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Abstract

Elemental analysis, magnetic measurements, IR, >'p NMR, and UV-VIS spectroscopy were used to study heteropoly
complexes (HPC), containing Fe(III) ions and heteropoly anion [PW,;0,,1" ", isolated from aqueous solutions as tetrabuty-
lammonium (TBA) salts and dissolved in acetonitrile. The complexes identified are: Fe(II)-substituted complexes
[PW,,0,,Fe(H,0)1*~ (1) and [PW,,0,,Fe(SO))°~ (1'); Fe(IlD-substituted hydroxo complex [PW,,05,Fe(OH)I*~ (2”)
formed during the precipitation of binuclear u-oxo complex [(PW,,0,4Fe),01'°~ (2) from aqueous solutions (pH = 3 + 5)
by TBA cations; polynuclear Fe(Ill)- hydroxo complexes [PW;,03Fe O, H "~ (3) (n ~8). The catalytic activity of
complexes both in the hydrogen peroxide decomposition and benzene oxidation in a one-phase system HPC + CH,CN +
H,0,(aq) + C4Hg, with [HPC] =6 - 1073, [H,0,]=0.175 + 1.6, and [C4H¢] = 1.4 + 5.6 M at 70°C have been studied. In
the presence of 1 or 1, the molar ratio between phenol formed and H,0, decomposed equals 10-20%. HPC containing
SO}~ ions shows a far lower activity in both reactions. The kinetics of PhOH accumulation conforms to the chain
mechanism of H,0, decomposition. Benzene is oxidized by OH radicals coordinated to HPC. In the presence of complex 2’
the rate of H,0, decomposition is considerably lower. Thus the molar ratio of phenol formed and H,0, decomposed is
almost 60%. The mechanism of H,0, activation by 2’ includes most likely the initial formation of a peroxo complex which
was observed in absorption spectra. The state of HPC affected by the reaction mixture components was studied by UV-VIS
spectra. The products of one-electron phenol (or pyrocatechol) oxidation inhibit the catalytic activity due to the complex
formation with Fe(III) ions in HPC.

Keywords: Fe(IlD)-containing heteropoly complexes; Benzene oxidation; Hydrogen peroxide decomposition; Peroxo complexes; UV-VIS;
IR; NMR spectroscopy

1. Introduction compares the activity series of complexes, where
either ions of transition metals or heteropoly
anions (HPA) are varied.

We have recently shown that synthesis condi-
tions determine the mode of binding of Cr(III)
ions with HPA [PW,,0,,]"", which in turn,
determines the catalytic activity of complexes
obtained in cyclohexene or benzene oxidation

* Corresponding author. by hydrogen peroxide [2]. Furthermore, in water

The catalytic activity of heteropoly com-
plexes containing transition metal ions is inten-
sively studied (see Ref. [1] and references
therein). Analyzing the factors responsible for
the catalytic performance of HPC, one often
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solution, we have identified three types of com-
plexes with regard to pH and reagents ratio
during the interaction of [PW,O,]"" and
Fe(IlI) ions: 1 Fe(IlI)-substituted HPC
[PW,,0,,Fe(H,0)1*~ (pH 2 + 3); 2 p-oxo (or
hydroxo) dimer complex [PW,,0,;,Fe—O-
FeO,,W,,P]"~ (pH 3 +5) and 3 polynuclear
Fe(III)-hydroxo complexes stabilized by het-
eropolyanion [PW,,0,Fe O H ]"~ (pH~ 4)
[3]. So we had a chance to study the catalytic
properties of HPC with regard to the structural
features of guest metal ions bonded to the same
HPA, [PW,,0,,]"".

Benzene oxidation by hydrogen peroxide was
chosen as a model reaction since iron salts are
known to catalyze this reaction [4-8]. It is also
known that metal-containing HPC catalyze the
oxidation of alkanes and olefins by hydrogen
peroxide [2,9-11]. Thus the results of our work
can also help to elucidate the regularities of
organics oxidation in systems containing HPC
and H,0,.

2. Experimental
The aqueous solutions of HPC sodium salts

were obtained by heating a 0.05 M solution of
Na,PW,,0,, and Fe,(SO,); - 9H,0 (series I) at

Table 1

molar ratio n = Fe:PW,; = 1, with a subsequent
addition of Na,CO, solution to attain the wanted
pH values (Table 1) [3]. Fe(NO;),-9H,0 at
n=1 or 4 was used to obtain HPC of series II,
the other steps were similar to the previously
described ones.

HPC obtained were precipitated from the
aqueous solution as TBA salts by adding
(C,Hy),NBr solution ([TBAL[PW,,]= 10:1).
TBANO;, obtained via the interaction of stoi-
chiometric amounts of TBABr and AgNO, with
a subsequent isolation of AgBr precipitate, was
used in the preparation of sample 8 (Table 1).
TBA salts of HPC were centrifuged, twice
washed by water and dried at 120°C.

Benzene oxidation by H,0, proceeded at
70°C on air in a thermostated reactor equipped
with a magnetic stirrer and a burette to measure
the rate of H,0, decomposition with regard to
O, evolved. Samples for the absorption spectra
registering and GLC analysis (1 m column, 15%
of TVIN-80 on a Polysorb-1) were syringed
through a rubber insulation. The composition of
reaction solutions was varied within [C;H] =
1.4 +5.6,[H,0,]=0.175 + 1.6 and [HPC] = 6
-107* M, while the volume ratio between
acetonitrile and water was 6:1. The system re-
mained one-phase in all runs.

Absorption spectra of solutions were recorded

Fe(IID-HPC composition at various pHs according to 3'p NMR in aqueous solution, elemental analysis and magnetic measurements data of

TBA salts precipitated

Series Sample pH Na salts in H,0 *'P, 8 (ppm) (W, 2 (H2) TBA salts solid
number * Fe (mass %) P (mass %) Hes KB
I 1 2.1 272(2000); 103(2300) (0.06:1) ® 1.35 0.67 5.86
2 345 176; 37.6 (1000) (0.07:1) 1.20 0.68 5.76
3 45 90.8(650); 13.8(740) (0.07:1) 1.03 0.72
4 5.0 84.7(840); 14.2(1000) —11.9 (0.05:1:0.16) 1.35 0.67 577
i 5 1.65 168; 64.2 (2000); —18.4 (0.3:1:0.3) 1.70 0.76 5.62
6 2.7 45.6 (1200); —13.2 (1:0.08) 1.25 0.76 6.12
7 4.15 15.6(800); —11.5 (1:0.07) 1.36 0.73 5.69
g ¢ 2.7 not determined 1.11 0.74 6.18
9¢d 4.0 181 (1800); 38.6 (800) (0.8:1) 5.18 0.82 4.14

® Samples 1-4 were prepared using Fe,(SO,); (series I); samples 5-9 were prepared using Fe(NO;); (series II).
® The ratio in these parentheses is the 'P NMR intensity signal ratio; the intensity of the italic signal serves as a unit.

¢ HPC is precipitated by TBANO,.
4 In HPC synthesis, Fe:PW|, = 4:1; in other cases the ratio is 1:1.
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on a Specord M-40 in the range of 30000—-11000
cm ™. IR spectra of solid HPC samples in KBr
were recorded on a Specord IR-75.

3'P and 7O NMR spectra were taken on a
Bruker MSL-400 spectrometer at 161.98 and
54.24 MHz with 0.05 and 50 Hz scan fre-
quency, respectively. Chemical shifts (8) were
counted with respect to external references,
namely aqueous solutions of 85% H;PO, or
H,0. The magnetic susceptibility of solid TBA
salts of HPC was measured by the Faraday
method.

3. Results and discussion
3.1. Identification of Fe(lll)-containing HPC

The catalytic activity as well as the final
product yield of benzene oxidation by H,0, in
the presence of iron salts depend on the anion
and decrease in a series: NO; > Cl™> SO}~
[8]. With regard to the effect of SO; ~ and NO;
ions on the composition of Fe(II)-HPC, two
series of complexes were obtained. Series I
originated from Na,PW, O,, solution and
Fe,(SO,), salt, series II came from the
Na,PW,,0,, and Fe(NO,), ones. HPC compo-
sition of series I was studied in detail using
UV-VIS, IR, NMR *'P, "W, 0 spectroscopy
and magnetic measurements [3]. Mononuclear
complex 1 usually exists at pH < 3. It is not
observed in the *'P NMR spectra due to a great
broadening of NMR signals. The exchange of
SO?Z~ ions was observed in HPC solutions by
NMR 'O spectra, assuming the presence of
sulfate complex 1. At pH = 335, the *'P NMR
spectra show the presence of binuclear com-
plexes 2 and Fe(II)-polynuclear hydroxo com-
plexes 3. The *'P chemical shift of complexes 2
and 3 depends on pH due to quick protonation
equilibria of HPC. The spectra characterizing
HPC of series I are denoted in Table 1.

P NMR spectra of series Il aqueous solu-
tions are similar to those of series I. At Fe:PW,
= 1:1 and pH > 2 the italic signal in Table 1

predominates. As pH increases from 2 to 5, the
signal shifts regularly to a weaker field, while
its width decreases (Table 1, compare samples
2.4 and 5-7). As in HPC solutions of series I,
the signal should be assigned to complex 2.
Aqueous HPC solutions contain small admix-
tures of [PW,,05,]’ " (Table 1, samples 4, 6, 7)
or [PW,0,,]>~ (Table 1, sample 5) whose sig-
nal positions are somewhat different from the
conventional ones due to the presence of para-
magnetic Fe(Il) ions (8= —13.2+ —11.5
ppm and 8= —18.4 ppm, respectively). Ac-
cording to the stoichiometry, broad weak sig-
nals with higher chemical shifts, sometimes ob-
served, can be attributed to complexes, contain-
ing more than 1 Fe(Ill) ion. At Fe:PW,, = 4:1,
we have detected a signal from complex 2 and a
broad signal (at 6 = 181 ppm) with a commen-
surable intensity (Table 1, sample 9). The latter
should be attributed to polynuclear hydroxo
complexes similar to 3. According to the rela-
tion between the >'P NMR signals intensity and
reagents concentration, complexes 3 contain, on
average, 8 Fe(Il) ions per HPA. In TBA salts
of HPC, the content of Fe corresponds to HPC
composition in aqueous solutions (Table 1).

IR spectra of TBA salts precipitated from
aqueous solutions at Fe:PW, = 1:1 and pH =
2-5 are typical of substituted Keggin HPC
PW, M [12]: », (PO,) = 1060-1065 cm™',
1, (W=0) =955-960 cm~', » (W-O-W)=
875-883, 805-807 cm ™', 1, (W-O-Fe) = 690
and 655 cm™! (for example, Fig. 1, spectrum
2). IR spectra of TMA salts precipitated from
the solution, pH 5 (Fig. 1, spectrum 1) exhibit
an additional band at 745 cm ™', belonging most
probably to v, (Fe—O-Fe) of binuclear complex
{[(CH,),N]sPW,,0,,Fe},O [3,13]. In the IR
spectrum of TBA salt (sample 9), obtained at
Fe:PW,, = 4:1, weak bands at 690 and 655
cm ™' are almost unseen. There appears a band
at ~750 ecm™! (Fig. 1, spectrum 3), which
presumably belongs to Fe—O-Fe stretch vibra-
tions in polynuclear fragment [Fe O, H, ] The
latter is located, most probably, near the coordi-
nation vacancy in the [PW,,0,,]’ " anion.
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Fig. 1. IR spectra of {{(CH,),N];PW,,0;,Fe},0 (1) and TBA
salts of HPC (2, 3); 2 - sample 4; 3 — sample 9 (the same sample
numbering as in Tables 1 and 2).

In aqueous solutions of HPC at Fe:PW,, =
1:1, the magnetic susceptibility decreases regu-
larly as pH increases, indicating the formation
of binuclear complex 2 [3]. The Fe** magnetic
moment in solid TBA salts, precipitated at
Fe:PW,, = 1:1 and pH =2+ 5 (Table 1, sam-
ples 1-4 and 5-8), approximates the spin-only
value 5.92 uy, thus indicating the magnetic-iso-
lated state of Fe**. The same value of magnetic
moment was measured for these compounds in
0.1 M acetonitrile solutions. The magnetic mo-
ment of TMA binuclear complex
{[(CH,),N];PW,,0,,Fe},O is significantly
lower, 3.05up. For TBA salts obtained at
Fe:PW,, = 4:1 (Table 1, sample 9), the mag-
netic moment is also markedly lower (4.14u),
since Fe** is bonded in polynuclear fragments.
Thus, in acetonitrile solutions of TBA salts, at
Fe:PW,, = 1:1, HPC exists as monomer ions
[PW, 0, Fe(L)]?~ (L may be H,0, OHT,
SO2~, Br™, CH,CN etc.), which are not ob-
served in the >'P NMR spectra.

Electronic spectra of TBA salts in acetonitrile
evidence the intensive absorption in the visible
region. At Fe:PW,, =4, the absorption maxi-

mum of polynuclear Fe(Il)-hydroxo complexes
is located at ~ 21600 cm™' (Fig. 2, spectrum
1). If Fe:PW|, = 1, there are no maxima in this
region for all samples. As some water
(CH,CN:H,0 = 5:1) is added, the absorption
intensity at Fe:PW,, = 1:1 decreases (Fig. 2,
spectra 2, 3), and that of polynuclear Fe(III)-hy-
droxo complexes (sample 9) does not essentially
change. Such behavior is presumably caused by
peculiar features of HPC interaction with sol-
vent molecules. There are differences in absorp-
tion spectra of various TBA salts of Fe:PW,; = 1
ratio at CH,CN:H,0 = 5:1. The absorption in-
tensity of sample 5 of series II, precipitated
from acidic solutions of pH = 1.65, exceeds that
of samples 6 and 7, pH = 2.7 and 4.15, respec-
tively (see Fig. 2, spectra 3 and 5). Br™ ions in
the precipitant solution do not affect the com-
plexes composition, since the substitution of
TBABr by TBANO, (samples 7 and 8, pH =
2.7) does not change the absorption spectrum of
the salt obtained (Fig. 2, spectrum 5). However,
the absorption intensity of TBA salts of series I
is higher than that of series II, precipitated in
the same pH region (Fig. 2, spectra 4 and 5).

A
.

1.6 1

1.2 1

0.8 :
0.4

28 | 24 20
v10°5, em-!

Fig. 2. Absorption spectra of TBA salts of Fe(II)-HPC in aceto-
nitrile solutions (0.05 g of HPC in 1.5 ml of CH;CN+0.3 ml of
H,0): 1 — sample 9, 2 — sample 5 without H,0, 3 — sample 5, 4
— sample 4, 5 — samples 6, 7, 8 (samples numbering as in Tables
1and2). I=0.1cm.
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Such changes in HPC absorption spectra be-
come clear if one takes into account the com-
plexation ability of Fe** ions. In the absence of
[PW,,05,]"", pK, values of Fe** complex ions
decrease in a series of ligands [14]:

OH~ > SO}~ > NO; > Br~
11.87 4.18 1.0 05

If this series is valid for [PW;,0,,Fe(L)]?~
complexes, one can suggest that Br™, and ap-
parently NOj, are not bonded to Fe(III) in HPC
while OH™ and SO}~ ions, as well as H,O
molecules (regarding the complexation condi-
tions) can be the ligands L in HPC. 'O NMR
spectra of the TBA salts of series I, dissolved in
a 10% NaOH solution, have shown the presence
of SO2” ions at molar ratio HPC:SO; =1 (a
peak at 185 ppm with respect to H,0).

We have not detected the binuclear u-oxo-
complex of Fe(Ill) in TBA salts precipitated
from aqueous solutions of complex 2: the maxi-
mum 745 cm~' in IR spectra of solids was
absent, the characteristic maxima 24500 and
21800 cm ™! in absorption spectra of complex 2
[3] were not observed in acetonitrile solutions of
TBA salts, a high value of magnetic susceptibil-
ity, corresponding to mononuclear Fe(IIl) com-
plexes was obtained. The data mentioned show

that binuclear heteropolyanion dissociates as a
result of interaction with a large TBA cation:

[(PW},05,Fe),0] o
+10[(C,H,),N] "+ H,0
— 2[(C4H,),N];PW,,05,Fe(OH) | . (1)

Thus, the data of the elemental analysis,
magnetic susceptibility, IR, *'P NMR, and UV-
VIS spectroscopy have enabled us to determine
the predominant content of various Fe(IID)-het-
eropoly complexes precipitated as TBA salts
from HPC aqueous solutions and dissolved in
acetonitrile (with H,O additions). Mononuclear
complex 1 [PW,,0,,Fe(H,0)]*" is isolated
from aqueous solution at pH ~ 2, and mononu-
clear complex 1 [PW,,0,4(SO,)]®" is isolated
in the presence of SO;~ ions. The TBA salt of
hydroxo com plex 2
[(C,H,),N],PW,,0,,Fe(OH), is formed from
binuclear u-oxo-complex 2 (pH ~ 3-5). Ac-
cording to the absorption spectra of acetonitrile
solutions, SO;~ ions can substitute the OH~
group in the complex formed. At pH ~4,
polynuclear Fe(Ill)-hydroxo complexes 3 pre-
cipitate completely from aqueous solutions as
TBA salts and dissolve in acetonitrile, preserv-
ing their composition.

Table 2

Benzene oxidation and H,0, decomposition in the presence of TBA salts of iron(III)-HPC

No. Catalyst (predominant composition) 7,, (min) ? PhOH yield (mol /1) [H,0,],.. (mol/D) 7°
1 [PW,,0,,Fe(H,0;S02)]? - 250 0.066 05 13
2 [PW,,0,9Fe(OH~,80; 7))~ 220 0.062 0.5 12
3 [PW,,0,,Fe(OH™,802™)}¢~ 210 0.056 035 18
4 [PW,,0,,Fe(OH~,SO2 )]~ 180 0.049 0.5 9.8
5 [PW,,0;,Fe(H,0)]*~ 60 0.056 0.5 11
6 [PW,,0,,Fe(OH)P* ~ 120 0.065 0.11 59
7 [PW,,0,,Fe(OH)]* 75 0.028 0.06 47
8 [PW,,0,,Fe(OH)* 120 0.061 0.19 3
9 [PW,,054Fe,0,H, ]"" 60 0.048 0.5 9.6

10 Fe(NO,), 10 0.055 0.5 11

* Time needed to obtain the maximum phenol yield.

® n={PhOH] - 100% /[H,0,]4.: [CcH¢) = 1.4, [H,0,]= 1.4 (samples 1-4), 1.07 (samples 5-7, 9, 10), 1.6 (sample 8);, [HPC]=
[Fe(NO,);] =6 107* mol/I; T=70°C (0.05 g HPC + 1.5 mi CH,CN + 0.25 ml CH, + 0.25 ml ~ 10 M H,0,).
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3.2. Benzene oxidation by hydrogen peroxide in
the presence of HPC

We have concurrently followed the phenol
accumulation and H,0O, decomposition during
C¢H, oxidation in acetonitrile solutions con-
taining HPC and aqueous H,0, (CH,CN:H,0
= 6:1). For all samples of series I, the kinetic
curves of phenol accumulation are S-shaped
(Fig. 3). The reaction rate increases until ~ 5%
of the benzene is spent, then it starts to de-
crease. According to experimental results ob-
tained in the absence of C Hg, only insignifi-
cant amounts of phenol are spent for the oxida-
tion under reaction conditions. C4H, oxidation
and H,0, decomposition proceed simultane-
ously in the system. By the time when phenol
stops to form in the presence of complexes 1
and 1, only one-third of H,0, is spent. The
yield of phenol with respect to H,O, decom-
posed is about 10% (Table 2, samples 1-4).
Under these reaction conditions, poorly soluble
Fe,(SO,), catalyzes H,0, decomposition while
phenol does not form.

For sample 2, the reaction rate, estimated
from the fast-rate portions of kinetic curves
(Fig. 4), grows with increasing the initial con-
centration of C,H. As the initial concentration
of H,0, increases, the phenol yield rises (Fig.
5).

[PhOH], mol/1 9
\ x1

0 100 200 1, min

Fig. 3. Concentration of phenol formed upon benzene oxidation in
the presence of HPC in CH,CN solution as a function of time:
[HPC]=6-10"3, [H,0,],=[CsHcl, =14 mol/1; 70°C; 1 -
sample 1, 2 ~ sample 2, 3 — sample 3 (samples numbering as in
Tables 1 and 2).

[PhOH], mol/l]

0.03+

0.02 1

0.01+

0 100 200 300 400 t, min
Fig. 4. Kinetic curves of phenol accumulation in benzene oxida-
tion with H,0, in the presence of HPC (sample 2) in CH,CN
solution at varied concentrations of C¢Hg: 1 — [CiHgly=5.6, 2
- 2.8, 3 - 14 mol/l; 70°C; [HPC]=6-10"3, [H,0,],=0.35
mol /1.

For the samples of series II containing either
[PW,,0;,Fe(H,0)]*~ or [PW,,0,,Fe,0,H ]~
complexes, the kinetic curves of phenol accu-
mulation obtained in the presence of both HPC
are much similar (Fig. 6, curves 1, 3). The
reaction rate slightly increases until the same
amount of phenol is formed, then it drops. The
rate of H,0O, decomposition in the presence of
complexes 1 and 3 is almost equal (Fig. 6,
curves 1’ and 3'). The phenol yield towards
H,0, decomposed attains ~ 10% (Table 2,
samples 5, 9). Fe(NO;), dissolves in the reac-
tion medium, rapidly decomposes H,O, and

[PhOH], mol/1

4 X 4 4

0.04+
0.08 1
0.02

0.014

T T T T
0 100 200 300 T, min
Fig. 5. Kinetics curves of phenol accumulation in benzene oxida-
tion in the presence of HPC (sample 2) in CH,CN solution at
various H,0, concentrations: 1 — [H,0,], =0.175,2 - 0.35, 3 -
0.7, 4 — 1.4 mol /1; [HPC] = 6-1073; [C;H], = 1.4 mol /1, 70°C.
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[PhOH]-10, [H303], mol/1

. A
e e x9'
0754 s=xd -2.0
X2 1
0.5 a8 °"L1.5
Lo X 2 1
X X
0.254 % " 1.0
. . 0.5
0 50 100 7, min

Fig. 6. H,0, concentration (1'=3'), phenol concentration (1-3)
and optical density (A) (1”-2") in benzene oxidation in the
presence of HPC in CH;CN solution as functions of time. [HPC]
=6-10"%, [H,0,], = 1.07, [C¢H¢l, = 1.4 mol/1; 70°C; 1, U, I"
— sample 5; 2, 2, 2" — sample 6; 3, 3’ — sample 9 (samples
numbering as in Tables 1 and 2).

yields the same maximum phenol quantity (Ta-
ble 2, sample 10) in 10 min. Complex 1 of
series II allows to decrease the time of maxi-
mum phenol accumulation and H,0O, decompo-
sition 3-fold (Table 2) as compared to similar
complexes of series I. This means that SO}~

ions present in HPC of series I decrease their
catalytic activity in both reactions.

It should be noted that in the presence of
samples 1-3, obtained at varied pH values, the
kinetic curves of phenol accumulation almost
coincide (Fig. 3, curves 1-3). This fact can be
caused by almost complete substitution of H,O
or OH™ by SO; in the Fe(Ill) coordination
sphere of complexes.

For the samples containing complex 2’ (Fig.
6, curve 2), the kinetics is different. As the
reaction starts, the rate of phenol formation is
high, then it decreases and becomes constant.
Meanwhile, the rate of H,0, decomposition is
significantly lower than in the presence of other
Fe(II)-complexes (Fig. 6, curve 2'). The yield
of phenol with respect to H,0, decomposed
attains almost 60% (Table 2, samples 6-8). For
sample 8, H,0O, decomposition is somewhat
quicker than for samples 6, 7, presumably due
to Ag™ ions admixture.

HPC exposed to the reaction mixture (aque-
ous H,O, + benzene in CH,CN) was studied

A ————
-1 a)
1.6+
1.2
4
4 5
1
0.8 3
2
0.4
T T T T T ™ T T T T LI M —
28 24 20 28 24 20 v-103, em'l

Fig. 7. (a) HPC absorption spectra during benzene oxidation: [HPC] = 6 - 1073; [H,0, ], = 1.07, [C4H,], = 1.4 mol/1 (0.1 g of HPC
(sample 6) + 3 ml of CH;CN + 0.5 ml of C¢Hg + 0.5 ml of 8.6 M H,0,); 70°C, I=0.1 cm; 1 - after 5 min; 2 — 16 min; 3 — 45 min; 4 —
120 min; 5 — 3 days (~ 25°C). (b) Absorption spectra during the HPC interaction (sample 6) with H,0,, phenol or pyrocatechol (PC): 1 —
[HPC]= 61077 mol/1(0.1 g of HPC in 3.5 ml of CH,CN + 0.5 ml of H,0); 2 — [HPC] = 6 - 10~ ?, [H,0,] = 1.07 mol /1 (0.1 g of HPC
in 3.5 ml of CH;CN + 0.5 ml 8.6 M of H,0,), 70°C, 1 h; 3 — [HPC]=6- 103, [PhOH] = 0.06 mol /1 (0.1 g of HPC in 3.5 ml of
CH;CN + 0.5 ml of H,O+ 0.011 g of PhOH), 70°C, 3 h; 4 — the same as in 3, 0.5 ml of 8.6 M H,0, is used instead of H,O
([H,0,1= 1.07 mol /1), 25°C, 1 h; 5 ~ solution 4, 70°C, 3 h; 6 — [HPC]=6-10"3, [PC]=52-107% mol/1(0.1 g of HPC in 3.5 ml of
CH;CN + 0.5 ml of H,0 +0.0023 g of PC), 70°C, 1 h; [=0.1 cm.
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by UV-VIS spectroscopy. During the reaction,
all the samples exhibit the spectrum characteris-
tic of Fe(Ill)-HPC. Besides, there appears a
more intensive absorption around the maximum
27000 cm™! (Fig. 7a). The increase of reaction
mixture absorbance versus time is symbatic to
the kinetic curves of phenol accumulation in the
presence of complexes 1 and 2’ (Fig. 6, curves 1
and 1”; 2 and 2"). In the presence of
[PW,,0,,Fe(H,0)]*", the absorption at 27000
cm ™! achieves its maximum when phenol stops
to form. The adsorption decreases and the spec-
trum returns to its initial state during several
days at room temperature. As for [PW, 0,
Fe(OH)]>~, the absorption increase is lower dur-
ing the reaction. Sediments formed in the reac-
tion did not allow us to obtain the spectra in the
presence of [PW,;;0,Fe, O,H ]"". H,0, most
likely causes the breakdown of Fe(IIl)-poly-
nuclear fragments.

Fe(IID-HPC in CH,CN in the presence of
H,0, forms peroxo complexes [10], causing
absorption increase in the visible spectrum re-
gion. However, one can not attribute the absorp-
tion increase observed in the reaction process to

<Fell(H,0) + Hy0, —» <Fell(H,0) + HO;

HzOz H202

<Fell(H,0) +'OH HO;

peroxo complexes only, since the absorption is
far lower in the presence of H,0, solely (Fig.
7b, spectra 1, 2). Phenol interacts with HPC 2’
to form a red complex (¥, = 21100 cm ™', Eq.
(2)), which is stable at 70°C (Fig. 7b, spectrum
3). The complex of HPC with phenol is practi-
cally not observed in the presence of H,O, at
room temperature (Fig. 7b, spectrum 4). The
spectrum of the latter solution heated at 70°C
for 3 h and the spectrum of the reaction mixture
are quite similar (Fig. 7a, spectrum 4 and Fig.
7b, spectrum 5). Pyrocatechol is the product of
deeper benzene oxidation in similar systems
[8,15]. Like phenol, pyrocatechol and
[PW,,0,,Fe(OH)]°~ form a dyed complex sta-
ble at 70°C (v,_,, = 19300 cm ™', Fig. 7b, spec-
trum 6). The spectrum of this complex, after
heating at 70°C for 0.5-1.5 h in the presence of
H,0,, is also similar to that obtained in ben-
zene oxidation.

[PW,,0,,Fe(OH)]’~ + C4HOH
- [PW11039F3(OC6H5)]5_ +H,0 (2)

Under the same conditions, [PW;0;,
Fe(H,0)1*~ and phenol or pyrocatechol do not

(chain initiation)

<Fell(H,0)
P) <Fel({H,0) (H,0, decomposition)

+

OM’, <Felli{H,0) H,0 Oz H
CeHe
*OH + <Fell{H,0) e [<Fell(-OH)(H,0)] ﬁ\——) <Fell(H,0) (benzene oxidation)
CgHsOH, H'
CgHsOH
[<Felli(-:OH)(H20)] —)‘) <Feil(CgHs0O") (catalyst deactivation)
2 H,0

Scheme 1. Catalysis of hydrogen peroxide decomposition and benzene oxidation by heteropoly complex [PW, 105 Fe(H,0)]*".
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form a complex at v, =21100 (or 19300)
cm ™!, though a slight solution darkening indi-
cates the one-electron reduction of HPC, which
produces [PW, ,0,,Fe(H,0)". Addition of
H,O, causes the increase in absorption near
27000 cm~! which is typical for the reaction
mixtures. The spectral data allow us to attribute
the changes in HPC absorption spectra during
the reaction to the complex formation between
HPC and organic oxidation intermediates (such
as C¢HO - or semiquinone radicals) rather than
to the reaction products (phenol or pyrocate-
chol) accumulation.

Thus, the data obtained showed different cat-
alytic properties of the three types of Fe(III)-
heteropolycomplexes.

3.2.1. Catalytic properties of
[PW,,0;,Fe(H,0)]*~ and related complexes

[PW,,0,,Fe(H,0)]*" and Fe(NO,), have
similar catalytic properties in H,0, decomposi-
tion and benzene oxidation, though nitrate is
more active in both reactions. In the presence of
SO} -containing HPA, the reaction rate is
markedly lower, but kinetic features are the
same. The yield of phenol with respect to H,O,
decomposed is only 10-20% for all these com-
pounds.

All results obtained agree with chain radical
mechanism for H,0, decomposition [16] and
C¢H¢ oxidation in the presence of
[PW,,0,,Fe(H,0)]*~ (for brevity, <
Fe™(H,0)) and related complexes (Scheme 1).

Under similar conditions, the oxidation of
benzene and cyclohexene also proceeds in the
presence of Cr(IIl)-complexes with [PW,,04,]"~
due to the formation of an intermediate complex
between HPC and OH radicals, formed during
H,0, decomposition [2]. C¢H oxidation in the
presence of Fe(Ill)-complex 1 proceeds most
likely via such an intermediate too.

During the reaction proceeding in the pres-
ence of complex 1, a colored product was accu-
mulated. When the concentration of the latter
reached its maximum, phenol stopped to form.
The absorption spectra evidence that the catalyst

Hz0, CeHe
<Felll{OH") -—Li-)—* <Fel{OOH") —ij—> <Felll{OH")
Hgo CeHsOH

Scheme 2. Benzene oxidation by hydrogen peroxide in the pres-
ence of [PW,,0;,Fe(OH)]>~.

deactivation is caused by accumulation of HPC
complexes with the products of one-electron
oxidation of phenol (or pyrocatechol).

3.2.2. The mechanism of H,O, activation in the
presence of complex [PW,,0;,Fe(OH)J ~

Hydroxo complex [PW,,0,,Fe(OH)I°~, 2,
formed from bridged u-oxo-complex 2, is least
active in H,0, decomposition and rather active
in C¢H, oxidation. These properties allow to
increase the yield of phenol with respect to
H,0, decomposed up to 60%.

Complex [PW,,0,,Fe(OH)°~ (< Fe™(OH ")
in Scheme 2), being a more week oxidizer than
[PW,,0;,Fe(H,0)]*~, provides a considerable
rate decrease in the outer-sphere reaction of the
chain initiation during H,O, decomposition, ac-
cording to [16]. On the other hand, the absorp-
tion spectra show a rapid formation of the col-
ored product during the interaction between
complex 2" and H,O,. Benzene oxidation has
no induction period if complex 2’ is present.
These data support our previous assumption
regarding the cyclohexene oxidation [10] in a
similar system, i.e. the initial formation of per-
oxo complexes is the most probable way of
H,0, activation by complex 2’ (see Scheme 2).

For complex 2', the concentration of the radi-
cal products of phenol (pyrocatechol) oxidation
is lower than that obtained in the presence of
complex 1 due to a low concentration of OH
radicals in the system. Hence, [< Fe(:-OR)]
forms less and the catalyst works longer.

3.2.3. Behavior of [PW,,0;,Fe, O H, ]™"" com-
plexes in the catalytic system '

Catalytic activity of Fe(III)-polynuclear hy-
droxo complexes in benzene oxidation and H,O,
decomposition is similar to that of mononuclear
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complex 1. Extra Fe(IIl) ions in complexes 3 do
not increase the catalytic activity in C4H4 oxi-
dation, presumably owing to polynuclear Fe(III)
fragments destruction by H,0,.

4. Conclusion

UV-VIS, *'P NMR, IR spectroscopy and
magnetic measurements allowed us to find out
that the composition of Fe(III)-complexes with
heteropoly anion [PW,,0,,]'~ depends on (i)
the formation conditions in aqueous solutions,
(ii) the procedure of HPC transfer to organic
solvents and, (iii) on the reaction mixture com-
position,

In both reactions, H,0O, decomposition and
benzene oxidation, the catalytic performance of
mononuclear iron HPC, [PW;,0,,Fe(L)]?~ (L
=H,0, SO}, OH"), depends dramatically on
ligand L in the Fe(IlD) coordination sphere. In
the presence of [PW,,0,,Fe(H,0)]*~ formed at
pH ~ 2, benzene oxidation proceeds via the
chain radical mechanism. The intermediates of
H,0, decomposition, OH radicals bonded to
HPC, act as oxidant. When H,O is substituted
by SO;~ in the Fe(Ill) coordination sphere in
HPC, the rates of H,O, decomposition and
C.H, oxidation decrease. Binuclear pu-
oxocomplex [(PW,,0,,Fe),0]'°~, formed at pH
=3+ 5, converts to [PW,,0,,Fe(OH)]*~ dur-
ing HPC precipitation by TBA cations.

The mechanism of benzene oxidation in the
presence of the latter complex differs from that
for the above mentioned monomer HPC.
Namely, at a low rate of H,0, decomposition,
benzene is oxidized by the initially formed per-
oxo complexes of HPC. We have also obtained
the polynuclear hydroxo complexes
[PW,,050Fe, O, H 1", preserving their compo-

sition in acetonitrile. Yet, we did not manage to
study their activity in benzene oxidation by
H,0, molecules, since the latter decompose
partially polynuclear Fe(Ill) fragments during
the interaction.
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