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ABSTRACT

Five types of non-heme iron complexes, coordinated with imidazole, pyrazole, triazine and pyridine
ligands, which had been previously synthesized, were used in the following studies. Among these com-
plexes, the mer-[FeCls(terpy)] complex showed the highest catalytic activity for the oxidative degradation
of 2,4,6-tribromophenol (TrBP) using KHSOs as an oxygen donor. The turnover numbers for the degrada-
tion and debromination of TrBP in the mer-[FeCls(terpy)]/KHSOs catalytic system were estimated to be
1890+ 1 and 4020 4+ 216, respectively. The catalytic activity was significantly inhibited at pH 4-7 in the
presence of a humic acid, a major component of landfill leachates. However, the percent of TrBP degrada-
tion and debromination increased at pH 8. GC/MS analyses showed that a major oxidation product was
2,6-dibromo-p-benoquinone (DBQ) and its level decreased with increasing reaction time, suggesting that
organic acids (identified by LC/TOF-MS) are formed via the ring-cleavage of DBQ. Mineralization to CO,
was observed to be 15% as a result of the oxidation for a 3 h period, where TOC values before and after
the reaction were measured. Absorption spectra of mer-[FeCls(terpy)] with m-chloroperoxybenzoic acids
as an oxygen donor in acetonitrile showed that a center metal, Fe, formed a peroxide complex with the

oxygen donor.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

2,4,6-Tribromophenol (TrBP) is used in the production of fungi-
cides, wood preservatives [ 1] and anintermediate in the production
of brominated flame retardants (BFRs) [2]. TrBP is eluted from land-
fills where wastes derived from electrical devices including BFRs
are disposed of, and this leads to water pollution [3]. In particu-
lar, humic acids (HAs) are present in landfill leachates in the form
of dissolved organic matter and interactions with HA can enhance
water solubility and inhibit the oxidative degradation of organic
pollutants [4,5]. Because TrBP has been reported to have endocrine
disrupting effects, the TrBP in landfill leachates must be reduced.

Previous studies suggest that Fe(Ill)-porphyrins, a model of
heme enzymes, can be effective for the oxidative degradation of
bromophenols and chlorophenols [6-18]. Among the halogenated
phenols, bromophenols are relatively resistant to oxidative degra-
dation and dehalogenation [8]. However, mineralization to CO, has
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been reported in the case of a heterogeneous Fe(Ill)-porphyrin cat-
alyst, which was introduced into an ionic liquid supported Fe304
[19]. However, in a homogeneous catalytic system, mineralization
is minimal, because of catalyst self-degradation.

On the other hand, non-heme enzymes, such as methane
monooxygenase, riske dioxygenase, lipoxygenase and catechol
dioxygenase, involve iron as a center metal. These enzymes can
be activated by an oxygen donor, and organic substrates are oxi-
dized by active species such as L**-Fe(IV) =0, L-Fe(IV) =0 and HO*
that are produced in such systems [18]. Stable non-heme iron
complexes with tetradentate ligands had been synthesized and
applied as catalysts for the selective oxidation of olefins [19-24].
However, there are no reports, regarding the catalytic oxidation
of halogenated phenols using non-heme iron complexes. Catechol
dioxygenases can oxidize catechol, a phenol derivative, via ring-
cleavage [20]. In particulars, Dhanalkshmi et al [25]. reported that
iron complexes, when coordinated with tridentate ligands, such
as pyridine-2,6-dicarboxylic acid, 2,2':6,2”-terpyridine (terpy) and
2,6-bis(benzimidazol-2’-yl) pyridine, showed higher activities for
the oxidation of catechol. This finding suggests that a non-heme
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iron complex with a tridentate ligand might be effective for the
oxidation of phenol derivatives.

Five types of non-heme iron complexes with monodentate imi-
dazole, pyrazole and tridentate nitrogen ligands (Fig. 1), which had
been previously synthesized and their structures determined by X-
ray crystallography [26], were prepared. In the present study, the
catalytic activities of the non-heme iron complexes for the oxida-
tive degradation of TrBP and the influence of HA on the oxidation of
TrBP were investigated. In addition, to characterize the oxidation
products of TrBP produced by the non-heme catalyst, the reaction
mixtures and CH,Cl, extracts derived from them were analyzed
by LC/TOF-MS and GC/MS, respectively. The detection of the acti-
vated species of the non-heme complex by the oxygen donor was
examined by observing the visible absorption spectrum.

2. Materials and methods
2.1. Materials

Imidazole (im), 1-methylimidazole (meim) (Wako Pure Chem-
ical Industries), 3-methylpyrazole (mepy), 2,4,6-tris(2-pyridil)-
1,3,5-triazine (tptz), terpy and TrBP (Tokyo Chemical Industry)
were used without further purification. An iron(Ill) chloride anhy-
drate was obtained from Nacalai Tesque. KHSO5 was obtained as
a triple salt, 2KHSO5-KHSO4-K,SO4 (Merck). Other reagents were
obtained from Wako Pure Chemical Industries and were used with-
out further purification. An HA used in this study was extracted
from Shinshinotsu peat soil, as described in a previous report [27].
The elemental compositions of the HA were as follows: C 54.5%, H
5.35%, N 2.17%, S 0.66%, O 35.1%, ash 2.22% [28].

2.2. Synthesis and characterization of non-heme iron complexes

Five types of non-heme iron complexes (Fig. 1) were prepared
based on the methods previously reported by Cotton et al [26]. The
detailed procedures for their preparation can be found in Supple-
mentary Material (Text SM-1). The FT-IR spectra of the synthesized
complexes were measured using an FT/IR 600-type spectropho-
tometer (Japan Spectroscopic Co., Ltd.). Elemental analyses (C,
H, N and Cl) of the complexes were carried out by the Instru-
mental Analysis Division, Equipment Management Center Creative
Research Institution, Hokkaido University (Sapporo, Japan). The Fe
contents of the complexes were determined using an inductively
coupled plasma-atomic emission spectrophotometer (ICPE9000
type, Shimadzu) after wet digestion with a mixture of HNO3/HCl
and the appropriate dilution with ultra-pure water. Analytical
data, product yields, elemental composition and FT-IR spectra for
each complex were as follows: mer-[FeCl3(meim)s], yield 13.4%;
elemental analysis, observed (calculated), %C 35.03 (35.27), %H
4.27 (4.44), %N 20.44 (20.57), %Cl 26.08 (25.43), %Fe 13.7 (13.38);
IR spectrum, v(C—H) 2952 and 1420cm~!, v(C—N) 1108cm~!;
[FeCly(im)4]Cl, yield 53.8%; elemental analysis, observed (calcu-
lated), %C 32.04 (35.45), %H 3.66 (3.96), %N 24.80 (20.67), %Cl 24.9
(35.45), %Fe 13.0 (11.80); IR spectrum, v(C—H) 3050 cm~!, v(C—N)
1261 and 1055 cm~; [FeCl,(mepy )4]Cl, yield 7.48%; elemental anal-
ysis, observed (calculated), %C 38.90 (39.16), %H 4.78 (4.93), %N
22.79 (22.84), %Cl 21.84 (21.72), %Fe 11.40 (11.45); IR spectrum,
V(C—H) 2964 and 1442 cm~!, y(C—N) 1103 and 1049 cm™'; mer-
[FeCl3(tptz)], yield 75.7%; elemental analysis, observed (calculated),
%C43.51(43.10),%3H2.97(2.79), %N 16.94 (16.51),%C121.04(21.03),
%Fe 11.00(11.45); IR spectrum, v(C—H) 1523 and 1468 cm~ 1, v(C=C,
C=N) 1523 and 1468 cm~!; mer-[FeCl3(terpy)], yield 71.8%; elemen-
tal analysis, observed (calculated), %C 45.50 (45.6), %¥H 2.77 (2.81),
%N 10.61 (10.63), %Cl 26.78 (26.93), %Fe 13.70 (13.40); IR spec-

trum, v(C—H) 3047 and 767 cm~!, v(C=C, C=N) 1610, 1468 and
1453 cm~1.

2.3. Assay for TrBP degradation

A 10-mL aliquot of 0.02M NaH,PO4/Na,HPO,4 buffer (pH 4-8)
was placed in a 50-mL Erlenmeyer flask and a 50 L aliquot of
0.01 M TrBP in acetonitrile was then added to the solution. Aqueous
catalysts were added to be produced concentrations of 0.1-10 M,
and a 0.1 mL aliquot of 0.1 M KHSOs5 or H,0, was then added to
the mixture to start the reaction. After shaking for 30 min, a 1mL
aliquot of the reaction mixture was placed in a glass vial, and 0.5 mL
2-propanol was then added. A 20 pL aliquot of the mixture was
injected into a PU980-type HPLC pumping system (JASCO) to ana-
lyze the remaining TrBP in the reaction mixtures. The mobile phase
was a mixture of methanol and water (78:22 in volume), which was
acidified with aqueous 0.08% H3PQy4, and the stationary phase was
a COSMOSIL 5C18-AR-II column (4.6 x 250 nm). The flow rate of
the eluent, the column temperature and the detection wavelength
were set at 1.0mLmin~!, 50°C and 290 nm, respectively.

The Br~ that is released as a result of the oxidation was
analyzed by an ion chromatography (Dionex IC-120 type, Thermo-
Fishers) with conductivity detection. The mobile phase was
an aqueous solution of 2.7mM Na,CO3/0.3mM NaHCOs3;, and
the separation column was an IonPacAS12A analytical column
(4 x 200 mm, Thermo-Fishers) with an lonPacAG12A guard column
(4 x 50 mm). The flow rate and column oven temperature were set
at 1.5mLmin~! and 35°C, respectively. To evaluate the percent
mineralization to CO,, the concentration of total organic carbon
(TOC) in the reaction mixture was analyzed before and after the
reaction using a TOC-V CSH type analyzer (Shimadzu). In this test,
a stock solution of 0.01 M TrBP was prepared using aqueous 0.01 M
NaOH.

2.4. Identification of oxidation products by GC/MS

A 30 mL aliquot of a 0.02 M phosphate buffer (pH 7) containing
200 wM TrBP and 2.7 M catalyst was placed in a 100-mL Erlen-
meyer flask. A 300 p.L aliquot of 0.1 M KHSO5 was added and the
flask subjected to shaking at room temperature for 1 min, 30 min
and 24 h. After the reaction period, a 2 mL aliquot of 1 M ascorbic
acid and a 0.5 mL aliquot of 1 mM anthracene in hexane and acetone
(1:1) as an internal standard (ISTD) were then added. To adjust the
pH of the solution to 11-11.5, a 15mL aliquot of 600gL~! K,CO3
was added, and 5 mL of acetic anhydride was then added dropwise
into the mixture to acetylate the phenolic hydroxyl groups in the
TrBP and the oxidation products. This solution was then extracted 3
times with 20 mL of CH,Cl,. After dehydration of the organic phase
with Na,;SO4 anhydride, the CH,Cl, was removed by flushing with
a stream of dry N, gas at 35°C and the resulting residue was re-
dissolved in 300 pL of CH,Cl,. A 1 uL aliquot of the solution was
injected into a GC-17A/QP5050 type GC/MS (Shimadzu). Separation
was accomplished with a 100% methylsiloxane capillary column
(0.25 pm thickness, 0.25mm i.d. x 25m). Temperature gradient:
65°C (1.5min); 65-120°C (35°Cmin~1); 120-130°C (4°Cmin~1);
300°C (10 min).

2.5. Identification of organic acids using LC/TOF-MS

A0.1 mLaliquot of aqueous 0.1 M KHSOs was added to anammo-
nium formate buffer (pH 8), which contained 50 uM TrBP and
10 wM catalyst. After a 30 min reaction period, a 1 mL aliquot of the
reaction mixture was pipetted into a glass vial and 0.5 mL methanol
was then added. The organic acids in the reaction mixture were
identified and using a 1200 type LC/TOF-MS (Agilent). The sta-
tionary phase was a ZORBAX Extend-C18 column (2.1 x 100 mm,
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Fig. 1. Structures of the synthesized complexes: mer-[FeCl3(N-methylimidazole)s;] (1), [FeCl3(imidazole)s] (2), [FeCl;(methylpyrazole)s] (3

1,3,5-triazine)] (4), mer-[FeCls(terpyridine)](5).

1.8 wm particle size, Agilent). The mobile phase was a mixture
of acetonitrile/aqueous ammonium formate (10 mM), which was
changed from; 1/99 to 80/20 for 35 min and kept 80/20 for 2 min.

2.6. UV-vis absorption spectra

To observe the active species of a non-heme iron complex
that was activated by an oxygen donor, 10pL of 0.1M m-
chloroperoxybenzoic acid (mCPBA) was added to a 2.5 mL of the
acetonitrile solution of 200 WM mer-[FeCls(terpy)] in a quartz cell
(1cm x 1cm), and UV-vis absorption spectra were recorded at
160 intervals using a Jasco V-650 iRM type spectrophotometer.

3. Results and discussion
3.1. Catalytic activities for the synthesized complexes

Table 1 shows the percent TrBP degradation for the synthe-
sized complexes using H,0, or KHSOs5 as the oxygen donor at
pH 7 after a 30min reaction period. In control cases, no TrBP

Table 1

Influence of catalyst and oxygen donor type on the TrBP degradation. The reaction
conditions were as follows: [catalyst] 0.5 wM, [KHSOs ] 1 mM, [TrBP] 50 .M, reaction
time 30 min and pH 7.

No Catalysts Oxygen donor TrBP degradation (%)
1 mer- H,0, 6.61+3.26
[FeCls(meim);]  KHSOs 5.51+5.52
2 [FeCl,(im)4]Cl H,0, 7.67 +£2.68
KHSOs 9.18+2.30
3 [FeCly(mepy)4]Cl  Hz0; 7.07+1.34
KHSOs 4.40+3.88
4 mer- H,0, 8.42+8.42
[FeCls(tptz)] KHSOs 7.21+£0.30
5 mer- H,0, 5.29+0.12
[FeCls(terpy)] KHSOs 99.5+0.2

mer-[FeCl;(terpy)]

), mer-[FeCl3(2,4,6-tris(2-pyridyl)-

degradation was observed in the presence of H,O, or KHSOs
alone. For the case of complexes with monodentate ligands mer-
[FeCl3(meim)s], [FeCl,(mepy)s]Cl and [FeCl,(im)4]Cl, the percent
TrBP degradation was less than 10%, while the iron complex with
a tridentate ligand, mer-[FeCl3(tptz)], indicated 7-8% of degrada-
tion. However, approximately 100% of the TrBP was degraded by
the mer-[FeCls(terpy)] complex in the presence of KHSOs, although
only 5% was degraded when H,0, was used as the oxygen donor.
Thus, only the mer-[FeCl3(terpy)]/KHSO5 system showed catalytic
activity for oxidative degradation of TrBP. The lower activity of
the complexes with monodentate ligands, mer-[FeCl3(meim)s],
[FeCly(mepy)3]Cl and [FeCl,(im)4]Cl, can be attributed to their
instability, compared to the complexes with multidentate ligands.
Because the triazine ligand in mer-[FeCl3(tptz)] has lower elec-
tron donating characteristics, the electron density of the center
metal, Fe, would be lower than that in mer-|FeClz(terpy)]. Thus,
KHSOs that can act as an electrophile easily attack to the mer-
[FeClz(terpy)]. Zucca et al. [29]. reported a Mn complex with
pyridine that had a higher catalytic activity, because of the higher
electron density in the center metal. Thus, the catalytic activity of
mer-[FeClz(terpy)] was the highest of all the catalysts tested.

The degradation and debromination kinetics of TrBP by the mer-
[FeCl3(terpy)]/KHSO5 system were investigated (Fig. SM-1). The
percent degradation of TrBP reached 99% within 1 min, and the
percent debromination was reached a plateau at approximately
55% when the reaction period was 5min. Thus, the oxidation
of TrBP was too rapid to permit the reaction kinetics in the
mer-|FeClz(terpy)]/KHSOs system to be interpreted. When TrBP
and KHSOs were again added to the reaction mixture after a
30 min period, no degradation of TrBP and/or debromination were
observed, suggesting that the mer-[FeCl3(terpy)] catalyst had been
deactivated. Reiff and Baker, Jr. [30]. reported that terpy ligands
might be oxidized in the course of the reaction, e.g., a complex
Fe(terpyOs3) with a 2,2’,2"-terpyridine-1, I,]”-trioxide (terpyOs) lig-
and. Thus, the deactivation of the mer-[FeCls(terpy)]| catalyst after
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Fig. 2. Influence of KHSOs concentration on TrBP degradation and debromination.
The reaction conditions were as follows: pH 7, [TrBP] 50 wM, [mer-[FeCl;(terpy)]]
10 wM, reaction time 30 min.

the first reaction can be attributed to the self-oxidation of the terpy
ligand.

Fig. 2 shows the influence of KHSOs concentration on the
percent degradation and debromination of TrBP. The percent
degradation and debromination increased with increasing KHSO5
concentration and reached a plateau at concentrations above
500 wM. These results indicate that the mer-[FeCls(terpy)] complex
can catalyze the oxidation of TrBP by KHSOs.

Fig. 3 shows the influence of the concentration of mer-
[FeCls(terpy)] on the degradation and debromination of TrBP
in the presence of 1mM KHSOs. The percent degradation of
TrBP increased linearly with increasing concentration of mer-
[FeCls(terpy)]. However, the debromination increased from 0.01 to
0.03 M of mer-[FeCls(terpy)], while a further addition of the cata-
lyst resulted had no further effect on debromination. The Turnover
number (TON) represents one of the indices of catalytic activity and
is calculated by dividing the concentration of the degraded TrBP
or the Br~ released by the catalyst. At catalyst concentrations of
0.01 uM, the TON values for the degradation and debromination of
TrBP were estimated to be 1890 + 1.4 and 4020 & 216, respectively.

3.2. Effect of HA on degradation and debromination of TrBP

HAs are a major component of landfill leachates, which con-
tain TrBP. Because HAs can inhibit the oxidation of TrBP in landfill
leachates [6,7,19], their influence on the degradation and debromi-
nation of TrBP was examined for a variety of pH values (Fig. 4). In
the absence of HA, approximately 100% of the TrBP was degraded
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Fig. 3. Influence of mer-[FeCls(terpy)] concentration on the percent TrBP degra-
dation and debromination. The reaction conditions were as follows: pH 7, [TrBP]
50 wM, [KHSOs] 1 mM, reaction time 30 min.
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Fig.4. Influence of pH on TrBP degradation (without HA B, with HA(D) and debromi-
nation (without HA @, with HA () in the absence and presence of HA. The reaction
conditions were as follows: [TrBP] 50 wM, [mer-[FeCls(terpy)]] 0.5 wM, [KHSOs]
1 mM, reaction time 30 min. [HA] 50 mgL~"'.

at pH 6-8 and the percent debromination reached 50%. How-
ever, the degradation and debromination of TrBP were remarkably
inhibited at pH 4-7, while at pH 8 the percent degradation and
debromination increased to 80 and 25%, respectively. In the Fe(III)-
ligand (Fe(III)-L)/KHSOs5 system, the reactive species produced from
Fe(Ill)-L and KHSOs ferryl-oxo species (Fe(IV)=0) and/or sulfate
radicals (SO4°~) [31-34], that can serve as electrophiles. The pK,
values for TrBP and HA were reported to be 6.31 [35] and 3.5-5.8
[36,37], respectively. Deprotonated species such as phenolate and
carboxylate anions for TrBP and HAs can increase the reactivity
for electrophiles [38,39]. At pH 4-7, the HAs are largely present as
deprotonated species, compared to those for TrBP, because of their
pK, values. Thus, the significant inhibition of the degradation and
debromination of TrBP at pH 4-7 in the presence of HA may be
attributed to the fact that levels of electron-rich phenolate and car-
boxylate anions, which is susceptible to attach by an electrophile,
are more dominant in HA than in TrBP. The pH values of a typical
landfill have been reported to be around 8 [5]. The catalytic system
using mer-|FeCls(terpy)]/KHSOs showed higher degradation and
debromination efficiencies at pH 8, and this can be an advantage
for degrading bromophenols in landfill leachates.

3.3. Oxidation products

To analyze the byproducts produced as the result of TrBP oxi-
dation by the mer-[FeCls(terpy)]/KHSO5 catalytic system, GC/MS
analyses of CH,Cl, extracts of reaction mixtures were conducted
after acetylation with acetic anhydride. GC/MS chromatograms
after reaction periods of 1 min, 30 min and 24 h are shown in Fig. 5,
and the assignments of the reaction products from mass spectra
are shown in Fig. 6 (compounds 1-4). The substrate, TrBP (Peak
1 in Fig. 5), was detected in the case of a 1 min reaction period,
while 2,6-dibromo-p-benzoquinone (DBQ) was detected as a major
product (Peak 2 in Fig. 5), and levels of DBQ isomers were also
detected (Peaks 3 and 4 in Fig. 5). The levels of DBQ decreased
with increasing reaction time, and disappeared after 24 h. However,
the formation of dimers, such as phenoxy phenol derivatives, was
not detected during the reaction, as reported for the oxidation of
2,4,6-trichlorophenol by an Fe(IIl)-porphyrin/KHSOs5 catalytic sys-
tem [10]. Thus, it can be expected that the decrease in DBQ in
Fig. 5 is due to aromatic ring cleavage, resulting in the formation
of organic acids. Thus, an analysis by LC/TOF-MS was conducted
to identify the organic acids in the reaction mixture. As shown in
Fig. 6, some brominated organic acids are produced. These results
suggest that mineralization to CO, occurs via ring cleavage. To elu-
cidate this, the TOC in the reaction mixture after 3 h of the reaction
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Fig. 5. GC/MS chromatograms of CH,Cl, extracts of reaction mixtures for reaction
times of 1 min, 30 min and 24 h. The reaction conditions were as follows: [TrBP]
200 wM, [mer-[FeCls(terpy)]] 2.7 wM, [KHSOs5] 1 mM.

period was compared with that before the reaction, and the per-
cent conversion of CO, to the degraded TrBP was estimated to
be 15%. In the FeTPPS/KHSOs5 system, 20% of the degraded pen-
tachlorophenol was mineralized when cyclodextrin was added to
the reaction mixture to form the supramolecular catalyst [40],
while this is not effective in the case of bromophenol [41]. However,
for the case of mer-[FeCls(terpy)], bromophenol was mineralized
to CO, without the need for any additives, indicating that the
mer-|FeClz(terpy)]/KHSOs5 catalytic system is effective in the degra-
dation of TrBP.

3.4. Reactive species from mer-[FeCls3(terpy)]

Radical species, such as HO® or SO4*~ might be generated by the
activation of mer-[FeCl3(terpy)] with KHSOs, and these species can
contribute to the oxidation of organic substrates [41]. Ethanol is
generally used as a scavenger of such radical species, as described
in the following reactions [43]:

HO* + CH3CH,OH — H,0 + *CH(CH3)OH

S04~ +CH3CH,0OH — HSO4~ +*CH(CH3)OH

If the above reactions were to be dominant in the presence of
ethanol, the percent degradation and debromination of TrBP could
be expected to decrease. As shown in Fig. SM-2, the levels of degra-
dation and debromination of TrBP were not changed in the presence
of various concentrations of ethanol. These results show that HO*
and SO4°~ are not involved in the oxidation of TrBP. In the Fe(III)-
porphyrin catalysts, ferryl-oxo species (Fe(IV)=0) are the major
reactive species that reproduced as the result of activation with an
oxygen donor [31-34,44,45]. Fe(IV) = O species are also detected in
non-heme enzymes [46], suggesting that mer-[FeCls(terpy)] may
be activated to Fe(IV) = 0 when KHSOjs is present. In the formation of
Fe(IV) =0 species, the oxygen donor (X-O-O~) can coordinate with
the center metal of the complex (L-Fe(IIl)) to form a peroxide inter-
mediate (L-Fe(Ill)-O-0-X), and the OO bond of the L-Fe(Ill)-0-0-X
can be cleaved, as in the pathways below [42]:

Homolysis : L-Fe(Il1)-0-0-X — L-Fe(IV) = O + XO*

Heterolysis : L-Fe(Il1)-0-0-X — L*+-Fe(IV) = O + X0~

In the mer-[FeCls(terpy)]/KHSOs5 system, XO¢® (i.e., SO4°*~) was
found to not participate in the reaction, because the efficiency of
degradation of TrBP was not affected in the presence of ethanol,
a radical scavenger (Fig. S2). Thus, if L-Fe(IlI)-O-O-X were formed,
the OO bond could be cleaved via heterolysis to form L**-Fe(IV)=0.

OH OH 0 0
Br. Br Br. Br Br Br HO, Br
—_ e —_
3
B 1 S ) 2 0
i HOOC /
Br. (l:H T'
N NG CH COOH
o ll . HC:C\
Br, Br ﬂr/ \COOH OH
/ mjz=223
m/z =349 OH COOH l
ol ! -/
Br 4 wooc _COOH H,C—CH;
CH—CH m/z=89
N
Br Br
m/z=273 H m/z =195
|
H—(lj—COOH
Br
m/z =137

Fig. 6. Organic acids detected by LC/TOF-MS and possible degradation pathways of TrBP by the mer-[FeCls(terpy)]/KHSOs catalytic system.
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Fig. 7. UV-vis absorption spectra of mer-[FeCls(terpy)] (black line) in CH3CN and
variations in spectra in the presence of mCPBA as an oxygen donor. Spectra were
recorded at intervals of 160s after adding mCPBA. The reaction conditions were as
follows: [mer-[FeCls(terpy)]] 200 M, [mCPBA] 400 M. Insert figure represents the
expansion of the spectra from 600 to 500 nm.

Although the direct observation of Fe(IV)=0 species is difficult,
intermediates derived from L-Fe(Ill)-O-O-X can be detected in
absorption spectra, since they show an absorption maximum
at 450-550nm [47-49]. The mer-[FeCls(terpy)] complex did not
absorb in the visible-light region above 460 nm. When absorp-
tion spectra were measured with KHSOs5 as an oxygen donor, no
peaks were observed in the range 450-550 nm. Because KHSOs is
a strong oxidant, the self-degradation of mer-[FeClz(terpy)] can be
rapid. The heterolytic cleavage of L-Fe(Ill)-O-O-X is a polar reac-
tion, with anionic and cationic species being formed. A highly polar
solvent such as water can enhance the rate of the reaction, and
the intermediates disappear immediately via the self-degradation.
Thus, acetonitrile, which a lower polarity than water, and mCPBA as
the X-O-O~ were employed in our attempts to observe the L-Fe(III)-
0-0-X intermediate in absorption spectra. Fig. 7 shows absorption
spectra of mer-[FeClyterpy)] in the presence of mCPBA. After
adding mCPBA, the absorption maximum at 551 nm, which can
be assigned as (terpy)ClFe'l-0-0-S03~, increased with increasing
reaction time, indicating the formation of (terpy)Cl,Fe!'-0-0-SO3~
[34,35]. These results suggest that the OO bond in the L-Fe'-0-0O-
SO;3~ cleaves via heterolysis and L**-Fe(IV) =0 can act as the active
species. The Fe!V =0 species for non-heme complexes have been
detected using FT-IR spectrometry at —35°C [50].

6. Conclusion

Catalytic activities of five non-heme complexes (mer-
[FeCl3(meim)s], [FeCl,(im)4]Cl, [FeCl,(mepy)]Cl, mer-[FeCl3(tptz)]
and mer-[FeCls(terpy)]), which had been previously synthesized,
were evaluated, in terms of the degradation of TrBP in the presence
of H,0, or KHSO5 as oxygen donors. The mer-[FeCls(terpy)]/KHSOs5
catalytic system showed a higher activity than other catalytic sys-
tems. TON values for the degradation and debromination of TrBP
by the mer-[FeCls(terpy)]/KHSOs5 catalytic system were estimated
to be 1890 and 4020, respectively. The major oxidation prod-
uct was DBQ at the initial stage of the reaction, while its level
decreased with increasing reaction time. This can be attributed to
the formation of organic acids via the cleavage of aromatic rings,
with 15% of the degraded TrBP being mineralized to CO,. In the
oxidation, KHSOs5 activates iron(Ill) to form the peroxy-complex
of L-Fe-0-0-X, suggesting that the reactive species for the
degradation of TrBP is L'*-FelV = 0.
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