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Abstract
Polybrominated diphenyl ethers (PBDEs) have been intensively used as flame
retardants (FRs) and have become ubiquitous environmental pollutants. PBDEs form
hydroxylated PBDEs (OH-PBDEs) as metabolites. Further, some OH-PBDEs and
methoxy-PBDEs (MeO-PBDEs) are natural products. These are all compounds of
environmental and health concern and it is therefore important to confirm their
identity and to assess their environmental levels and toxicities. Hence, it is vital to
obtain authentic reference standards of individual PBDEs and OH/MeO-PBDEs.
The thesis main aim was to develop synthesis methods of congener specific PBDEs,
OH- and MeO-PBDEs. The second aim was to identify and quantify PBDEs, OHand MeO-PBDEs in environmental samples. The third was to propose an
abbreviation system for FRs.
O-Arylation of brominated phenols, using either symmetrical or unsymmetrical
brominated diphenyliodonium salts, was selected for synthesis of PBDEs and OH/MeO-PBDEs. A total of 16 MeO-PBDEs, 11 OH-PBDEs, 1 diMeO-PBDE and 1
EtO-MeO-PBDE were synthesised. Three novel unsymmetrical diaryliodonium
triflates were synthesised and used in synthesis. Optimisations were made to
construct a reliable general method for congener specific PBDE synthesis, which
was used in the synthesis of 8 representative PBDE congeners. The products were
generally characterised by electron ionisation mass spectrometry (EIMS) and
nuclear magnetic resonance (NMR) spectroscopy.
Identification of PBDEs and OH-PBDEs in various matrixes was based on gas
chromatographic and mass spectrometric analyses. Fourteen OH-PBDE congeners
were identified in a pooled human blood sample. One previously uncharacterised
natural PBDE analogue was identified as 6-OH-6’-MeO-BDE-194, and quantified in
Swedish blue mussels. PBDE congeners and other BFRs were identified and
quantified in workers and dust from a smelter in Sweden.
A structured and practical abbreviation system was developed for halogen- and
phosphorus containing FRs.
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1 Introduction
Chemicals are an essential part of our daily, comfortable life in modern
society. Take a look around where you are seated right now. Chances are
good that you will find one or more electronic devices close to you. Many of
these devices are made of and/or contain synthetic compounds such as
polyvinyl chloride plastics, plasticisers and flame retardants. The chair you
are sitting in and the clothes you wear may be manufactured from synthetic
materials. Even the thesis you are holding in your hands right now is entirely
based on chemicals. Although many of the chemicals we use daily are
beneficial to us and possess no obvious threat, some have been found to be
of higher concern regarding (eco-)toxicological effects and ever so often we
find out about this when they have already become widely distributed in our
environment.
Awareness of environmental pollution rose in Sweden during the end of the
1950’s and early 1960’s when dramatic and unexplained changes in
population of birds of prey in the Baltic Sea area was observed. The
explanation came in the form of 2,2-bis(4-chlorophenyl)-1,1,1trichloroethane (DDT), deliberately released into the environment since its
introduction as a commercial insecticide in the 1940’s. DDT was found to be
retained in birds of prey and marine animals in the 1960’s,1 but it was
indicted as an environmental threat already in 1946.2 DDT is a PBT
chemical (i.e. persistent, bioaccumulative and toxic) which explains why
high levels are found in species at the top of the food chain. An important
factor in the decrease in bird population was eggshell thinning that was in
fact caused by 1,1-bis-(4-chlorophenyl)-2,2-dichloroethene (4,4’-DDE), the
primary biotransformation product of 4,4’-DDT.3
Polychlorinated biphenyls (PCBs), used for their excellent electrical
insulating properties since their introduction on the market in the early
1930’s, was for the first time identified in white tailed sea eagle eggs in the
mid 1960’s.1,4 The populations of Baltic seal species decreased and so did
the population of European otter during the 1970’s. These changes were to a
large extent caused by high levels of PCB in their diet which led to
reproductive insufficiency.5-7 In attempts to understand the effects of PCBs
on wildlife, minks have been used as a model animal in PCB exposure
studies.8-12 Effects such as disturbed reproduction have been reported even
from low doses of technical PCB mixtures.9 The effects manifest themselves
as e.g. kits born with abnormalities, decreased survival amongst kits as well
as reduced birth weight and growth.
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In contrast to DDT, PCBs were not intentionally released to the
environment. Today we know that chemicals spread globally and enter the
ecosystem and biological systems whether intended or not. Accidents or
leakages from waste disposal sites are just two possible discharge routes for
industrial chemicals. A notable case referred to as the Yusho incident
occurred in 1968 when 1800 people were poisoned by PCB contaminated
rice oil in the Japanese island of Kyushu.13 Severe health effects were
reported after the incident including symptoms like chloracne, loss of hair
and irregular menstrual cycles.14 Another frightening incident occurred in
1973 when polybrominated biphenyls (PBBs), a bioaccumulating and highly
toxic brominated flame retardant marketed as “FireMaster BP-6”, were
unintentionally fed to cattle in the state of Michigan, USA.15 The white
crystalline PBB powder had been confused for being magnesium oxide, at
the time frequently used as a digestion aiding additive to normal cattle feed.
The effects of this unfortunate mix-up were disastrous. Cows became sick,
milk production decreased and calves died. Almost 30,000 cattle and many
other farm animals had to be quarantined and put down. For nine months no
one knew the reason to these adverse effects and by the time the problem
was finally tracked down to PBB, as many as 9 million people may have
ingested contaminated meat and dairy products.16
DDT, PCBs and PBBs are no longer in use in most parts of the world and
only after banning DDT and PCB in the 1970’s, a slow recovery could be
seen in the population of birds of prey in the Baltic Sea area. Today their
reproduction success is similar to before these chemicals entered our
environment.17 PCB levels in food stuff are also decreasing according to
studies monitoring PCB indicators in e.g. dairy products, egg products and
fish.18
Other unintentionally produced chemicals such as polychlorinated dibenzop-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs), or as they
are often referred to, “dioxins”, are highly toxic organohalogen compounds
formed in e.g. incomplete combustion of chlorine-based chemicals with
hydrocarbon and as by-products in the manufacture of compounds such as
PCB and chlorinated phenols.19,20 Temporal trend studies have shown that
the levels of PCDDs and PCDFs are decreasing globally and locally in e.g.
human mothers’ milk.21,22 This can be explained by regulations and
improved source handling, leading to less emissions and consequently less
exposure.18 Also, one may hypothesise that better advice given to women,
regarding food recommendations during pregnancy and nursing, contributes
to the lower concentrations found in mothers’ milk.
The production, handling and use of synthetic chemicals are steadily
increasing. Until today, well over 60 million chemicals or chemical mixtures
have been synthesised or described in scientific literature. About 143.000 of
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these have been pre-registered by the European Chemicals Agency (ECHA)
for commercial use.23 These pre-registered chemicals include e.g. many, but
not all, pharmaceuticals, pesticides and cosmetic products. The Organisation
for Economic Co-operation and Development (OECD) have listed 4,636 that
are considered to be high production volume chemicals with annual
quantities surpassing 1,000 tonnes in at least one country.24 Yet, we know
almost nothing about the environmental fate, toxicity, health effects and
other characteristics of most these compounds. Only a handful of all manmade chemicals have been fully risk assessed as of today. Also, to
characterise and assess present and future chemical mixtures and their
potential transformation products and metabolites, authentic synthetic
reference standards are needed. Not only for identification purposes but also
to be able to fully assess their environmental fate and biological impact.

1.1 Flame retardants
Fire may, just like chemicals, act as either friend or foe to humanity. Due to
the potential hazards of uncontrolled fire, flame retardants (FRs) have been
used as far back as 450 BC when Egyptians used solutions of potassium
aluminium sulfate (Alum) to soak wood to reduce the flammability.25 It was
not until World War II that the FRs that we are used to today started to
emerge on the market. In the 1970’s, flammability standards led to a more
intense use of FRs in household items such as clothes, sofas and electronics.
Today we divide FRs into 4 major groups: Inorganic, organophosphorus,
nitrogen based and organohalogen FRs. The different groups of FRs work in
several different ways. Inorganic metal salts exhibit their effect through the
release of incombustible gas together with thermal quenching since the
decomposition of metal salts is endothermic. Other FRs like the nitrogen and
phosphorous based ones act by creating a non-combustible coating, thus
limiting the fuel supply. Organohalogens and some phosphorus FRs interact
chemically by releasing radicals which interferes with the self-propagating
combustion process.25
PCBs were in fact, apart from their use as insulating material in electrical
equipment, applied as FRs from the 1930’s to the mid 1980’s. Historically
several other chlorinated compounds have been used as FRs, sometimes
combined with a phosphate group, such as the chlorinated and phosphorous
FR (CFR/PFR) tris–(1,3-dichloro-iso-propyl)phosphate (TDCIPP).25
The large number of established, emerging, potential and novel FRs has led
to an ever increasing number of publications dealing with environmental
issues regarding these chemicals. Due to the vast number of chemicals and
mixtures it is difficult to keep track of them. Questions are raised regarding
the status and name assignment of FRs. How many of the registered
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brominated flame retardants (BFRs) are considered to be established,
emerging, novel and potential FRs as of today? How should we abbreviate
their complicated chemical names in literature and communication? These
issues are addressed in Paper V, Chapter 5 and Chapter 6 of this thesis.

1.2 Brominated flame retardants and analogues
Among the organohalogen FRs, bromine containing compounds are the most
commonly used. A brominated isomer of above mentioned TDCIPP, tris–
(2,3-dibromopropyl)phosphate (TDBPP, Figure 1.1) was put under the
spotlight in the late 1970’s when it was revealed that children’s sleepwear
were treated with this particular FR in up to 5% of the total fabric weight.
The carcinogenic and mutagenic metabolite of TDBPP, namely 2,3dibromopropanol, could be identified in the urine of exposed children.26

Figure 1.1 TDCIPP (left), and the isomeric brominated analogue TDBPP
(right) are phosphorus and halogenated FRs. TDBPP has been used in
children’s sleepwear.
The first major review on BFRs was published in the mid 1990’s, dealing
with toxicity and environmental occurrence, summarising the knowledge on
these compounds at the time.27 For more recent publications concerning
BFRs the author recommends documents released by the European Food
Safety Authority (EFSA), and more specifically their opinions on PBBs28,
PBDEs29, hexabromocyclododecanes (HBCDDs)30, TBBPA and its
derivatives31, and an opinion on emerging and novel BFRs in food32.
The BFRs mainly used and found in consumer products today are
tetrabromobisphenol A (TBBPA), hexabromocyclododecan (HBCDD) and
decabromodiphenyl ether (DecaBDE), which are briefly discussed below.
TBBPA
TBBPA (Figure 1.2) is manufactured from bisphenol A through a simple
ortho selective bromination process, producing relatively pure TBBPA with
possible traces of tribrominated bisphenol A.33 The global demand for
TBBPA increased rapidly from 50,000 tonnes to 145,000 tonnes during the
1990’s. Global production volumes of more than 120,000 tonnes annually
have been reported,34,35 but the present annual global production is unknown.
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Most of the produced TBBPA originates from USA, China and Japan. Even
though it is not produced within the EU, an estimated 40,000 tonnes TBBPA
was imported annually both as pure substance and integrated in consumer
products in 2006.31

Figure 1.2 TBBPA

Since TBBPA is phenolic, it is primarily used as a reactive FR meaning it is
chemically bound to the matrix or material it is used in. The reactive form is
used in e.g. circuit boards but TBBPA has also been reported to be used as
an additive FR in plastics.31 Ether derivatives of TBBPA such as
tetrabromobisphenol A bis(2-hydroxyethyl) ether (TBBPA-BHEE) and
TBBPA bis(2,3-dibromopropyl) ether (TBBPA-BDBPE) has also been used
as novel additive FRs in goods such as polymers, kitchen hoods and
electronics.36
Toxicity studies on rodents indicate TBBPA as an endocrine disruptor since
it affects the thyroid hormone system by decreasing circulating thyroid
hormone, thyroxine (T4), and increasing the levels of triiodothyronine (T3)
in male rats.37 Potential sources for human exposure to TBBPA are e.g. dust
in homes and cars.
HBCDDs
It should be stated that the abbreviation HBCDD is used in this thesis even
though HBCD is frequently used in the scientific literature as well. The
issues with using multiple abbreviation systems in literature and scientific
communication are further addressed in Paper V and Chapter 5.
Technical HBCDD (Figure 1.3) has been on the market since the 1960’s and
is primarily used as an additive FR in polystyrene materials used in
insulation in construction, but it has also been used in e.g. textiles.30
Br
Br
Br
Br

Br
Br

Figure 1.3 HBCDD
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HBCDDs are manufactured by bromination of cis-1, trans-5, trans-9cyclododecatriene which yields a mixture of the three enantiomeric pairs i.e.
the so called α-HBCDD, β-HBCDD and γ-HBCDD.38 The estimated
production in EU was in the order of 6,000 tonnes annually in 2005, while
the estimated global production in 2008 amounted to 13,400 tonnes.30 In
rodents exposed to technical HBCDD a decrease in T4 and T3 hormone has
been reported, indicating that HBCDDs possess endocrine disrupting
properties.30
As HBCDD is an additive in materials and not chemically bound to it,
leaching from the material is considered to be a possible route for HBCDD
discharge in the environment.39 Little is known about the effects on human
health. However, we are indeed exposed to HBCDD in our daily life largely
through ingestion of house-hold dust, which has been reported to contribute
with as much as 23.9 % of the total exposure to HBCDDs for adults and 62.6
% for children.40 In late 2012, the Persistent Organic Pollutants Review
Committee (POPRC) agreed to a proposal to include HBCDD in the
Stockholm Convention’s Annex A for elimination, with some exemptions to
give countries time to adjust and switch to substitutes.41
DecaBDE
It must first be stated that technical DecaBDE should not be confused with
the specific PBDE congener decabromodiphenyl ether (BDE-209, Figure
1.4), which is a part of, but not the only congener in technical DecaBDE.
Chemical structure, characteristics, environmental occurrence and biological
impact of PBDEs are further discussed in Chapter 2.

Figure 1.4 BDE-209
The technical mixture DecaBDE has been produced commercially since the
early 1970’s. Technical DecaBDE is manufactured by Lewis acid catalysed
perbromination of diphenyl ether but the final product also contain traces of
octa- and nonaBDE congeners.29 Global production volumes have been
estimated to up to 30,000 tonnes annually during the 1990’s and the global
annual demand was in 2001 estimated to over 56,000 tonnes.29,42
Today we know that DecaBDE does undergo debromination by photolysis,
reduction and microbial and metabolic transformations to form lower
brominated BDEs.43-48 These findings undermine the idea of DecaBDE as a
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safer alternative to Penta- or OctaBDE mixtures, which have also been in use
as FRs and are known to be bioaccumulating and toxic29.
In Europe, the use of DecaBDE in electronics is restricted from 2008 under
the RoHS directive.49 In the US there is an ongoing phase-out while it is still
unregulated in Asia.
In EU, the use of some established and hazardous BFRs has been banned
since 2006 by the EU Directive RoHS. TDBPP, PBB and the two lower
brominated technical PBDE mixtures, PentaBDE and OctaBDE are no
longer in use.25,50 Nevertheless, all of these substances are still present in the
environment since they are persistent and included in products that are still
in use.
Apart from established BFRs, novel BFRs are continuously being introduced
and there are difficulties keeping track of current production volumes,
import, export and use. Nevertheless, it is estimated that the cumulative
production of BFRs exceeds 200,000 tonnes each year.51 In just five years,
this would amount to over 1,000,000 tonnes. This is a huge amount
compared to the estimated total production of 1,000,000 tonnes of PCB since
its introduction in the 1920’s. There are few reports regarding toxicity and
environmental occurrence of novel BFRs and new challenges lay ahead
regarding assessment of the environmental and biological impact of these
chemicals.
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2 PBDEs, their metabolites and natural
analogues.
This chapter will focus on PBDEs, the metabolites formed from PBDEs in
biological systems and their naturally occurring analogues. It is aimed to
provide a background to PBDEs and PBDE analogues.

2.1 Polybrominated diphenyl ethers
The three technical mixtures PentaBDE, OctaBDE and DecaBDE have been
used in large volumes as additive FRs, which means that they are not
chemically bound to the polymers. This makes PBDEs prone to leach out of
goods and materials.52 The production has been as high as 80,000 tonnes
annually, but since then, legislations and other actions against PBDEs have
affected the production volumes. Unfortunately more up-to-date figures are
not available.29

2.1.1 Chemical structures and classes of PBDEs
PBDEs belong to a class of organobromine compounds consisting of two
bromine substituted phenyl rings connected with an ether linkage. The
general structure is shown in Figure 2.1.
As a result of the symmetrical diphenyl ether backbone, a total of 209
congeners can be formed by altering the degree and position of bromine
substituents. Like PCBs and PBBs, there are 3, 12, 24, 42, 46, 42, 24, 12, 3
and 1 theoretical isomers for monoBDE, diBDE, triBDE, tetraBDE,
pentaBDE, hexaBDE, heptaBDE, octaBDE, nonaBDE, and decaBDE,
respectively.

Figure 2.1 General structure of PBDEs where Σ (x+y) = 1 to 10. The ortho
positions are 2,2’,6 and 6’, the meta positions are 3,3’,5 and 5’ and the para
positions are 4 and 4’, relative to the ether linkage.
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Conformational studies show that PBDEs can take on either a twisted or
skewed non-planar conformation depending on the degree of bulky ortho
bromine substituents (Figure 2.2).53 A higher degree of bromination ortho to
the ether linkage leads to a more skewed conformation as is the case with
e.g. decaBDE.53

Figure 2.2 Twist (θ1 = θ2 = 45˚) and skew (θ1 = 0˚, θ2 = 90˚) conformation of
diphenyl ether. Ortho-bromo substituted PBDEs adopt a more skew-like
conformation.
Just like PCBs and PBBs, the preferred way of abbreviating the different
congeners of PBDE, particularly in environmental chemistry literature, is to
use the numbering system proposed by Ballschmitter and Zell.54,55 For
example, diphenyl ether with just one bromine substituent in ortho position
to the ether linkage would be a monoBDE. Since the substituent is attached
to the first available aromatic carbon next to the ether oxygen, this BDE
would be abbreviated BDE-1 whereas a diphenyl ether where all 10
available aromatic positions is substituted with bromine would be a
decaBDE or, using Ballschmitter and Zells system, BDE-209.

2.1.2 Physicochemical characteristics and reactivity
Since the degree of bromination differs amongst PBDE congeners they also
differ in their characteristics. The molecular weight ranges from 249.1
g/mole for the monoBDEs to 959.2 g/mole for the decaBDE. Log KOWvalues range from approximately 5.9 to 8.3 for the tri- to heptaBDEs, while
decaBDE has been estimated to have a log KOW as high as 12.1.56,57 The
relatively high log KOW-values indicate that PBDEs are hydrophobic
compounds. Their limited water solubilities range between 130µg/L for
BDE-15 to 1.5µg/L for the octaBDE congener BDE-183.58 The technical
DecaBDE is estimated to have a water solubility of less than 0.1µg/L.59 The
vapour pressures of PBDEs are low and decreasing with an increased
number of bromine substituents resulting in decreasing volatility. In abiotic
media lower brominated PBDEs, such as mono to pentaBDE, tend to be
present to a larger extent in the vapour phase in contrast to higher
brominated PBDEs, e.g. BDE-209, which typically are more absorbed to
particulates.60 Tetra- to octaBDEs are relatively stable compounds while
PBDEs with a lower or, above all, higher number of bromine substituents are
more susceptible to exogenous transformations such as photolysis, reductive
debromination and radical reactions. Generally, PBDEs are less sensitive to
nucleophilic aromatic substitution (SNAr) and oxidations.61,62 BDE-209 has
been reported to decompose forming tri- to nonaBDEs and mono- to
hexabrominated dibenzofurans (PBDFs) in several matrices such as
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methanol/water, silica gel, sand, soil and sediment under the influence of
UV-light in laboratory settings.63-66 Microbial debromination of nonaBDEs
has also been reported by Gerecke et al.67 in anaerobic sludge. In the same
study, technical decaBDE mixture was left for 238 days in activated sludge
and a decrease of 30 % in the concentration of BDE-209 could be detected in
the end of the experiment. From these results it may be hypothesised that
naturally occurring debromination of BDE-209 might well be an important
source of lower brominated diphenyl ethers.
It should be mentioned here that PBDEs also undergo metabolic
transformations to form hydroxylated PBDEs (OH-PBDEs). These
metabolites are further discussed in Chapter 2.1.4, Chapter 2.2 and Paper I.

2.1.3 Environmental occurrence and sources of
exposure
Environmental occurrence, concentration and time trends of PBDEs have
been widely reviewed elsewhere,29,68-72 but a brief introduction and a few
examples of PBDE occurrence in the environment, wildlife and humans are
highlighted in this chapter.
PBDEs have been used in commercial products since the early 1970’s and
their presence in FRs was addressed already in 1976.73 Initial concerns about
PBDEs and their environmental impact as contaminants were pointed out in
the late 1970’s when it was discovered that environmental samples obtained
near bromine industry facilities in the cities El Dorado and Magnolia,
Arkansas, contained a total of 26 brominated organic compounds, including
BDE-209.74 In the early 1980’s a study showed that pike, sampled from the
river Viskan in Sweden nowhere near any industry producing PBDEs,
contained tri- to hexaBDEs in levels up to 88 mg/kg liver fat.75 This was
with great certainty caused by leakage from a nearby textile industry located
upstream of the sampling site. Nevertheless, it stood clear that PBDEs were
distributed in the environment and accumulated in fish, enabling their
identification and quantification. The reported use during this time was a
moderate 250 kg annually in Sweden (1978).75 In the mid 1980’s, PBDEs
were found in e.g. guillemots in the Baltic Sea, the North Sea and the Arctic
Ocean area.76 Guillemot muscle tissue samples from the Baltic area
contained 370 ng/g fat, 2-5 times higher than in remote areas. The high
levels of PBDEs in the Baltic Sea area may be explained by local sources,
while PBDEs found in the Arctic Ocean and North Sea strongly indicate that
PBDEs migrate and are globally distributed. PBDEs are known to undergo
long-range transport to remote regions via the atmosphere similar as for
PCBs.77 Using weekly samples from 1994, PBDEs were shown to undergo
long-range transport as they were found in Arctic air samples in levels
ranging 10-700 pg/m3 in Yukon, Canada.78,79 More recent data reported
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PBDEs in the Canadian Arctic where the total PBDE concentrations ranged
from 0.3 to 68 pg/m3.80
Over the last two decades, a large amount of data has been reported on the
topic of PBDE concentrations in biota, i.e. wildlife (fish, birds and
mammals). The author recommends the EFSA scientific opinion on PBDEs
in food29 and references therein for a detailed overview.
Recent studies seem to indicate that the environmental occurrence of PBDEs
is now declining slightly in e.g. air samples and vegetation. A trend study by
Schuster et al.81 monitoring European background air sample levels between
the years 2000 and 2008 shows an overall decrease of PBDEs with a
consistent decrease calculated for BDE-47, -49, -99, -100, -153 and -154.
Archived UK pasture samples from 1930 to 2004 reveals PBDE trend of
increasing concentrations during the 1970’s and 1980’s, high but stable
levels during the late 1980’s and 1990’s and a decline in the early 2000’s,
which corresponds well with restrictions in the use of technical Penta- and
OctaBDE mixtures.82 In studies on human breast milk, where similar
temporal concentration trends are seen, the levels of PBDEs increased
between 1970 and 2000.83-85 In more recent studies, declining temporal
trends or a peak followed by a plateau of little variation has been reported in
human matrices such as breast milk86,87, and in blood samples88.
The two major sources for human exposure to PBDEs are considered to be
associated with food intake and dust ingestion from indoor environments.
Because PBDEs are persistent, lipophilic and highly bioaccumulative they
are found in fatty tissues in wildlife and thereby also in fatty food,
particularly fat fish from higher trophic levels, which is thought to be the
major source for dietary exposure amongst Europeans.89-91
Schecter et al.92 measured concentrations of 13 PBDE congeners in food
samples and estimated the levels of PBDE intake from food for the U.S.
population. A conclusion drawn was that the measured levels in the food
samples alone could not account for the PBDE concentrations in the general
population, indicating other important sources in the total exposure. For
example, the extensive use of PBDEs in indoor applications combined with
small spaces and low air circulation leads to high concentrations, which
makes indoor exposure a contributing factor to the total exposure.93,94
Ordinary indoor house dust has in fact been estimated to contribute to as
much as 82% and 77% of the total PBDE exposure in adults and small
children, respectively, in the US.95,96
Human exposure may also occur under working conditions. High levels of
PBDEs, compared to control subjects, have been reported in blood samples
from e.g. Swedish electronics dismantlers97,
Swedish computer
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technicians98, Chinese employees at waste dismantling facilities99-101, and
children working as informal scrap scavengers at a municipal waste disposal
site in Nicaragua102, In the above mentioned study on Swedish electronic
dismantlers by Sjödin et al.97, the concentration of BDE-183, one of the most
abundant congeners in technical OctaBDE, was nearly 70 times higher than
in control groups. Although occupational exposure may be problematic, it
has been shown that hygiene measures such as process planning and
sufficient ventilation in combination with good praxis in cleaning procedures
reduce the risk of occupational exposure as reported by e.g. Thuresson et
al.103 and in Paper IV.

2.1.4 Biological fate and effects
PBDEs are bioaccumulative with log bioaccumulation factors (BAFs) in e.g.
blue mussels as high as 6.1 for BDE-47 and BDE-99 and 5.3 for BDE153.104 Field studies revealed that for the same congeners even higher log
BAFs were reported and were 1-1.5 orders of magnitude higher than for
PCBs.105 Biomagnification of PBDEs has been studied and confirmed by
comparing levels at different trophic levels in marine ecosystems.106-109
In vivo PBDE metabolism have been studied in e.g. rats where both monoand dihydroxylated PBDEs (OH-PBDEs, diOH-PBDEs) have been detected
after administration of either congener specific PBDEs or mixtures
thereof.110-113 In one of the above mentioned studies of rats, Malmberg et
al.110 reported sixteen OH-PBDE congers and two di-OH-PBDE congeners
after exposure to a single dose of a mixture of BDE-47, BDE-99, BDE-100,
BDE-153, BDE-154, BDE-183, and BDE-209. Most OH-PBDEs had the
hydroxy group in either a meta- or para-position to the diphenyl ether bond,
while naturally occurring OH-PBDEs, almost exclusively, are ortho-hydroxy
substituted.114,115 It should be stated that the ortho-substituted 2’-OH-BDE28, 6-OH-BDE-47 and 2’-OH-BDE-66 have been identified as minor
metabolites.115 In another exposure study on pike (Esox lucius) six OHPBDEs were reported as metabolites to isotope labelled BDE-47 (14C BDE47).116 OH-PBDEs have also been found to be retained in human
serum,102,117-120 which suggests that they form through metabolic
transformations of PBDEs in humans as well. Less is known about whether
metabolic transformation of PBDEs to MeO-PBDEs takes place, although, in
a recent study by Feng et al.121, BDE-209 exposed rainbow trout
(Oncorhynchus mykiss), were found to contain both debrominated PBDEs
and a total of 7 MeO-PBDEs. The subject of metabolism is also discussed in
Paper I where OH-PBDEs were identified as metabolites present in human
blood.
For detailed information on the toxicological effects of PBDEs, the author
recommends more comprehensive reviews on the topic e.g. the recently
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published EFSA scientific opinion on PBDEs29, but also Darnerud et al.122,
Darnerud123 and McDonald124. A few examples on effects and toxicology are
given below.
The most recent data indicate associations between PBDE congeners and
cryptorchidism and thyroid hormone suppression.125 PBDEs and their
hydroxylated analogues, OH-PBDEs, also shares structural similarities with
the thyroid hormone T4 (Figure 2.3) and PBDEs are known to act as
endocrine disruptors in humans.122,126-128 Results from a study on rats have
supported the hypothesis that PBDEs can act as endocrine disruptors and
interfere with sexual development and sexually dimorphic behaviour.129 A
study by Eriksson et al.130 has shown that neonatal exposure to BDE-99 and
BDE-47, the major congeners of technical PentaBDE, can cause permanent
alterations in spontaneous behaviour in mice. BDE-99 also had an effect on
learning capabilities and memory functions in adult mice.130 BDE-183, the
major congener of technical OctaBDE, has been shown to decrease
spontaneous and habituation behaviour in mice exposed to 15.2 mg/kg
b.w.131 The neurotoxic potential of the major decaBDE congener BDE-209
has also been studied in dosed mice. Changes in learning and visual
discrimination could be observed after exposures of 6 mg/kg b.w.132 Human
toxicity studies are rare, although it has been suggested that pregnant
women, foetuses and small children would be the most sensitive group.124
Biological effects of PBDEs are also linked to metabolically formed OHPBDE metabolites, which is further discussed in Chapter 2.2.2.

Figure 2.3 Structure of the thyroid hormone, thyroxine (T4).

2.2 Hydroxylated and methoxylated PBDEs
The two structural analogues of PBDEs, OH-PBDEs and MeO-PBDEs, have
been raising increased scientific interest in the recent decades, although these
are less well researched. In contrast to PBDEs, OH- and MeO-PBDEs are
not used as industrial chemicals. As discussed in Chapter 2.1.4, OH-PBDEs
are known to be formed as metabolites from anthropogenic PBDEs.133 OHPBDEs can also be demethylated metabolites of MeO-PBDEs.134
Furthermore, functionalised PBDE analogues, such as OH-PBDEs and
MeO-PBDEs, are naturally produced in the marine environment.135-139
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2.2.1 Chemical structure and properties
Structurally, OH- and MeO-PBDEs differ from PBDEs by the substitution of
one hydroxy or methoxy group on either of the aromatic rings. Example
structures of a OH-PBDE and a MeO-PBDE are shown in Figure 2.4. There
are a vast number of theoretical congeners of which only a few have been
synthesised and characterised. As an example, counting all the theoretical
OH-tetraBDEs and OH-pentaBDEs, together adds up to a total of 396
possible congeners. Synthesis of OH- and MeO-PBDEs is discussed in detail
in Chapter 3 and syntheses of specific congeners are reported in Paper I and
II.

Figure 2.4 3’-OH-BDE-99 (left) and 3’-MeO-BDE-99 (right).
Due to the introduction of a hydroxy or methoxy functional group, an
extension of the Ballschmiter and Zell nomenclature is frequently used in the
abbreviation of these substances in accordance with the system used for
methyl sulfone substituted and hydroxylated PCBs (MeSO2-PCBs and OHPCBs).140 The nomenclature is exemplified above in Figure 2.3 by 3’-OHBDE-99 and 3’-MeO-BDE-99.
OH-PBDEs are phenolic and thus slightly more soluble in water compared to
PBDEs, especially at higher pH, i.e. when in its deprotonated form. Data
regarding these functionalised PBDE analogues are scarce but MeO-PBDEs
should, just as PBDEs, have low solubility in water.
PBDEs substituted with two or more hydroxy or methoxy functional groups
or, as in some cases, one of each as illustrated in Figure 2.5, are less studied
than above mentioned OH- and MeO-PBDEs. DiOH-PBDEs may, just as
OH-PBDEs, be formed either metabolically110 from PBDEs or naturally141
by marine organisms. Syntheses of di-functionalised PBDE analogues are
discussed further in Chapter 3 and Paper III.

Figure 2.5 Structure of a di-functionalised PBDE.
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2.2.2 Environmental occurrence and biological effects
OH-PBDEs were first reported to be present in the marine sponge (Dysidea
herbacea) by Sharma and Vig142 in the late 1960’s. Since then, orthosubstituted OH-PBDEs (Figure 2.6) are know to be formed as natural
products in e.g. marine sponges (Dysidea herbacea)143-145
and/or its
symbiont cyanobacteria (Oscillatoria spongeliae)143-145, red algae (Ceramium
tenuicorne)135,146 and green algae (Cladophora fascicularis)147.
It has been hypothesised that marine sponges may benefit from the
antimicrobial properties of OH-PBDEs which may protect them from
bacterial infections.148-150 Since certain OH-PBDEs and MeO-PBDEs are
naturally produced in the marine environment, it is not surprising that they
are also frequently found in marine wildlife. By analysing the abundance of
natural radiocarbon (14C), Teuten et al.151 could determine that the two MeOPBDE congeners 6-MeO-BDE-47 and 2’-MeO-BDE-68 found in whale
blubber were in fact of natural origin. Teuten et al.139 later reported the
presence of the same two MeO-PBDE congeners in whale oil samples,
collected in 1921 during the last voyage of the whaling ship Charles W.
Morgan, which predates the industrial production of PBDE like compounds
and further strengthens the evidence that these compounds are of natural
origin. Identification of a naturally occurring di-functionalised PBDE is
discussed in Chapter 4 and Paper III.

Figure 2.6 Examples of the natural products 6-OH-BDE-47 (left) and 6MeO-BDE-47 (right)
While halogenated phenolic compounds (HPCs), such as pentachlorophenol
(PCP) and OH-PCBs, are well known toxicants acting as e.g. inhibitors of
the oxidative phosphorylation and as endocrine disrupters,125,152,153 less is
known about OH-PBDEs and MeO-PBDEs. However, an experimental
study on 6-OH-BDE47 has revealed acute toxicity in zebrafish embryos and
adults, which is attributed to its potent uncoupling of the mitochondrial
oxidative phosphorylation.154 The disrupting effect of 6-OH-BDE 47 occurs
at nanomolar concentrations, which is about 10 times lower than effect
concentrations shown for “classical” uncouplers such as PCP.152 Preliminary
studies have also revealed other OH-PBDEs that disrupt the oxidative
phosphorylation and induce embryo- and cytotoxicity. Recently, several OHPBDEs were reported to bind to the estrogen receptor and act as estrogens.155
Further, OH-PBDEs are thyroidogenic compounds, and may act as agonists
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or antagonists depending on their structures.156 Also, OH-PBDEs have been
indicated to increase risks for developmental neurotoxicity compared to
PBDEs.157 The ongoing research on OH-PBDE toxicity is in an intense
phase and is rapidly increasing, while far less is published on MeO-PBDEs.
The latter compounds are hitherto primarily studied from an occurrence
point of view. It is, however, evident that the compounds synthesised as
presented in Paper I, II and III of this thesis are of interest for further
toxicological oriented studies.

2.3 Aim of thesis
The importance of authentic reference standards cannot be stressed enough.
Analysis, including identification and quantification, of chemicals is
completely dependent on the availability of reference material. They are also
needed for toxicological studies, understanding of the metabolic pathways
and for reactivity assessments. Furthermore, to be able to fully characterise
these chemicals relatively large amounts of each substance is required.
Evaluated, selective and high-yielding methods open up for cost effective
syntheses, both when it comes to authentic reference standards as well as
isotope labelled standards.
The main objective of this thesis was to develop efficient synthetic routes to
obtain congener specific PBDEs and PBDE analogues such as hydroxylated
and methoxylated PBDEs (OH-PBDEs and MeO-PBDEs) in high purity.
The second objective was to identify and quantify PBDEs, OH- and MeOPBDEs in environmentally relevant samples. A third objective was to put
forward a structured abbreviation system for chemicals of environmental
concern, first and foremost for FRs.
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A short introduction to the papers included in the thesis is given below.
Paper I: The goal was to synthesise hypothesised PBDE metabolites and
subsequently use these as reference standards in an analytical study
regarding the occurrence of hydroxylated PBDEs (OH-PBDEs) in blood
samples from children working at a waste disposal site in Nicaragua.
Paper II: The synthetic work in Paper I motivated further optimisations of a
synthetic route to analytical non-functionalised PBDE standards and MeOPBDEs, which is presented in this paper.
Paper III: In this paper, two di-functionalised PBDE analogues were
synthesised using the same strategy as in Paper II. The aim was to synthesise
and use these as reference standards in identification and characterisation of
a naturally occurring phenolic PBDE analogue in marine samples.
Paper IV: The aim was to search for FRs, including PBDEs, in electronic
waste dust from a Swedish waste management facility. A secondary aim was
to investigate if the results from the dust analyses were reflected in blood
samples from workers at the same waste management facility.
Paper V: This paper suggests a novel abbreviation standard for brominated-,
chlorinated- and phosphorus flame retardants (BFRs, CFRs and PFRs),
aimed to simplify and promote scientific communication.
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3. Synthesis of selected organobromines
Chapter 3 provides a detailed background on previously used synthetic
approaches towards PBDEs and their hydroxy- and methoxy-substituted
analogues, OH-PBDEs and MeO-PBDEs. Furthermore, results within the
work of this thesis, regarding syntheses of PBDE and PBDE analogues, are
presented within this chapter and in Paper I, II and III.

3.1 Synthetic routes to PBDEs
Possibly the very first reported synthesis of a PBDE can be traced back to
1871.158 The synthesised congener was 4,4’-dibromodiphenyl ether (BDE15) and it was obtained by adding elemental bromine (Br2) to diphenyl ether.
Since then, other ways of achieving congener specific PBDEs have been
reported. One of the most recent methods is reported in Paper II and in this
thesis. The most common routes to PBDEs are presented below.

3.1.1 Bromination of diphenyl ether
The aromatic rings of diphenyl ether may be brominated via Electrophilic
Aromatic Substitution (EAS) using elemental bromine, often in combination
with a Lewis acid catalyst such as e.g. aluminium bromide (AlBr3) or ferric
bromide (FeBr3). The latter Lewis acid is unstable and is therefore often
formed in situ by the reaction of elemental iron filings (Fe) which in contact
with bromine forms the desired Lewis acid catalyst. Elemental bromine is
the most common brominating agent used on diphenyl ethers in the scientific
literature, although a few exceptions exist when it comes to mono
bromination. Two examples on the synthesis of 3-bromodiphenyl ether
(BDE-3) are illustrated in Scheme 3.1. The first being bromination using Nbromosuccinimide (NBS) employing ammonium nitrate (NH4NO3) as a
catalyst and the second using bromodimethylsulfonium bromide
(BDMS).159,160 The latter yielding only mono brominated product despite
using more than one equivalent of the brominating agent. The higher
brominated commercial mixtures such as technical Penta-, Octa- and
DecaBDE were thus synthesised using the more common elemental bromine
and Lewis acid method.161

Scheme 3.1
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When it comes to more congener specific syntheses of PBDEs, direct
bromination of diphenyl ether has been successfully employed not only for
above mentioned BDE-15 and BDE-3 but also in the synthesis of e.g.
2,2’,3,3’,4,4’,5,5’,6,6’-decabromodiphenyl ether (BDE-209)161 and 2,2’,4,4’tetrabromdiphenylether (BDE-47)73 with isolation of the desired product in
high yields and purity (Scheme 3.2). There are limitations to what congeners
can be achieved by direct bromination of diphenyl ether, which are direct
consequences of the ortho/para directing properties of the ether linkage
similar to that observed in halogenation of alkyl phenyl ethers.

Scheme 3.2
Directed ortho metalation (DOM) was discovered independently in the late
1930’s by Gillman and Wittig.162,163 The concept builds on the fact that
metalation occurs ortho to certain functionalised aromatics including alkyl
phenyl ethers and diphenyl ethers. The oxygen in the ether linkage chelates
the alkyl metal and directs ortho relative itself, as exemplified in Scheme 3.3
with an aromatic ether and alkyl lithium. Inductive effects also play a role by
lowering the pKa of the adjacent ortho proton. An electrophile (E+) may then
be used to quench the reaction and substitute the metal.

Scheme 3.3
The above mentioned DOM strategy opened up for a workaround to achieve
2,2’-dibromodiphenyl ether (BDE-4), exemplified in Scheme 3.4. Success
in using this strategy has been reported via the use of butyl lithium to
achieve an o,o’-dilithiodiphenyl ether intermediate which was subsequently
quenched with bromine.164 The butyl lithium and the formed intermediate are
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air and moist sensitive and failure to keep the reaction conditions inert may
result in poor yields and formation of undesirable by-products.

Scheme 3.4

3.1.2 Bromination of prefabricated PBDEs
Bromination of existing PBDEs, prepared by other measures than direct
bromination, has been employed to yield a number of PBDE congeners with
2-8 bromine substituents and has been reported elsewhere.164-167 However, a
compilation of reaction results are given in Scheme 3.5.

Scheme 3.5

3.1.3 Nucleophilic aromatic substitution
Four specific PBDE congeners, BDE-99, BDE-153, BDE-154 and BDE-183
have all been prepared by Chen et a.l168 via SNAr reactions employing 2,5dibromo-4-fluoronitrobenzene and various bromophenols as summarised in
Scheme 3.6. The formed nitro-PBDEs were reduced to their corresponding
brominated aminodiphenyl ether (NH2-PBDEs) using tin and hydrochloric
acid. The amino groups were then substituted for bromine by diazotisation
followed by a Sandmeyer type reaction with cupper bromide (CuBr).

20

OH

F

Br

Brx

NO2 acetone

Br
2 steps

O

Br

Br

Br

Br

O

K2CO3

Brx
Br

NO2

Brx

Phenol

Product

Yield

2,4-dibromophenol
2,4,5-tribromophenol
2,4,6-tribromophenol
2,3,4,6-tetrabromophenol

2,2',4,4',5-pentaBDE (BDE-99)
2,2',4,4',5,5'-hexaBDE (BDE-153)
2,2',4,4',5,6'-hexaBDE (BDE-154)
2,2',3,4,4',5',6-heptaBDE (BDE-183)

82%
81%
48%
12%

Scheme 3.6

3.1.4 Ullmann ether synthesis
The original cupper-catalysed Ullmann reaction is known to be useful in the
synthesis of biaryls.169 A modified version, also known as Ullmann ether
synthesis, has been employed in the synthesis of e.g. the above mentioned
PBDE congeners BDE-2 and BDE-11, which subsequently were further
brominated according to Scheme 3.5 above.166
A general reaction mechanism has been proposed by Sperotto et al.170
illustrated in Scheme 3.7 using the synthesis of BDE-11 as an example.
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Scheme 3.7
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3.1.5 PBDEs from arylboronic acids
Arylboronic acids and aryl iodides are widely used in palladium-catalysed
Suzuki couplings to yield biphenyls.171 A similar approach has been reported
in the synthesis of diaryl ethers and PBDEs, using phenols instead of the aryl
iodide and cupper acetate instead of expensive palladium.168,172 The synthesis
of 3,4,4’,5-tetrabromodiphenyl ether (BDE-81) has been reported employing
this strategy (Scheme 3.8).168

Scheme 3.8
A drawback with arylboronic acids is their sensitivity to moisture. Since
water is formed in the reaction some of the brominated arylboronic acid will
hydrolyse to the corresponding phenol, which in turn may react with
unreacted brominated arylboronic acid. Thus, failure in removing the formed
water results in symmetrical diaryl ethers as a by-product. In the above
mentioned synthesis of BDE-81, 4,4’-dibromodiphenyl ether was formed in
a 10 % yield.168

3.1.6 Synthesis via aminodiphenyl ethers
Several PBDEs have been prepared via perbromination of NH2-PBDEs.167,173
Christiansson et al.173 reported the preparation of three nonaBDE congeners,
2,2’,3,3’,4,4’,5,5’,6-nonabromodiphenyl ether (BDE-206),
2,2’,3,3’,4,4’,5,6,6’-nonabromodiphenyl ether (BDE-207)
and 2,2’,3,3’,4,5,5’,6,6’-nonabromodiphenyl ether (BDE-208),
by perbromination of ortho-, meta- and para-aminodiphenyl ether,
respectively, followed by diazotisation with 3-methylbutyl nitrite and boron
trifluoride diethyl etherate in THF and subsequent reduction of the
diazonium salt using iron sulfate (FeSO4). The reaction pathway is
exemplified with meta-aminodiphenyl ether in Scheme 3.9.
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Scheme 3.9
Using a similar approach, Teclechiel et al.167 reported syntheses of the three
octaBDEs, BDE-201, BDE-202 and BDE-204, starting from
diaminodiphenyl ethers (Scheme 3.10). In the same publication, one
octaBDE, BDE-198, was prepared from monoaminodiphenyl ether. BDE204 could also be prepared in higher yield using the monoaminodiphenyl
ether as precursor instead of diaminodiphenyl ether (Scheme 3.10).167

Scheme 3.10
Ortho selective bromination of 4,4’-diaminodiphenyl ether and selective
bromination of 3,4’-diaminodiphenyl ether, followed by diazotisation and
subsequent Sandmeyer reaction by treating the diazonium salt with cupper(I)
bromide (CuBr) and cupper(II) bromide (CuBr2) has also been reported to
yield BDE-169 and BDE-191, respectively (Scheme 3.11).167 These two
BDEs have been further brominated, in accordance to earlier discussed
bromination of prefabricated PBDEs (cf. Scheme 3.5 and 3.11) to give BDE194 and BDE-196, respectively.167
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3.1.7 Synthesis via diaryliodonium salts
Congener specific polychlorinated diphenylether (PCDE) synthesis by Oarylation of chlorophenolates using chlorinated diphenyliodonium salts has
been reported in the scientific litterature.174-178 The same strategy has also
been employed for congener specific PBDE syntheses. A background on
brominated diphenyliodonium salt syntheses follows below, including novel
salts synthesised within this thesis, before in detail describing PBDE
syntheses using these salts.
Synthesis of symmetrical brominated diphenyliodonium salts
Synthesis of most halogenated diphenyliodonium salts have been carried out
using a method originally developed by Beringer et al.179 By oxidising
elemental iodine in a mixture of fuming nitric acid and sulfuric acid, a
suspension of iodyl sulfate formed to which bromobenzene was added to
yield 4,4’-dibromodiphenyliodonium chloride as shown in Scheme
3.12.178,179
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Scheme 3.12
Marsh et al.165 reported the syntheses of two additional symmetrical
tetrabrominated diphenyliodonium salts using the above mentioned
conditions (Scheme 3.13).

Scheme 3.13
Teclechiel et al.180 later developed a slightly modified method for the
preparation of three symmetrical hexabrominated diphenyliodonium salts.
The concept was the same as above mentioned preparation, only with
addition of extra sulfuric acid and longer reaction times (Scheme 3.14).

Scheme 3.14
Synthesis of unsymmetrical brominated diphenyliodonium salts
Little has been reported regarding syntheses of unsymmetrical brominated
diphenyliodonium salts. However, Chen et al.168 synthesised 4methoxyphenyl(2,4,5-tribromophenyl)iodonium bromide by first preparing a
trifluoroperoxyacetic acid (TFPA) solution from hydrogen peroxide and
trifluoroacetic
anhydride
to
which
1,2,4-tribromobenzene
in
dichloromethane was added. Addition of anisole and subsequent work-up
with sodium bromide yielded the desired unsymmetrical diaryliodonium
bromide (Scheme 3.15). It should be stated that the procedure is a multi step,
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time consuming synthesis and gives a relatively low yield of 20%. Liu et
al.181 later reported the synthesis of 4-methoxyphenyl(2,4,5tribromophenyl)iodonium bromide, using chromium trioxide instead of
TFPA as oxidation agent with an increase in yield to 34%.

Scheme 3.15
Bielawski et al.182 reported the synthesis of 4-bromophenyl(phenyl)iodonium
triflate, starting from 1-bromo-4-iodobenzene and benzene according to
Scheme 3.16. In addition, 3-bromophenyl(phenyl)iodonium tetrafluoroborate
and 4-bromophenyl(phenyl)iodonium tetrafluoroborate have been prepared
by Bielawski et al.183 starting from iodobenzene and 3-bromophenylboronic
acid or 4-bromophenylboronic acid, respectively (Scheme 3.16).
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Scheme 3.16
In Paper I of this thesis, the novel polybrominated diphenyliodonium salt,
phenyl(2,4,6-tribromophenyl)iodonium triflate, was synthesised using a
synthetic approach previously reported by Bielawski et al. and Bielawski
and Olofsson.182,184 A solution of 1,2,4-tribromo-5-iodobenzene, metachloroperoxybenzoic acid (m-CPBA) in dichloromethane was treated with
benzene followed by trifluoromethanesulfonic acid (TfOH) to yield the
desired diaryliodonium triflate in satisfying yield in an off-white to slightly
brown colour (Scheme 3.17).

26

Br

Br
NH2

Br

Br

I

t-BuONO
I2

Br

ACN/CCl4
Br

Br
71 %
Br TfO
+
I

1.) Benzene (2 equiv.)
2.) TfOH (3 equiv, 0°C)

I
mCPBA
Br

Br

CH2Cl2
70°C, 20h

Br

Br
80 %

Scheme 3.17
One observation we made, in the preparatory work for Paper II, was that the
reaction mixture containing bromoiodobenzene, mCPBA and benzene often
turned black or dark brown when adding the TfOH, even at sub zero
temperatures. The yields varied and were not reproducible and the isolated
products had a similar brown colour. For this reason a test reaction was
performed, omitting the bromoiodobenzene. The experiment resulted in the
observation that the mixture, now containing only benzene and m-CPBA,
instantly turned black when adding TfOH. It was hypothesised that the
benzene was sensitive to the TfOH-activated m-CPBA which possibly would
oxidise the benzene. By changing the addition order, first adding TfOH to
the solution of the iodoarene and m-CPBA and subsequently adding 6
equivalents of benzene in dichloromethane as described in Scheme 3.18, the
salt could be isolated in higher yields and as a white solid with good
reproducibility. It was further hypothesised, that the procedure applied gave
the iodoarene some time to pre-oxidize, leaving less TfOH activated mCPBA to react with the benzene. Furthermore, decreasing the reaction time
to 1 h did not affect the yield negatively.

Scheme 3.18
In Paper II, two additional unsymmetrical diaryliodonium salts,
phenyl(2,4,5-tribromophenyl)iodonium
triflate
and
phenyl(2,3,4,6tetrabromophenyl)iodonium triflate, were successfully prepared using the
same conditions as for phenyl(2,4,6-tribromophenyl)iodonium triflate
(Scheme 3.19).
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Scheme 3.19
The yields in the syntheses of phenyl(2,4,6-tribromophenyl)iodonium triflate
and phenyl(2,4,5-tribromophenyl)iodonium triflate in Paper II were 94% and
85%, respectively, which is higher than the previously reported yields of the
corresponding symmetrical hydrogen sulfate salts,
2,2’,4,4’,6,6’hexabromodiphenyliodonium hydrogen sulfate and 2,2’,4,4’,5,5’hexabromodiphenyliodonium hydrogen sulfate with yields of 57 % and 55 %
Also,
phenyl(2,3,4,6respectively
(cf.
Scheme
3.14).180
tetrabromophenyl)iodonium triflate, for which corresponding symmetrical
salts have not been reported, was synthesised in an acceptable yield of 69 %.
The reaction times in Paper II is also considerably shorter with 1 h instead of
reaction times of up to 72 h as was the case of reported brominated
symmetrical diphenyliodonium salts.180
Attempts
were
also
made
to
synthesise
phenyl(2,3,4,5,6pentabromophenyl)iodonium triflate from 1,2,3,4,5-pentabromo-6-iodo
benzene using the same methodology. This however resulted in a black tarlike solution instantly upon the addition of benzene. The product proved
hard to purify and contained only traces of desired unsymmetrical
phenyl(2,3,4,5,6-pentabromophenyl)iodonium triflate. Sterical hindrance
could be considered as a possible reason for this although bromines in both
ortho-positions to iodine in 1,3,5-tribromo-2-iodobenzene had already been
proven to be well tolerated (cf. Scheme 3.18). It may also by hypothesised
that poor solubility or electron withdrawing effects from an increased
number of bromine substituents may inhibit the oxidation of 1,2,3,4,5pentabromo-6-iodo benzene. The fact that yields are lower when starting
from 1,2,3,5-tetrabromo-4-iodobenzene (Scheme 3.19, 69%) than when
starting from tribromo-iodo-benzenes indicates that this might be the case.
PBDE synthesis using symmetrical diaryliodonium salts
O-arylations of bromophenolates with symmetrical brominated
diphenyliodonium salts have generated a vast number of congener specific
PBDEs. Typically, a procedure developed by Crower et al.185 has been
widely used in PBDE synthesis. In this procedure, bromophenols are
refluxed together with symmetrical brominated diphenyliodonium halides in
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an alkaline aqueous solution as exemplified in Scheme 3.20. Using this
approach, Marsh et al.165 reported the synthesis of three monoBDEs, six
diBDEs, eight triBDEs, six tetraBDEs, three pentaBDEs, one hexaBDE and
two heptaBDE congeners using symmetrical non-, di- and tetrabrominated
diphenyliodonium salts, as specified in Scheme 3.20.
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Scheme 3.20
Liu et al.181 also reported the synthesis of BDE-75 but with a slightly lower
yield of 21 % using the same conditons as Marsh et al.165 2,2’,3,4,4’pentabromodiphenyl ether (BDE-85), 2,2’,3,4,4’,5’-hexabromodiphenyl
ether (BDE-138) and 2,2',3,4,4',5',6-heptabromodiphenyl ether (BDE-183)
were also synthesised in the scope of the publication by Liu et al.181 in yields
of 49%, 54% and 54%, respectively.
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Teclechiel et al. 180 reported the synthesis of two hexa-, four hepta- and three
octaBDEs by using hexabromodiphenyliodonium hydrogen sulfates and
slightly modified conditions in the O-arylation of the bromophenols as
depicted in Scheme 3.21.

Scheme 3.21
PBDE synthesis using unsymmetrical diaryliodonium salts
To the best knowledge of the author of this thesis, only two reactions have
been previously reported in the scientific literature, using an unsymmetrical
brominated diaryliodonium salt for congener specific PBDE syntheses. The
first one was reported by Chen et al.168 who used 4-methoxyphenyl(2,4,5tribromophenyl)iodonium bromide (cf. Scheme 3.15) in the O-arylation of
2,3,4,6-tribromophenol (BDE-183, 45%, Scheme 3.22). The other was
reported by Liu et al.181, employing the same unsymmetrical salt in the Oarylation of 2,3,4-tetrabromophenol(BDE-138, Scheme 3.22). Liu et al.181
also reproduced the synthesis reported by Chen et al.168 in a slightly higher
yield (BDE-183, 54%, Scheme 3.22)

Scheme 3.22
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The objective with the work described in paper II, apart from synthesising
novel unsymmetrical brominated diphenyliodonium triflates, was to employ
these salts in O-arylations of bromophenols in an attempt to improve the
yield in congener specific PBDE syntheses. Our optimisation was based on
an already published method reported by Jalalian et al.186, where several
deprotonated phenols were successfully O-arylated by diphenyliodonium
triflate in THF. One entry from Jalalian et al.186 particularly caught our
interest as the chlorinated analogue to 2,3,4,5,6-pentabromodiphenyl ether
(BDE-116), namely 2,3,4,5,6-pentachlorodiphenyl ether (CDE-116), was
reported to form in high yields from pentachlorophenol and
diphenyliodonium triflate (Scheme 3.23).

Scheme 3.23

It was decided to use phenyl(2,4,6-tribromophenyl)iodonium triflate to Oarylate 4-bromophenol, 2,4,6-tribromophenol and pentabromophenol in our
optimisation of the arylation reaction since it was hypothesised it would be
representative for further attempts with salts and phenols of lower or higher
degrees of bromination. The outcome of our optimisation is shown in
Scheme 3.24 below.
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Scheme 3.24
The conclusions drawn from our optimisations were that the reaction
conditions reported by Jalalian et al.186 seemingly did fit our needs quite
well although we found it necessary to increase the reaction temperatures to
maximise the yields. Increasing the reaction time beyond 1 h had no further
effect on the yields regardless of the temperature. We also tried the base
N,N-diisopropylethylamine (DIPEA), which in a pilot study showed
promising results and yielded 1,3,5-tribromo-2-(4-bromophenoxy) benzene
(BDE-75) in over 70% yield when refluxing the reaction mixture in
dichloromethane. However, as can be seen in Scheme 3.24, Entry 8, the
yield decreased to 47% using DIPEA in THF. Furthermore, the 47% yield is
also lower than the yield of 63 % from the corresponding reaction using THF
and t-BuOK (Scheme 3.24, Entry 6). The optimisation part is further
discussed in Paper II but to further test our optimal conditions we tried
additional reactions with other salts and bromophenols (Entries 4-8, Scheme
3.25). Entries 1-3 in Scheme 3.25 are the most successful entries from
Scheme 3.24.
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The yields in the O-arylations to achieve BDE-75, BDE-99, BDE-155, BDE183 and BDE-204 reported in Paper II are significantly higher than
previously reported yields, when symmetrical and unsymmetrical
brominated diphenyliodonium salts have been applied. A comparison is
shown in Table 3.1. Furthermore, for the first time, BDE-153, BDE-196 and
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BDE-197 were successfully synthesised using the route via brominated
diphenyliodonium salts. To our knowledge, no other published methods have
been available for the synthesis of BDE-197, one of the major congeners in
technical octaBDE187.
Table 3.1 Reported yields in selected PBDE congener syntheses.
Product

Type of salt

Yield

Reference

BDE-75
BDE-75

symmetrical
unsymmetrical

23 %
89 %

Marsh et al.165
Paper II

BDE-99
BDE-99

symmetrical
unsymmetrical

69 %
94 %

Chen et al.168
Paper II

BDE-155
BDE-155

symmetrical
unsymmetrical

21 %
80 %

Techlechiel et al.180
Paper II

BDE-183
BDE-183
BDE-183

symmetrical
unsymmetrical
unsymmetrical

59 %
54 %
83 %

Techlechiel et al.180
Liu et al.181
Paper II

BDE-204
BDE-204

symmetrical
unsymmetrical

13 %
44 %

Techlechiel et al.180
Paper II

Fortunately, we did not observe any O-arylation products containing the
non-brominated phenyl ligand from the three unsymmetrical brominated
diphenyliodonium salts employed. This is believed to be a consequence of
both electronic and steric effects. The brominated arene is more electron
deficient and thus more likely to transfer to the phenol. Also, the ortho-effect
has previously been reported to favour transfer of an ortho-substituted aryl
ligand over non-ortho-substituted aryl ligands in reactions between
nucleophiles and diaryliodonium salts.188,189 An explanation for this is that
the bulkier ortho-substituted aryl ligand will occupy the equatorial position
rather than the more crowded axial position in the reaction intermediate as
exemplified in Scheme 3.26. The equatorial ortho-substituted ligand is then
favoured for the subsequent reductive elimination since the axial phenyl
ligand is too distant.

Scheme 3.26
The selection of unsymmetrical brominated diphenyliodonium triflates
synthesised and subsequently employed to successfully arylate various
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bromophenols in Paper II indicates that our unsymmetrical salt approach
could most likely be used as a general method to prepare the majority of the
209
possible
PBDE
congeners.
Unsymmetrical
brominated
diphenyliodonium triflates are generally fast and easy to prepare, very stable
when stored dry, more soluble than corresponding symmetrical
diaryliodonium halides and readily arylates even sterically hindered orthosubstituted bromophenols. Steric hindrance in ortho-position is also well
tolerated in the diaryliodonium salts themselves, thus making it possible to
synthesise a variety of authentic PBDE standards in high yields and purity in
a relatively short time span.

3.2 Synthesis of mono and di-functionalised
PBDEs
Synthesis of OH-PBDEs and MeO-PBDEs is discussed jointly in this
chapter because the synthetic approaches for achieving one of them also
includes the possibility to transform one into the other via either Omethylation of OH-PBDEs using methyl iodide (CH3I) or demethylation of
MeO-PBDEs using boron tribromide (BBr3) as exemplified in Scheme 3.27.
MeO-PBDEs are important substances in analytical identification studies, as
they are used as authentic reference standards to identify and quantify OHPBDEs in methylated phenolic fractions of e.g. biological sample extracts.

Scheme 3.27

3.2.1 Synthesis of MeO-PBDEs via SNAr
Syntheses of three ortho-MeO-PBDEs and one para-MeO-PBDE, and their
corresponding OH-PBDEs, have been reported by Nikiforov et al.190 using
the nucleophilic aromatic substitution approach. In the above study, MeOPBDEs were synthesised from brominated fluorobenzenes and
monobrominated methoxyphenols in dimethyl formamide, using potassium
carbonate as base. The MeO-PBDE structures and their abbreviated names
are shown in Figure 3.1 below.

Figure 3.1
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SNAr of 1,2-dibromo-4-nitrobenzene and 4-bromo-nitrobenzene with
brominated 2-methoxyphenols have been used in syntheses of nitro-MeOPBDEs as reported by Francesconi et al.191. These nitro-substituted MeOPBDEs could then be reduced to the corresponding NH2-MeO-PBDEs
(Scheme 3.28).191 Analogous to PBDE synthesis from NH2-PBDEs, a
diazotisation with tert-butyl nitrite followed by a Sandmeyer reaction or
using cupper(II) bromide was reported to yield the desired MeO-PBDEs as
exemplified in Scheme 3.28.191

Scheme 3.28
Sharma and Vig138 reported the synthesis of 6-MeO-2,2’,3,4,4’-pentaBDE
(6-MeO-BDE-85) employing a similar synthetic approach with the
difference of using 2,3,4-tribromo-6-methoxyphenol as the nucleophile
substituting the chlorine in 2,4-dinitrochlorobenzene in an alkaline ethanol
solution (Scheme 3.29). Subsequent reduction with sodium hydrosulfite
(Na2S2O4), diazotisation with sodium nitrite followed by a Sandmeyer type
insertion of bromine gave the desired 6-MeO-BDE-85. Yields were
unfortunately only stated for the reduction step.
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Scheme 3.29
Marsh et al.192 used a similar approach when coupling 2,4-dibromophenol
with
brominated
fluorobenzaldehydes
to
yield
brominated
phenoxybenzaldehydes (formyl-PBDEs), but with sodium carbonate as base
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in N,N-dimethylacetamide (DMAC) as shown in Scheme 3.30. The formylPBDEs were oxidized to the corresponding ester via Baeyer-Villiger
oxidation using TFPA and a subsequent hydrolysis step with hydrochloric
acid gave the desired OH-PBDEs (Scheme 3.30).192

Scheme 3.30
In Marsh et al.192, the two congeners 2’-OH-BDE-7 and 2’-OH-BDE-28,
were subsequently selectively monobrominated ortho to the hydroxy group
using a bromine/tert-butylamine complex and/or dibrominated ortho and
para to the hydroxy group using benzyltrimethylammonium tribromide
(BTMA Br3) to give the three additional OH-BDE congeners as depicted in
Scheme 3.31.

Scheme 3.31
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Using the same SNAr- Baeyer-Villiger-hydrolysis strategy as above, Marsh
et al.192 also synthesised the para-substituted 4'-OH-BDE 17 starting from
2,4-dibromophenol and 3-bromo-4-fluorobenzaldehyde. 4'-OH-BDE-17 was
used as a precursor for a subsequent non-selective bromination, which gave
a crude mixture of three para-OH-PBDE congeners, as depicted in Scheme
3.32. The three congeners were isolated separately.
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Scheme 3.32
In a more recent publication, Yu et al.119 successfully synthesised two
octabrominated and one nonabrominated ortho substituted MeO-PBDEs
using a SNAr approach where O-arylation of 5-amino-2-methoxyphenol with
5-fluoro-2-nitroaniline gave 5-(5-amino-2-methoxyphenoxy)-2-nitroaniline
as shown in Scheme 3.33. This OH- and MeO-PBDE precursor could then
be converted by selective brominations, reductions, diazotisations,
Sandmeyer reactions, demethylations and methylations to give 3 different
OH- and MeO-PBDE congeners, also shown in Scheme 3.33.119

Scheme 3.33
Sun et al.193 employed a similar multi step strategy in the syntheses of an
impressive additional 22 different MeO-PBDEs (summarised in Scheme
3.34) and 17 OH-PBDEs. Similarly to Yu et al.119, Sun et al.193 started from
5-fluoro-2-nitroaniline but used four different phenols, namely 3methoxyphenol, 5-amino-2-methoxyphenol, 2-amino-4-methoxyphenol and
3-amino-methoxyphenol, in their syntheses.
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Scheme 3.34

3.2.2 Synthesis of MeO-PBDEs via brominated
diphenyliodonium salts
Similarly to PBDEs, MeO-PBDEs have also been synthesised via Oarylation of brominated methoxyphenols with brominated diphenyliodonium
salts, using slightly modified conditions to those reported by Nilsson et al.178
in the syntheses of PCDEs and methoxy-PCDEs (MeO-PCDEs), as
summarised in Scheme 3.35194.

Scheme 3.35
Nikiforov et al.190 reported the synthesis of two ortho substituted MeOPBDEs by O-arylation of 4,5-dibromo-2-methoxyphenol and 2,4-dibromo-6methoxyphenol, respectively, using 2,2’,4,4’-tetrabromodiphenyliodonium
chloride according to Scheme 3.36.
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Scheme 3.36
In Marsh et al.192 three ortho substituted MeO-PBDEs and their
corresponding OH-PBDEs were synthesised by O-arylation of prebrominated 2-methoxyphenols using 2,2’,4,4’-tetrabromodiphenyliodonium
iodide, employing potassium carbonate as base in DMAC, as outlined in
Scheme 3.37. In addition, Marsh et al.192 also reported the synthesis of the
meta substituted 5-MeO-2,2’,4,4’-tetrabromdiphenyl ether (5-MeO-BDE 47)
in 91 % yield from 2,4-dibromo-5-methoxyphenol and 2,2’,4,4’tetrabromodiphenyliodonium chloride.

Scheme 3.37
In the same study, Marsh et al.192 also O-arylated brominated orthohydroxybenzaldehydes
using
2,2’,4,4’-tetrabromodiphenyliodonium
chloride, employing sodium hydroxide as base in water and dioxane as
shown in Scheme 3.38. The formyl-PBDEs were oxidised to the
corresponding ester via Baeyer-Villiger oxidation using TFPA and
subsequent hydrolysis with hydrochloric acid gave OH-PBDEs (Scheme
3.38).
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Scheme 3.38
The two congeners 6’-OH-BDE-17 and 6-OH-BDE-47 were further
selectively monobrominated ortho to the hydroxy group using a
bromine/tert-butylamine complex and/or dibrominated ortho and para to the
hydroxy group using BTMA Br3 to give the three additional OH-PBDE
congeners as presented in Scheme 3.39192.

Scheme 3.39
Also, in the study by Marsh et al.192 a mixture of two meta-OH-PBDE
congeners were prepared by O-arylation of 3-hydroxybenzaldehyde using
2,2’,4,4’-tetrabromodiphenyliodonium chloride followed by Baeyer-Villiger
oxidation, hydrolysis and subsequent bromination according to Scheme 3.40
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In Paper I, a total of 14 OH-PBDEs and 11 novel MeO-PBDE reference
standards were synthesised. Five of the OH-PBDEs and two of the MeOPBDEs were intermediate products in the total synthesis of our desired nine
OH-PBDEs and their corresponding methyl ethers. The target compounds
were four OH-pentaBDEs, four OH-hexaBDEs and one OH-heptaBDE and
their corresponding MeO-PBDEs, which were all characterised by NMR
spectroscopy and mass spectrometry. Of the nine target MeO/OH-PBDEs,
eight were meta-functionalised and one was functionalised in the para
position.

The synthetic approach was primarily based on the use of above mentioned
symmetrical brominated diphenyliodonium salts 2,2’,4,4’-tetrabromo-,
2,2’,4,4’,5,5’-hexabromo- and 2,2’,4,4’,6,6’-hexabromodiphenyliodonium
chlorides and iodides.180,192 However, the latter iodonium salt, yielding a
2,4,6-tribromo substitution in one of the phenyl rings when used as Oarylating agent, gave diphenyl ethers in unsatisfying yields. Also, the crude
products contained by-products resulting in complicated purification
procedures. Instead we prepared and used the unsymmetrical brominated
diaryliodonium salt 2,4,6-tribromodiphenyliodonium triflate, reported in
Paper I and II, which gave better results in the O-arylations of
methoxyphenols and hydroxybenzaldehydes. A summary of the O-arylations
performed in Paper I is shown in Scheme 3.41 and 3.42 below.
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Br

Scheme 3.42
The brominated 3-methoxyphenols shown in Scheme 3.41 were O-arylated
using the conditions previously described by Marsh et al.192 i.e. by adding
the brominated diphenyliodonium salt to a solution of sodium hydroxide in
water and dioxane and stirring for 1-1.5 hours at 80 ºC. Subsequent
demethylation of the isolated MeO-PBDEs using borontribromide yielded
the corresponding OH-PBDEs. In entries 6, 7, and 8 in Scheme 3.42 we
chose to use hydroxybenzaldehydes instead of methoxyphenols since our
attempts to arylate 3-methoxyphenol and 3-bromo-5-methoxyphenol with
symmetrical brominated diphenyliodonium salts gave poor yields and
formation of non-separable by-products, most likely from radical side
reactions. 5’-OH-BDE-25, 5’-OH-BDE-69, 3’-OH-BDE-29, 3’-OH-BDE-30
and 5’-OH-BDE-67 (cf. Scheme 3.41 and 3.42, entries 1, 4, 6, 7 and 8) were
further selectively di-ortho brominated relative to the hydroxy group
according to Scheme 3.43, using tert.-butylamine (t-BuNH2) and bromine
similarly to the mono-ortho-brominations for simple phenols reported by
Pearson et al.195
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Scheme 3.43
In paper II one ortho- and one para-MeO-PBDE were successfully prepared
using the optimised conditions reported for non-functionalised PBDE
synthesis (cf. Scheme 3.24 and 3.25) to investigate if the same method could
be used in syntheses of functionalised PBDEs as shown in Scheme 3.44.
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3.2.3 Synthesis of di-functionalised PBDEs
Little has been reported regarding synthesis of di-functionalised PBDEs
except for a few dihydroxylated diBDEs.196,197
In Paper III a multi-step synthesis to achieve two specific di-functionalised
octaBDEs is reported. Our approach was to first synthesise phenyl(2,3,4,5tetrabromo-6-methoxyphenyl)iodonium triflate, an unsymmetrical methoxyfunctionalised brominated diphenyliodonium salt. The synthesis is outlined
in Scheme 3.45 and a synthetic description is given below.
The commercially available precursor 2-nitrophenol (1) was selectively
ortho/para brominated using BTMA-Br3 and calcium carbonate in
dichloromethane as described by Kajigaeshi et al.198. This gave 2,4-dibromo6-nitrophenol (2) in an almost quantitative yield (Scheme 3.45, Step 1).
Subsequent quantitative O-methylation of the phenol was performed using
methyl iodide in a solution of tetrabutylammonium hydroxide ((Bu)4NOH)
and sodium hydroxide in a two-phase system of water and dichloromethane
(Scheme 3.45, Step 2). The product, 1,5-dibromo-2-methoxy-3-nitrobenzene
(3) was first synthesised using an alternative route, where the first step was
bromination of 2-nitrophenol using calcium dibromide (CaBr2) in
acetonitrile according to Kumar et al.199 This reaction was followed by
methylation with iodomethane and potassium carbonate in acetone similarly
to conditions reported by Endo et al.200 However, this approach gave poor
yields and was discarded. Compound 3 was then reduced to the
corresponding aniline, 3,5-dibromo-2-methoxyaniline (4) in an acceptable
yield, using tin chloride dihydrate. Compound 4 was perbrominated using Nbromosuccinimide and trifluoromethanesulfonic acid in acetonitrile to give
2,3,4,5-tetrabromo-6-methoxyaniline (5) similar to previously reported
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bromination of phenols and anisoles.201 Diazotisation of 5 and a subsequent
Sandmeyer type iodination similarly to Ek et al.202 afforded 1,2,3,4tetrabromo-5-iodo-6-methoxybenzene (7), which could be used in the
preparation
of
the
novel
phenyl(2,3,4,5-tetrabromo-6methoxyphenyl)iodonium triflate using conditions similar to previously
reported for unsymmetrical brominated diphenyliodoniumsalts (Paper II).
The over-all yield in this first part of the total synthesis was calculated to
29,5 %.

Scheme 3.45
The second part of the total synthesis was to synthesise two specific
brominated phenols to be O-arylated with the novel phenyl(2,3,4,5tetrabromo-6-methoxyphenyl)iodonium
triflate.
2,3,4,5-Tetrabromo-6methoxyphenol was synthesised by perbromination of 2-methoxyphenol
using bromine and calcium carbonate (Scheme 3.46).192 2,3,4,5-Tetrabromo6-ethoxyphenol was prepared accordingly starting from 2-ethoxyphenol.
These reactions was solvent free and mixing was achieved through
submersion in an ultra-sonic bath.192

47

Scheme 3.46
Finally, the two phenols were O-arylated with the novel diaryliodonium
triflate using conditions similar to those reported by Jalalian et al.186 and
those reported for PBDE syntheses in Paper II, to give 6,6’-dimethoxy2,2’,3,3’,4,4’,5,5’-octabromodiphenyl ether (6,6’-diMeO-BDE-194) and 6ethoxy-6’-methoxy-2,2’,3,3’,4,4’,5,5’-octabromodiphenyl ether (6-EtO-6’MeO-BDE-194) as shown in Scheme 3.47.
OH
Br

OMe
OMe

Br

Br
Br
9

1.) t-BuOK, THF
2.) Diaryliodoniumtriflate (7)

step 8

OMe
O

Br
Br

Br Br
Br
Br
Br
6,6'-diMeO-BDE194, 34%

OH

OMe

Br

OEt

Br

Br

1.) t-BuOK, THF
2.) Diaryliodoniumtriflate (7)

Br
11

Scheme 3.47

48

Br

Br
Br

OEt
O

Br

Br Br
Br
Br
Br
6-EtO-6'-MeO-BDE194, 29%

4 Identification and quantification of
selected organobromines
This chapter covers the identification of OH-PBDEs, likely to originate from
PBDE metabolism, in children working at a waste disposal site in Managua,
Nicaragua (Paper I) and quantification of the naturally formed difunctionalised PBDE analogue 6-OH-6’-MeO-BDE194 in blue mussels from
the Swedish west coast (Paper III). Chapter 4 also covers identification and
quantification of individual PBDE congeners and other BFRs in dust
samples at a Swedish smelter facility for printed circuit boards originating
from electronic devices (Paper IV). The facility, Rönnskärsverken, has the
capacity to process up to 120 000 tonnes of material each year. Also blood
samples from potentially exposed employees were analysed for BFRs (Paper
IV).

4.1 Identification of OH-PBDEs as metabolites in
human blood samples
The intention with Paper I was to identify novel OH-PBDE congeners
present in human blood plasma. The serum sample used was from children
working at a waste disposal site near Lake Managua, Nicaragua, in 2002.
Athanasiadou and co-workers analysed the sample for PBDEs and those few
OH-PBDE for which standards were available at that time.102 These children
were actively working at the dump site and living at it, or close by, in an
environment highly contaminated by PBDEs. The reported levels of PBDEs
were some of the highest ever reported in human blood with the sum of
BDE-28, BDE-47, BDE-66, BDE-85, BDE-99, BDE-100, BDE-153, BDE154, BDE-183 and BDE-209 in concentrations of up to 1,250 pmol/g fat.102
Further, 4’-OH-BDE-17, 6-OH-BDE-47, 3-OH-BDE-47, 4’-OH-BDE-49, 4OH-BDE-42 and 4-OH-BDE-90 were identified and also quantified in serum
from the children.102
The selection of which OH-PBDEs to look for was based on a study by
Bergman et al.203 who used and matched mass spectra and retention times of
detected OH-PBDEs (as methyl derivatives) in human blood samples (the
pooled sample later used in Paper I) with mass spectra and retention times of
detected OH-PBDEs (as methyl derivatives) from a rat metabolite study of
major environmental PBDE congeners (BDE-47, -99, -100, -153, -154, -183
and -209)110. The degree of bromination and the position of the hydroxy
functionality on the metabolically formed OH-PBDE congeners had been
determined by full scan GC–EIMS by Malmberg et al.110. Using this
information and assuming that the metabolism of PBDEs is comparable
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between humans and rats, we decided to analyse meta-OH-pentaBDEs,
meta-OH-hexaBDEs and one para-OH-heptaBDE.
Due to a lack of commercially available standards, nine congener specific
OH- and MeO-PBDEs were synthesised as described in Chapter 3 and
reported in Paper I. This opened up for an extended identification analysis
for additional OH-PBDEs, as their methylated derivatives (MeO-PBDEs), in
the serum samples from the Nicaraguan children. A secondary objective was
to confirm the identity of the six OH-PBDEs previously reported as by
Athanasiadou et al.102.
As reported in Paper I, a total of 14 OH-PBDEs were found to be present in
the blood samples. Seven out of nine selected, and in-house synthesised
meta-OH-PBDEs, were identified for the first time in human blood. In
addition one para-OH-BDE was identified in human blood serum for the
first time, by comparison to a commercially available authentic reference
standard. Furthermore, it was possible to confirm the presence of the six
OH-PBDEs previously reported by Athanasiadou et al.102. The fraction of
the sample containing HPCs was methylated and the MeO-PBDEs were
analysed by gas chromatography mass spectrometry (GCMS)-electron
capture negative ionisation (ECNI) running in selected ion monitoring mode
(SIM), scanning for bromine (m/z 79, 81). One of the chromatograms
recorded is presented in Figure 4.1 and a complete list of all identified OHPBDE congeners, presented in order of elution, is given in Table 4.1.
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Figure 4.1 Overlaying chromatograms of methylated HPC fraction of
human blood sample and standard mix.
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Table 4.1 OH-PBDE congeners detected, as their methyl ether derivatives,
in human blood serum.
Diphenyl ether substitution
4'-Methoxy-2,2',4-triBDE
6-Methoxy-2,2',4,4'-tetraBDE
3-Methoxy-2,2',4,4'-tetraBDE
4'-Methoxy-2,2',4,5'-tetraBDE
4-Methoxy-2,2',3,4'-tetraBDE
3-Methoxy-2,2',4,4',6-pentaBDE
3'-Methoxy-2,2',4,4',6-pentaBDE
3-Methoxy-2,2',4,4',5-pentaBDE
4-Methoxy-2,2',3,4',5-pentaBDE
4'-Methoxy-2,2',4,5,5'-pentaBDE
3-Methoxy-2,2',4,4',5,6'-hexaBDE
3'-Methoxy-2,2',4,4',5,6'-hexaBDE
3-Methoxy-2,2',4,4',5,5'-hexaBDE
4-Methoxy-2,2',3,4',5,5',6-heptaBDE

Abbreviation
4'-MeO-BDE-17
6-MeO-BDE-47
3-MeO-BDE-47
4'-MeO-BDE-49
4-MeO-BDE-42
3-MeO-BDE-100
3'-MeO-BDE-100
3-MeO-BDE-99
4-MeO-BDE-90
4'-MeO-BDE-101
3-MeO-BDE-154
3'-MeO-BDE-154
3-MeO-BDE-153
4-MeO-BDE-187

4.2 Identification and quantification of a phenolic
di-functionalised PBDE in blue mussels
As discussed in Chapter 2, naturally occurring OH-PBDEs tend to carry the
hydroxy group in an ortho position relative to the diphenyl ether linkage.
The same rule of thumb seems to hold true regarding di-functionalised
PBDE analogues. Natural products of the type o,o’-diOH-PBDEs, have
previously been reported in e.g. marine sponges.144,204,205 In a recent study by
Löfstrand et al.206 on brominated phenols, anisoles and dioxins in blue
mussels (Mytilus edulis), from the Baltic Sea, several unknown compounds
were tentatively assigned as either diOH-PBDEs or OH-MeO-PBDEs based
on fragmentation analysis of electron capture negative ionisation mass
spectroscopy (ECNI-MS) of the methylated phenolic constituents extracted
from mussel samples. The most abundant of the unknown compounds was
thus tentatively identified as a phenolic derivative of a diMeO-octaBDE.
Due to the lack of standards, no further conclusions were drawn at the time.
In the planning of Paper III it was hypothesised that this diMeO-octaBDE
originated as either 6,6’-dihydroxy-2,2’,3,3’,4,4’,5,5’-octabromodiphenyl
ether
(6,6’-diOH-BDE-194)
and/or
6-hydroxy-6’-methoxy2,2’,3,3’,4,4’,5,5’-octabromodiphenyl ether (6-OH-6’-MeO-BDE-194) in the
non-derivatised mussel samples.
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Figure 4.2 Two hypothesised di-functionalised PBDEs in blue mussels.
As reported in Chapter 3 and Paper III, 6,6’-diMeO-BDE-194 and 6-EtO-6’MeO-BDE-194, were successfully synthesised. Further, in Paper III these
synthesised standards were used to reveal the true identity of the difunctionalised octaBDE not only in the original sample acquired from
Löfstrand et al.206, but also in recent blue mussels, sampled 2012 from the
locations Fladen and Väderöarna along the Swedish West coast.
For qualitative identification of the di-functionalised octaBDE, the samples
were run on a GCMS operating in ECNI full scan mode, comparing both
retention times as well as fragmentation patterns between the sample after
methylation of the fraction containing HPCs and the synthesised 6,6’diMeO-BDE-194 standard (Figure 4.3). The methylated analyte was also
quantified versus a standard curve of 6,6’-diMeO-BDE-194, based on its
2,3,4,5-tetrabromo-6-methoxyphenolate fragment ions (SIM, m/z 436.6,
438.6). The mean concentrations differed significantly between the mussels
from the two sampling locations. The Fladen mussels contained a mean
concentration of 4200 ng/g fat (± 2300) while the Väderöarna mussels
contained 430 ng/g fat (± 120).
The structural verification was performed by comparing the retention time
and GCMS electron ionisation (EI) full scan spectra of derivatives after
ethylation of HPCs present in the appropriate phenolic fraction of a pooled
mussel sample from Fladen, with the synthesised 6-EtO-6’-MeO-BDE-194
authentic reference standard. The retention times and fragmentation pattern,
in which the same molecular ion (M+ = 868) could be observed, matched
between the pooled sample and the standard. Based on these results, the
conclusion was drawn that the identity of the assumed di-functionalised
octaBDE is 6-OH-6’-MeO-BDE-194 (Figure 4.5).
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Figure 4.3 Overlaying chromatograms of methylated HPC fraction and 6,6’diMeO-BDE-194 standard.

Figure 4.5 Structure of the identified di-functionalised PBDE analogue.

4.3 Identification of BFRs in E-waste dust
In Paper IV, dust collected at the Swedish smelter, Rönnskärsverken, or
more specifically at the test facility, was analysed for PBDEs and other
BFRs, among which hexabromobenzene (HBB), 1,2-bis(2,4,6tribromophenoxy)ethane
(BTBPE),
decabromobiphenyl
(BB-209),
decabromodiphenyl ethane (DBDPE), 2,4,6-tribromophenol (2,4,6-TBP) and
TBBPA were found present. The facility is designed for cupper and lead
production through recycling of electronic waste, e.g. from printed circuit
boards. Before the smelting process, scrap electronics are shredded, and the
fragmented material is transported and handled with large loaders and on
conveyors, activities that will lead to distribution of dust that spreads
throughout the facility and surroundings. Settled dust from 3 different
locations inside the facility was sampled and subsequently extracted and
processed using methods similar to those previously reported by Dodson et
al.207 in a study on house hold dust. The PBDE congeners and BFRs were
identified using GCMS operating in ECNI mode, comparing retention times
with commercially available standards. The results of the identification and
subsequent quantification are presented in Table 1 (Paper IV).
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It was obvious that BDE-209 and TBBPA were the two major BFRs in the
collected dust samples. As mentioned in Chapter 1, DecaBDE and TBBPA
are two of the most extensively used BFRs today, which explains the high
concentrations in the analysed dust. HBCDDs, also discussed in Chapter 1,
were not observed. This is not surprising since HBCDDs are mainly used in
insulation materials and textiles.30
Comparing the mean concentrations of BDE-209 with other studies from ewaste recycling sites in e.g. Thailand208 and China209,210 reveals that the dust
from our study contains approximately 6-100 times more BDE-209. This
may be explained by the difference in the type of e-waste processed and the
higher throughput capacity of Rönnskärsverken with of up to 120.000 tonnes
per year. Nevertheless, it is evident that the dust is a source for potential
human exposure to BFRs unless not properly protected (cf. 4.4 below). The
dust containing BFRs is a source of environmental contamination in the area
of the facility. Since the plant store and handle the fragmented electronic
scrap mainly indoors the discharges are limited to some extent. This was not
the case in the late 1990’s when all the scrap was stored outdoors.211
Thuresson et al.211 concluded that the outdoor storage was a risk for
contamination of this part of the Gulf of Bothnia. Unfortunately, no
screening of BFR levels in biota from waters close to the smelter facility
were done at that time, as suggested by the authors. This would have been of
value for assessing the present contamination situation and a chance to see
changes in the BFR contamination situation in biota from the gulf, today.

4.4 BFRs in blood from personnel at a Swedish
smelter facility
The potential occupational exposure to BFRs for workers at the above
discussed cupper smelter facility was investigated and the results are
presented in Paper IV. The exposure of personnel at the smelter test facility,
expected to be the most exposed individuals, was compared to exposure in a
control group (Paper IV). Blood samples from workers were collected and
analysed for BFRs to see if any elevated concentrations were to be found
among the workers. This is a study well in line with a number of previous
studies where workplace exposures to BFRs have been studied by Bergman
and coworkers.97,98,103,211,212 Among these previous studies is also one in
which the exposure situation at the Swedish smelter facility was assessed
around the turn of the century.211 This study (Paper IV) is valuable for
allowing the comparison of the internal exposure in the workers at the plant.
Extraction and cleanup procedures applied in Paper IV were similar to those
reported by Hovander et al.213 and the neutral and phenolic fractions of the
samples were analysed using GCMS operating in ECNI mode, comparing
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retention times with commercially available standards. Only a few congeners
were quantified since the concentrations in the blood samples were generally
low and in many cases under the limit of quantification. The most abundant
congeners in the neutral fraction were BDE-28, BDE-47 and BDE-153 (all
in the low pmol g-1 fat range) while the BDE-209, shown to be abundant in
the dust at the facility, was below LOD. None of the other neutral FRs
present in the dust, i.e. HBB, BTBPE, BB-209, and DBDPE could be
detected in the samples.
In the fraction in which halogenated phenols were isolated, 2,4,6-TBP was
found in concentrations of 6.1 pmol g-1 fat, similar to 6-OH-BDE-47 (6.0
pmol g-1 fat). However, the most abundant polybrominated phenol was
2,3,4,6-tetrabromophenol (2,3,4,6-TEBP), with a mean serum concentration
of 50 pmol g-1 fat. This is a very interesting and novel result, only once
reported before but then in fact in subjects handling e-waste.214 It is not clear
from where 2,3,4,6-TEBP originates, but the serum concentrations are so
high that further studies must be undertaken. The 2,3,4,6-TEBP occurrence
is particularly interesting when compared to TBBPA, that was not found in
the serum from the workers in this study, even though dust contained high
concentrations of TBBPA (cf. Chapter 4.3 and Paper IV).
It was concluded that the studied workers at Rönnskärsverken must be well
protected against occupational exposure since the concentration of BFRs in
their blood serum were similar of those in the control group. These results
points towards that the measures taken at this specific facility are sufficient
for the workers handling the electronic waste, which is not the case at many
other facilities in e.g. China99-101 were it can be concluded that the workers
are not protected from BFR exposures.
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5 Definitions and novel abbreviations of
flame retardants.
A common problem in literature from toxicology-related sciences (including
environmental chemistry) is the lack of coordination of abbreviations of
environmental contaminants, in general. Luckily there is much of agreement
in abbreviations of established pollutants, such as DDT, PCB, PCDDs etc.,
known as persistent organic pollutants listed by the Stockholm convention.
The problem becomes evident as we go into the groups of emerging, novel
and potential pollutants (cf. below). In these latter cases, abbreviations are
put forward as letter combinations without structured plans thereof. The
abbreviations may be a mix of IUPAC defined nomenclature, common
names, commercial trade names and even personal abbreviations, invented
on the fly. During a conference on brominated flame retardants (BFR-2010)
in Kyoto, Japan, this issue was raised and the symposium delegates
supported a recommendation that the BFR symposium board should
seriously look into the task of bringing order to the present “anarchy”. The
author of this thesis, being an environmental chemist, was invited by the
board to develop an abbreviation standard for first and foremost BFRs. The
result of this work is included in this thesis as Paper V.

5.1 Overarching definitions for flame retardants
In Paper V, the issue of definitions of “established”, “emerging”, “novel”
and “potential” FRs is addressed. This is however an issue of any class of
environmentally relevant chemical, being a FR or not. Since “emerging” is
used frequently in connection to both environmental pollutants and issues,
there is a need for clarifications. While the status of a chemical may be
defined as “established, emerging, novel or potential”, an emerging issue
may differ from an emerging chemical depending on where the issue is
raised, e.g. if raised in certain region with heavy contamination of arsenic, or
regions/countries with recent use of e.g. hexachlorobenzene or endosulfan.
The proposed definitions of the “established, emerging, novel or potential”
are given below.
Established FRs are defined as chemicals known for their use as flame
retardants, known to occur in the environment, in wildlife and humans and
for which their (eco-)toxicity are well known. Extensive research is
undertaken on this group of BFRs, and a large scientific database is
available.
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Emerging FRs are defined as chemicals which are applied as flame
retardants that have been identified as anthropogenic chemicals in any of the
environmental compartments, in wildlife, food or in humans. The databases
for emerging FRs are in general poor but may in some cases be somewhat
more extensive but always have obvious data gaps.
Novel FRs are defined as chemicals applied as flame retardants which have
been confirmed to be present in materials or goods in concentrations above
0.1 %.
Potential FRs are defined as chemicals being suggested for applications as
flame retardant for which there is no evidence that they are used for this
purpose yet, e.g. known from patents.

5.2 Overarching abbreviations for flame retardants
In Paper V, the main issues are related to the development of a chemically
based and structured abbreviation strategy of FRs. One common present
issue is the lack of information of the actual structures given in abbreviations
proposed today. As mentioned in Chapter 2 this is not a problem for e.g.
PBDEs and similar substituted diphenyl ethers or biphenyls where the
congener numbering system was suggested a long time ago, by Ballschmiter
et al.54,55, a system well adopted nowadays. A common problem today is that
some abbreviations are used for multiple chemicals or that one chemical is
abbreviated in multiple ways.
In Paper V, we suggest that brominated, chlorinated and phosphorus
containing FRs are abbreviated as BFRs, CFRs and PFRs, respectively.
Further, these chemicals are abbreviated by following a set of rules that
gives information on chemical structure and functional group content. This
level in the strategy for finding proper abbreviations is suggested as,
structured abbreviations (STABs). For further simplification we suggest
practical abbreviations (PRABs) that are derived from above mentioned
STABs. These are exemplified in Figure 5.1 using HBCDD as an example.
As stated in Chapter 1 hexabromocyclododecane is also commonly
abbreviated “HBCD”. This might be perceived as confusing as one could
possibly mean hexabromocyclodecane (Figure 5.1).
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Figure 5.1 Example of STABs and PRABs for two different organobromine
compounds.
For more detailed information about the abbreviation system the author
refers to Paper V. The paper was presented at a follow up session at
BFR2013 in San Francisco, USA and was well received by participants in
the field of environmental chemistry, and all other toxicology-related
sciences present at the meeting.
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6 Future perspectives
PBDEs are still, as presented in this thesis and as shown in Paper IV, present
in materials, dust and biological samples and will be so for many years to
come. Methods which will allow synthesis of all 209 PBDE congeners are in
theory available, although they are not all published, and all 209 congeners
can be bought as authentic reference standards from commercial sources.
Even so, there is a need for researchers to obtain larger quantities of specific
congeners for purposes other than analytical identifications such as
toxicological studies, reactivity assessments and metabolism studies. The
same holds true for OH- and MeO-PBDEs, where only a fraction of all
theoretical congeners have yet been synthesised and with only a few of these
being commercially available.
In this thesis and in Paper II, a quick, efficient and novel approach to achieve
congener specific PBDEs in high yields has been presented which opens up
for researchers to prepare their own in house synthesised standards. In Paper
I we show that OH-PBDEs are formed as metabolites in PBDE exposed
humans, and in Paper III we prove the existence of a previously unidentified
natural di-functionalised PBDE. The knowledge on these functionalised
PBDEs is limited and our applied methods open up for further exploration of
the synthesis of possible PBDE metabolites. In Paper I, unidentified peaks
were observed in the pooled human blood samples, or more specifically in
the fraction containing all HPCs, which could correspond to OH-PBDEs.
However, since no authentic reference standards are available this calls for
further syntheses and compound characterisation.
The presence of naturally occurring mono and di-functionalised PBDEs in
wildlife samples motivates continued efforts to synthesise natural product as
reference compounds for use in subsequent analysis. In the study by
Löfstrand et al.206, which motivated the work in Paper III, several unknown
and yet unidentified phenolic organobromine compounds could be observed
in blue mussels. This is just one study amongst many that points out the lack
of authentic standards for natural products.
Paper IV points out an emerging contaminant in human blood, 2,3,4,6TEBP. Very little is known about its origin and the toxicological implication
of the compound is not known. Since there are reasons to believe that this
compound
is
an
endocrine
disrupting
chemical125,
further
toxicological/endocrinological studies are required.
Paper V provides, not only suggested definitions of FR statuses and
abbreviations of FRs, but also an overview of established compounds that
has been or still are in use together with novel and potential FRs. In the
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preparatory research for Paper V we identified a total of 55 BFRs, 18 CFRs
and 23 PFRs but there is certainly more to be added to this list. Our proposed
system for abbreviations of FRs allows for future additions. Of the 55 BFRs
listed in Paper V only 6 matches the criteria to be considered established
FRs, which means, well studied in regard of e.g. occurrence and toxicity.
Twenty of the BFRs would be defined as emerging and 16 as novel. We
know very little about the emerging and novel FRs which, according to the
author of this thesis, calls for continued research regarding synthesis of
authentic reference standards, reactivity, environmental fate, identification in
environmental and biological samples and toxicology. Until we know more
about the chemical cocktail that we are exposed to in our daily lives, we
should strive for a conservative mindset in the legislation of chemicals and
keep reminding decision makers that the so called precautionary principle is
always the safest way to go.
It cannot really be stressed enough how important chemical synthesis is,
including method development and characterisation of the synthesised
compounds. There are so many other classes of chemicals apart from the
BFRs that require authentic reference standards. Not the least these
compounds are necessary for hazard identification, assessment, improved
understanding of exposure of anthropogenic chemicals and their
toxicokinetics.
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7 Svensk sammanfattning
Människor i dagens moderna samhälle är omgivna av syntetiska ämnen som
i mångt och mycket underlättar våra liv. Allt ifrån det som finns i kläderna vi
har på kroppen och rengöringsmedlen vi använder till avhandlingen du håller
i din hand just nu utgörs av kemiska ämnen. Trots att många av de
kemikalier vi använder är harmlösa så händer det att man upptäcker hälsooch miljörisker av en del, och ofta inte förrän kemikalien är vida spridd i
produkter, varor och material och dessutom i vår miljö. Sedan 1960-talet har
vi varit väl medvetna om vilka konsekvenser detta kan få. Oavsiktliga
utsläpp av ämnen som polyklorerade bifenyler (PCB) och avsiktliga utsläpp
av insekticider och pesticider som DDT och Hormoslyr har alla satt sina spår
i vår omgivning. Östersjön har varit hårt drabbat av PCB och DDT,
föroreningar som redan under 1960-talet orsakade en kraftig minskning av
sälar och rovfåglar.
Polybromerade difenyletrar (PBDE:er), i form av tekniska blandningar
såsom OktaBDE, NonaBDE och DekaBDE, har sedan 1970-talet använts
som flammskyddsmedel i allt från möbelstoppning, textilier till
hemelektronik. Denna klass av kemikalier liknar på många sätt PCB,
framförallt genom att båda är halogenerade och har liknande kemiska
strukturer.
Det är idag välkänt att PBDE:er är vitt spridda i vår miljö och att de
ansamlas i fettvävnader i både djur och människor. De kan, som sådana, eller
genom omvandling till hydroxylerade metaboliter (OH-PBDE:er), ha en
toxisk verkan i biologiska system och orsaka rubbningar i bland annat
hormonella system.
För att kunna identifiera kemiska substanser i vår miljö samt i biologiska
matriser så krävs det syntetiska autentiska referensstandarder. Metoder för
substansspecifik syntes av PBDE:er är relativt väl beskrivet i vetenskaplig
litteratur medan stora luckor finns att fylla då det gäller syntes av OHPBDE:er.
I den här avhandlingen presenteras en ny generell metod för PBDE-syntes
som snabbt ger rena standarder i höga utbyten. Vidare så presenteras syntes
av ej tidigare karaktäriserade OH-PBDE:er och deras metylerade analoger
(MeO-PBDE:er) samt de två di-funktionaliserade PBDE-analogerna, diMeO-BDE-194 och EtOH-MeO-BDE-194.
De funktionaliserade PBDE-anolgerna har
referensstandarder för att kunna identifiera PBDE
högexponerade barn i Nicaragua samt i jakten
identiteten på en naturprodukt som förekommer
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sedan använts
metaboliter i blod
på att kunna slå
i blåmusslor från

som
från
fast
den

svenska västkusten. Vidare så presenteras identifiering av bromerade
flamskyddsmedel i damm från nedmalt elektronikskrot från ett svensk
smältverk såväl som i blodprover från anställda vid smältverket.
Utöver syntes- och analysresultat så framläggs även förslag på ett system för
att förkorta de ofta väldigt komplicerade kemiska namnen på etablerade,
tilltagande, nya samt potentiella flammskyddsmedel, med syftet att
underlätta miljökemisk och övrig (eko-)toxikologisk forskning och
vetenskaplig kommunikation.
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