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1. Intro duc tion

Com mer cial mix tures of poly bro mi nated diphenyl ethers 

(PBDEs), i.e. tech ni cal Pen ta BDE, Oc ta BDE and Deca BDE, have been 

used as flame retar dants since the 1970s. The PBDEs are addi tives 

in a vari ety of prod ucts, e.g. in plas tics, tex tiles, coat ings, and elec-

tri cal com po nents found in con sumer goods includ ing com put-

ers, tele vi sions, car pets and elec tri cal appli ances (WHO, 1994). 

PBDEs are ubiq ui tous envi ron men tal con tam i nants pres ent in all 

abi otic com part ments and in humans and wild life, as reviewed 

else where (Hites, 2004; de Wit et al., 2006; Tan a be et al., 2008). 

Con cerns about the Pen ta BDE and Oc ta BDE mix tures resulted in 

a ban within the Euro pean Union in 2004 (Cox and Ef thy mi ou, 

2003) and their with drawal from the North Amer ica mar ket (Great 

Lakes Flame Retar dants, 2005). Because of their per sis tence, bio-

ac cu mu la tive ness and tox ic ity, PBDEs need to be assessed from an 

expo sure per spec tive and to be tested for their bio log i cal potency. 

Indi vid ual PBDE cong en ers have been needed ever since they were 

first dis cov ered in the envi ron ment (DeCa rlo, 1979; An ders son and 

Blomk vist, 1981) in order to make them avail able as stan dards for 

ana lyt i cal, tox i co log i cal and sta bil ity stud ies, as well as stud ies 

con cern ing phys i cal-chem i cal prop er ties.

Pre vi ously reported meth ods for the syn the sis of PBDE cong en-

ers include bro min a tion of diphenyl ether (Nors tröm et al., 1976; 

Golo un in et al., 1994) or a PBDE (Örn et al., 1996; Marsh et al., 

1999; Tec lech iel et al., 2007); cou pling of brom ophe nols with sym-

met ri cal bro mod i phe nyli od o ni um salts (Nils son et al., 1977; Hu et 

al., 1994; Marsh et al., 1999; Chen et al., 2001; Liu et al., 2006) or 

unsym met ri cal bro mod i phe nyli od o ni um salts (Chen et al., 2001; 

Liu et al., 2006); SNAr reac tions of brom ophe nols with bromo flu-

or ni tro benz enes fol lowed by reduc tion of the nitro group, diaz-

o ti za tion and a Sand mey er reac tion (Chen et al., 2001); Su zuki 

cou pling of bro mo phe nol with bro moarylbo ron ic acids (Chen et 

al., 2001); Ull mann diphenyl ether cou pling of bro mo phe nol with 

bro mo ben zene (Örn et al., 1996); per bro min a tion/bro min a tion of 

mono- and di am in odi phe nyl ethers fol lowed by diaz o ti za tion of 

the amino group(s) and reduc tion of the dia zo nium ion(s) (Chris-

tians son et al., 2006; Tec lech iel et al., 2007); selec tive bro min a tion 

of di am in odi phe nyl ethers fol lowed by diaz o ti za tion of the amino 

groups and inser tion of bro mine (Tec lech iel et al., 2007). Most of 

the syn the sized PBDE cong en ers reported have been prepared via 

sym met ri cal diphe nyli od o ni um salts and this is also true for the 

chlo ri nated ana logues, i.e. poly chlo ri nated diphenyl ethers (PCDEs) 

(Nils son et al., 1977; Garå et al., 1981; Hu et al., 1994; Nev a lai nen 

and Kois ti nen, 1994). How ever, a lim i ta tion of PBDE syn the sis via 

this method is the restricted num ber (3) of described sym met ri cal 

diphe nyli od o ni um salts, i.e. 4,49-dibromo-, 2,29,4,49-tet rab romo- 

and 3,39,4,49-tet rab romo-diphe nyli od o ni um salts. Also, poor yields 
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of hexaB DEs and hep taB DEs have been reported when prepared 

from tetr ab ro mod i phe nyli od o ni um salts (Marsh et al., 1999). The 

aim of the pres ent work is to fur ther develop a method for syn the-

sis of sym met ri cal hex ab ro mi nat ed diphe nyli od o ni um salts and to 

mod ify the cou pling reac tion between bro mi nated diphe nyli od o-

ni um salts and brom ophe nols, in order to syn the size new PBDE 

cong en ers, improve PBDE prod uct yields, and avoid side-reac tions 

with the inten tion of sim pli fy ing prod uct puri fi ca tion.

2. Results and dis cus sion

The gen eral path way for syn the sis of diphe nyli od o ni um salts 

and their cou pling with phe nols to pro duce PBDEs and the iod ob-

romo ben zene by-prod ucts is shown in Scheme 1. Thir teen PBDE 

cong en ers, substi tuted with 4–8 bro mine atoms were syn the-

sized via an improved diphenyl ether cou pling reac tion, react ing 

a bro mi nated phe nol with a poly bro mod i phe nyli od o ni um salt as 

shown in Scheme 2. The puri ties of all PBDE prod ucts were above 

98% accord ing to GC–MS in EI mode and HPLC–UV.

Three of the star ing mate ri als, 1,2,3-trib romo ben zene, 2,3,4,5-

tet rab rom ophe nol and 2,3,4,6-tet rab rom ophe nol, were not com-

mer cially avail able and there fore were syn the sized. 1,2,3-Trib-

romo ben zene was prepared from 2,6-dibro mo an i line fol low ing the 

diaz o ti za tion method described by Hodg son and Walker (1933), 

fol lowed by a Sand mey er reac tion accord ing to Hodg son and Hath-

way (1944). 2,3,4,5-Tet rab rom ophe nol was prepared from 4-acet-

am ido-3-ni tro ani sole via 2,3,4,5-tet rab romo ani sole as reported 

by Har ri son and McO mie, 1966. 2,3,4,6-Tet rab rom ophe nol was 

prepared from 3-bro mo phe nol using an excess of bro mine in ace-

tic acid. Removal of hydro bro mic acid formed dur ing the bro min-

a tion (using a stream of nitro gen) was nec es sary to preserve the 

bro mo phe nol prod uct intact. With out hydro bro mic acid removal, 

a con sid er able amount (25–40%) of the prod uct decom posed lead-

ing to a tedious puri fi ca tion pro cess. This reac tion gave a sim i larly 

high yield (97%) as pre vi ously reported when react ing 3-bro mo-

phe nol with poly mer bond ben zylt rim e thy lam mo ni um tri bro mide 

in the pres ence of cal cium car bon ate (Ka ki nam i et al., 1989).

Three new sym met ri cal hex ab ro mi nat ed diphe nyli od o ni um 

salts with hydro gen sul fate as coun ter ion were prepared, i.e. 

2,29,3,39,4,49-hex ab ro mod i phe nyli od o ni um hydro gen sul fate, 

2,29,4,49,5,59-hex ab ro mod i phe nyli od o ni um hydro gen sul fate 

and 2,29,4,49,6,69-hex ab ro mod i phe nyli od o ni um hydro gen sul-

fate. The new 2,29,4,49,5,59-hex ab ro mod i phe nyli od o ni um salt 

was prepared with chlo ride as coun ter ion as well. This allowed 

the syn the sis of PBDE cong en ers with a 2,3,4-, 2,4,5- or a 2,4,6-

trib romo sub sti tu tion in the phenyl rings orig i nat ing from each 

of the diphe nyli od o ni um salts, respec tively. Also, these hex ab ro-

mi nat ed diphe nyli od o ni um salts made it pos si ble to syn the size 

oc taB DEs when pen tab rom ophe nol was reacted with the iod o-

ni um salt. The syn the sis of hex ab ro mi nat ed diphenyl iod o ni um 

salts had pre vi ously failed (Garå et al., 1981; Chen et al., 2001; 

Nik ifo rov et al., 2003).

The hex ab ro mod i phe nyl iod o ni um salts were ini tially prepared 

by oxi diz ing iodine to iodyl sul fate with nitric acid in sul fu ric 

acid (Be rin ger et al., 1959; Marsh et al., 1999). How ever, before 

the addi tion of the selected trib romo ben zene, the reac tion mix-

ture was diluted with sul fu ric acid to increase the sol u bil ity of 

the  trib romo benz enes as well as the diphe nyli od o ni um salt being 

formed. Also, due to the reduced reac tiv ity of the trib romo benz-

enes com pared to monob romo benz enes and dib romo benz enes, 

the reac tion time for all trib romo benz enes had to be extended. 

With these two changes, the prep a ra tion of the three new hex-

ab ro mod i phe nyl iod o ni um salts was pos si ble. The hex ab ro mod i-

phe nyli od o ni um salts were iso lated with hydro gen sul fate as the 

anion. How ever, 2,29,4,49,5,59-hex ab ro mod i phe nyl iod o ni um salt 

was also prepared with chlo ride as the anion. The lat ter iod o-

ni um salt gives a 2,4,5-trib rom ophe nyl pattern in one of the PBDE 

phenyl rings after cou pling with a phe nol. This has pre vi ously been 

car ried out by use of an unsym met ri cal iod o ni um salt (4-methoxy-

29,49,59-trib rom ophe nyli od o ni um bro mide) or by SNAr reac tions 

by cou pling brom ophe nols with 2,5-dibromo-4-flu oro nitro ben-

zene fol lowed by reduc tion of the nitro group, diaz o ti za tion and 

a Sand mey er reac tion (Chen et al., 2001; Liu et al., 2006). How-

ever, the lat ter two meth ods require addi tional steps to pro duce 

the desired prod ucts (Chen et al., 2001; Liu et al., 2006) result ing 

in lower over all yields com pared to the method pre sented herein 

which applies the use of sym met ri cal iod o ni um salts.

The cou pling reac tion of bro mo phe nol and sym met ri cal tri bro-

mod i phe nyli od o ni um salt was mod i fied, com pared to reported 

meth ods for syn the sis of PBDEs (Nils son et al., 1977; Hu et al., 

1994; Marsh et al., 1999; Chen et al., 2001; Liu et al., 2006) and 

chlo ri nated diphenyl ethers (Nils son et al., 1977; Garå et al., 1981; 

Hu et al., 1994; Nev a lai nen and Kois ti nen, 1994) as fol lows. Pre-

vi ously, equiv a lent amounts of the phe nol and the diphe nyli od-

o ni um salt were reacted in water using sodium hydrox ide (1–1.1 

equiv a lents) as base. Dur ing the pres ent work, we noticed that the 

sol u bil ity of the reac tants, i.e. bro mo phe nol and bro mod i phe nyli-

od o ni um salt, as well as the PBDE and iod ob romo ben zene prod-

ucts was poor or extremely poor in water when the total num ber 

of bro mine atoms in the PBDE prod uct was six or more and if the 

bro mod i phe nyli od o ni um salt was substi tuted with four or six bro-

mine atoms. Con se quently the reac tants and prod ucts were added 

together as semi-solid or solid in the reac tion ves sel dur ing the 

reac tion, which resulted in lim ited amounts of the desired prod-

uct and unwanted side-reac tions. To solve this sol u bil ity prob lem, 

we intro duced a co-sol vent to water, i.e. 1,4-diox ane and dif fer ent 

mix tures of these sol vents were tested (data not shown). It was 

found that water/1,4-diox ane in the vol ume ratio of 1:2 gave the 

high est yields of PBDEs. The reac tion tem per a ture was low ered to 

80 °C instead of reflux, to pre vent side-reac tions. This decrease in 

tem per a ture had no influ ence on the rate of for ma tion of the PBDE 

prod ucts. Also, the molar equiv a lent of bro mod i phe nyli od o ni um 

salt (com pared to the phe nol) was increased from 1 to 1.25, since 

we noticed that poly bro mi nated diphe nyli od o ni um salts may to 
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Scheme 1. The gen eral path way for syn the sis of diphe nyli od o ni um salts and their cou pling with phe nols to pro duce PBDEs.
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