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Summary 

Pure enantiomers of chiral (atropisomeric) polychlorinated 
biphenyls (PCBs) obtained by high-performance liquid chromatog- 
raphy were used to establish the gas chromatographic elution se- 
quences of the (+)- and (-)-enantiomem of six PCB atropisomers on 
Chirasil-Dex. The elution order was found to be (-/+) for PCBs 84, 
132,136, and 176 and (+/-) for PCBs 135 and 174. The retention 
characteristics of all 19 tri- and tetra-ortho atropisomeric PCBs 
were also investigated. Nine of the atropisomers could be separated 
using this chiral selector. PCBs 95, 132, and 149 were completely 
resolved and PCBs 84, 91, 135, 136, 174, and 176 were partially 
separated (R = 0.7-0.9). All of the separated congeners are 2,3,6- 
substituted in at least one ring, and conversely - none of the 
congeners that lacks 2,3,6-substitution could be separated. Thus, 
chiral recognition and enantiomer separation seems to be strongly 
governed by 2,3,6-substitution. 

1 Introduction 

Polychlorinated biphenyls (PCBs) have been produced in large 
quantities. The technical products have mainly been used as 
dielectric fluids, e.g. in transformers and capacitors. The PCBs 
have unfortunately also entered the environment, and are now 
found world-wide. Since PCBs are environmentally persistent, 
they are accumulating at the top of the food-webs. The environ- 
mental levels of the PCBs, and their toxic effects on biota, have 
been studied widely. However, for a long time it was disregarded 
that some of PCBs are stable atropisomeric compounds. Kaiser 
predicted 19 tri- or tetra-ortho substituted PCBs to have a suffi- 
ciently high energy barrier of internal rotation about the biphenyl 
o-bond to exist in two enantiomeric forms at physiological tem- 
peratures [I]. This idea was later confirmed experimentally by 
Schurig ef al., who showed that the rotation barrier of PCB 132 
(IUPAC numbers according to [2]) was as high as 18Cb183 kJl 
mol [31. 

Recently, several groups have started to study these stable atrop- 
isomeric PCBs. Capillary gas chromatography (GC) columns 
have been prepared which resolve these compounds. Schurig and 
co-workers used a column coated with immobilized per-methyl- 

ated 0-cyclodextrin (Chirasil-Dex) to resolve atropisomeric 
PCBs 84,91,95, 132, 136, and 149 [4,5]. Konig et aZ. reported 
that octakis(2,6-di-O-methyl-3-O-pentyl)-y-cyclodextrin coated 
GC'columns allow resolution of enantiomeric pairs of PCBs 45, 
95, and 139 [6]. Recently, Hardt et al. reported the separation of 
the enantiomers of PCBs 45,84,88,91,95, 131, 132, 135, 136, 
139, 149, 174, 175, 176, and 183. However, in the latter case 
three different stationary phases were required to achieve this 
separation, viz. heptakis(2,6-di-O-methyl-3-O-pentyl)-P-cy- 
clodextrin, octakis(2,6-di-O-methyl-3-O-pentyl)-o-cyclodex- 
trin, and heptakis(2,3-di-O-methyl-6-O-tert-hexyldimethyl- 
sily1)-P-cyclodextrin [7 1. 

Analysis of biotic samples have indicated enantioselective en- 
richment of some atropisomeric PCBs [8,9]. Since it has been 
shown that the biological properties differ significantly between 
the enantiomers of single atropisomeric PCBs [ 10,111 it is im- 
portant to be able to identify the PCB enantiomers. So far, this 
has not been done, probably due to lack of enantiomerically pure 
reference standards. In one study, the enantiomers of three atro- 
pisomeric PCBs, PCB 88, 139, and 197, were isolated by liquid 
chromatography on triacetylcellulose [ 12,131 but only one of 
these enantiomers, viz. PCB139, have been used for enantiomer 
identification. Konig et al. reported, for this isomer, that the 
(+)-enantiomer elute prior to the (-)-enantiomer from an oc- 
takis(2,6-di-O-methyl-3-O-pentyl)-y-cyclodextrin coated capil- 
lary GC column [6]. 

The aim of the present study was to identify some of the enan- 
tiomers that can be separated by capillary GC. To accomplish 
this, we have used some pure enantiomers of atropisomeric PCBs 
that previously have been isolated by reversed-phase high-per- 
formance liquid chromatography (RP-HPLC) on permethylated 
cyclodextrin derivatized silica (PMCD) [ 14,151. Since the optical 
rotation properties of these compounds were known it was pos- 
sible to identify the (+)- and (-)-enantiomem of several of the 
atropisomers that can be separated by GC on a Chirasil-Dex 
column. 
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2 Experimental 

2. I Reference Compounds 

Racemic PCB reference standards (> 98 % pure) were obtained 
from various sources: PCBs 45, 84,91, 95, 131, 132, 135, 136, 
174, 175, 176, 196, and 197 were from Accustandard (New 
Haven, CT, USA); PCB 88 was from Ultra Scientific (North 
Kingstown, RI, USA); PCB139 was from Dr. Ehrenstorfer 
(Augsburg, Germany); PCB 149 was from Cambridge Isotope 
Laboratories (Andover, MA, USA); and PCBs 144,171, and 183 
were kindly provided by the Institute of Applied Environmental 
Chemistry (Stockholm University, Stockholm, Sweden). PCB 
standard solutions, 100 pglyl in isooctane, were prepared from 
stock solutions by dilution. 

Enantiomerically pure (+)- and (-)-enantiomem of PCBs 84, 
132, 135, 136, 174, and 176 were isolated by chiral RP-HPLC 
on PMCD, and the optical rotation properties were subsequently 
studied by polarimetry, as described elsewhere [ 14,151. Two 
mixtures containing the (+) and (-)-enantiomen, respectively, 
were prepared in isooctane (1 ng/pl). 

2.2 Gas Chromatography 

The GC experiments were performed on an HP6890 GC equipped 
with an autosampler, a splithpiit-less injector (250 "C), and an 
electron capture detector (300 "C). The system was controlled 

by the HP Chemstation software. The GC column, a Chirasil-Dex 
CB 25 m x 0.25 mm, 0.12 pm film thickness, (Cat. No. 7502; 
Chrompack, Middelburg, The Netherlands), was used with hy- 
drogen as carrier gas at alinearvelocity of 37 c d s .  The electronic 
pressure control (EPC) was operated in the constant flow mode. 
The ECD detector was operated with 5% (vh) methanelargon, 
and the ECD purge and anode purge flows were, 60 and 6 ml/min, 
respectively. Injections of 3 p1 aliquots of the standard solutions 
were made in the split-less mode (2 niin splitless) and the oven 
was then temperature programmed as follows: 80 "C (2 min) - 
15 "/min - 130 "C - 1 "/min - 190 "C (30 min) - 1 "/min - 225 "C 
(5 min). 

3 Results and Discussion 

The gas chromatographic retention times of all 19 stable atro- 
pisomeric PCBs are shown in Table 1. In total, nine pairs of 
atropisomers were separated on the Chirasil-Dex column. PCBs 
95, 132, and 149 were completely resolved ( R  = 1.25, 1.50, and 
1.25, respectively) andPCBs 84,91,135,136,174, and 176 were 
partially separated ( R  = 0.7 - 0.9). Figure 1 shows the separa- 
tions obtained for the PCBs 84,91,95, 132, 136, 149, and 149. 
The enantiomeric separation of PCBs 84, 91, 95, 132, 136, and 
149 have previously been reported by Schurig et al. [4,51, but 
any separation of the enantiomers of the PCBs 174 and 176 on 
Chirasil-Dex has never been reported. 

Table 1. PCBs which are stable to racemization at physiological temperatures, listed together with the IUPAC numbers, substitution 
patterns, gas chromatographic retention times, direction of optical rotation [(+) and (-)I, and peak resolution (R)  values on Chirasil-Dex. 

PCB# Substitution tR 1 tR2 R 

45 

84 

88 

91 

95 

131 

132 

135 

136 

139 

144 

149 

17 1 

174 

175 

176 

183 

196 

197 

2,2',3,6-TetraCB (TeCB) 

2,2',3,3',6-PentaCB (PeCB) 

2,2',3,4,6-PeCB 

2,2',3,4',6-PeCB 

2,2',3,5',6-PeCB 

2,2',3,3',4,6-HexaCB (HxCB) 

2,2',3,3',4',6-H~CB 

2,2',3,3',5,6'-HxCB 

2,2',3,3',6,6'-HxCB 

2,2',3,4,4',6-H~CB 

2,2',3,4,5',6-HxCB 

2,2',3,4',5',6-HxCB 

2,2',3,3',4,4',6-HeptaCB (HpCB) 

2,2',3,3',4,5,6'-HpCB 

2,2',3,3',4,5',6-HpCB 

2,2',3,3',4,6,6'-HpCB 

2,2',3,4,4',5',6-HpCB 

2,2',3,3',4,4',5,6'-OctaCB (OCB) 

2,2',3,3',4,4',6,6'-OCB 

46.33 

61.13 (-) 

56.44 

59.05 

57.03 

71 .00 

77.29 (-) 

68.22 (+) 

65.41 (-) 

68.25 

67.52 

69.03 

93.22 

91.63 (+) 

80.99 

76.80 (-) 

82.59 

109.24 

92.68 

61.32 (+) 

59.32 

57.41 

78.02 (+) 

68.47 (-) 

65.66 (+) 

69,48 

92.13 (-) 

77.13 (t) 

0.7 

0.9 

1.25 

1.50 

0.8 

0.8 

1.25 

0.8 

0.8 
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Figure 1. GCECD chromatograms of the atropisomers PCB 84,91,95,132,136, 
149, and 174. 

X13Z176 
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#132 
#174 
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Figure 2. GCECD chromatograms of the PCBs 84,132,135,136,174, and 176 
on Chirasil-Dex. The chromatograms shows, from top to bottom, a mixture of all 
PCBs as racemates, a mixture of all (-)-enantiomers, and a mixture of all 
(+)-enantiomers. 

The stable atropisomeric PCBs have at least one of the biphenyl 
rings substituted in the 2,3,6- or 2,3,4,6-positions. It is worth 
noting that all of the PCBs that are 2,3,6-substituted in at least 
one ring (except PCB 45) are separated. Conversely, non of the 
compounds that have at least one ring 2,3,4,6-substituted, and 
neither ring 2,3,6-substituted, could be separated. Consequently, 
chiral recognition and enantiomer separation seems to be strongly 

governed by 2,3,6-substitution. This finding is interesting since 
the same type substitution dependence was observed in the RP- 
HPLC separations on PMCD [15]. In that study it was concluded 
that PCBs with 2,3,6-substitution in the least substituted biphenyl 
ring were easiest to resolve. Thus, chiral recognition in GC and 
RP-HPLC seems to be accomplished by similar chiral recogni- 
tion mechanisms. 

The enantiomer elution sequences of six of the atropisomers 
(PCBs 84, 132, 135, 136, 174, and 176) were established by 
analyzing the (+)- and (-)-enantiomer mixtures described in the 
Experimental Section. In Figure 2 the chromatograms of the (+)- 
and (-)-mixtures, as well as a racemic mixture, are shown. Ac- 
cording to this experiment, the elution sequence of the enantiom- 
ers are (-/+) for PCBs 84, 132, 136, and 176 and (+/-) for PCBs 
135 and 174. As have been mentioned earlier, all of these con- 
geners are 2,3,6-substituted in one of the biphenyl rings. It is 
notable that in the cases of PCBs 135 and 174, the other ring 
bears a chlorine substituent in the 5-position and the observed 
elution order is (+/-), whilst in all other cases, where a substituent 
is lacking in position 5,  the elution order is (-/+). 

4 Conclusions 

The Chirasil-Dex column used in the present study was capable 
to separate nine of the nineteen stable atropisomeric PCBs. This 
compares well with the results obtained by GC on other promising 
columns, e.g. the 2,3-Me-6-Tx-P-CD (heptakis(2,3-di-O- 
methyl-6-O-tert-hexyldimethylsilyl)-~-cyclodextrin), which has 
been reported to separate ten of the atropisomers [7] .  Further 
benefits of the Chirasil-Dex column is a low bleed level and the 
fact that the column is commercially available. 

Mixtures of HPLC isolated pure enantiomers of atropisomeric 
PCBs allow an easy and straightforward determination of elution 
sequences of PCB enantiomers on chiral GC columns. Further- 
more, knowledge of the elution sequences is essential for risk 
assessment of these chiral compounds since their biochemical 
behavior, e.g. enzyme induction properties, often differs between 
(+)- and (-)-enantiomem In order to perform a proper risk as- 
sessment the enantiomeric composition of the optically active 
compounds tested, and of residues in biota, should be known. 
Thus, the determination of the elution orders of the (+)- and 
(-)-enantiomers of atropisomeric PCBs opens new fields within 
environmental analysis, ecotoxicology, and risk assessment. 
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