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Abstract

The hydrocarbon fraction of a pure culture of FEmiliania huxleyi, composed of a mixture of Csz;, Ci;3, C37 and Csg
polyunsaturated n-alkenes, appeared strongly dependent on the growth temperature of the alga between 8°C and 25°C. The total
hydrocarbon content increased linearly with decreasing temperatures. C3; and Csg alkenes (which accounted for more than 90%
of the total hydrocarbons) showed distinct changes in distribution compared to Cs; and Csz alkenes, suggesting different
biological syntheses and/or functions for these two groups of compounds. C3;; and Csg alkenes and C;; methyl ketones
(alkenones) all showed a trend to lower proportions of the two diunsaturated isomers and to higher proportions of the
corresponding trienes with decreasing temperature. Unlike the alkenone unsaturation ratio (U’3‘7'), ratios based on the C;; and
Csg alkadi- and trienes could be linearly related to the growth temperature of E. huxleyi only between 15°C and 25°C. The
modifications in the distribution of alkenes induced by varying temperature appeared, however, to be twice as fast as the
modifications undergone by the alkenones. Although structurally and biochemically related, the distinct evolutions of alkenes
and alkenones in response to changes in growth temperature might indicate that these two classes of compounds play two
distinct physiological functions. The non-systematic linearity of relationships to temperature of parameters based on alkenes
distribution suggested that these compounds are of limited use as paleotemperature indicator in the marine environment in
contrast with the alkenones. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction haptophyte algae (Brassell, 1993 and references
therein). The relative proportions of di- and triunsatu-
rated Cs; alkenones have been shown to be empirically
related to the growth temperature of the alga and con-
sequently, the alkenone unsaturation ratio (U%, which
is the ratio of (Cs7, alkenone)/(Cs;,+ Cs7.5 alke-
nones)) have been widely used as a proxy of sea sur-
face temperature (e.g. Prahl and Wakeham, 1987;
Brassell, 1993; Sikes and Volkman, 1993). C;; alka-

dienes, Csz alkadi- tri- and tetraenes, and Cs; and Csg

The coccolithophorid Emiliania huxleyi (Lohm.)
Hay et Mohler is ubiquitous in all the world oceans
where it constitutes a high proportion of the marine
biomass (Conte et al., 1998). Among the neutral lipids
of this alga long-chain (C3;7—Cs9) alkenones and
alkenoates have attracted considerable attention since
they occur widely in marine and lacustrine sediments

where they are used as biological markers for inputs of
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alkatrienes have also been reported to be present in
different strains of E. huxleyi although their distri-
butions show significant differences between strains
(Volkman et al., 1980; Marlowe et al., 1984; Conte et
al., 1995). For instance, some strains contain a mixture
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of Cs;, Cs3, C37 and Csg alkenes while others lack the
C;37 and Csg hydrocarbons. Interestingly, the stereo-
chemistry of the internal double bonds in C3; and Cs;
alkenes have been established as cis while C37 and Cig
alkatrienes internal double bonds exhibit a frans geo-
metry (Rieley et al., 1998). This suggests distinct bio-
synthetic pathways for these two groups of compounds
(Rieley et al., 1998) and may explain their different po-
tential of preservation during early diagenesis (Wake-
ham et al., 1991).

The differences observed in the alkenes distribution
of E. huxleyi may primarily separate coastal from
open ocean strains but may also occur, in part, as a re-
sponse to environmental or physiological variables
(Conte et al., 1995). Field studies suggested that
changes in water temperatures may influence the
degree of unsaturation and the abundance of the
alkenes in E. huxleyi, although this appeared to be lim-
ited to temperatures below 6°C (Sikes and Volkman,
1993; Sikes et al., 1997). In the present study, we
report that changes within a wider range of growth
temperatures (8-25°C) can induce qualitative and
quantitative changes in the long-chain alkenes compo-
sition of a pure culture of E. huxleyi.
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Fig. 1. Chromatograms (polar BPX-50 capillary column) of hydro-
carbons from Emiliania huxleyi CS-57 grown at: (a) 8°C and (b)

20°C.
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2. Results and discussion
2.1. Hydrocarbons of E. huxleyi CS-57

The hydrocarbon fraction of E. huxleyi CS-57 was
mainly composed of straight chain Cz; and Csg alkenes
with two, three or four double bonds depending on
growth temperature (peaks G-L, Fig. 1 and Table 1).
Six minor components, two C;; dienes (peaks A and
B, Fig. 1(b)), one Csz diene (peak C, Fig. 1(b)), two
Cs; trienes (peaks D and E, Fig. 1) and one Cs; tetra-
ene (peak F, Fig. 1), accounting in total for 2-10% of
the total hydrocarbons (Table 1), were also present
together with traces of n-heneicosahexaene (1-C,j.6)
and squalene. Primary identification of the long-chain
(> C5¢) alkenes has relied upon interpretation of EI
GC-MS traces obtained from a polar BPX-50 column.
C37 and Csg dienes (peaks G and J, Fig. 1(b)) were not
resolved from Cs; and Csg trienes (peaks H and K,
Fig. 1(b)) respectively on a non-polar HP-5MS col-
umn. The El-mass spectra of the long-chain alkenes
gave their M " ion and thus, their degrees of unsatura-
tion. Their straight-chain nature was confirmed by cat-
alytic hydrogenation of an aliquot of the hydrocarbon
fraction and comparison of the products obtained with
an n-alkane standard mixture. The identification of
Cs37 and Csg alkadienes in E. huxleyi is apparently
without precedent.

Table 1

Long-chain alkene distributions (relative % of total alkenes), total
hydrocarbon contents and selected ratios comparing alkene and
methyl ketone compositions at different growth temperatures of E.
huxleyi CS-57 (average of triplicate cultures)

Alkenes Peaks Growth temperature (°C)
8 15 20 25
Caiz A-B 06 03 39 15
Cssn C nd?® 01 09 47
Csas D-E 09 31 4 4
Cssq F 02 05 02 02
C37;2 G Il.d‘ 0.2 41.7 53.5
Cs73 H 784 799 382 214
Ci74 I 12 04 nd nd
Css:n J nd. nd. 5 10.1
Csg:3 K 173 152 6.1 46
Cig4 L 1.4 0.3 nd. n.d.
SHC® (mg/g dry wt) 26 14 1.0 04
(Csy + Csg)AIKS /JTHC 0.983 0.958 0.910 0.896
SCsy /[S(Csy + Cag) Alk 0.810 0.839 0.878 0.836
Ci373/2C37 Alk 0.915 0.995 0.480 0.286
Cis.3/2Cag Alk 0.916 0.978 0.560 0.315
U, = C370/(Cs70 + Ci75)MK? 0.175 0.370 0.574 0.735
>Cs; Alk/=C3; MK 0.780 0.808 0.448 0.230

“n.d. = not detected.
®HC = hydrocarbons.
¢ Alk = alkenes.

4MK = methyl ketones.
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The position and the stereochemistry of the double
bonds in the long-chain hydrocarbons of E. huxleyi
have recently been established by Rieley et al. (1998).
However, the absence of Cz; and Csg dienes in the two
strains analysed by these authors led us to isolate
(TLC) and identify precisely the major alkenes of E.
huxleyi CS-57. "H and *C NMR analysis of a mixture
of the C;3; and Csg trienes (peaks H and K) fitted
exactly with the NMR data reported by Rieley et al.
(1998) for a Cj; alkatriene possessing one terminal and
two mid-chain double bonds with a ftrans configur-
ation. The trans nature of the internal double bonds in
our Cz;7 and Csg trienes was further confirmed by ana-
lyzing the chemical shifts of the allylic carbons after
selective irradiation of the allylic hydrogens (6 1.95
ppm). Separate singlets were observed for the carbons
allylic to the terminal double bond (6 33.9 ppm), as
observed in 1-heptadecene, and for those allylic to the
internal double bonds (6 32.6 ppm), as observed in
(E)-7-tetradecene. The 'H and '*C NMR spectra of a
mixture of the Cs; and Csg dienes (peaks G and J)
showed similar chemical shifts and splitting patterns
than the NMR spectra of the corresponding trienes
although no signal from a terminal double bond could
be observed. Therefore, the Cs; and Csg dienes have
internal double bonds with a trans configuration.

The positions of the double bonds in the Cs; and
Cis alkadi- and trienes (peaks G, H, J and K,
Fig. 1(b)) were determined by EIMS (direct insertion
probe) of the dimethyl disulfide (DMDS) adducts (Vin-
centi et al., 1987). The mass spectra of the DMDS de-
rivatives of the dienes matched exactly with the ones
obtained by Rieley et al. (1998) after the selective re-
duction of the terminal double bonds of 1,15,22-hepta-
and octatriacontatrienes and subsequent DMDS treat-

%

ment. Peaks G and J were thus identified as (15E-
,22E)-15,22-heptatriacontadiene and (15E-,22F)-15,22-
octatriacontadiene, respectively. The mass spectrum of
the adducted C;; alkatriene showed a low intensity
M ™ ion at m/z 796 and characteristic ions at m/z 61,
257, 301, 351 and 399 indicating the presence of
double bonds at C-1, C-15 and C-22 positions (Fig. 2).
Peak H (Fig. 1) was consequently identified as (15E-
,22E)-1,15,22-heptatriacontatriene. The mass spectrum
of the DMDS adduct of the Csg triene could not be
recorded satisfactorily by EIMS; however, by analogy
with the C37 and Csg dienes, it is likely that the Cs7.3
and Csg.3 alkenes exhibit the same unsaturation pat-
terns. Consequently, peak K was tentatively identified
as (15E-,22E)-1,15,22-octatriacontatriene. Due to the
low amounts of C;; and Csz alkenes and of Ciz; and
Csg alkatetraenes present in E. huxleyi CS-57 (Table 1),
the stercochemistry and the position of the double
bonds in these compounds were not determined.

2.2. Changes in long-chain alkene and alkenone
compositions and biosynthetic relationships

The total hydrocarbons content of E. huxleyi CS-57
showed a linear increase with decreasing growth tem-
perature (Table 1; > =0.98; n = 12). This trend has
already been observed by Sikes and co-authors (Sikes
and Volkman, 1993; Sikes et al., 1997) during field stu-
dies in polar regions, but the data showed strong scat-
ter and seemed to be limited to temperatures less than
6°C. Our results clearly indicate that hydrocarbons
tend to accumulate in the cells of E. huxleyi when the
growth temperature decreases. We were unable to cal-
culate the hydrocarbons content on a per cell basis
since the formation of aggregates in some cultures
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Fig. 2. EIMS (direct insertion probe) and fragmentation pattern of DMDS adduct of Cs;.3 n-alkene from Emiliania huxleyi CS-57.
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induced uncertainties in the quantitation. The pro-
portion of C3; and Csg alkenes relative to the total
hydrocarbons also showed a linear increase with
decreasing temperature (Table 1; 7> =0.95; n=12)
which may indicate different strategies in alkenes bio-
synthesis depending on growth temperature. It is note-
worthy that the proportion of Cs; alkenes relative to
the sum of Cs; and Csg hydrocarbons did not change
significantly with growth temperatures (Table 1)

The qualitative analysis of the hydrocarbon fraction
of E. huxleyi CS-57 showed a general trend to higher
degrees of unsaturation of Ciz3;, C3; and Csg alkenes
with decreasing temperature (Table 1). C;; alkadienes
were present in varying amounts at all the tempera-
tures but changes in growth temperature did not
induce the appearance of any other C;; isomer. Cjs,
Cs;7 and Csg alkadienes were absent at 8°C and became
significant constituents of the cells at 20°C. The Cs;
diene showed a sharp increase from 15°C where it
accounted for a minor proportion of the total hydro-
carbons to 20°C where it constituted the major alkene
of the alga (Table 1). This was accompanied by a two-
fold decrease in the concentration of the corresponding
triene. To a lesser extent, the same trend to lower pro-
portions of the diene and to higher proportions of the
corresponding triene with decreasing temperature was
observed for the Csg alkenes. Surprisingly, this was
also true for the Cs; alkadiene but not for the corre-
sponding triene (Table 1). A different behaviour of the
Ci33 hydrocarbons compared to the Cs; and Cig
alkenes was also observed for the tetraunsaturated iso-
mers. While C;3; and Csg alkatetraenes were detected
only at 8°C and 15°C and increased with decreasing
temperature, the Cs; tetracne was observed at all the
temperatures and its proportion showed little variation
with changes in growth temperature. The distinct
quantitative and qualitative evolutions with varying
growth temperatures of C3; and Cs3 hydrocarbons on
one hand, and of Cs; and Csg alkenes on the other
hand, implies distinct biological syntheses and/or func-
tions for these two classes of hydrocarbons. This
further supports the assumption made by Rieley et al.
(1998) which was based on stereochemical data.

Unfortunately, although there have been several
reports on the presence of long-chain alkenes in micro-
algae (reviewed by Volkman et al., 1998), the biosyn-
thesis of these compounds has not been extensively
studied (Templier et al., 1984) and their exact physio-
logical role is still unknown. A usual mechanism for
alkene biosynthesis is via decarboxylation of an unsa-
turated fatty acid containing one carbon atom more
than the alkene (Harwood and Russell, 1984). This
mechanism seems to be especially involved in the bio-
synthesis of alkenes possessing a terminal double
bond, although this may require the presence of an
activating group (e.g., a f —7y double bond or a hy-

droxyl group in o position) in the fatty acid precursor
(Templier et al., 1984). However, we could not detect
any unsaturated long-chain fatty acid that could have
served as direct precursors for the long-chain alkenes
of E. huxleyi CS-57. This does not exclude fatty acid
decarboxylation but it is possible that other mechan-
isms for alkene biosynthesis may be involved. The
changes observed in the long-chain alkenes compo-
sition of E. huxleyi CS-57 certainly reflect a physiologi-
cal adaptation of the alga to varying growth
temperatures. It is well known that aquatic organisms
are able to modify their lipid composition to match en-
vironmental conditions of stress (Harwood and Rus-
sell, 1984). Specifically, they maintain the fluidity of
their membranes by changing the molecular compo-
sition of the lipid bilayer, either in chain length or in
unsaturation. Such a role of regulator of membrane
fluidity has already been proposed for the alkenones
present in E. huxleyi and related species (Marlowe et
al., 1984; Conte et al., 1995). Therefore, the response
of E. huxleyi CS-57 to changes in growth temperature,
in term of alkenones content, was determined by calcu-
lating the alkenone unsaturation ratio (U%; Prahl and
Wakeham, 1987) (Table 1). This ratio appeared line-
arly related to the growth temperature of the alga in
the entire range of temperatures studied (Fig. 3). The
relationship can be written U5, = 0.0337-0.107 (+> =
0.97; n = 12) which is in good agreement with previous
calibrations obtained either with different strains of E.
huxleyi or with field samples (reviewed by Brassell,
1993).

The possibility that the alkenes of E. huxleyi CS-57
might respond to changes in temperature in a similar
way as the alkenones was investigated by calculating
the same ratios as those studied by Sikes et al. (1997)
for natural seawater samples. By plotting the abun-
dance of the Cs; or Csg alkatriene against the sum of
the alkenes with the same chain length (e.g., Cs7.5 /
2C57Alk), linear relationships to growth temperature
could be obtained within the range 15-25°C (r> = 0.94
and 0.98 for C;7 and Csg alkenes respectively; n = 9)
but, unlike the alkenones, these relationships became
non-linear between 8°C and 15°C (Fig. 3; Table 1). A
comparison of the slopes of the relationships to tem-
perature between 15°C and 25°C indicated that the
rate of change of the alkenes was twice that of the
alkenones (k = 0.033, 0.071 and 0.066 for Cj; alke-
nones, Cz; alkenes and Csg alkenes, respectively).
Thus, although Cz;7 and Csg alkenes and Cs; alkenones
showed a concomitant increase in their degrees of
unsaturation with decreasing temperature, the re-
sponses of E. huxleyi CS-57 to variations in tempera-
ture, in term of alkenes and alkenones contents,
differed significantly. The sum of the Cj; alkene abun-
dances was always lower than the sum of the Cj;
methyl ketones but their relative abundances (XC;7Alk
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/2C37;MK) increased linearly with decreasing tempera-
tures from 25°C to 15°C (r>=098; n = 9) and
seemed to stabilise between 15°C and 8°C (Table 1).
Sikes et al. (1997) observed a similar increase in the
abundance of alkenes relative to alkenones with
decreasing temperature from 12°C to 0°C, but alkenes
became minor constituents above 12°C while they were
still significantly present in the culture grown at 25°C
(Table 1). This variation in magnitude probably
reflects differences in lipid composition and/or in
modes of response to varying temperatures from one
strain of E. huxleyi to another. On the other hand,
Sikes et al. (1997) also observed a poor relationship of
the alkenones to temperature below 6°C which led
them to suggest that the C37 and Csg alkenes could ful-
fil the role of regulator instead of the ketones at low
temperatures. Alternately, they suggest that the ac-
cumulation of alkenes in the cell may result from an
incomplete response in alkenone synthesis from the
organism to physiological stress caused by extreme
growth temperatures. The results obtained with F.
huxleyi CS-57 are somewhat in contrast with these
statements. Indeed, although this strain was not grown
at temperatures below 8°C, the concomitant variations
of alkenes and alkenones compositions in response to
changing temperatures rather suggested that these two
classes of compounds play complementary physiologi-
cal functions although differences between strains may
again be responsible for these contrasting results.
From our results, it seems also that changes in the
abundance of a specific class of compounds constitute
a distinct mode of response of the alga to varying
growth temperature than changes in the degree of

0.8 -
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unsaturation or in the chain-length of these com-
pounds.

Although it is well established that Cs; and Csg
alkenes and alkenones of E. huxleyi are structurally
and biochemically related, the biological functions and
the modes of synthesis of these compounds are still
unknown and deserve further attention.

2.3. Usefulness of the long-chain alkenes of E. huxleyi
as biomarkers

Long-chain alkenes have been detected in several
microalgae (reviewed by Volkman et al., 1998); C3;—
Cs9 polyunsaturated hydrocarbons seem to be, how-
ever, exclusively biosynthesised by oceanic strains of E.
huxleyi (Conte et al., 1995). C;; and Cs; alkenes are
less specific of E. huxleyi since they also appear in the
haptophytes Isochrysis galbana (Rieley et al., 1998)
and Gephyrocapsa oceanica (Conte et al., 1995), and in
the chlorophyte Botryococcus braunii (Gelpi et al.,
1968).

Despite their occurrence in different strains of E.
huxleyi (Volkman et al., 1980; Marlowe et al., 1984;
Conte et al., 1995) C;; to Cs9 alkenes have not often
been reported in marine particulate matter, especially
where alkenones occur in high abundance (Volkman et
al., 1998). These apparent absences are usually
explained by a differential degradation between com-
pound classes (Brassell, 1993). The relationship to tem-
perature observed for the amount of hydrocarbons
relative to alkenones in E. huxleyi CS-57 (Table 1)
may also suggest that, at low latitudes, alkenes would
be much less abundant than the other lipids, so that
they could simply have been overlooked.

0 U;= Cs72 / (C37.2+Cs7.3) MK
Line (a) : k=0.033", *=0.97

B C;,.5 / 3C37 Alk
Line (b) : k=-0.071", r*=0.94

A C}g,; / ECZS Alk
Line (c) : k=-0.066", r’=0.98

0 5 10 15 20

25 30

Growth temperature (°C)

Fig. 3. Relationships of the unsaturation ratio of the Cs; methyl ketones, Cs; alkenes, and C;g alkenes to growth temperature in Emiliania hux-
leyi CS-57. Lines are approximations of the relationships to temperature. Symbols are average of triplicate analyses. * Slopes were calculated
within the ranges 8-25°C and 15-25°C for methyl ketones (MK) and alkenes (Alk), respectively.
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To date, the Southern Ocean (Sikes and Volkman,
1993; Sikes et al., 1997) and the Black Sea (de Leeuw
et al., 1980; Wakeham et al., 1991; Eglinton et al.,
1997) are the only places where long-chain alkenes de-
rived from E. huxleyi have been observed as significant
hydrocarbons of both the water column particulate
matter and the underlying sediments. In contrast to
the polar waters where C3; and Csg alkenes were the
only long-chain alkenes detected (Sikes and Volkman,
1993; Sikes et al.,, 1997), Cs; and Cs; alkenes were
dominant in the water column particles from the Black
Sea where they co-curred with smaller amounts of
C37—C39 alkenes (Wakeham et al., 1991). Depth pro-
files in the water column and the sediments suggested,
however, a higher potential of preservation and thus a
better role of biomarker of E. huxleyi in the sedimen-
tary record for C3,—Cs9 alkenes.

Previous attempts to use the long-chain alkenes of
E. huxleyi as a proxy of paleotemperatures in a similar
way as the alkenones have been rather unsuccessful
(Sikes et al., 1997). There had been, however, no
report from laboratory experiments on a possible re-
lationship that would link Cs; and Cjg alkenes to the
growth temperatures of their source organisms. The
non-systematic linear relationships to growth tempera-
ture of E. huxleyi CS-57 of the relative amounts of
Cs7.3 and Csg.3 alkenes on one hand, and of the abun-
dance of Csz; hydrocarbons relative to Cs; alkenones
on the other hand, reinforced the idea that parameters
based on long-chain alkenes are of limited use as
paleotemperature proxies. Nevertheless, the linear re-
lationships to temperature obtained for the total hy-
drocarbon content of E. huxleyi CS-57 and for the
sum of Cj3; and Csg alkenes relative to the total hydro-
carbons, suggested that such data may occasionally be
useful in paleoclimate studies. This needs to be tested
by further studies of sedimentary materials.

3. Experimental
3.1. Culturing and harvesting

An axenic culture of Emiliania huxleyi strain CS-57
was obtained from the CSIRO Collection of Living
Microalgae and 500 ml batch cultures were grown in 1
1 glass flasks capped with sterile stoppers. Triplicates
cultures were grown at 8°C, 15°C, 20°C and 25°C
under 100 pEin m*s~' (PAR) of fluorescent light with
a 12 h light/12 h dark regime in f/2 medium (Guillard
and Ryther, 1962). The cultures were gently hand
shaked regularly and the growth as well as the purity
of the cultures were monitored by flow cytometry. The
cultures were harvested at the beginning of the station-
ary phase (reached after 10 to 15 days) by filtration on
precombusted and preweighted GF/F paper.

3.2. Lipid extraction and separation

The filtered cultures were dried at 40°C for 12 h,
weighed and then directly saponified with 1 N KOH in
MeOH/H,O (1:1). After cooling, the unsaponifiable
lipids were extracted with n-hexane (x3), dried over
Na,SOy, and concentrated by means of rotary evapor-
ation. The organic residue obtained was chromato-
graphed over a wet packed (n-hexane) column of silica
gel (3% H,0) and two fractions were eluted with »n-
hexane and chloroform yielding, respectively, hydro-
carbons and more polar lipids (e.g., alkenones, ster-
ols).

3.3. TLC isolation of hydrocarbons

Hydrocarbons were separated by TLC on silica gel
(Kieselgel 60) as previously described by de Leeuw et
al. (1980). Bands were visualised under 256 nm UV
light after spraying with 2’,7’'-dichlorofluorescein, and
extracted into n-hexane (x3). Fraction A (Rf =0.79)
contained the C;; and Csg alkatrienes and fraction B
(R¢ = 0.85) the dienes equivalents.

3.4. Catalytic hydrogenation

An aliquot of the total hydrocarbon fraction was
suspended in MeOH and stirred (12 h) under an at-
mosphere of hydrogen in the presence of Pd/CaCOj;
(5%).

3.5. Formation of DMDS adducts

Following the method of Vincenti et al. (1987), an
aliquot of the hydrocarbon fraction was dissolved in n-
hexane and allowed to react at 50°C (24 h) with
DMDS and a solution of iodine in Et,O. The reaction
was quenched with Na,S,0O; and the adducts were
extracted into n-hexane (x3). Under these conditions,
the reaction was quantitative; the use of higher tem-
peratures is not recommended due to the possible for-
mation of by-products of lower molecular weight
(Francis and Veland, 1981).

3.6. Gas chromatography

Hydrocarbons were quantified by GC using a Girdel
series 30 gas chromatograph equipped with a Ross
injector, an FID and a BPX-50 bonded phase capillary
column (30 m; 0.25 mm i.d.; 0.25 um film thickness).
Alkenones were analysed on a HP-5MS bonded phase
capillary column (30 m; 0.25 mm i.d.; 0.25 pm film
thickness). The oven temperature was programmed
from 150°C to 300°C at 5°C min~'; the injector and
detector temperatures were 290°C and 280°C, respect-
ively; N, was used as the carrier gas (1.0 bar). Quanti-
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tative determinations were based on the response fac-
tor of a GC external standard (hexatriacontane).

3.7. Mass spectrometry

EI GC-MS was performed on a HP 5890 series II
plus gas chromatograph coupled with a HP 5972 mass
spectrometer operated at 70 eV with a mass range m/z
50-700. The gas chromatograph was equipped with an
on-column injector and the BPX-50 bonded phase
capillary column, and helium was used as the carrier
gas (1.04 bar). Samples were injected at 60°C and the
oven temperature was programmed to 130°C at 30°C
min~' and then at 3°C min~' to 310°C at which it was
held for 10 min.

EIMS analyses (direct insertion probe) were carried
out on an HP 5987 mass spectrometer operated at 70
eV with a mass range m/z 58-850. The temperature
was programmed from 50°C to 220°C at 30°C min~;
the temperature of the source was 200°C.

3.8. Nuclear magnetic resonance spectroscopy

NMR spectra were recorded on a Brucker AM400-
X spectrometer in CDCl;. Chemical shifts were deter-
mined in J units relative to TMS according to classical
relationships. The frequency of the instrument was 400
and 100 MHz for 'H and '>C NMR, respectively.
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