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Separation of Diastereomeric and Enantiomeric Alkyl Nitrates-Systematic 
Approach to Chiral Discrimination on Cyclodextrin LIPODEX-D 

Manfred Schneider and Karlheinz Ballschmiter" 

Abstract: High-resolution gas chromato- 
graphic separation of all diastereomeric 
monomethyl-substituted cyclohexyl ni- 
trates is shown on a nonpolar methyl- 
polysiloxane stationary phase, and the 
first application of this procedure to the 
environmental diastereomeric analysis of 
alkyl nitrates is presented. Two character- 
istic signals in the achiral analysis of at- 
mospheric samples could be assigned to 
the smallest alkyl nitrate containing two 
asymmetric carbon atoms, 3-methyl- 
2-pentyl nitrate. Retention indices in 
the temperature-programmed separation 
based on the n-alkanes were determined. 
The homologous series of I-alkyl nitrates 

were found to be useful as ECD-visible 
n-alkanes. Enantiomeric separation of 
alkyl nitrates was achieved on heptakis(3- 
O-acetyl,-2,6-di-O-pentyl)-~-cyclodextrin 
(LIPODEX-D). The influence of the 
nitrooxy group and the alkyl chain 
length on the chiral discrimination on 
LIPODEX-D is discussed for 25 chiral 
alkyl nitrates. The absolute configura- 
tions of some alkyl nitrates were assigned 

Introduction 

Nitric acid alkyl esters (R-ONO,), conventionally named as 
alkyl nitrates, are one of the components of the photochemical 
smog (Los Angeles smog) formed by the reaction of alkylperoxy 
radicals with NO. They are also produced commercially and are 
used as diesel additives, propellants, explosives and pharmaceu- 
ticals.'', Atmospheric alkyl nitrates are produced by light-in- 
duced oxidation of anthropogenic and biogenic hydrocarbons 
by the OH radical/O 2 system and NO, emissions. The photo- 
chemical formation of alkyl nitrates has been intensively investi- 
gated in the last d e ~ a d e . [ ~ . ~ ]  C, to C,, alkyl nitrates are de- 
tectable as trace compounds in the t rop~sphere . [~-~l  Even in 
clean air of remote areas, alkyl nitrates could be detected, and 
evidence for their long-range transport has been reported.['- 'I 

Alkyl nitrates build a complex but defined class of chemical 
components only differing in the alkyl moiety. Most of them are 
chiral compounds. The hydrocarbon skeleton allows structure- 
related enantioselective studies by varying the chain length and 
the branching of the alkyl nitrates. Branched alkyl nitrates also 
exist as diastereomers if more than one asymmetric carbon atom 
is present. 
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by asymmetric synthesis of enantiomeri- 
cally pure references. The complexity of 
the alkyl nitrate mixtures present in air 
samples does not allow a direct chiral sep- 
aration as the alkyl nitrates partly coelute 
on the LIPODEX-D column. Column 
coupling of LIPODEX-D with a polar 
achiral stationary phase like poly- 
alkylenglycol (PAG) was successfully ap- 
plied to solve this problem, and the chiral 
alkyl nitrates present in a typical air 
sample were separated. A systematic 
nomenclature for alkyl nitrates is intro- 
duced to handle the steadily growing num- 
ber of branched and long-chain alkyl ni- 
trates detected in environmental analysis. 

Due to the unique properties of cyclodextrin (CD) derivatives 
chiral high-resolution gas chromatography (CHRGC) has been 
significantly improved in the last few years. Improvements in 
stereochemical discrimination of chiral environmental xenobi- 
otics have been achieved, and their enantioselective biotransfor- 
mation demonstrated.['2, 13] Discussions on the selector-selec- 
tand interaction mechanism in the case of cyclodextrins as chiral 
selectors are difficult, because CDs are able to separate chiral 
molecules with entirely different stereochemical properties. This 
is due to the manifold of potential combinations of interactions 
with cyclodextrins (inclusion, dipole-dipole, hydrogen bond- 
ing, van der Waals). Multiple enantioselective retention mecha- 
nisms for one cyclodextrin stationary phase have been de- 
scribed.['"' The state of the art in CHRGC has recently been 
reviewed." 'I The difficulties in characterising the interaction 
with CD derivatives due to multimodal recognition processes 
have also been pointed Interaction mechanisms can 
therefore only be applied to predict the suitability of a cyclodex- 
trin stationary phase (CSP) for the separation of chiral com- 
pounds within a class of structurally similar compounds or ho- 
mologues. Knowledge of structure-related enantioselectivity of 
a CSP can help reduce trial-and-error testing. For example, 
heptakis(3-O-acetyl-2,6-di-O-pentyl)-~-cyclodext~n 
(LIPODEX-D) is described as a chiral selector for y-lactones[161 
and was recently successfully tested in the enantiomeric separa- 
tion of a y-lactone metabolite of the insecticide end~sul fan .~ '~]  

Enantiomeric and diastereomeric separation of alkyl nitrates 
is not only of academic interest in the study of chiral recogni- 
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tion, but is also of substantial interest in environmental chem- 
istry. Hydrocarbons, which are precursors for alkyl nitrates, 
originate from anthropogenic and biogenic sources. Biogenic 
chiral alkanes may be produced as nonracemic mixtures. The 
corresponding mixtures of enantiomeric alkyl nitrates formed 
directly from these precursors can therefore also be non- 
racemic. 11 71 Hence, biogenic and anthropogenic hydrocarbon 
sources can be distinguished by the enantiomeric ratios of dis- 
tinct alkyl nitrates. Moreover, a biotic degradation of alkyl ni- 
trates, which are only slowly hydrolysed in an aqueous medi- 
um,['*] can be detected by determing the enantiomeric ratios of 
environmental samples. 

In this paper we describe the first example of stereoisomeric 
analysis of an environmental sample of alkyl nitrates. We show 
that two characteristic peaks almost always detected in environ- 
mental samples can be assigned to diastereomers of 3-methyl-2- 
pentyl nitrate, present in different proportions. 

Results and Discussions 

Nomenclature of alkyl nitrates based on the hydrocarbon precur- 
sor: In the IUPAC nomenclature the -ONO, group is called 
nitrooxy group. For characterising complex alkyl nitrate mix- 
tures we used a simple nomenclature correlated to the hydrocar- 
bon precursors. The longest nonbranched alkyl chain is taken as 
the skeleton of the molecule. In the case of branched alkyl ni- 
trates the alkyl side chains are given a higher priority than the 
nitrooxy group. As a general example the abbreviation, 
2,4M 5 C, represents 2,4-dimethyI-5-heptyl nitrate or, more gen- 
erally, a methyl-branched isononyl nitrate (Fig. 1). 

* * 
1 2 3 4 I 6 7 
CH3- CH - CH2 - CH - CH - CH2 - CH3 

I I I 
CH3 0 

I 
N 

0" '0 
Fig. 1. 2,4M 5C, nitrate 

We summarise the advantages of this new nomencla- 
ture as follows: 
1) With increasing length and 

branching of- the- alkyl 
chain, the number of pos- 
sible alkyl nitrates expands 
rapidly, and a simplified 
labelling system for the re- 
sulting complex mixtures 
is required. 

2) Mistakes and double la- 
belling can be avoided 
(e.g., 2M3C4= 3M2C4, 
but 2M3C5 3M2C5). 

3) The alkane precursor in 
the photochemical forma- 
tion of alkyl nitrates is im- 
plicit. 

Stereochemistry of alkyl ni- 
trates: The determination of 
the number of enantiomeric 
and diastereomeric alkyl ni- 

trates is straightforward, since only central chirality with one or 
more asymmetric carbon atoms (C*) is possible. Alkyl nitrates 
possessing at least two C* also form pairs of diastereomers, and 
the method for calculating the number of enantiomeric and 
diastereomeric pairs has long been known.[' 9, 

We studied systematically, for various numbers of carbon 
atoms (C, -C7), the number of possible positional isomers and 
what proportion of these have chiral centres (Table 1). Remark- 

Table 1. Number of positional isomers of alkyl nitrates up to C, and proportion of 
these with one and two chiral centres (C*). 

ERONO, 1C* 2 c *  xchiral  

c3 2 0 0 0 
C, 4 1 0 1 
c5 8 5 0 5 
C6 17 8 1 9 
c7 39 21 5 26 
X - C ,  12 35 6 41 

ably, this was only feasible up to the heptyl nitrates. Beyond the 
heptyl isomers, the number of isomers increases exponentially, 
and we could not model this behaviour mathematically. Alto- 
gether there are 72 positional isomers possible for C, to C,. This 
includes 41 chiral compounds, six of which have two C* where 
diastereomers are also possible. 

Alkyl nitrates were prepared by esterification of the corre- 
sponding alcohols (see Experimental Procedure). We synthe- 
sised alkyl nitrates from every commercially available alcohol. 
Alkyl nitrates up to C,, and some cycloaliphatic compounds 
were synthesised. Unfortunately tertiary alkyl nitrates give in- 
sufficient yields and could not be prepared in this way. General- 
ly, nonbranched alkyl nitrates are chiral, when the nitrooxy 
group is not at the 1-position and, for odd C numbers, not in the 
middle position (e.g., 1 C, and 4C, nitrates are achiral). The 
chirality of every branched alkyl nitrate had to be assigned 
separately. In total we synthesised more than 80 alkyl nitrates. 

Achiral separation of alkyl nitrates: Extending recent results in 
alkyl nitrate separation,[', 'I Figure 2 depicts the separation of 
more than 60 alkyl nitrates including some dinitrates. We deter 
mined the retention indices (RI) based on the n-alkanes accord- 

7n 

Fig. 2. Achiral separatron of C,-C,, alkyl nitrates and dinitrates. Conditions: HRGC (DBI)/ECD; temp. prog. 40°C ( 3  min), 
rate 3"min-', 250°C. 

! 

58 (min) 
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ing to Kovats' method, but in the temperature-programmed 
mode proposed by Van den DooI[ '~~  on a rnethylpolysiloxane 
capillary. The homologous series of the 1-nitrates showed a 
unique behaviour. With increasing carbon number ARI has a 
constant value of 101.5 0.5 RI units. The index increment on 
introducing the nitrooxy group at the 1-position is almost exact- 
ly 397 + 1 SC,  RI units; thus, a 1 C, alkyl nitrate has about the 
same retention index as an n + 4  n-alkane. This RI increment 
decreases for secondary alkyl nitrates as the nitrooxy group 
moves to the middle of the alkyl chain (e.g., 350 RI units for 
2-alkyl nitrates and 335 RI units for 3-alkyl nitrates). For prac- 
tical purposes the homologous series of 1 -alkyl nitrates can be 
used as retention-index markers for the electron-capture detec- 
tor, that is, as ECD-visible n-alkanes. 

Besides retention indices, relative retention times (RRT) are 
also a good measure for assigning retention, defined in chro- 
matography as the strength of interaction with the stationary 
phase. We therefore calculated RRT of the alkyl nitrates. Con- 
sidering the fact that secondary nitrates are the most abundant 
alkyl nitrates formed in the atmosphere,["] we chose the 2 C, 
and the 2C,, nitrates as the reference compounds for short- and 
long-chain alkyl nitrates, respectively. These two reference com- 
pounds are always abundant in atmospheric samples and easy 
to assign in the chromatogram. RRT of some alkyl nitrates have 
already been determined with tetrachloroethylene as the refer- 
en~e , [*~I  but this is only useful in assigning short-chain alkyl 
nitrates within roughly the same boiling range as tetra- 
chloroethene. Moreover, the reference marker should always be 
present in the sample. This is also a main reason for us choosing 
two alkyl nitrates as the marker molecules for the assignment of 
complex alkyl nitrate mixtures by their relative retentions. 
Table 2 summarises all the calculated retention indices and rela- 
tive retention times in the order of elution on the methyl- 
polysiloxane stationary phase (DB 1). 

Enantioselective separation of alkyl nitrates: In general the 
LIPODEX-D capillary column displayed very good enantiose- 
lectivity towards alkyl nitrates. In order to study characteristics 
of the retention mechanism, different mixtures of alkyl nitrates 
were synthesised. For the nonbranched alkyl nitrates, ho- 
mologous series of chiral 2-, 3- and 4-nitrates were prepared. 
The available branched alkyl nitrates were divided into corn- 
pounds with the nitrooxy group directly attached to the asyrn- 
metric centre C* and those where this was not the case. 

For the n-alkyl homologous series, the enantioselective sepa- 
ration of the 3-alkyl nitrates was remarkably straightforward 
(Fig. 3). Enantioselectivity factors a were calculated to be up to 
1.11. In general, a values are low for HRGC with cyclodextrin 
stationary phase~.' '~] Owing to the wide boiling range of the 
analytes, we had to use temperature-programmed gas chro- 
matography. The decrease in the a values within a homologous 

3% 

10 20 30 40 (min) 

Fig. 3. Chiral separation of 3-alkyl nitrates. Conditions: HRGC (LIPODEX-D)/ 
ECD; temp. prog. 40°C (2 min), rate 2"min-', 190°C. 

Table 2. RI and RRT (relative to 2C, or 2CI0) of alkyl nitrates on nonpolar DB 1. 

Nitrate RI RRT(2CJ Nitrate RI RRT(ZC,,) 

1 c3 
2M 1 C, 
2C4 
2,2M 1 C, 
1 C4 
2M 3 C, 
3 c s  
2c5 
2M4C4 
2,2M 3 C, 
1 c, 
2M4C, 
2M 3C, 
3M2C, (1) 
3M2C5 (2) 
3 c6 
2c6 

2M 1 C, 
4M 1 C, 
3M1C5 

2M3C6 
V C ,  

132 C3 
c6 

2M5Cb 
4c7 
3c7 

23C4 
2c7 
4M3C7 (1) 
I J C 3  
4M3C7 (2) 

2M6C, 
2,6M 4 C, 

cYc6 

1 c, 

4C8 
133 C4 
3 C8 
2E1Cb 
2 C8 
C Y G  

1 C8 

700 
739 
739 
798 
801 
819 
844 
847 
862 
873 
903 
903 
908 
927 
931 
935 
949 
956 
969 
972 
975 
996 

1004 
1004 
1014 
1025 
1034 
1034 
1043 
1049 
1093 
1093 
1096 
1106 
1112 
1119 
1122 
1123 
1133 
1145 
1150 
1173 
1208 

0.512 
0.643 
0.643 
0.782 
0.788 
0.901 
0.982 
1.000 
1.064 
1.113 
1.257 
1.257 
1.284 
1.395 
1.416 
1.435 
1.511 
1.549 
1.621 
1.636 
1.678 
1.769 
1.818 
1.818 
1.875 
1.939 
1.992 
1.992 
2.053 
2.080 
2.329 
2.329 
2.349 
2.409 
2.442 
2.477 
2.499 
2.513 
2.562 
2.634 
2.661 
2.751 
2.987 

1093 
1093 
1096 
1106 
1112 
1119 
1122 
1123 
1133 
1145 
1150 
1173 
1208 
1213 
1217 
1219 
1233 
1251 
1261 
1294 
1310 
1319 
1329 
1352 
1411 
1411 
1434 
1438 
1453 
1513 
1543 
1554 
1615 
1647 
1711 
1756 
1819 
1857 
1920 

0.619 
0.619 
0.624 
0.640 
0.649 
0.658 
0.664 
0.668 
0.681 
0.700 
0.707 
0.731 
0.794 
0.803 
0.808 
0.81 1 
0.833 
0.857 
0.874 
0.909 
0.941 
0.954 
0.969 
1.000 
1.081 
1.081 
1.111 
1.114 
1.135 
1.213 
1.248 
1.264 
1.338 
1.373 
1.457 
1.502 
1.570 
1.602 
1.678 

Table 3. Comparison of enantioselectivity factors ct for n-alkyl nitrates of a given 
chain length for different positions of the NO, group. 

position 3 2 4 

1.106 1.032 - 
1.083 1.019 1.012 
1.048 1.012 1.010 
1.029 1.009 1.007 
[a1 1.007 1.005 
1.013 1.004 [a1 

[a] Not available. 

series results mostly from the temperature-dependence of a. 
However, the results from different homologous series can be 
compared for the same chain length (Table 3). There 
is some indication of a collective retention mechanism for the 
chiral discrimination of alkyl nitrates at least within the ho- 
mologous series. Without exception the enantioselectivity a of 
a 3-alkyl nitrate is higher than the corre- 
sponding values for 2- and 4-alkyl 
nitrates, and the order is always 
the same, 3 C, > 2 C, > 4 C,. Therefore, 
properties common to the 3-nitrates 
must cause the higher enantioselectivity. 
All 3-nitrates have an ethyl group at 
the chiral centre (Fig. 4). It seems that 

H 

1 

1 
R' 

CH;CH, - C*- O N 4  

Fig. 4. 3-n-Alkyl nitrates. 
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the ethyl group contributes very strongly to the total enan- 
tiomeric discrimination. If the chain length R' is increased (ho- 
mologous series of 3-nitrates) the enantioselective discrimina- 
tion remains fairly constant. Regardless of whether the ethyl 
chain is shortened (2-nitrates) or lengthened (4-nitrates) chiral 
discrimination decreases. 

The influence of the nitrooxy group on chiral separation is 
also significant. Alkyl nitrates in which the nitrooxy group is not 
directly attached to the asymmetric carbon atom (group 1 in 
Fig. 5)  showed low enantioselective discrimination on 
LIPODEX-D. Branched alkyl nitrates with the nitrooxy group 

directly fixed at the C* (group 2) showed better enantioselectiv- 
ities, similar to those of the nonbranched alkyl nitrates, where 
the nitrooxy group is always fixed at C*. Direct comparison of 
alkyl nitrates with the same number of carbons invariably re- 
veals a better separation for group 2 nitrates (2M 3 C, > 2M 1 C, 
and 2M3C5>2M1C,). 

Since the asymmetric synthesis of 2 C,, 2 C, and 2 C, nitrates 
was possible (see Experimental Procedure), we were able to 
assign the absolute configuration of these alkyl nitrates (Fig. 6). 
The (S) enantiomer elutes prior to the (R) enantiomer. The 
absolute configurations of the other nitrates could not be deter- 
mined, owing to the lack of enantiomerically pure reference 
alcohols, but we assume that the (S) enantiomer always elutes 
first for the homologous 2C, nitrates. There are several ex- 
amples of stationary phases (including LIPODEX-D) where 
the elution order within a homologous series remains con- 
~ t a n t , I ' ~ - ' ~ ~  but there are also examples that show that the 

-.. 
I I , I 

15 20 30 40 (rnin) 

Fig. 6. Chiral separation of 2-alkyl nitrates. The ( S )  enantiomers elute before the 
( R )  enantiomers. Conditions: HRGC(LIP0DEX-D)/ECD; temp. prog. 40 "C 
(2 min), rate Z"min-', 190°C. 

elution orders cannot be predicted definitively without having 
the pure  reference^.^"^ 

Considering the results presented above, there are at least two 
factors responsible for chiral recognition of alkyl nitrates on 
LIPODEX-D : a polar component, the nitrooxy group directly 
fixed at C*, combined with nonpolar dispersion interactions of 
the alkyl chains, in particular with the ethyl group at C*. 

In addition, it should be noted that at low temperatures 
( < 60 "C) separation behaviour on LIPODEX-D showed some 
curiosities. The homologous series of the 2-alkyl nitrates starts 
with 2C,. All alkyl nitrates C, with n < 6 show a strong temper- 
ature dependence in chiral and achiral separation. Recent re- 
sults in the area of thermodynamics of separation indicate that 
a cyclodextrin stationary phase can exhibit enthalpy-entropy 
compensation for some, but not all, compound types.['41 

Separation of diastereomeric alkyl nitrates: Diastereomers of 
aliphatic and alicyclic alkyl nitrates can be separated on methyl- 
polysiloxane (DB 1). Each monomethylcyclohexyl nitrate has 
cis (c) and trans (t) isomers. Hence, there are six diastereomers 
in total. In the t-1,2, c-1,3 and t-1,4 compounds the two sub- 
stituents can either both be equatorial (e,e) or both be axial 
(a,a); the latter conformation is less stable. In the c-I ,2, &1,3 and 
c-l,4 compounds the substituents are a,e or e,a, and both con- 
formations are present in dynamic equilibrium, but not separa- 
ble by gas chromatography. The structures oft-  and c-2McyC6 
are given in Figure 7. The conformation of t-2McyC6 (e,e) is 

Fig. 7. Conformations of trans- and cis-2-methylcyclohexyl nitrate 

more stable than that of c-2M cyC, . 
The reactivity of an equatorial sub- 
stituent is known to be higher when 

I" 
PI 1. 

it is involved in electrophilic substi- 
tutions.1281 This is the case here be- 
cause, in our synthesis via the alco- 
hol, the proton is replaced by a 
nitryl cation. We synthesised all 
three monomethylcyclohexyl ni- 
trates individually and could sepa- 
rate each of them into their cis and 
trans diastereomers. It was even 
possible to separate all six 
diastereomers without coelution 
from a mixture of all three (Fig. 8). 
One peak is always more abundant, 
which obviously corresponds to the 
all-equatorial diastereorners. The 
trans diastereomers of 2M cyC, and 
3McyC, are also optically active. 
However, the separation of the 
enantiomers could not be achieved 
on LIPODEX-D. 

Two available branched aliphatic 

30 32 (rnin) 

Fig. 8. Diastereomeric separa- 
alkyl nitrates, the 3M 2C, and the tion of all monomethylcyclo- 

hexyl nitrates. Conditions: 
4M 3C,, have two asymmetric car- HRGC (DB,)lECD; temp, 
bon atoms. Both alkyl nitrates prog, 4 0 0 ~  (3min), rate 
could be separated into their dia- 3"min-', 250°C 
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' DR=0.88 

4m3c7 

stereomers. The dia- 
stereomeric ratios 
(DR = peak 2/peak 1) 
are 0.88 and 0.80, 
respectively (Fig. 9). 
There is no symmetry 
plane in both nitrates 
(i.e., no meso com- 
pound) and so each 
peak corresponds to a 
racemic mixture. 

I I I -  

10 20 30 (min) 

Fig. 9. Diastereomeric separation of 3M 2C, 
and 4M 3C,. Conditions: HRGC(DBI)/ECD; 
temp. prog. 40"C(3 min), rate 3"min-I. 
250 "C. 

Diastereomeric and chi- 
ral alkyl nitrates in air 
samples: We were able 
to demonstrate the first 
application of stereo- 
isomeric separation to 

the analysis of alkyl nitrates in environmental samples. The 
separated diastereomers of 3M 2 C, eluted just before the "3 C,/ 
2 C6" doublet (Fig. 2) on nonpolar and slightly polar stationary 
phases (DB 1, CP Si 18). Until now, two peaks in this character- 
istic four-peak pattern were always assigned to be hexyl nitrate 
isomers.r5* ', '9 23* "1 Actually, they are the two diastereomers of 
the 3M 2C, nitrate. The diastereomeric ratios in the air samples 
are the same as the DR value of 0.88 for the synthesised 3M 2 C, 
(first peak more abundant than second). The synthesis used 
differs entirely from the atmospheric reaction pathway. Hence, 
it is likely that in both cases the same cause must be responsible 
for the fact that the diastereomeric ratio is not equal to 1. One 
explanation could be that the DR value represents the stability 
of the diastereomers and does not reflect the rates of formation. 

For the environmental analysis of chiral alkyl nitrates a sub- 
stantial difficulty has to be overcome. The complexity of mix- 
tures present in air samples does not allow a direct chiral sepa- 
ration, because alkyl nitrates partly coelute on the LIPODEX-D 
column. Moreover, initial separation from other interfering 
molecules is necessary. We successfully preseparated alkyl ni- 
trates from the bulk of compounds also present in air samples 
and detectable by the electron-capture detector, in order to im- 
prove the detection limits, especially for the long-chain alkyl 
nitrates." The coelution of different alkyl nitrates up to chiral 
C,, could be avoided by column coupling of LTPODEX-D with 
a polar achiral stationary phase like polyalkylenglycol (PAG) . 
Figure 10 depicts the first chiral separation of C,-C,, alkyl 

I I I - 
40 50 60 (min) 

Fig. 10. Chiral separation of C,-C,, alkyl nitrates present in a sample of rural air 
(from the vicinity of Ulm). Conditions: CHRGC(LIP0DEX-D +PAG)/ECD; 
temp. prog. 40°C (2min), rateA 2"min-', 140°C (1 min), rateB IOTmin- ' ,  
220 "C. 

nitrates present in a sample of rural air (from the vicinity of 
Ulm, Germany). The ratio of the separated enantiomers of alkyl 
nitrates show that they are present as a racemic mixture. This 
might have been expected, but has never been proven before. 
Further samples of alkyl nitrates exposed to higher bioactivity 
(e.g., from the microlayer of oceans or lakes) will be analysed in 
this way. It should be pointed out that the resulting chro- 
matogram was only possible by preseparation and chiral separa- 
tion, combined with column coupling to an achiral stationary 
phase. 

Conclusions 

The lack of a consolidated nomenclature for abundant alkyl 
nitrates was not a critical issue until now, because the number of 
alkyl nitrates identified in environmental analysis was limited. 
The recent rapid increase in the number of alkyl nitrates detect- 
ed in environmental samples, up to C,, and possibly higher and 
including the branched compounds, makes a general and sys- 
tematic labelling necessary. The suggested system provides a 
simple procedure for labelling complex mixtures (Fig. 2) and 
allows the hydrocarbon precursor to be identified directly. 

In electron-capture detection the homologous series of 1-alkyl 
nitrates can be used directly as retention-index markers for the 
estimation of the Kovats Index in gas chromatography. A simi- 
lar approach has been used in liquid chromatography based on 
the UV absorption of the alkyl nitrates.r301 

We have been able to separate diastereomers of alkyl nitrates, 
including aliphatic and alicyclic components, and in one case 
this method was applied to environmental samples. 

We were able to show that a systematic approach to the study 
of structure-related chiral recognition in cyclodextrin stationary 
phases is possible. The chiral separation of alkyl nitrates has 
great potential for future work in atmospheric chemistry. It 
adds a large number of specific anthropogenic and geogenic 
markers to the well-established a-hexachlorocyclohexane enan- 
tiomers.['23 3 9  3 1 1  Hydrocarbon precursors can be indentified as 
being of biogenic or anthropogenic origin, and the biotic degra- 
dation of alkyl nitrates can be investigated. Further potential 
applications include the pharmaceutical investigation of chiral 
alkyl nitrates. 

The complexity of the alkyl nitrate mixtures present in air 
samples does not allow a direct chiral separation, since alkyl 
nitrates partly coelute on the LIPODEX-D column. Coupling 
of columns with LIPODEX-D and a polar achiral stationary 
phase like polyalkylenglycol (PAG) has been successfully ap- 
plied to solve this problem. Two-dimensional gas chromatogra- 
phy would be a more demanding alternative in terms of instru- 
mentation. 

Experimental Procedure 
Gas chromatography: A Hewlett Packard (Palo Alto, USA) gas chromatograph 
5890 series I1 with an 63Ni electron capture detector (ECD) was used for analysis. 
Argon/methane (9: 1) was used as the ECD carrier gas (35 rnlmin-') at a detector 
temperature of 240 "C for the LIPODEX-D and 260 "C for the DB 1 and the 
LIPODEX-D/PAG-coupled capillary column. The lower temperature for the 
LIPODEX-D stationary phase was used to avoid phase destruction in the detector. 
Data acquisition was carried out with a Shimadzu C-R4A integrator (Kyoto, 
Japan). Hydrogen (purified 5.0) from Linde (Munich, Germany) was used as carrier 
gas. 

Capillary columns and conditions: For stereoselective high-resolution gas chro- 
matography three capillary columns were applied with on-column injection: 
A) LIPODEX-D capillary (Macherey Nagel, Diiren, Germany); stationary phase: 
heptakis(3-O-acetyl-2,6-di-~-~ntyI)-~-cyc~odextrin; 2 m retention gap + 25 m, 
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i.d.: 0.25mm, 4: not given by supplier; temp. program: 40°C (2min), rate 
2"Cmin-', 1 9 0 T ;  hydrogen: 48cms-' (150°C); 70 kPa. 
B) DBI capillary (J & W Scientific. Rancho Cordova, USA); stationary phase: 
100% dimethylpolysilaxane; 2 m retention gap +60 m, i.d.: 0.25 mm, d,: 0.25 pm; 
temp. program: 40°C (3 min), rate 3"Cmin-', 250°C; hydrogen: 38cms-' 
(150"C), 95 kPa. 
C) LIPODEX-D/PAG-coupled capillary (PAC: Supelco, Bellefonte, USA); 
LIPODEX-D was the same as capillary A; stationary phase: LIPODEX-D/ 
polyalkylenglycol (PAG); 2 m retention gap +25 m LIPODEX-D +30m PAG, 
i.d.: 0.25mm. dF: 0.25 pm); temp. program: 40°C (2min), rate A: ZOCmin-', 
140°C (1 min), rateB: 10"Cmin-', 220°C; hydrogen: 40cms-' (150"C), 
100 kPa. 

Preparation of racemic and optically pure alkyl nitrates: Standard mixtures of alkyl 
nitrates of any desired composition can readily be derived by using a recently 
described method based on microsynthetic esterification of the alcohol precursors 
[29] with a mixture of HNO, and H,SO,. The alcohols were obtained from Aldrich 
(Steinheim, Germany), Fluka (Buchs, Switzerland), Janssen Chimica (Geel, Bel- 
gium), Merck (Darmstadt, Germany), Merck-Schuchardt (Hohenbrunn, Ger- 
many) and Riedi de Haen (Seelze, Germany). The reaction mechanism is known to 
be an electrophilic substitution of the proton for the nitryl cation NO: [32,33]. The 
advantage of this reaction is that the oxygen atom remains attached to the alcohol, 
and the configuration of the asymmetric carbon atom is thus preserved. Thus, when 
the absolute configuration of an optically pure alcohol precursor is known, the 
absolute configuration of the resulting alkyl nitrate can be inferred. The configura- 
tion retains the same label, because the nitrooxy group has the same priority as the 
hydroxyl group in relation to alkyl moieties. This correlation was recently described 
as "corresponding enantiomers" [17]. Hence, asymmetric synthesis of alkyl nitrates 
is possible starting from the optically pure alcohols (34,351. Optically pure (S)-( +)- 
2-hexanol and (S)-( +)-2-heptanol were obtained from Aldrich (Steinheim, Ger- 
many), and (S)-( +)-2-octanol from Merck-Schuchardt (Hohenbrunn, Germany). 
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