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In the presence of iron(111) perchlorate triphenylphosphine is oxidized by
dioxygen under mild conditions in acetonitrile solution to yield triphenyl-
phosphine oxide. At the same time, Fe(I1I) is reduced to Fe(Il) and a ferrous
complex of composition Fe(OPPh,),(ClO,), comes into existence. Perchloric
acid is formed as a side product. The reaction exhibits stoichiometric course
and the oxidation of triphenylphosphine proceeds as far as the mole ratio
n(PPh;): n(Fe) = 4 is reached. The cause why the generated Fe(1I) complex
does not act as a catalyst of the oxidation of triphenylphosphine is discussed
in this paper.

Under common conditions triphenylphosphine (PPh;) is only slightly ox-
idized by molecular oxygen to triphenylphosphine oxide (OPPh;) and this
oxidation necessitates to use stronger oxidants. Some complexes of transition
elements are able to transfer oxygen to PPh, under mild conditions [|—6]. These
stoichiometric reactions frequently play an important role in catalytic oxidation
of PPh, to OPPh,. One of the conditions of this catalytic reaction is the postulate
that the arising OPPh, must easily be liberated from the coordination sphere of
the central atom [3—35]. It is known that an exchange of ligands takes place
during the catalytic cycle and the catalyst itself is subjected to reversible redox
transformations [5—9]. However, the catalytic oxidation is not observed if
excess PPh; produces inhibition of the oxidation of triphenylphosphine [10] or
the active complex undergoes a consecutive reaction with solvent or the formed
OPPh, is firmly fixed to the central atom to give a stable complex [11].

We have shown in our preceding papers that the triphenylphosphine oxide
complexes FeX;(OPPh,), (X = CI, Br, or NCS) and Fe(OPPh,),(1,), function as
catalysts of the oxidation of PPh, by dioxygen at slightly increased temperature
[12, 13]. The object of this study has been to elucidate the influence of iron(I1I)
and iron(Il) perchlorate and of the pertinent triphenylphosphine oxide com-
plexes on the oxidation of PPh, by dioxygen.
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Experimental

Triphenylphosphine (Jansen Chimica, Belgium) was recrystallized from ethanol in the
presence of activated carbon. Triphenylphosphine oxide was prepared by catalytic
oxidation of PPh, [13]. Acetonitrile (Apolda, GDR) was rectified and the fraction
obtained at 81.5°C was used. Iron(lll) perchlorate was made by dissolving fresh pre-
cipitated Fe.O; nH.O in 70 % perchloric acid. After concentration in vacuo, colourless
crvstals crystallized from the solution [14]. The iron content in Fe(ClO,); 9H,O (M, =
= 516.33) was w;(calc.): 10.81 % Fe; w;(found): 10.65 % Fe. Iron(1l) perchlorate was
prepared by using the reaction of powdered iron with hot 70 % perchloric acid [14]. After
concentrating and cooling the separated light blue crystals were filtered. The content of
iron in Fe(ClQ,). 6H,O (M, = 362.84) was w;(calc.): 15.39 % Fe; w;(found): 15.13 %
Fe. Tetrakis(triphenylphosphine oxide)iron(I1l) perchlorate Fe(OPPh;),(ClO,); (yellow)
was obtained by mixing hot ethanolic solution of Fe(ClO,); 9H,O with OPPh, in
the mole ratio 1:4 [15]. Tetrakis(triphenylphosphine oxide)iron(II) perchlorate
Fe(OPPh,),(ClO,), (violet) was prepared by using the direct reaction of Fe(ClO,),

6H,0O with OPPh; in hot ethanol, the mole ratio being 1:4 [16]. The results of analysis
of both complexes are in agreement with literature.

The infrared spectra of the solid substances in nujol suspension were measured in the
region of ¥ = 400—4000 cm ™' on a spectrophotometer Specord M-80 (Zeiss, Jena). The
electronic absorption spectra of acetonitrile solutions of the above-mentioned complex
compounds were taken on a spectrophotometer Specord M-40 (Zeiss, Jena). The pH
values of aqueous solutions of HCIO, were measured by the use of a laboratory digital
pH-meter OP 211/1 (Radelkis, Budapest) equipped with a combined electrode. The
oxidation of PPh, was investigated in an apparatus designed for measuring the consump-
tion of dioxygen [17].

The samples were subjected to decomposition with nitric acid and the content of iron
was determined complexometrically by using Chelaton 3. The content of carbon and
hydrogen was determined by elemental analysis. The presence of HCIO, was detected in
aqueous solution by measuring pH or with methylene blue after separation of the poorly
soluble KCl10,.

Indirect synthesis of Fe(OPPh,),(ClO,),

Acetonitrile (10 cm®) was added into two thermostated vessels (T = 323 K) containing
Fe(ClOy); 9H,O (0.129 g; 0.25 mmol) and PPh, (0.262 g; 1 mmol) and under constant
stirring dioxygen was introduced in both vessels till all PPh, was oxidized (about one
day). The end of the oxidation of PPh, to OPPh, was ascertained by comparing the
electronic absorption spectrum of the reaction mixture in acetonitrile solution with the
spectrum of pure OPPh; which exhibits four absorption bands at A = 254, 260, 265, and
272 nm. The oxidation finished, acetonitrile was removed from both reaction systems and
thus dry reaction mixture was obtained. The violet complex Fe(OPPh;),(ClO,), obtained
in the first reaction system was purified with ether. The positions of bands in the infrared
spectra of the complex Fe(OPPh,),(ClO,), prepared by direct synthesis [16] as well as by
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the described indirect synthesis are equal. In both cases, it holds V(v(P=0)) = 1147 cm
for the coordinated OPPh; [16]. For C;,H,0,,P,Cl,Fe (M, = 1367.91) w;(calc.): 63.22 %
C, 4.42% H, 4.08 % Fe; wi(found): 62.15% C, 4.66 % H, 4.30 % Fe. The presence of
HCIO, arising in the course of reaction (mentioned in discussion) was proved in the
aqueous solution obtained by adding distilled water (15 cm’) to the dry reaction mixture
in the second vessel. This proof was achieved by measuring pH (pH = 2.6) and by using
methylene blue after eliminating KClO,.

Results and discussion

In the presence of some iron compounds, e.g. FeX,(X = Cl, Br, NCS) or
Fel,, triphenylphosphine is autocatalyvtically oxidized to triphenylphosphine
oxide and the corresponding complexes FeX;(OPPh,), or Fe(OPPh,)(1,), are
subsequently formed. If we use excess PPh,, i.e. for the mole ratios n(PPh,):
:n(Fe) > 2in the case of FeX; (X = CI, Br or NCS) or n(PPh,) : n(Fe) > 4 in the
case of Fel, + 17, free OPPh, is generated besides the corresponding triphe-
nylphosphine oxide complex. Those complexes act as catalysts of the oxidation
of PPh, by dioxygen at temperature of about 323 K [12, 13]. The rate of
oxidation of triphenylphosphine in the system catalyst—PPh,—O,—CH,CN
depends on properties of the X~ anions bonded to triphenylphosphine oxide
iron complexes and increases in the order v(Cl) < v(NCS) < v(Br) < v(I). The
rate of oxidation is probably related with oxidizability of the X~ anions [17, 18].

It has been disclosed by measuring the consumption of O, in the systems
containing perchlorate anions, i.e. Fe(ClO,),, Fe(ClO,);, Fe(OPPh,),(ClO,).,
and Fe(OPPh,),(ClO,); that PPh, is oxidized by dioxygen only in the presence
of iron(III) perchlorate. In other cases, dioxygen was not consumed and tri-
phenylphosphine oxide did not arise. In the above-mentioned case, the oxida-
tion of PPh, is not catalytic but proceeds stoichiometrically up to the mole ratio
n(PPh,) : n(Fe(ClO,),) = 4. At the same time, the reduction of Fe(IIl) to Fe(II)
takes place and the ferrous complex Fe(OPPh,),(ClO,), comes into existence.
This complex was separated and identified. Perchloric acid appears as by-pro-
duct of the reaction of Fe(ClO,); 9H,O with PPh, and O, in acetonitrile. The
excess PPh, remains nonoxidized in the reaction mixture towards the end of the
reaction. The infrared spectra of these reaction mixtures did not contain the
band corresponding to free OPPh,.

It has been found by measuring the consumption of dioxygen in the
Fe(ClO,); 9H,O—PPh,—CH;CN system at different concentrations of Fe(ClO,),
(¢y.) and PPh, (cppy) that the total consumption of O, for 1 mol of Fe reaches
the value of 1.75, which means that the oxidation proceeds up to the mole ratio
n(0O,):n(Fe) = 7:4. Fig. | expressing three measurements of oxygen consump-
tion at equal concentration ¢, and different concentrations cppy,, Shows that the
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rate of oxidation decreases with increasing concentration of PPh,. On the basis
of experimental data we can assume that the reaction obeys the following
equation

4 Fe(ClO,); + 16 PPh, + 70, + 2 H,0 = 4 Fe(OPPh,),(ClO,), + 4 HCIO,

The generation of perchloric acid is probably analogous to that of HX in the
reaction of PPh, with CuX, (X = CI, Br or NO,) where Cu(ll) is reduced to
Cu(l) to give Ph,PX, which undergoes hydrolysis to yield HX and OPPh, [19].
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Fig. I. Variation of dioxygen consumption with time for the Fe(ClO,); PPh, O, CH,CN
system. n(PPh,)/n(Fe): 0 4.0 6, A I1. =0.025 moldm*: T =323 K.

The evidence that the catalytic oxidation of PPh, proceeds only in the presence
of the X~ anions (X = Cl, Br, I, and NCS) is corroborated by the fact that all
present triphenylphosphine was oxidized after adding e.g. the NCS™ anions into
the Fe(ClO,);—PPh,—O,—CH,CN system containing excess PPh;. The oxida-
tion finished, free OPPh, was also present in the reaction mixture besides the
coordinated OPPh,.

The reduction of Fe(IIl) to Fe(Il) sets in by the effect of PPh, on acetonitrile
solution of the ferric complex Fe(OPPh,),(ClO,);, but the reverse oxidation of
Fe(II) does not take place. As to Fe(Il) perchlorates, the presence of PPh; in
acetonitrile solutions does not induce any redox transformations. The stoi-
chiometric oxidation of PPh, in the presence of Fe(ClO,), at the mole ratio
n(PPh,): n(Fe) = 4 proceeds as far as Fe(III) is reduced to Fe(Il) and the stable
ferrous complex Fe(OPPh,),(ClO,), is formed by the reaction of Fe(ll) with
OPPh, and ClO; In contrast to this reaction, the reversible redox reaction
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Fe(1l) = Fe(I11) or I; =31~ [18, 20] takes place during the oxidation of PPh;
catalyzed by the iron complex FeX,(OPPh,), (X =Cl, Br or NCS) or
Fe(OPPh;),(15),.

The reversible redox reaction is a condition of catalytic course of the process
not only in our investigated systems but also in many others. For instance, the
fulfillment of conditions of reversible course of the redox reaction Fe(Il)=
= Fe(IlI) [8] plays an important role in the oxidation of PPh, catalyzed by iron
phthalocyanines. Similarly, the redox process Fe(Il) = Fe(IV) proceeds in the
oxidation of PPh, catalyzed by iron porphyrins [7]. The nitro(tetraphenylpor-
phyrinato)Co(Il) complexes can serve as another example. The nitro—Co(II)
complex is reversibly reduced to nitrosyl—Co(II) complex in the course of
catalytic oxidation [9].

In contrast to the catalytically active complexes FeX,(OPPh,), and
Fe(OPPh,),(1;), [17, 18] the perchlorate compounds of iron are not catalysts of
the oxidation of PPh, by O,. In the presence of iron perchlorates the condition
of reversibility of the redox process as well as the condition of easy substitution
of ligands in the coordination sphere of iron is not fulfilled. It results from this
fact that the perchlorate anion is not liable to enter the coordination sphere of
Fe and is not oxidizable when compared with the aniono ligands Cl-, Br~, I~
and NCS~
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