-42

X Y

 

Scheme 5.3. Retrosynthetic analysis of the different stereoisomers of 1,9-difunctionalised 
3,7-dimethylnonane derivative, all starting from the same compound, (R)-2-methylsuccinic 
acid 4-tert-butyl ester [(R)-61]. X and Y are appropriate leaving- or protective-groups or hy-
drogen. 

5.2.1 First approach to 1,9-difunctionalised 3,7-dimethylnonanes 
When the synthon I derived from the right hand part of the target in the new 
retrosynthetic approach (Scheme 5.2) is chosen to be a negatively charged one, 
further retrosynthetic analysis of the left hand part, synthon II, following route 1, 
could be as follows (Scheme 5.4). 
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Scheme 5.4. Retrosynthetic route 1, the first approach, leading to the same starting material, 
(R)-2-methylsuccinic acid 4-tert-butyl ester [(R)-61]. X and Y are appropriate leaving- or 
protective-groups or hydrogen. 
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The starting (R)-2-methylsuccinic acid 4-tert-butyl ester [(R)-61] has recently 
become commercially available from Mitsubishi Rayon Co.90,91 and we were 
kindly provided with a sample. Thus, the building blocks (R)-67 and (S)-72 were 
prepared as shown in Scheme 5.5. Reduction of (R)-2-methylsuccinic acid 4-tert-
butyl ester [(R)-61] with borane-dimethyl sulfide complex furnished the hydroxy 
ester (R)-62. 
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Scheme 5.5. Synthesis of the building blocks (R)-67 and (S)-72: (a) BH3·SMe2, THF (92%). 
-  (b) TBDMSCl, DMF, imidazole (98%). -  (c) DIBAL-H, CH2Cl2, 0 °C, up to rt (66%). - 
(d) TBDPSCl, DMF, imidazole (70%). -  (e) AcOH: THF: H2O (3: 1: 1) (72%). -  (f) PPh3, 
imidazole, I2, benzene (81%). -  (g) NaCN, DMSO (94%). - (h)  i. DIBAL-H, toluene, 0 °C.  
ii. HCl.  iii. NaBH4, KOH, EtOH (60%). -  (i)  i. NaH, BnI, THF, rt.  ii. TBAF, THF, rt 
(81%). - (j) Dess-Martin periodinane, pyridine, CH2Cl2, rt ( 84%).  - (k) SOCl2-SiO2, 1,3-
propanedithiol, benzene, rt (94%). 

The corresponding tert-butyldimethylsilyl (TBDMS) ether (R)-63 was reduced 
with diisobutylaluminium hydride (DIBAL-H) to give the monoprotected alco-
hol (R)-64. This was converted to the diprotected alcohol (R)-65, followed by 
deprotection of the TBDMS group by aqueous acetic acid to give (R)-66. This 
alcohol was converted to the corresponding iodide, (R)-67, the first building 
block. 

A sample of (R)-67 was reacted with NaCN in a one-carbon extension reac-
tion to yield (S)-68 which was reduced by DIBAL-H and NaBH4 furnishing (S)-
69. This alcohol was protected with benzyl iodide, followed by deprotection of 
the TBDPS-unit to give the monoprotected alcohol (R)-70. Oxidation of this 
alcohol using Dess-Martin periodinane, followed by protection of the aldehyde 
(S)-71 with 1,3-propanedithiol yielded (S)-72, the second desired building block.  

Alkylations of 2-lithio-1,3-dithianes have been used extensively in natural 
product synthesis and a wide variety of alkyl iodides and bromides have been 

                                                           
90. Ozaki, E.; Sakashita, K. Chem. Letters 1997, 741–742. 
91. Ozaki, E.; Uragaki, T.; Enomoto, K. Abstract of papers, 2nd Japanese Symposium on 

the Chemistry of Biocatalysis, Toyama, Japan, 1999, p. 83. 
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used succesfully as electrophiles.92 However, several attempts to alkylate the 
carbanion derived from (S)-72 with (R)-67 (either as the bromide or the iodide) 
gave no traces of the desired alkylation product. Further attempts by varying the 
equivalents of n-BuLi used and/or reactions at different temperatures in the pres-
ence of a cosolvent (e.g. DMPU) in THF and by using a variety of electrophiles 
did not improve the results. When an excess of n-BuLi was used, a product aris-
ing from intramolecular cyclisation of the dithiane unit was isolated (Scheme 
5.6). Such a problem has been noted earlier. Thus a cyclic intermediate forms 
during an alkylation involving an epoxide reacting with a benzyloxysubstited 2-
alkyl-2-lithio-1,3-dithiane.93 Other bases have also been used in alkylations of 
dithianes, e.g. t-BuLi,94,95 mixtures of n-BuLi and sodium or potassium tert-
butoxide.96,97 Reactions with these kinds of bases were attempted. Wurtz type 
products were the only ones obtained (Scheme 5.6). When sodium tert-butoxide 
was used as an additive, this undesired product was especially abundant (up to 
40% yield). Experiments, in which the conversion was monitored, showed that 
decomposition of both the substrates, (S)-72 and (R)-67, occurred under all the 
conditions tested. 

X
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H OBn
S S
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S S
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(R)-67   X = Br or I
(S)-72   R = Bn

1. Various temp., different 
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S

S
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The two isolated products :

Intramolecular 
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2.

 

Scheme 5.6. Results from studies of the alkylation reaction between (S)-72 and (R)-67, by 
variation of the nature of the base, the reaction temperature, solvent or cosolvent. 

These disappointing results prompted us to study an alternative strategy for the 
preparation of the synthetic equivalents of the desired synthon II (see Scheme 
5.2). Thus, in the new approach, we reversed the polarities of the intermediates 
derived from the substrates (R)-66 and (R)-70 (from above, see Scheme 5.5), 
hoping that we should be able to link the building blocks together.  

                                                           
92. Yus, M.; Najera, C.; Foubelo, F. Tetrahedron 2003, 59, 6147–6212. 
93. De Brabander, J.; Vandewalle, M. Synthesis 1994, 855–865. 
94. Smith, A. B., III; Condon, S. M.; McCauley, J. A.; Leazer, J. L., Jr.; Leahy, J. W.; Malec-

zka, R. E., Jr. J. Am. Chem. Soc. 1997, 119, 947–961. 
95. Enders, D.; Schusseler, T. Tetrahedron Letters 2002, 43, 3467–3470. 
96. Lipshutz, B. H.; Garcia, E. Tetrahedron Letters 1990, 31, 7261–7264. 
97. Jones, A. B.; Villalobos, A.; Linde, R. G., II; Danishefsky, S. J. J. Org. Chem. 1990, 55, 

2786–2797. 
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Thus, a phenylsulfone unit could be used to induce nucleophilicity in the α-
position after deprotonation. As demonstrated above (Section 5.1) this approach 
was successful in our earlier syntheses.  

Thus, the mono protected alcohol, (R)-70, was converted to the corresponding 
iodide (S)-73, leading to the desired electrophile (Scheme 5.7). Treatment of the 
alcohol (R)-66 with diphenyldisulfide gave the corresponding thioether (R)-74. 
Oxidation of the thioether (R)-74 afforded the phenylsulfone (R)-75, the nucleo-
phile precursor.  

bTBDPSO
OH
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TBDPSO
X

(R)-74  X = SPh

(R)-75  X = SO2Ph
c

d OBnTBDPSO
X

(RR)-76  X = SO2Ph

HO OR

(R)-70   R = Bn

a I OBn

(S)-73

 

Scheme 5.7. Synthesis of the building block (RR)-76: (a) PPh3, imidazole, I2, benzene 
(85%). - (b) (PhS)2, (n-Bu)3P, imidazole, benzene (91%). -  (c) m-CPBA, CH2Cl2, 0 °C, up 
to rt (81%).  - (d)  i. THF, triphenylmethane,  -78 °C, n-BuLi (2.1 equiv), up to -30 °C, -55 
°C, DMPU.  ii. THF,  (S)-73 (0.6 equiv), up to rt (54%). 

Alkylation of the carbanion derived from (R)-75 with (S)-73 furnished (RR)-76 
in 54% yield at the first attempt. At this moment, our source of starting material 
was exhausted. However, the result encouraged us to find a similar way of using 
phenylsulfone derivatives.  

Thus, transformation of the building block (S)-72 (from above, see Scheme 
5.5), back to the mono protected alcohol (R)-70 via a deprotective reaction using 
(CF3CO2)2IPh to the corresponding aldehyde (S)-71, followed by reduction with 
LiAlH4 was performed (Scheme 5.8).  

H OBn
S S

a HO OBn b X OBn

(S)-77    X = SPh

(S)-78    X = SO2Ph
c

d

No product

e(S)-78 PhSO2 OR
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f

g
No product

I
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(R)-67 from Scheme 5.5
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Scheme 5.8. Synthesis of the building blocks (S)-78 and (S)-80: (a)  i. (CF3CO2)2IPh, 
MeOH:H2O (9:1).  ii. LiAlH4, THF (41%). - (b) (PhS)2, (n-Bu)3P, imidazole, benzene, 0 °C, 
up to rt (81%). - (c) m-CPBA, CH2Cl2, 0 °C, up to rt (67%).  - (d)  i. THF,  -78 °C, n-BuLi 
(2.1+ 1.0 equiv.), up to rt, -55 °C, DMPU.  ii. THF, (R)-67 (1.4 equiv), up to rt (no conver-
sion). - (e) Pd/C, H2, MeOH, rt (62%). - (f) DHP, PPTS, CH2Cl2, rt (74%). - (g)  i. THF,  -78 
°C, n-BuLi (2.1 equiv), up to rt, -55 °C, DMPU.  ii. THF, (R)-67 (1.6 equiv), up to rt (no 
conversion). 
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Treatment of the alcohol (R)-70 with diphenyldisulfide gave the corresponding 
thioether (S)-77. Oxidation of this afforded the phenylsulfone (S)-78, precursor 
of the nucleophile. The alkyl iodide (R)-67 was used as the electrophile. The 
alkylation of the carbanion from (S)-78 with (R)-67 (from above, see Scheme 
5.5) under the same conditions as those described above (see Scheme 5.7) did 
not give the expected product, only decomposition products from (S)-78 were 
isolated. Although no cyclisation could be detected, this result indicated that the 
stability of the benzyl group in this nucleophile, and under these conditions, was 
not appropriate. Transformation of the nucleophile (S)-78 to the corresponding 
THP-ether (S)-80 was performed via a Pd/C-catalysed hydrogenation, followed 
by protection with dihydropyran (DHP). Attempted alkylation of the anion of 
(S)-80 with the iodide (R)-67 was unsuccessful. These results indicated that the 
presence of a benzyl or a THP ether moiety in the nucleophile is highly undesir-
able under our conditions, even though their use is often described in the litera-
ture.98 Therefore we decided to study another synthetic route, in which the nu-
cleophile should have a silyl protecting group and the electrophile a benzyl pro-
tective group.  

                                                           
98. a) Heathcock, C. H.; Finkelstein, B. L.; Jarvi, E. T.; Radel, P. A.; Hadley, C. R. J. Org. 

Chem. 1988, 53, 1922–1942.  b) Egushi, T.; Terachi, T.; Kakinuma, K. J. Chem. Soc. 
Chem. Commun. 1994, 2, 137–138. 
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5.2.2 Second approach to 1,9-difunctionalised 3,7-dimethylnonane 
In the new approach the retrosynthetic analysis would be similar to the one de-
scribed above (see Section 5.2.1). It starts from the same compound (R)-2-
methylsuccinic acid 4-tert-butyl ester [(R)-61]. However, the synthetic interme-
diates are joined in a different way (Scheme 5.9). 
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PhSO2 OTBDMS IBnO

(R)-2-methylsuccinic acid
4-tert-butyl ester [(R)-61]

+

(S)-84 (R)-90

(RS)-100
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Scheme 5.9. Second retrosynthetic route 1, leading to the same starting material, (R)-2-
methylsuccinic acid 4-tert-butyl ester [(R)-61]. X and Y are appropriate leaving- or protec-
tive-groups or hydrogen. 

With the experience gained from the attempted coupling reactions described 
above, we decided to study racemic models for compounds (S)-84 and (R)-90. 
Hence, the racemic building blocks, (rac)-84 and (rac)-90, were prepared from 
3-methyl-1,5-pentanediol (81) and 2-benzyloxyethanol (85), respectively 
(Scheme 5.10). Commercially available 3-methyl-1,5-pentanediol (81) was 
treated with diphenyldisulfide to give the corresponding thioether (rac)-82. This 
was protected to give (rac)-83, which was oxidised with m-CPBA to the corre-
sponding phenylsulfone (rac)-84, constituting one building block. 

The second racemic building block was obtained from 2-benzyloxyethanol 
(85), which was converted to the iodide 86, followed by the reaction with the 
enolate of diethyl methylmalonate furnishing the dicarboxylate (rac)-87. A 
Krapcho decarbomethoxylation gave the ethyl ester (rac)-88, which was reduced 
with LiAlH4 to the alcohol (rac)-89. Finally, this alcohol was converted to the 
iodide (rac)-90, the desired second building block.  

By varying the conditions for the coupling of the racemic building blocks, we 
found that alkylation of (rac)-84 with (rac)-90, gave a 97% yield of the desired 
product (rac)-91. 
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Scheme 5.10. Synthesis of the building blocks (rac)-84 and (rac)-90: (a) (PhS)2, (n-Bu)3P, 
imidazole, DMF, 0 °C, up to rt (51%). - (b) TBDMSCl, DMF, imidazole, rt (91%). - (c) m-
CPBA, CH2Cl2, 0 °C, up to rt (93%). - (d) PPh3, imidazole, I2, CH2Cl2, 0 °C (93%). - (e)  i. 
EtONa, reflux.  ii. 0 °C, add 86, up to reflux (90%). - (f) LiCl, DMSO, DMF, H2O, 170 °C 
(86%). - (g) LiAlH4, THF, 0 °C, up to rt (94%). - (h) PPh3, imidazole, I2, CH2Cl2, 0 °C, 
(76%). - (i)  i. THF, triphenylmethane,  -60 °C, n-BuLi (2.1 equiv), up to -40 °C, -78 °C, 
DMPU.  ii. THF, (rac)-90 (0.9 equiv), up to rt (97%). 

 
When planning a synthesis involving alkylphenylsulfones,99 one often assumes 
that the phenylsulfone moiety is easily replaced by hydrogen. Sodium amal-
gam100 is often the reagent of choice for such a transformation. In our hands, the 
sulfone (rac)-91 gave ~50-80% conversion with sodium amalgam. Attempts to 
raise the yield by varying the conditions by changing the equivalents of the 
NaHg and/or of the buffer (Na2HPO4 or NaHCO3) were made without any sig-
nificant improvement.  

We also tried several other methods for removal of the sulfone moiety from 
the coupling product (rac)-91. Thus, attempts were made to simultaneously re-
move both the benzyl group and the phenylsulfone by using Ra-Ni. Various sol-
vents (e.g. 1,4-dioxane, acetone, i-propanol, MeOH, and EtOH) were used at 
different temperatures (room temperature or reflux). The best yield was achieved 
with Ra-Ni in EtOH at reflux, which gave 50% of the desired product. An unex-
pected by-product was also obtained (15%). In this bensyloxymethanol had been 
removed together with the sulfone!  

                                                           
99. Najera, C.; Yus, M. Tetrahedron 1999, 55, 10547–10658, and references therein. 
100. Trost, B. M.; Arndt, H. C.; Strege, P. E.; Verhoeven, T. R. Tetrahedron Letters 1976, 17, 

3477–3478. 
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When trying to use lithium in liquid ammonia, we isolated only undesired degra-
dation products and none of desulfonated product. Magnesium has also been 
used successfully in desulfonylation reactions.101,102 However, when we tried to 
use both activated and inactivated Mg with (rac)-91, no desulfonylation product 
was obtained. The monoprotected alcohol (TBDMS group had been removed) 
was the only one isolated. Other attempts were performed with AlHg103 and 
SmI2-THF104, but no desired product could be isolated.  

The product obtained from (rac)-91 with NaHg was almost always contami-
nated with 5-15% of elimination products (for an other example see Section 5.1). 
Such by-products have occasionally been noted before.105,106,107 Elimination 
reactions of alkylsulfones under basic conditions are known to give the least 
substituted alkene.89 1H NMR analysis of our alkene by-products confirmed this. 
Thus no trace of by-products containing trisubstituted double bonds were de-
tected. Provided that enantiopure intermediates were used, the configurations 
would thus be retained in the by-products. The double bonds in these can of 
course easily be removed by hydrogenation to give the desired end product. 
However, during a catalytic hydrogenation, migration of the double bond can in 
some cases be a problem, especially with alcohols, where the double bond tends 
to migrate towards the hydroxyl end of the molecule.66-70 In our case such a 
migration would lead to a certain amount of epimerisation of the stereogenic 
centre located between the double bond and the primary hydroxyl.  

Since acylation of chiral alcohols seems to prevent alkene migration during 
hydrogenation reactions (for an example see Section 5.1),42 the use of NaHg and 
Na2HPO4 was planned to occur late in the synthesis of the pure stereoisomers.  

                                                           
101. Lee, G. H., Choi, E. B.; Lee, E.; Pak, C. S. Tetrahedron Letters 1993, 34, 4541–4542. 
102. Mulzer, J.; Mantoulidis, A.; Öhler, E.; J. Org. Chem. 2000, 65, 7456–7467. 
103. Corey, E. J.; Chaykovsky, M. J. Am. Chem. Soc. 1965, 87, 1345–1353. 
104. Kunzner, H.; Stahnke, G.; Sauer, G.; Wiechert, R. Tetrahedron Letters 1991, 32, 1949–

1952. 
105. Takikawa, H.; Shirai, Y.; Kobayashi, M.; Mori, K. Liebigs Ann. 1996, 1965–1970. 
106. Domon, K.; Takikawa, H.; Mori, K. Eur. J. Org. Chem. 1999, 981–984. 
107. Shirai, Y., Seki, M.; Mori, K. Eur. J. Org. Chem. 1999, 3139–3145. 
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Having tested the synthetic strategy with racemic model compounds, we turned 
our attention to the preparation and coupling of the corresponding enantiopure 
building blocks (Scheme 5.11). 

The building block (R)-93 was prepared as shown in Scheme 5.11. Reduction 
of (R)-2-methylsuccinic acid 4-tert-butyl ester [(R)-61] with borane-dimethyl 
sulfide complex furnished the hydroxy ester (R)-62. 
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Scheme 5.11. Synthetic route to the two building blocks, (R)-90 and (S)-84. 

The ester group of the corresponding tetrahydropyranyl (THP) ether (R)-92 was 
reduced with lithium aluminium hydride to give the alcohol (R)-93. This alcohol 
was used in two different directions to get to the target compounds, (R)-90 and 
(S)-84. Hence, the alcohol was protected with benzyl iodide to yield (R)-94, 
followed by deprotection of the THP-unit to give the monoprotected alcohol (R)-
89. This alcohol was converted to the corresponding iodide (R)-90, the first 
building block.  

Treatment of the alcohol (R)-93 with diphenyldisulfide gave the correspond-
ing thioether (R)-95. Deprotection and oxidation of the thioether (R)-95 afforded 
the alcohol (R)-96. Treatment of the corresponding iodide (R)-97 with sodium 
cyanide furnished the nitrile (S)-98. Hydrolysis and reduction of (S)-98 gave the 
alcohol (S)-99, which after protection yielded (S)-84, the second desired building 
block. 

The building block (RS)-101 was prepared through coupling between the two 
building blocks, (S)-84 and (R)-90, as shown in Scheme 5.12. Alkylation of the 
carbanion derived from (S)-84 with (R)-90 yielded (SR)-91, whose phenylsulfone 
unit and TBDMS protective group were removed with sodium amalgam and 
tetrabutylammoniumfluoride (TBAF), respectively, to give (RS)-100 (contami-
nated with ~10% of elimination products). 
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Scheme 5.12. (a)  i. THF, triphenylmethane, -60 °C, n-BuLi (2.1 equiv), up to -40 °C, -78 
°C, DMPU.  ii. THF, (R)-90 (0.9 equiv), up to rt (86%). - (b) 10% Na-Hg, MeOH, Na2HPO4, 
0 °C (65%). - (c) TBAF, THF, 0 °C (95%). - (d) PPh3, imidazole, I2, benzene (88%). - (e)  i. 
(1S,2S)-58, THF, triphenylmethane, DMPU, -60 °C, n-BuLi (2.1 equiv), up to -40 °C, -78 
°C.  ii. THF, add (RS)-101 (0.9 equiv), up to rt  (~15 %).  

In order to see if the coupling reaction between iodide (RS)-101 with (1S,2S)-58 
(from Scheme 5.1) would work, we first used a racemic sample of the same 
iodide. Surprisingly, a very low conversion was achieved. Variations of the 
cosolvent, equivalents of reagents and temperature were studied. However, only 
10-15% conversion to the product was obtained. Therefore we decided to de-
functionalise the electrophile prior to the coupling. 

5.2.3 Synthesis of the (R,R)- and (S,S)-3,7-dimethyl-1-nonanols 
and conversion of the former to a M. pallipes attractantIV  
As discussed above, it seemed like the terminal ether function in the electrophile 
(RS)-101 was undesirable in the final coupling to give the desired carbon skele-
ton of the target. Thus, the originally planned synthetic route had to be changed. 
Because couplings of various alkyl iodides with (1S,2S)-58 had worked well, it 
seemed obvious that conversion of the building blocks to the corresponding 
simple defunctionalised alkyl iodide should be the best choice. The resulting 
synthetic route was as follows (Scheme 5.13):  

5.2.3.1 Synthetic route 1a.(3R,7R)-3,7-Dimethyl-1-nonanol IV 

The monoprotected alcohol (RS)-100 was converted back to the diprotected one 
by silylation. A dissolving metal reduction (Na in ammonia) of the product fur-
nished the monoprotected alcohol (RS)-102. Tosylation followed by reduction 
with lithium aluminium hydride and deprotection with TBAF gave (RR)-103. 
Conversion of this alcohol to the corresponding iodide followed by the coupling 
reaction with (1S,2S)-58 and desulfonation with NaHg gave the silyl protected 
tridecanol (SRRR)-104. Deprotection (TBAF), acylation and finally, if needed, 
Ra-Ni hydrogenation furnished the target molecule (SRRR)-14Pr. 
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Scheme 5.13. (a) TBDMSCl, DMF, imidazole, rt (87%).- (b) Na/NH3, -65 oC, THF (83%). - 
(c) p-TsCl, pyr, 5 oC (97%). - (d) LiAlH4, THF, rt (92%). - (e) TBAF, THF, reflux (90%). - 
(f) PPh3, imidazole, I2, benzene (70%). - (g)  i. (1S,2S)-58, THF, DMPU, -40 °C, n-BuLi 
(2.1 equiv), up to 0 °C, cool to -40 °C.  ii. Add the iodide of (RR)- or (SS)-103 (0.9 equiv), 
THF, up to 20 °C (80%). (h) 10% Na-Hg, MeOH, Na2HPO4, rt (90%). - (i)  Propionyl chlo-
ride, CH2Cl2, pyr (95%). - (j) Ra-Ni, EtOH, H2. 

5.2.3.2 Synthetic route 1b. (3S,7S)-3,7-Dimethyl-1-nonanol (planned future 
work) 
This route differs from 1a in that the monoprotected alcohol (RS)-100 will be 
converted directly to the tosylate and reduced by LiAlH4, followed by a dissolv-
ing metal reduction (Na in ammonia). To reach the final target in this approach, 
the isomer (SRSS)-14Pr, the planned further transformations are the same as 
those described above (5.2.3.1). 

5.2.4 Synthesis of (3S,7R)-3,7-dimethyl-1-nonanol  
In order to acquire the 3S,7R-isomer of the nonanol, (SR)-103, compound (R)-90 
(from Scheme 5.11, Section 5.2.2) was used in the following reaction sequence 
(Scheme 5.14). Hence, the iodide (R)-90 was reacted with the anion of 1,3-
dithiane followed by deprotection with BF3·Et2O furnishing the alcohol (R)-105. 
The dianion of the dithiane unit was coupled with the iodide (R)-90 furnishing 
(RR)-106. Further reactions have not yet been performed.  
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Thus, planned tosylation of the monoprotected alcohol (RR)-106 followed by 
reduction with lithium aluminium hydride and deprotection by RaNi-
hydrogenation will give the (SR)-nonanol (SR)-103. The steps remaining to ob-
tain the final product, (SRSR)-14Pr, are exactly the same as those described in 
Scheme 5.13 (Section 5.2.3).  

I
BnO

R

(R)-90

HO
R

S

S HO
S S

OBn

(R)-105

a, b c

(RR)-106

d, e, f OH

(SR)-103

Same procedure as that starting from (RR)- and (SS)-103 , 
showed in Scheme 5.13, leading to the (SRSR)-14Pr, 

another isomer of the pheromone.

OCOC2H5

(SRSR)-14Pr

R R

R S

R RS

S

 

Scheme 5.14 (a)  i. 1,3-Dithiane, -78 oC, t-BuLi, HMPA/THF.  ii. Add (R)-90. – (b) 
BF3·Et2O, 1,3-propanedithiol, Na2SO4, CH2Cl2 (69% two steps). – (c)  i. HMPA/THF, - 78 
oC, t-BuLi (2 equiv).  ii. Add (R)-90 in HMPA/THF (~50%). --  Theoretical steps –(d) p-
TsCl, pyr, 5 oC. - (e) LiAlH4, THF, rt.  (f) Raney Ni, EtOH, H2.   (g) Same synthetic steps as 
in Scheme 5.13. 

5.2.5 Synthesis of (3R,7S)-3,7-dimethyl-1-nonanol  
To get to the 3R,7S-isomer of the nonanol, the substrate (S)-84 (from Scheme 
5.11, Section 5.2.2) was used in the following reaction sequence (Scheme 5.15). 
Hence, the anion of (S)-84 was coupled with (S)-1-bromo-2-methyl-butane [(S)-
42] followed by desulfonation with NaHg which gave the silyl protected nonanol 
(RS)-107 (contaminated with 9% of elimination products). Deprotection with 
TBAF gave the nonanol (RS)-103. Further required steps to get to the final prod-
uct, (SRRS)-14Pr, are exactly the same as described in Scheme 5.13 (Section 
5.2.3). 

a, b c

Same procedure as that starting from (RR)- and (SS)-103 , 
showed in Scheme 5.13 leading to the (SRRS)-14Pr, 

another isomer of the pheromone.
OCOC2H5

(SRRS)-14Pr

PhSO2 OTBDMS

(S)-84

OTBDMS

(RS)-107 (RS)-103

OH

 

Scheme 5.15. (a)  i. THF, triphenylmethane,  -60 oC, n-BuLi (2.1 equiv.), up to -40 oC, -78 
oC, DMPU. ii. THF, add (S)-1-bromo-2-methylbutane [(S)-42] (0.9 equiv), up to rt (86%). - 
(b) 10% Na-Hg, MeOH, Na2HPO4, 0 oC (58%). - (c) TBAF, THF, 0 oC (72%). – (d) Same 
synthetic steps as in Scheme 5.13. 
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6. Addition of organozinc reagents to 2-alkyl-3-
(arylsulfanyl)propanalsV 
As discussed above, many natural products such as pheromones and antibiotics 
contain the stereoisomerically pure 3-hydroxy-2-methyl-1-alkyl moiety I (either 
as the threo- or erythro-form, T-I and E-I, respectively; Scheme 6.1). The total 
synthesis described above (see Section 5.2) included a natural product having the 
threo-configuration, T-I, via the general route 1 (Scheme 6.1, R1 = methyl 
branched alkyl group, R2 = Me). 
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II
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Scheme 6.1. Generalised synthetic routes to compounds of type I containing the stereoisom-
erically pure 3-hydroxy-2-methyl-1-alkyl moiety. For both routes 1 and 2: R1 = Alkyl group; 
R2 = Me, Et or n-Bu. *: Marks stereogenic centres (relative or absolute configurations). 

However, as pointed out above, many natural products also contain the stereo-
isomerically pure 3-hydroxy-2-methyl-1-alkyl moiety having erythro-config-
uration (E-I, shown in Scheme 6.1, where R2 = Me). Therefore, we were inter-
ested to see if we were able to achieve similar diastereoselectivities in methyl-
metal additions to appropriate aldehydes of type II, but in this case furnishing 
ultimately the desired erythro-isomers, E-I. 

Based on our previous work presented above (Chapter 4), we decided to de-
velop an alternative sequence of reactions for achieving the desired products of 
type E-I (Route 2, Scheme 6.1) and the starting materials in the sequence were 
aldehydes of type 108 (Scheme 6.2). 
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threo-isomers 
anti-Cram product

+

108a: R1 = C2H5

108b: R1 = n-C7H15
108c: R1 = n-C9H19

109E

erythro-isomers
Cram product

TiCl4, -78oC, CH2Cl2

109a: R1 = C2H5

109b: R1 = n-C7H15
109c: R1 = n-C9H19

dr: 95/5 (T/E)

Me2Zn

 

Scheme 6.2. Diastereoselective addition of Me2Zn to racemic aldehydes 108a-c. 
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Thus, we prepared the three aldehydes 108a-c (Scheme 6.2). Addition of Me2Zn 
to those in the presence of TiCl4 furnished the expected products 109a-c in good 
yields and in very good diastereoselectivities (95/5; see entries 1-3, Table 6.1) in 
favour of the threo-products 109T (anti-Cram-product), independent of the chain 
length of R1. 
 

Table 6.1. Diastereomeric ratios (dr) obtained when reacting alkylmetal reagents (1.5 equiv) 
with aldehydes 108a-c (1 equiv; 0.56 mmol) mixed with added TiCl4 (1.1 equiv) at –78; +10 
°C in CH2Cl2.a 

Entryb Substrate Reagentc 
 

Major  
product 

R1 R2 Drd 
Threo/Erythro 

1 108a Me2Zn 109aT C2H5 Me 95/05 
2 108b Me2Zn 109bT n-C7H15 Me 95/05 
3 108c Me2Zn 109cT n-C9H19 Me 95/05 
4 108a MeLie 109aT C2H5 Me 60/40 

a  The volume of the solvent was 8 mL/0.56 mmol of 108.  b Yields were in range of 80-
95%.  c The solvents from the reagents are Me2Zn (2 M in toluene) and MeLi (1.3 M in 
Et2O). The solvent from the organometallic reagent constitute about 10 vol% of the reaction 
media.  d Diastereomeric ratio was determined by GC analysis on the trifluoroacetate, de-
rived from the products 109a-c and/or by 1H NMR spectroscopy.  e No Lewis acid present, 
Et2O as solvent. 

Desulfurisation of the product 109c by treatment with Raney-Nickel in EtOH 
saturated with H2 (g) yielded the corresponding compound 110 of type E-I 
(Route 2, Scheme 6.1, R2 = Me) with a preserved diastereomeric ratio of 95/5 
(erythro/threo) (Scheme 6.3).  

PhS

OH

n-C9H19

OH

n-C9H19

OH

PhS

110
95/5 (erythro/threo)

109c

Identical
with

95/5 dr
(anti-Cram/Cram)

Ra-Ni, EtOH

H2, 20 °C

 

Scheme 6.3. Treatment of 109c with Ra-Ni in EtOH at room temperature furnishing 
(2R*,3R*)-3-methyltridecan-2-ol, (110, erythro/threo, 95/5). 

As shown earlier in this thesis focus has been laid on the pheromones of sawflies 
(e.g. R2 = Me in Scheme 6.1), but there are of course some natural products that 
have either an ethyl or an n-butyl moiety (R2 = Et or n-Bu, see Scheme 6.1) at 
their end part of the molecule (see some examples in Figure 6.1). 
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OH OH

OH O OH

(4S,5S)-4-Methyl-5-nonanol

Aggregation pheromones of Palm weevils

(3S,4S)-3-Methyl-4-octanol

 (Rhynchophorus phoenicis) (Dynamis borassi)

(3S,4S)-4-Methyl-3-heptanol
 (Scolytus multistriatus)

European elm bark beetle

(4R,6S,7R)-7-Hydroxy-4,6-dimethyl-3-nonanone

 (Dinoderus bifoveolatus)

Bostrychid beetle

 

Figure 6.1. Examples of some pheromones that have an ethyl or an n-butyl moiety at one 
end of the molecule. 

Because the additions of Me2Zn to the aldehydes 52 and 108a-c provided the 
desired products 53 (Entry 16, Table 4.1, Section 4.2) and 109a-c (see Table 6.1) 
in very good diastereoselectivities, we were interested in exploring if an equally 
efficient diastereoselective addition of either an ethyl or an n-butyl moiety to 
these aldehydes would be possible (Scheme 6.4).  
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Scheme 6.4. Diastereoselective addition of R2Zn (R = Et or n-Bu) to racemic aldehydes 52 
and 108a-b. 

After some attempts to improve the diastereoselectivity, by changing Lewis ac-
ids, solvents, temperature, reagents, and equivalents, no such selectivity like that 
for the Me2Zn additions to 52 could be reached. 

However, when R2Zn (R = Et and n-Bu) were reacted with the aldehydes 
108a-b, the diastereoselectivities were substantially increased. From a selectivity 
of 65/35 (Et2Zn) and 77/23 (Bu2Zn) (products 111 and 112, Scheme 6.4) to 87/13 
(Et2Zn) and 87/13 (Bu2Zn) (products 113a and 114a, Scheme 6.4). This indicates 
that, apart from the effects of chelation, sterical interaction within the substrate 
also plays an important role in the outcome of the addition.  
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7. Concluding remarks and future work 

Today, synthesis of pharmaceuticals is an area of high priority for organic chem-
ists. However, synthesis of natural products such as semiochemicals is by no 
means unimportant.108 I hope that this thesis demonstrates that organic synthesis 
is indeed a vital and necessary component in the process leading from identifica-
tion to practical use of insect pheromones.  

Often, at some point in such a process, preparation of highly stereoisomeri-
cally pure compounds is necessary. Thus, in a biological experiment with a syn-
thetic compound, traces of impurities, such as by-products, or incorrect stereo-
isomers, may completely alter the results. As mentioned above, synthetic chem-
ists have several alternative approaches to choose from when they want to pre-
pare enantiomerically pure compounds (Chapter 2.2). In this thesis some of them 
have been used, e.g. by starting from the chiral pool, by using chiral auxiliaries, 
via enzymatic resolutions and by chemical asymmetric synthesis. Hence, the 
propanoates of 3,7,11-trimethyltridecan-2-ol have been synthesised, both as a 
mixture of all isomers and as sixteen highly pure individual stereoisomers. The 
results from biological studies (e.g. field tests and EAG-recordings) of the indi-
vidually synthesised stereoisomers, encouraged us to look for alternative syn-
thetic strategies, in which other kinds of building blocks were to be used. Thus, 
one building block was obtained via an efficient diastereoselective addition of 
dimethylzinc to enantiomerically pure 2-methyl-3-(phenylsulfanyl)propanal (52) 
in the presence of titanium tetrachloride as a Lewis acid catalyst and subsequent 
purification by enzyme catalysed acylation. A second building block was pre-
pared via convergent synthesis, starting from a single enantiomerically pure 
compound from the chiral pool. These two building blocks were coupled to-
gether, followed by some synthetic steps, to give (SRRR)-14Pr, the stereoisomer 
which showed the highest activity in field tests. However by small changes in the 
synthetic strategy (vide supra), the building blocks described above will also lead 
to all the four (2S,3R)-isomers of 3,7,11-trimethyltridecan-2-ol (14H), attractants 
to M. pallipes. Other potential pheromone components have been synthesised 
using one of the above described building blocks.  

                                                           
108. Mori, K. Acc. Chem. Res. 2000, 33, 102.  
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