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Abstract--The enantiomeric composition of c~-pinene in individual Norway 
spruce trees [Picea abies (L.) Karst.] was determined on a chiral GC column 
after stereoselective hydroboration-oxidation followed by a reaction with iso- 
propyl isocyanate to form the carbamate derivative. The enantiomeric com- 
position varied considerably between trees of different genetic origin. There 
was a strong correlation between the chirality of c~-pinene in host spruce trees 
and the cis/trans ratio of verbenols found in the hindguts of the bark beetle 
lps typographus (L.) infesting the trees. 
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INTRODUCTION 

M a n y  b a r k  bee t l e s  in  the  g e n u s  Ips are k n o w n  to p r o d u c e  cis- and  trans-ver- 

b e n o l  w h e n  they  are  e x p o s e d  to the  v a p o r s  o f  c~-pinene or  o l eo res ins  f rom the i r  

Coleoptera; Scolytidae. 
2Parts of this work have been presented at the 14th International Symposium on the Chemistry of 

Natural Products in Poznan, Poland, July 9-14, 1984. 
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host trees (Renwick et al., 1976; Byers, 1981). This production, which is a 
stereospecific allylic hydroxylation, gives (IS, 4S, 5S)-cis-verbenol from ( - ) -  
1S, 5S)-o~-pinene, whereas (1R, 4S, 5S)-trans-verbenol is produced from the 
(+)-(1R, 5R)-enantiomer of c~-pinene. Moreover, males of L typographus pro- 
duce cis- and trans-verbenol in ratios that were found to reflect the enantiomeric 
composition of the c~-pinene, to which they were exposed in a laboratory exper- 
iment (Klimetzek and Francke, 1980). (S)-cis-Verbenol is also identified as a 
component of the aggregation pheromones of both L paraconfusus (Silverstein 
et al., 1966) and L typographus (Krawielitzki et al., 1977), while the attraction 
to trans-verbenol is small or uncertain (Dickens, 1981; Schlyter et al., 1987). 

It is well known that there are genetic and seasonal variations of the mono- 
terpene compositions of conifers (Juvonen, 1966; Rudloff, 1967). However, 
very little is known about the enantiomeric compositions due to the lack of 
convenient analytical methods. 

c~-Pinene is produced in different enantiomeric compositions by various 
conifer species (Klimetzek and Francke, 1980). Even within the same genus, 
i.e., Pinus, different species are known to vary from almost pure (+)- to almost 
pure (-)-enantiomer; o~-pinene from P. halipensis exhibits [od D = +48.30 ~ 
whereas that of P. pinaster (French turpentine) has [Cdo = -43 .4  ~ (Mirov, 
1961). Pure (+)-a-pinene has been reported to have [~]o = +52.4~ (Comyns 
and Lucas, 1957). The intraspecific variation in the enantiomeric composition 
of monoterpene hydrocarbons, such as ~-pinene, has to our knowledge not been 
investigated. 

The methods available for the determination of the enantiomeric compo- 
sitions of hydrocarbons are limited. The classical polarimetric method and NMR 
techniques require comparatively large amounts of pure samples and are not 
suitable for complex mixtures, whereas chromatographic techniques require rel- 
atively small sample amounts, and crude samples of complex mixtures can be 
analyzed. 

Several chiral GC phases are known, and it is also possible to separate 
enantiomers as diastereomers on ordinary GC phases, but none of these tech- 
niques is general or works well for the resolution of monoterpene hydrocarbon 
enantiomers. The aim of the present investigation was to develop a sensitive 
chromatographic method for the determination of the enantiomeric composition 
of c~-pinene in biological samples. Recently, methods for gas-chromatographic 
determinations of the enantiomeric compositions of secondary alcohols have 
been reported. The optical purity can be determined either via separation of 
diastereomeric derivatives [N-TFA-(L)-alanine esters] (Kruse et al., 1979) or 
by separation of isopropyl carbamates on a chiral GC phase, Chirasil-Val (K6nig 
et al., 1982). There are also some reports on direct separation of alcohol enan- 
tiomers using chiral metal complexes as GC phase (Schurig et al., 1985). 

It is possible to convert olefinic hydrocarbons regio- and stereoselectively 
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into secondary alcohols via a hydroboration-oxidation reaction (Zweifel and 
Brown, 1964). We have applied this reaction to convert o~-pinene into isopi- 
nocampheol. For this purpose we have used the two-phase technique of Brfind- 
strrm et al. (1972). The isopinocampheol was separated as its isopropyl 
carbamate according to the method of Krnig et al. (1982) (Scheme 1). 

+ +o+ +o 
( - ) - [1S,5S]-  [1S,4S,5S]-c is-  (+)-[1R,5R]- [1R,4S,5R]-trans- 
- ~x-Pinene Verbenol - ~x- Pinene Verbenol 

OH O.C- N----~ 
H I. B2H6 ~ sopropyl- 

2. H202 , OH" 

(-)-o~-Pinene ( - ) - I sop ino-  Isopropy[ 
campheol carbamate 

S C H E M E 1 .  

We have used this method to study the enantiomeric composition of c~- 
pinene in individual spruce trees, Picea abies, and compared it to the cis/trans- 
isomer ratio of verbenol found in the hindguts of male bark beetles, Ips typo- 
graphus, attacking some of these trees. 

M E T H O D S  A N D  M A T E R I A L S  

Biological Material. Phloem samples were taken from 29 different indi- 
vidual spruce trees [Picea abies (L) Karst.] at three different localities. The first 
was a forest plantation close to Uppsala, 70 km north of Stockholm. Samples 
were taken from 21 different 10-year-old cloned trees originating from Finland 
(SF) and West Germany (BRD). These samples were taken in February 1983 
and stored as logs for six to eight months in individual polyethene bags at 
- 1 8 ~  Two spruce trees close to the laboratory in Stockholm made up a sec- 
ond group. The third source of phloem samples were six trees infested by spruce 
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bark beetles, Ips typographus, sampled close to Torsby, province of V/irmland, 
western Sweden, during the main swarming period in early June 1982 (cf. Bir- 
gersson et al., 1988). These phloem samples were removed with a knife and 
stored in liquid nitrogen until extraction and analysis. 

From each spruce tree in the third group, male bark beetles were also 
collected and analyzed for their hindgut volatiles as described in detail by Bir- 
gersson et al. (1984). 

Sample Preparation. The outer cork bark was removed with a knife, and 
the phloem sample was removed from the log with a rasp. On the infested trees 
the stored phloem sample was chopped with a knife. The phloem sample (1 g) 
was extracted with pentane (Merck p.a.) for 15 min in an ultrasonic bath. The 
pentane extract was washed with saturated sodium bicarbonate and passed 
through a short alumina column (2 g Merck, Aktiv 60, base treated) to remove 
chlorophyll and polar compounds. Most of the pentane was evaporated and dry 
dichloromethane (1 ml) was added. The solution was transferred to a 3-ml reac- 
tion vial equipped with a PTFE-coated septum. Tetrabutylammonium boronate 
(Br~indstr6m et al., 1972) (50 mg) was added. The vial was flushed with argon. 
Ethyl bromide (50 ~1) was added with a syringe, and the reaction mixture was 
kept at 60~ for 30 min. A few drops of water were added to destroy the excess 
of hydride. Aqueous sodium hydroxide (2 N, 100 ~1) was added, followed by 
a slow addition of hydrogen peroxide (35 %, 70/xl). The vial was left at room 
temperature for 1 hr. Most of the dichloromethane was evaporated, and water 
and pentane were added. The pentane phase was separated and concentrated. 

The concentrated pentane extract was dissolved in dichloromethane (200 
/~1), and isopropyl isocyanate (100 txl) was added. The mixture was heated to 
100~ for 20 rain. Dichloromethane and the excess of isopropyl isocyanate 
were evaporated and the residue dissolved in pentane and analyzed on GC. 

The gas chromatographic analyses were performed on a PYE 204 GC and 
on a Hewlett-Packard 5830 GC both equipped with fused silica columns coated 
with XE-60-(S)-valine-(S)-o~-phenylethylamide (Chrompac 50 m, ID 0.23, df 
= 0.14 mm, HETP = 0.21 mm). The oven was kept at 165~ isodermal, and 
injector and detector temperatures were 250~ Helium was used as carrier gas 
(16-22 cm/sec). The c~-factor for the two enantiomers was 1.0178. 

Preparation of Test Mixtures and Isopinocampheol References. A test 
sample containing 60.0% of (-)-c~-pinene was prepared by mixing (+)-  and 
( - ) -a-pinene isolated earlier at the Department of Organic Chemistry, Royal 
Institute of Technology (0.045 g of [e~] D = 19.6 ~ and 0.053 g of [ a ] D  ~-~ - 3 6  ~ 
and used to check the steric course of the hydroboration step. Small samples 
(25, 50, 100, and 150/xg) were taken from the test mixture and hydroborated 
as described for the pentane extracts of spruce trees. 

Isopinocampheol. Ethyl bromide (3.27 g) was slowly added to a solution 
of tetrabutylammonium boronate (2.57 g) and c~-pinene (2.72 g) of high optical 
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purity (Fluka) in dry dichloromethane (10 ml) under an atmosphere of argon. 
The mixture was refluxed for 30 rain. The excess of hydride was destroyed with 
water. Aqueous sodium hydroxide (2 N, 5 ml) was added, followed by drop- 
wise addition of hydrogen peroxide (35 %, 3 ml). The mixture was stirred at 
room temperature for 1 hr. The dichloromethane phase was separated and dried, 
and the solvent was slowly evaporated to yield crude isopinocampheol, which 
was used as reference compound for the GC analysis. 

RESULTS AND DISCUSSION 

The ot-pinene samples from the test mixture were analyzed and found to 
contain 60.9 _+ 0.7% (rain 59.9%, max 61.4%, N = 6) of the (-)-enantiomer, 
close to the expected 60.0%. The experiment shows that the hydroboration is 
stereoselective and that both accuracy and precision of this method for detecting 
the enantiomeric composition of c~-pinene are good. 

The enantiomeric composition of o~-pinene in the phloem of Norway spruce 
trees was found to vary between 32 and 98% of the (-)-enantiomer (corre- 
sponding to 38% ee of (+)-c~-pinene and 96% ee of (-)-o~-pinene) (Table 1). 

Males of the spruce bark beetle (Ips typographus) were collected from six 
infested Norway spruce trees and the hindguts were extracted and analyzed for 
the total amount of cis-verbenol (Birgersson et al., 1988) and the ratio of cis- 
to trans-verbenol. The relative amounts of verbenol isomers correlated strongly 
(r = 0.91, P < 2%) to the relative amounts of ( - ) -  and (+)-c~-pinene in the 
phloem (Figure 1). This result is in accordance with the laboratory experiments 
performed by Klimetzek and Francke (1980). 

TABLE 1. PERCENTAGE OF (+)-ENANTIOMER OF TOTAL AMOUNT OF o~-PINENE IN 

NORWAY SPRUCE 

N ~ X + S.D. Min Max 

Trees BRD b 11 12.9 _+ 9.9 1.9 30.0 
Trees SF c 10 36.9 ___ 11.2 15.0 51.3 
Infested 6 31.3 +_ 23.0 5.0 61.0 
Trees Sthlm d 2 t3.0 67.9 
All trees 29 27.5 + 18.9 1.9 67.9 

~Numbers of trees investigated. 
bTrees originating from three different clones from W. Germany. 
CTrees originating from three different clones from Finland 
aTrees from Stockholm. 
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FIG. 1. Percentage cis isomer of verbenol from Ips typographus male hindguts versus 
percentage (-)-enantiomer of (x-pinene found in Picea abies phloem extracts from 
infested trees (I-VI). [] = attack phase 3, X +_ SD; �9 = attack phase 6, X + SD, 
attack phases according to Birgersson et al. (1984). (N = 10; k = 0.91; m = 9.23 (y 
= kx + m); r = 0.91; r 2 = 0.82.) In tree III, no beetles in attack phase 6 were found, 
and in tree VI no beetles in attack phase 3 were found. 

The intraspecific variat ion in the enantiomeric composit ion of  c~-pinene in 
spruce was probably the reason for the fnd ings  by Birgersson et al. (1984) that 
batch samples of  L typographus males attacking different spruce trees varied in 
their ratios of  cis- and trans-verbenols. 

Since cis-verbenol is an essential component  of  the aggregation pheromone 
of  Ips typographus and as there is a direct relation between the cis ratio of  
verbenols found in the hindguts of  the bark beetle and the enantiomeric com- 
posit ion of  ~-pinene in the phloem of  the host tree, we assume that there also 
exists a relationship between the enantiomeric composit ion in the Norway spruce 
and its resistance to attacks of  Ips typographus. Trees with a very low content 
of  ( - ) -c~-pinene may thus be resistant to bark beetle attacks. Further studies to 
test this hypothesis  are in progress.  

There is also a strong indication that the enantiomeric composit ion within 
a clone is constant. However ,  the amount o f  material  investigated is too small 
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to settle this point. Work is in progress to study the inheritance of the enan- 
tiomeric composition of oe-pinene. 

During the course of this investigation, a new method using o~-cyclodextrin 
and formamide as the stationary phase in gas chromatography for the separation 
of c~-pinene has been published (Koscielski et al., 1983). This method has been 
shown to be very useful for the enantiomeric separation of several of the com- 
mon monoterpene hydrocarbons (Lindstr6m et al., 1987). However, further 
development is needed before this method can be applied to complex mixtures. 
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