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Abstract

The separation properties of different chromatographic methods regarding the enantioselective separation of axially chiral
(atropisomeric) polybrominated biphenyls (PBB) were studied. For this purpose, the technical hexabromobiphenyl product
Firemaster BP-6 was characterised by gas-chromatography coupled to electron capture detection (GC/ECD) and
electron-capture negative ion mass spectrometry (GC/ECNI-MS) as well as by liquid chromatographic fractionating on
active carbon and celite. Twelve individual PBBs including potential atropisomeric PBBs were isolated from Firemaster
BP-6 by reversed-phase high-performance liquid chromatography (HPLC) on three serially coupled octadecylsilane columns.
Six of the 12 isolated PBBs (three tiitho and diortho substituted PBBs, respectively) were separated into atropisomers on
a HPLC column containing permethylatBecyclodextrin on silica. Moreover, the temperature dependency of the enantiomer
separations is discussed. Gas chromatographic enantiomer separation of PBBs is a very demanding task due to high elutior
temperatures. However, the atropisomers of onerthie substituted PBB congener (PBB 149) could be resolved on a
column coated with randomly modified heptakispetert.-butyldimethylsilyl-2,3-diO-methyl)-cyclodextrin in OV 1701.
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1. Introduction (PBBs) to polychlorinated biphenyls (PCBs) brought
PBBs already in the 1970s into the focus of en-
Technical products of polybrominated biphenyls vironmental chemistry research [2,3]. The toxicologi-
(trade names Firemaster BP-6 or Firemaster FF-1 | cal threat of this group of compounds was confirmed
Bromkal 80' and Flammex?B ) have been exten- in 1973 when human food was accidentally contami-
sively used as flame-retardants in textile and elec- nated with PBBs in Michigan [4—6]. In the late
tronic industries and as additives in plastics [1]. The 1970s, the US industry voluntarily discontinued the
structural similarity of polybrominated biphenyls production of PBBs. Despite a continuous reduction

of the world-wide annual production that started

already with the mentioned restrictions in the USA,
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concluded, “research undertaken in the area of chromatographic tools for the enantioselective sepa-
electrical and electronic equipment indicates that ration of atropisomeric PBB congeners. Since such
adequate fire safety of such equipment could be PBB congeners are not commercially available, the
achieved without using PBB and polybrominated components of a technical product (Firemaster BP-6)
diphenyl ether (PBDE)”. Thus, other flame-retar- had to be identified and relevant PBBs isolated. The
dants in electrical and electronic equipment should high molecular masses of PBBs (pentabromo 548.7
replace PBBs and PBDEs in the EU by January 2008 Da, hexabromo 627.6 Da, heptabromo 706.5 Da,
[10]. octabromo 785.4 Da) require high elution tempera-
Likewise their chlorinated analogues, PBBs exist tures (typicatg00°C) in gas chromatography
in a theoretical variety of 209 congeners [1]. Under (GC). These temperatures are close to the maximum
environmental conditions, many PBB congeners operational temperatures for chiral stationary GC
containing two to four bromineortho-substituents phases. Furthermore, enantiomerization of an axially
cannot fully rotate about the interannular phenyl— chiral PBB congener is likely to occur at elevated
phenyl bond due to steric hindrance. Rotation hin- temperatures, though the same PBB congener may
dered PBB congeners, which additionally possess form stable atropisomers under physiological con-
asymmetric substitution patterns on both ring sys- ditions. Therefore, both enantioselective GC and
tems lack a symmetry plane and are axially chiral. high-performance liquid chromatography (HPLC)
This special form of chirality is called atropisomer- were employed in this study on enantiomeric res-

ism (Fig. 1) [11]. Seventy-eight of the 209 congeners olution of PBB atropisomers.
have no symmetry element but only those with an

energy barrier that is high enough to prevent full

rotation form stable atropisomers. Nineteen axially 2. Experimental

chiral PCBs proved to be stable (high rotation

barrier) under environmental conditions [12,13]. The 2.1. Chemicals

presence of seven atropisomeric PCBs has already

been confirmed in samples from the marine and Technical hexabromobiphenyl (Firemaster BP-6,

terrestrial environment as well as in human milk 10 mg, Michigan Chemicals) was purchased from

extracts [14-18]. However, due to the more bulky Promochem (LGC Promochem AB, Boras, Sweden).

bromine substituent (covalent radii for €99 pm The single standards 24,5,5-pentabromobiphenyl

and Br=114 pm), it could be assumed that more than (PBB 101, 5 mg) and4Z%5,5-hexabromo-

19 atropisomeric PBBs exist at physiological tem- biphenyl (PBB 153, 5 mg) were obtained from Dr

peratures. Ehrenstorfer GmbH (Augsburg, Germany). Envicarb
The purpose of this work was to evaluate different (catalogue no. 57210-U) and celite 545-AW
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Fig. 1. Structure of the atropisomers of the axially chiral’ 32,5',6-hexabromobiphenyl (PBB 149). Carbon is shown in light grey,
hydrogen in dark grey and bromine in black.
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(catalogue no. 2-0199) were purchased from Supelco

(Deisenheim, Germany). Acetonitrile (HPLC gra-
dient grade) was obtained from Baker (Mallinckrodt
Baker BV., Deventer, The Netherlands) antiexane
(Uvasol’, for  spectroscopy) and toluene
(SupraSolV , for organic trace analysis) from Merck
(Darmstadt, Germany). Demineralised water was
purified with a Milli-Q system (Millipore, Molsheim,
France). Helium carrier gas (quality 6.0, Hydrogas,
Porsgrunn, Norway or, alternatively, quality 5.0,
Institute of Physics, University of Jena, Germany),
methane reactant gas (quality 5.5, Hydrogas,
Porsgrunn, Norway) and nitrogen make-up gas (qual-
ity 5.0, Linde, Leuna, Germany) were used for gas
chromatographic analyses.

2.2. Fractionating of technical PBB mixture

A mixture of 2 g envicarb and 2 g celite 545-AW
was slurry packed into a 1.0-cm 1.D. glass column.
The column was rinsed with 50 ml @fhexane. The
sample (27pg Firemaster BP-6 in 1 mh-hexane)
was placed onto the column and eluted with
hexane. Fractions of 4 ml (elution volume 8—-40 ml)
and 20 ml (elution volume 40-100 ml) were col-
lected and analysed by GC/ECD and/or GC/ECNI-
MS (see below).

2.3. High-performance liquid chromatography
(HPLC)

2.3.1. HPLC systems

Three different HPLC systems (systems A, B and
C) were employed. System A consisted of a series
200 binary gradient HPLC pump (Perkin-Elmer,
Uberlingen, Germany), a manual six-port injection
valve equipped with a 2@ loop (Rheodyne,
Rohnert Park, CA, USA), an SPD-7A UV detector
(Shimadzu, Jena, Germany), and a HP 3395 inte-
grator (Agilent, Waldbronn, Germany). System B
was built up from a GT-104 degasser unit, an LC-
10AT VP quaternary gradient pump (both
Shimadzu), a manual six-port injection valve
equipped with a 2Qsl loop (Rheodyne), a CTO-
10AS VP column oven, an SPD-6A UV detector
(both Shimadzu) and a HP 3395 integrator (Agilent).
System C consisted of a GT-104 degasser, an LC-
10AT quaternary gradient pump, an SIL-10A auto-
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injector equipped withué 166p, and an SPD-
M10A VP photodiode array UV detector
Shimadzu).

ll

2.3.2. Semi-preparative HPLC
Semi-preparative separation of technical hexa-
bromobiphenyl was carried out at room temperature
~25°C) on system A or, alternatively, on system C,
employing an isocratic flow of 1.2 ml/min acetoni-
trile/water (94:6; v/v). Three reversed-phase HPLC
columns coupled in series were used. The first and
the middle column were Prodigy ODS(3) (octa-
decylsilane, 15.5% carbon load, endcapped, 250 mm
column length, 4.6 mm |.[pm Particles, 100 A
pore size, Phenomenex, Torrance, CA, USA) and the
third column was a Luna § (2) (octadecylsilane,
17.5% carbon load, 250 mm column length, 4.6 mm
I.D., 5-um particles, 100 A pore size, Phenomenex).
Approximately p@ technical hexabromobiphenyl
in 2D acetonitrile was injected per chromato-
graphic run and fractions of eluting PBB congeners
(0.5-2 ml, depending on signal width) were col-
lected manually during the detection of the com-
pounds; 50+il08F each fraction were evaporated
to dryness under a flow of nitrogen and the residues
re-dissolved inylGif n-hexane for GC analysis.

2.3.3. Enantioselective HPLC
Enantioselective separation of PBB congeners
isolated by semi-preparative HPLC was performed
on system A or, alternatively, on system B using the
following HPLC columns: (i)a-PMCD: Nucleodex
o]-PM  (hexakis(2,3,6-tr©@-methyl)-«-cyclodextrin
on silica, 200 mm column length, 4 mm I.D.,
Macherey-Nagél, Duren, Germany)B-@iyiICD:
NucleodpkHM (heptakis(2,3,6-tro-methyl)3-
cyclodextrin on silica, 200 mm column length, 4 mm
[.D., Macherey-Nagel). §HPMCD: Nucleodex
v]-PM  (octakis(2,3,6-tri©-methyl)<y-cyclodextrin
on silica, 200 mm column length, 4 mm I.D,,
Macherey-Nagel). Enantioselective separation on all
columns was tested first at room temperature with an
isocratic flow of 0.3 ml/min acetonitrile/water
(75:25; v/v). The conditions for dMCD col-
umn on system B were then optimisé€tarl an
isocratic flow of 0.5 ml/min acetonitrile/water
(60:40; v/v). Fractions from enantiomer separations
(first and last eluting enantiomer as well as a fraction
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in between) were collected manually. Approximately
20 drops of each fraction were evaporated to dryness
and the residues re-dissolved in 1@Dof n-hexane

for GC analysis.

2.4. Gas chromatography (GC)

2.4.1. GC—mass spectrometry

Technical hexabromobiphenyl was analysed on a
Mega Il 8065 gas chromatograph (Fisons, Milan,
Italy) coupled to an MD800 low-resolution quad-
rupole mass spectrometer (Finnigan, San Jose, CA,
USA) operated in the electron-capture negative ion
mode (GC/ECNI-MS). Samples (gl, solvent n-
hexane) were injected on-column with an AS800
auto-injection system (Fisons) onto a DB5MS capil-
lary column (phenyl arylene polymer, 15 m column
length, 0.25 mm 1.D., 0.2m film thickness, J&W
Scientific, Folsom, CA, USA). Separations were
performed using helium carrier gas at a constant
column head pressure of 80 kPa, applying the
following temperature program: 12C (hold time 2
min), then at 12C/min to 180°C (hold time 5 min)
and at 5C/min to the final temperature of 28C
(hold time 10 min). The interface temperature was
held at 250C and the ECNI ion source temperature
at 160°C. The mass spectrometer was operated in
full scan moderfi/z 75-800) for signal identification
or in single ion monitoring mode (SIM) for more
sensitive detection, using the 10 characteristic ions
m/z 78.9, 80.9 (bromide), 547.6, 549.6 (from [M]
of pentabromobiphenyls), 625.5, 627.5 (from [M]
of hexabromobiphenyls), 705.4, 707.4 (from [M] of
heptabromobiphenyls), 783.3, and 785.3 (from [M]
of octabromobiphenyls).

2.4.2. GC-electron-capture detection

A HP 5890 series Il gas chromatograph (Agilent,
Waldbronn, Germany) equipped with two parallel
capillary columns (CP-Sil 2 and 80% CP-Sil 8/20%
octadecylmethyl polysiloxane, respectively, both
50 m column length, 0.25 mm |.D., 0.2bm film
thickness, Chrompack, Middelburg, The Nether-
lands) and two °® Ni-electron-capture detectors
(ECD) were used for analysis of technical hexa-
bromobiphenyl and fractions from HPLC separa-
tions. Samples (1!, solventn-hexane) were injected
splitless (splitless time 1.5 min) at an injector
temperature of 258C employing a HP 7673 auto-
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injection system (Agilent). The helium carrier gas
(1.3 ml/min) was split onto the two columns using a

T-piece from Gerstel (Mulheim/Ruhr, Germany).
The following temperature program was applied:
60°C (hold time 1.5 min), then at 4@/min to
150°C (hold time 5 min), at 2C/min to 230°C and
at 5°C/min to the final temperature of 27Q (hold
time 45 min). The detectors were operated at 300

with nitrogen as make-up gas.

2.4.3. Enantioselective GC
Gas chromatographic enantiomer separation of
PBB congeners was studied using GC/ECD and
GC/MS systems previously described in detalil
[19,20]. The helium carrier gas was kept at a
constant flow of 1.3 ml/min if not explicitly men-
tioned. Temperature programs were developed in the
following way. Standards were eluted within a
heating ramp of@/®in starting from 150C.
After determination of the elution temperature, iso-
thermal analyses were carried out with plateaus at
10, 20 and 3@ below the elution temperature
determined in the temperature programmed run. In
the case of a partial resolution, the flow-rate was also
set to 2 ml/min. The following chiral capillary
columns were tested: (i-BBICD: Chirasil-Dex
(10%  heptakis(2,861tathyl)3-cyclodextrin
chemically bonded to CP-Sil 5, 25 m column length,
0.25 mm 1.D., 0.2Bm film thickness, Varian-
Chrompack, The Netherlandg-BELD: (25%
heptakis(2,3,6aert.-butyldimethylsilyl)3-cyclo-
dextrin in 85% dimethyl/15% diphenyl polysiloxane,
30 m column length, 0.25 mm 1.D.,p®2 film
thickness, BGB Analytik, Adliswil, Switzerland).
(iiiB-TBDM: (35% randomly modified heptakis(6-
O-tert.-butyldimethylsilyl-2,3-diO-methyl)-cyclo-
dextrin in OV 1701 (85% methyl/7% phenyl/7%
cyanopropyl/1% vinyl polysiloxane), 20 m column
length, 0.25 mm 1.D., Q.ib6film thickness, BGB
Analytik).

3. Results and discussion
3.1. Initial experiments for characterisation of
Firemaster BP-6 and for identification of potential

atropisomeric PBBs

Though the composition of the technical hexa-
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bromobiphenyl mixture Firemaster BP-6 was already
studied in the 1970s, there is still a need to further
characterize this product with respect to the identifi-
cation of potential atropisomeric PBB congeners,
since this topic has not been considered in previous
work [21-23]. Initial characterization started with

GC/ECD and GC/ECNI-MS experiments conducted

both in full scan and single ion monitoring (SIM)

mode (Fig. 2A). The following criteria were used for

PBB congener identification:

« The identity of major PBB congeners in Firemas-
ter BP-6 was derived from literature data [21-23].
Ratios of signal areas in GC/ECD and GC/EC-
NI-MS single ion monitoring i/z 79 and 81)
were compared with each other as well as with
reports on the quantitative composition of
Firemaster BP-6 [21-23].

e Two individual PBB standards (PBB 101 and
PBB 153) were available for verification.

* The elution order of PBB congeners on different
GC columns was supposed to be similar to the
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Fig. 2. (A) Extracted mass chromatogram/¢ 79+81) from a
GC/ECNI-MS full scan analysis of 54 ng Firemaster BP-6. (B)
HPLC/UV (220 nm) chromatogram of approximately 50y
Firemaster BP-6. The relative abundances of signals No. 6 (100%
in A and B) and 10 (22% in A, 25% in B) exceed the range
shown. For signal identification, see Table 1.
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corresponding PCB congeners on the same col-
umns.

* GC/ECNI-MS in the full scan mode resulted in
mass spectra, which mainly consisted of both
bromide mfs79 and 81) and molecular ions

(IM] ) [24]. The degree of bromination for each
congener was derived from the isotope cluster of
[M] .
Twelve compounds in the technical Firemaster
product (Fig. 2A) were studied in detail (Table 1).
Apart from peaks No. 2 (PBB 99) and No. 11 (PBB
170), the identification of PBBs can be considered as
certain based on the criteria listed above. Interesting-
ly, the bromide ion was only low abundant in the
GC/ECNI mass spectrum of PBB 194 (the only
octabromobiphenyl congener investigated) whose
mass spectrum was mainly restricted to the molecu-
lar ion. Owing to that, the relative amount of PBB
194 in the mixture is underestimated by GC/ECNI-
MS usmgz 79 and 81 compared to penta- to
heptabromo congeners.
To further verify the peak assignment in Firemas-

ter BP-6, as well as for identification of potential

atropisomeric PBBs, liquid chromatographic frac-

tionating on envicarb and celite (see Experimental)
was carried out. Active carbon is often used as
stationary phase in chromatography for separation of
planar nonertho and monoertho substituted bi-
phenyls from the polwrtho fraction [25,26]. Re-
cently, this method has also been used for enrich-
ment of PCB atropisomers [27]. The present frac-
tionating on envicarb/celite allowed quantitative
separation of monortho from poly-ortho substi-

tuted PBB congeners in Firemaster BP-6 (Fig. 3).

However, no separation of drtho from tri-ortho

substituted PBBs was obtained. While this inves-

tigation additionally confirmed the assignment of
structures to the PBB congeners (Table 1), it also
indicated that distortion from planarity was already
remarkable for dirtho substituted PBBs and, thus,
some of them might exist as stable atropisomers at
physiological temperatures(50°C). In view of the

high temperatures mandatory for elution of PBBs

from GC columns (see Introduction), enantioselec-

tive HPLC was the first choice for initial experiments

on PBB atropisomer separation. Since enantioselec-

tive HPLC phases do not provide the resolution and

selectivity necessary for identification of PBB at-
ropisomers in the technical product, an initial frac-



Table 1

Identification and characterisation of PBB congeners in technical hexabromobiphenyl Firemaster BP-6 by GC and HPLC. Signal numbers refer to Fig. 2

Signal Bromine Tentative structure Rt (min) Aax (NM) Area (%) Area (%)

no. no. IUP_A_C number; GC DB5MS GC CP-sil 2 GC CP-sil 8 HPLC HPLC/DAD GC/ i HPLC/DAD
positions of Br atoms ECNI-MS

3XCy,

1 5 PBB 101 20.2 54.9 52.8 30.5 213 1.8 1.8
2,2,458

2 5 PBB 99 20.5 55.5 53.5 35.9 216 0.1 0.5
2,2,445

3 5 PBB 118 22.7 58.9 57.4 38.1 218 3.0 3.4
2,3,4,45

4 6 PBB 149 23.5 60.2 57.7 31.2 212 0.6 0.9
2,2,345,6

5 6 PBB 132 24.4 62.1 60.3 41.6 213 0.5 0.7
2,2,3,3,4,6

6 6 PBB 153 24.7 62.5 60.8 44.1 215 60.2 59.6
22,4455

7 6 PBB 138 25.7 64.7 62.3 36.9 214 8.8 8.8
2,2,3,4,4,5

8 6 PBB 167 26.9 68.0 66.7 53.0 224 4.3 3.3
2,3,4455

9 7 PBB 174 27.7 70.4 67.5 47.2 219 1.1 15
2,2,3,3,4,5,6

10 7 PBB 180 29.6 76.9 74.8 51.7 221 16.0 16.7
2,234,455

11 7 PBB 170 31.1 n. n’a. 56.8 222 1.2 0.5
2,233,445

12 8 PBB 194 34.1 105.3 103.7 60.7 221 0.1 ~1.1°
2,2,33,44,55

13 n.a na. 88.5 88.2 59.9 R.a. ~0.4°

® Determined by single ion monitoring afh/z 79 and 81.

® Not analysed.
“ Co-elution of compound Nos. 12 and 13.
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Fractions obtained from Envicarb/Celite fractionating [ml]
PBB no. | 8-12 | 12-16 | 16-20 | 20-24 | 24-28 | 28-32 | 32-36 | 36-40 | 40-100
101
99
118*
149
153/132
156*
138
167*
174
157%*
180
170
194

* mono-ortho substituted PBBs

Fig. 3. Distribution of PBB congeners in fractions from chromatography on envicarb/celite and elution-hétkane*.

tionating of Firemaster BP-6 was carried out using 3.3. Enantioselective separation of atropisomeric

reversed-phase HPLC. PBBs by HPLC
The first liquid chromatographic separation of two
3.2. Isolation of PBB congeners by high- axially chiral PCBs into their atropisomers was
performance liquid chromatography carried out by Mannschreck et al. [28] on tri-
acetylcellulose as chiral selector. Haglund [29] enan-
Three G, reversed-phase HPLC columns were tioselectively separated 14 of the 19 atropisomeric
coupled in series (see Experimental) in order to PCBs on two serially connected HPLC columns
obtain a sufficient separation of the most important containing heptakis(2,3ertethyl)-cyclodex-
congeners in the technical PBB mixture (Fig. 2B). trin on siliBaAMCD) as chiral stationary phase. A
HPLC retention times, UV absorption maxima on the simigagPMCD column as well asx-PMCD and
range 190-500 nm and area percentages are given iny-PMCD columns (see Experimental) were therefore
Table 1. The good correspondence between area employed in this work. In a first series of tests, the
percentages found with HPLC/photodiode array enantioselective separation performance of the three
detection (DAD) and GC/ECNI-MS (Table 1) was a columns with respect to the atropisomenithti-
further confirmation of the correct compound identi- substituted PBBs 132, 149, 174 and dhnénodi-
fication. substituted PBB 180 was evaluated. Tth®MCD
To obtain enough material of isolated congeners column partially separated PBB 174 atropisomers,
for enantioselective HPLC experiments, technical but none of the other PBB congeners. In contrast, the

hexabromobiphenyl~50 pg) was injected twice and  y-PMCD patrtially resolved the enantiomers of PBB
fractions of PBB congeners No. 1 to 12 (Table 1) 149 and 180 but not PBB 132 and 174. However, the

collected separately. Corresponding fractions of the best results for all investigated PBBs were obtained
two separations were pooled and fractionated once wittBtR&ICD column. This chiral phase partial-

again for further purification. With this procedure, all ly resolved the atropisomers of PBB 149, 174, 180
congeners apart from PBB 99, PBB 149, and PBB and baseline separated the atropisomers of PBB 132.
194 were obtained with purities>95% (GC/ECD Therefore, an optimisation of column temperature,
confirmation). Remaining co-eluting PBB congeners mobile phase flow-rate and composition (acetonitrile
could be separated on the enantioselective HPLC and water at different proportions) was performed

columns (see below). with tH&-PMCD column. The optimised parameters
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are given in the Experimental part. In most cases, a ~25(CC, not shown). Diertho 2,2'-substituted PBBs

decrease in the column temperature led to an in- without bromine at a 3-position were not separated
crease in resolution of PBB atropisomers. The lowest into enantiomers (PBB 101 and 153). The effect of
possible temperature accepted by the column oven of substituents in adj@tapositions (3 and/or '3

HPLC system B (5C) was therefore chosen for to increase the enantiomerization barrier was previ-
further experiments. Fig. 4 shows the enantioselec- ously predicted [12] and observed [29] for PCBs and
tive separation of six axially chiral PBB congeners was referred to as “buttressing effect”. However,
with the corresponding chiral resolution valuBs only di-ortho 2,2-substituted PCBs with chlorine

upon optimisation of the HPLC parameters. Since atoms in both 3- apdsiions could be separated

the HPLC/UV system did not provide information af@ [29]. The larger covalent radius of bromine

on the identity of the PBBs, the successful separation compared to chlorine (see Introduction) seems to be
was confirmed by collecting fractions of the first and responsible for the higher stability of PBB at-
the second eluting atropisomer as well as a fraction ropisomers with only one buttressing substituent.

in between (middle fraction). Analysis of these The stability of atropisomers can also be related to
fractions by non-chiral GC/ECD showed peaks at the twisting of the two phenyl rings. The enantio-
the same retention time for the two atropisomers and merization barrier increases with the nuonther of

no peak or a considerably lower peak at the expected substituents, and so also does the torsional angle
retention time for the middle fraction. PBB con- between the two phenyl rings. This distortion from
geners 101 and 153 were also investigated, but no planarity gradually decreases the intramalecular
enantiomer separation was achieved. As can be seen conjugation of the two phenyl rings which is paral-
from Fig. 4 and Table 1, PBB congeners with three leled by a blue shift of the UV absorption maximum
bromine substituents adjacent to the interannular A, (found at lower wavelengths, Table 1). Within
phenyl-phenyl bond (trortho substituted PBBs; an isomer group of PBBs (i.e. PBBs with the same

PBB congeners 132, 149, and 174, Fig. 4A-C) and degree of brominatiowythmi-substituted PBBs
di-ortho 2,2'-substituted PBB congeners with at least showed the lowest followed by 2,2,3-type

one bromine in an adjacemteta-position (substitu- PBBs (one or two buttressing Br), '2ype (nho

tion type 2,2,3; PBB congeners 138, 180, and 194, buttressing Br) and finally ragho- substituted

Fig. 4D—F) were at least partially separated into PBBs (Table 1). These findings are in agreement
atropisomers at C as well as at room temperature with literature data for di- to hexabromobiphenyls

[30]. Thus, A, is an indicator for whether a PBB

max

congener forms stable atropisomers or not.

1a R b R 20 The influence of temperature on the enantioselec-
) ) tive HPLC separation has already been mentioned,
and this parameter was studied in detail. As stated

above, the atropisomers of PBB 153 could not be
separated at 8C; however, this dbrtho 2,2'-substi-
tuted PBB without substituents in adjacemeta-
c R 1.7 F R, 4.6 position displayed a very broad signal on tBe
PMCD HPLC column £10 min at the baseline) but
only one peak maximum. At 5C, elution of PBB

17 21 25 29 33 37 17 21 25 29 33 t[min] 153 took 4 min. This difference can only to a minor
Fig. 4. Enantioselective HPLC separation of axially chiral PBB €Xte€nt be explained by the shorter retention time at
congeners on #-PMCD column at 3C. For separation details  50°C (20.3 min compared to 25.0 min at°G),
see the Experimental section. (A) PBB 132; (B) PBB 149; (C) indicating that there was a much slower conversion
PBB 174; (D) PBB 138; (E) PBB 180 (A-E, flow 0.5 ml/min); ot one atropisomer into the other and vice versa at
(F) PBB 194 (F, flow 1 mi/min). Chiral resolution®, are low temperatures. Enantiomer resolution of PBB 174
calculated as follows:R,=1.18\t/2w,,, At: retention time . . .
difference andSw,,,: sum of the signal widths at half heights of ~and 180, which were almost baseline separated into
the two atropisomers. atropisomers at & (Fig. 4C,E), was also studied at

Abundance
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Fig. 5. Enantioselective HPLC separation of PBB 174 (A) and
180 (B) on ap-PMCD column at 50C. For separation details,
see the Experimental section.

50°C (Fig. 5). The triertho substituted PBB 174

still showed no enantiomerization within the time of
the chromatographic run (Fig. 5A). In contrast, due
to sharper peaks at lower retention times, the two

atropisomers were even better resolved at the higher

temperatureR; 2.0 instead of 1.7 at &, Fig. 4C).
On the other hand, the dtho substituted PBB 180
was partially enantiomerized during chromatography
at 50°C, which is visible in the formation of a
plateau between the atropisomers (Fig. 5B). The
same behaviour was also observed for PBB 138.

Finally, the elution orders of the enantiomers of
PBB 174 ona- andB-PMCD and of PBB 180 off-
and y-PMCD were compared. For this purpose,
racemic PBB 174 and 180 were spiked with the first
eluting atropisomer, respectively, from tRePMCD
column. Injection of enantiomer enriched PBB 174
confirmed that the atropisomers eluted in the same
order from - and B-PMCD. An identical elution
order was found for the atropisomers of PBB 180 on
B- andy-PMCD as well.

3.4. Enantioselective separation of atropisomeric
PBBs by GC

Several chiral stationary phases have been suc-
cessfully applied to resolve atropisomers of PCBs by
GC [19,31-36]. Three corresponding chiral phases
were available for this study (see Experimental) and
were chosen due to the structural similarity of PCBs
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elevated temperatures mandatory for the application
of gas chromatography, hence our screening was
restricted to the trortho substituted congeners PBB
149, 132, and 174. However, the results were poor
for these hexa- and heptabromo congeners having
molecular masses above 600 Da. This mass range
requires very high elution temperatures on typical
columns (25-30 m length, 0.25-0.32 mm I.D.) used
for enantioselective separation of nonpolar or-
ganohalogen compounds [11,37,38]. The future goal,
i.e. determination of atropisomeric PBBs in compli-
cated environmental matrices, requires a good sepa-
ration of isomers and other co-extracted compounds
besides the enantioselective resolution. Therefore,
shorter columns were not tested, although these
would have allowed lower elution temperatures and
higher selectivity.

None of the PBB congeners tested was at least
partly resolved onBE&BACD or B-BSCD (see
Experimental). However, in contrast to PBB 132 and

174, a partial resolution of PBB 149 atropisomers

was obtained on thg-TBDM column (Fig. 6).

Successful gas chromatographic resolution of the
PBB 149 enantiomers (molecular mass 627.6 Da)

was verified by injection of single PBB 149 enantio-
mers isolated by enantioselective HPLC (see above).

This also allowed to determine that the elution order
of PBB 149 atropisomers onpthi@&@DM GC

column was the same as on tigePMCD HPLC
column. It is worth noting that the emplpyed
TBDM column was made of an impure cyclodextrin

phase containing five differently modified cyclodex-
trin compounds in similar quantities [19]. This type

1009

Rel. abundance [%]

T T T T T

0 T 1
110 120 130 140 t[min]

Fig. 6. Enantioselective GC separation of PBB 149 (isothermal

and PBBs. The HPLC studies (see before) indicated ejytion at 199C) on randomly modified heptakis@®-tert.-buty!-
that di-ortho substituted PBBs cannot be separated at dimethylsilyl-2,3-diO-methyl)$-cyclodextrin @-TBDM).
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as well as the pur@-TBDM have been applied to
the separation of PCB atropisomers [19,33,36]. Un-
fortunately, a column coated with the pyseTBDM
product as suggested by Hardt et al. [33] for the
resolution of PCB atropisomers was not available in
this work. This column could be a good choice for
further attempts to resolve axially chiral PBBs by
GC.

4, Conclusions

Enantioselective chromatography (GC and HPLC)
allowed to separate the atropisomers of six PBB
congeners. It was shown that aitho 2,2'-substi-
tuted PBBs with at least one additional substituent in
adjacent meta-position and triertho substituted
PBBs can be separated into enantiomers by HPLC.
Such PBBs most likely exist as stable atropisomers
at conditions found in humans and wildlife. Thus,

enantioselective processes may play a role for these

compounds in nature. However, environmental sam-
ples contain PBBs at ultra-trace levels in a complex
matrix together with other, significantly higher con-

centrated halogenated compounds. PBBs usually

account only for 1-10% of the concentrations of
polybrominated diphenyl ethers, which in turn are
much less relevant than PCBs and other major
contaminants. Thus, HPLC/UV is not sensitive

enough for studies of enantioselective processes of

PBBs in the environment. However, enantioselective
HPLC will be the method of choice for preparative

isolation of pure PBB enantiomers which would

allow toxicological and ecotoxicological testing

against the racemic mixture.

Requirements for enantioselective studies of chiral
organochlorines in environmental samples are met
with enantioselective GC [11,37,38]. The partial
atropisomer separation of PBB 149 in this work
demonstrates that it is in principle possible to
separate the enantiomers of axially chiral PBB

congeners by gas chromatography. Based on com-

parison with PCBs, PBB 149 may be one of the
chiral PBB congeners of environmental relevance.
Therefore, there is a chance for studying the en-

vironmental relevance of enantioselective processes

for this PBB congener in biota. More work is

necessary to receive a clear picture on atropisomer-

U. Berger et al. / J. Chromatogr. A 973 (2002) 123-133

ism of PBBs in wildlife. The results obtained in this

study are a first and promising step in this direction.
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