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Abstract —The effect of a series of aromatic compounds (toluene, benzyl acohol, benzonitrile, phenyl-
acetonitrile, and o-cyanotoluene) in a concentration of 0.01 M on the oxidation of Fe(ll) agua ions with oxygen
in the presence of Pd(lI1) tetraaqua complex at 25-70°C was revealed. In the presence of an aromatic compound,
palladium black is not formed, which results in an increased yield of Fe(l1l) in the Pd-catalyzed oxidation of
Fe(11) with oxygen in a perchloric acid medium. A scheme involving the formation of a complex of palladium
species in an intermediate oxidation state with arene and molecular oxygen was suggested.
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We studied previously [1] the kinetics and mechan-
ism of reaction (1) between the Pd(ll) tetraagua com-
plex and Fe(ll) agua complex:

2[Fe(H,0)g>" + [Pd(H,0),]%*

— 2[Fe(H0)gl*" + Pd(0). L)
We found that the reaction is autocatalytic and
occurs by the mechanism of one-electron transfer.

In an oxygen atmosphere [2], the catalytic oxida-
tion of Fe(ll) agua complex with oxygen [reaction (2)]
occurs concurrently with autocatalytic reaction (1):

(Pd]

AFEt + 0, + 4HT —— @)

4Fed, + 2H,0.

Reaction (2) is catalyzed by palladium species in
an intermediate oxidation state, formed in the course
of reaction (1). However, with increasing temperature
the contribution of Pd-catalyzed reaction (2) to the
formation of Fe(l11) drastically decreases and becomes
negligible at the temperatures exceeding 50°C. At ele-
vated temperatures, active palladium species transform
into low-active palladium black too rapidly to catalyze
noticeably reaction (2) whose activation energy, ac-
cording to [2], is lower than that of reaction (1).

Reaction (2) plays an important role in ensuring
efficient catalytic oxidation of organic compounds in
the system Pd(I1)-Fe(l11)/Fe(l1)-oxygen in the absence
of chloride ions [3]. This fact stimulates a search for
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conditions and substances that would stabilize catalyt-
ically active palladium species in the course of a cata-
lytic process, preventing their transformation into low-
active palladium black. The additive should not react
with the starting aqua complexes of Pd(I1) and Fe(l1).

It is known that aromatic compounds form com-
plexes with Pd in an intermediate oxidation state via
the w-electron system of their rings [4, 5]. We showed
[6] that small additions of aromatic compounds (ace-
tophenone, benzonitrile, phenylacetonitrile) enhance
the extent of oxidation of aliphatic alcohols in the
catalytic system of Pd(I1)-Fe(lll) agua complexes.
Oxidation of acohols with Fe(ll1) in the presence of
Pd(I1) tetraagua complex results in the accumulation
of Fe(ll) agua ions; when their critical concentration
is reached, reaction (1) starts to rapidly develop.
As aresult, the catalytic cycle of the alcohol oxidation
is broken because of formation of palladium black.
In the absence of aromatic derivatives, this occurs at
30% conversion of Fe(lll) to Fe(ll). In the presence
of, eg., benzonitrile, the Fe(lll) conversion reaches
~100%. The maximal rate of alcohol oxidation, how-
ever, is not influenced by the addition of an aromatic
compound.

In this study we examined the catalytic oxidation
of Fe(11) agua ions with molecular oxygen in the pres-
ence of Pd(Il) tetraagua complex and aromatic com-
pounds in agueous solution.

Mixing of agueous solutions of toluene, benzoic
acid, benzyl alcohol, acetophenone, benzonitrile,
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phenylacetonitrile, or o-cyanotoluene of required
concentrations with a solution of Pd(ll) tetraaqua
complex does not lead to the ligand substitution in the
inner sphere of the starting Pd(l1) complex. The UV
spectra of these solutions exhibit a single absorption
maximum at 380 nm characteristic of Pd(I1) tetraaqua
complex. In the examined temperature range, both in
argon and oxygen atmosphere, these aromatic com-
pounds undergo no transformations such as, eg.,
Pd-catalyzed inner-sphere acid hydrolysis of nitriles.

When reaction (1) is performed in an inert atmos-
phere in the presence of an aromatic compound, the
reaction rate constant decreases compared to the sys-
tem containing no aromatic additive. The effect of
toluene and acetophenone on the rate of reaction (1)
is noticeable at low temperatures (40-50°C). At high-
er temperatures, paladium black precipitates quanti-
tatively. The effect of aromatic nitriles is manifested
in a wider temperature range. Table 1 shows by the
example of benzonitrile (with other nitriles, the trend
is similar) how the oxidizability of Fe(ll) with Pd(ll)
tetraaqua complex varies with anincreasing concentra-
tion of the aromatic compound. At the benzonitrile
concentration exceeding 4 mM, the conversion be-
comes insignificant. At the same time, the effect of
the aromatic nitrile, appreciable at low Fe(ll) concen-
trations, fully disappears with an increase in the ex-
cess of Fe(ll) relative to Pd(I1) (last row in Table 1).
Apparently, with an increase in the Fe(ll) concentra-
tion, larger amount of the aromatic compound is re-
quired to inhibit autocatalytic reaction (1).

Increased concentrations of benzonitrile can also
lead to transformations of the starting Pd(l1) complex
and, as a consequence, to the occurrence of other
reactions.

The role of aromatic derivatives in autocatalytic
reaction (1) in an argon atmosphere is comparable
with the effect of a stopping reagent (inhibitor). In
accordance with the mechanism of reaction (1) sug-
gested in [1, 2], aromatic compounds presumably
interact with an intermediate palladium species to
form a complex slowly reacting with Fe(ll). The for-
mation of the complex depends on the concentration
ratio of Fe(ll) and aromatic compound. The higher the
initial Fe(Il) concentration, the higher the rate of its
reaction with the intermediate Pd species compared to
the complexation reaction, and hence the higher the
rate of reaction (1). Therefore, at high Fe(ll) concen-
trations, palladium black precipitates quantitatively.
Under the conditions of the inhibited pathway of the
autocatalytic development of reaction (1), when the
rate of the reaction of intermediate palladium species
with an aromatic compound prevails over the rate of

Table 1. Influence of benzonitrile concentration on reac-
tion (1) in argon

PhCN, Time, [Fe(lln], [Pd(I1)],
mM min mM mM
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a [Pd(I1)]y 5, [Fe(Il)]g 20 mM; [HCIO,] 0.7 M; 65°C.
b [Pd(11)]o 2.5, [Fe(I)]0 20 mM.

C [Pd(I)], 25, [Fe(I)]0 10 mM.

d [Pd(1]O 5, [Fe(I)]O 60 mM.

their reduction with Fe(ll), even minor amounts of
Fe(l1l) accumulating at the beginning of the reaction
start to inhibit the overall process. As we showed in
[1], the rate of reaction (1) decreases with an increase
in the initial Fe(lll) concentration.

It is important that the electronic properties of sub-
stituent X in the aromatic ring (X = CN or CH,CN)
do not exert an appreciable effect on the reaction
course. This fact indicates that the electronic system
of the aromatic ring is the decisive factor governing
the effect of aromatic compounds on the rate of reac-
tion (1). Furthermore, related aliphatic compounds,
e.g., acetonitrile, exert no effect on reaction (1).

Our results suggest that a complex of palladium
with an aromatic derivative, enriched with ring elec-
trons, should exhibit reductive properties to a greater
extent than oxidative properties, which should favor
oxygen activation with this palladium complex.

Replacement of Ar by O, in the system Pd(ll) tet-
raaqua complex—Fe(I1) agua complex—aromatic com-
pound results in catalytic oxidation of Fe(ll) with O,
by reaction (2). It is important that Fe(ll) is not oxi-
dized with oxygen in the absence of Pd(Il).

As expected, the rate of reaction (2) strongly
depends on the aromatic compound concentration

(Fig. 1).

Figure 1 shows the kinetic curves of oxygen uptake
a different concentrations of benzonitrile in solution.
With an increase in the benzonitrile concentration, the
oxygen uptake rate increases; at benzonitrile concen-
trations exceeding 4 mM, no palladium black precipi-
tates, as in the case of an inert atmosphere.
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Fig. 1. Kinetic curves of oxygen uptake in reaction (2)
at different PhCN concentrations. PhCN concentration,
mM: (1) O, (2) 2, (3) 4, and (4) 14; [Pd(I)] 5 and
[Fe(Il)] 20 mM; P(O,) 0.1 MPa; 65°C.

0.7} 4 3
E 06
} 05}
S 04f
§ 03 1
0.2f
0.1

0 20 20 60 80 100

Time, min

T
N

ptake

Oxyge

Fig. 2. Kinetic curves of oxygen uptake in reaction (2)
at different oxygen pressures. P(O,), MPa (1) 0.02,
(2) 0.05, (3) 0.075, and (4) 0.1; [Pd(II)] 5, [Fe(ll)] 20,
and [PhCN] 14 mM; 65°C.
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Fig. 3. Kinetic curves of oxygen uptake in reaction (2)
at different Fe(ll) concentrations. [Fe(Il), mM: (1) 10,
(2) 20, (3) 30, (4) 60, and (5) 100; [Pd(Il)] 5 and
[PhCN] 14 mM; P(O,) 0.1 MPa 65°C.
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The influence of the oxygen pressure and initial
Fe(ll) concentration on the rate of reaction (2) is
shown in Figs. 2 and 3, respectively.

As compared to the system containing no aromatic
additives [2], in which the reaction rate was maximal
until Fe(ll) was fully oxidized to Fe(l1l), in the pres-
ence of PhCN the reaction gradually decelerates with
time.

No palladium black is formed during the reaction
time in the examined range of initial concentrations
of oxygen and Fe(ll). The analytically determined
concentrations of the substances after performing reac-
tion (2) at different initial concentrations of the solu-
tion components are listed in Table 2.

In our previous study [2] we experimentally deter-
mined the difference between the activation energies
of reactions (1) and (2), Eyqy and E,), respectively.

Eary — Eaz) — AH? = 50 kJmol™. ©)

Here AH? is the enthalpy of complexation of Pd
species in the intermediate oxidation state with O,.
In [2], experimental determination of E,, was im-
possible because of a decrease in the contribution of
Pd-catalyzed reaction (2) to the formation of Fe(lll)
with increasing temperature. At the same time, the
quantity E,qy in an inert atmosphere was determined:
52.4+5.1 kJmol™.

In the examined system in the presence of an aro-
matic compound, the Pd(ll) concentration does not
appreciably change in the course of the process, and
reaction (2) is quantitative; therefore, the temperature
dependence of the rate of reaction (2), as we found in
this study, follows the Arrhenius law with the activa-
tion energy E,p 31.7+32 kJmol™.

Assuming that the palladium complex with an aro-
matic compound makes equal contributions to the
energy parameters of reactions (1) and (2), we can
consider Eq. (3) to be valid for the arene-containing
system also. Substituting the values found for the
activation energy, we obtain the enthalpy of palladium
complexation with oxygen AH® 29.3 kJ mol™2, which
is comparable with the enthalpies of complexation of
platinum group metals in low valence states with
molecular oxygen (12-47 kJ mol~t depending on the
ligand surrounding [7]).

According to the stoichiometry of reaction (2), the
ratio between Fe(l11) and oxygen should be 4. Table 2
shows that actually the ratio is close to the stoichio-
metric value only at high Fe(ll) concentrations and
low partial pressures of oxygen. In the other cases,
this ratio varies from 2 to 3. This fact suggests that O,
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not only oxidizes Fe(ll) but also participates in con-
current reactions. One of possible pathways of oxygen
consumption is the oxidation of the aromatic deriva-
tive. Participation of oxygen in the oxidation of arene
is obvious, since in the absence of organic additives
the [O,]/[Fe(lll)] ratio is aways 4.

Indeed, in the presence of toluene and benzyl alco-
hol we detected products of their oxidation: benzyl
alcohol and benzaldehyde, respectively. In solutions
containing benzonitrile or phenylacetonitrile, a de-
crease in the nitrile concentration by the end of the
reaction was proved by gas chromatography-mass
spectrometry (Table 2). Furthermore, dark brown pre-
cipitates formed in reaction solutions containing aro-
matic nitriles. Analysis showed that these precipitates
were Pd(ll) complexes containing no perchlorate or
sulfate [in the case when Pd(11) tetraaqua complex was
taken in a sulfuric acid solution] anions. The positive
charge of Pd(ll) is compensated by an inner-sphere
ligand formed by oxidation of the starting aromatic
nitrile.

Some assumptions concerning the ligand surround-
ing were made from the IR spectra

One of possible transformation pathways of aro-
matic nitriles is hydrolysis. However, we found no
bands characteristic of the carboxy group in the IR
spectra. Instead, we observed bands of the coordinated
nitrile gro P (2370-2240 cm™) and strong bands at
~1600 cm™. The latter bands belong to the skeleton
vibrations of the aromatic ring with a wbstltuent |s
conjugated with the ring. The band at 2262 cmt
the case of PhCN corresponds to v(CN) for the coor-
dinated nitrile group in a Pd(I1) complex of the
[Pd(PhCN),X,] type [8]. It should be noted that in
such complexes the band at ~1600 cm ! is weak. The
doublet at 2367, 2336 cm™ (m), strongly shifted
toward higher frequencies, also characterizes the stret-
ching vibrations of the coordinated nitrile group. The
set of bands in the region characteristic of the co-
ordinated CN group suggests simultaneous coordina-
tion to Pd(I1) of both unchanged benzonitrile and its
oxidation products.

Introduction of methyl group into the o-posi-
tion of benzonitrile does not significantly alter the
spectrum. When reaction (2) is performed in the pres-
ence of 12 mM o-cyanotoluene {[Pd(I1)] 5, [Fe(lll)]
20 mM, 65°C}, the Fe(l11)/O, ratio was also 2. The
IR spectrum of the preC|p|tate formed in the process
contained a band at 2264 cm™, corresponding to the
coordinated nitrile group, and a broad medlum inten-
sity band with a maximum at 1555 cm™

Assuming that one of the benzonitrile OX|dation
products is o-cyanophenol, we performed the reaction

Table 2. Analytically determined concentrations of
substances after performing reaction (2) in the presence of
PhCN under different initial conditions?

p?:;gfg [Fe(D]o,| AIO,], |[Fe(iin)],|[Fe(ii1)}/| A[PRCN],
MPa ! mM mM mM A[O,] mM
0.02 20 1.3 51 3.9 —
0.05 20 3 7 2.3 —
0.075 20 3 7.3 2.4 —
0.1 20 3 7 2.3 6
0.1 10 14 4 2.8 3
0.1 30 6 12 2 —
0.1 60 8 16 2 12
0.1b 100 12 40 3.3 24

a [Pd(11)]0 5 mM,
90 min.
b [PhCN] 0.03 M.

[HCIO,] 0.7 M, [PhCN] 14 mM, 65°C,

of o-cyanophenol with the Pd(l1) tetraagua complex
in an oxygen atmosphere in the absence of Fe(ll).
As aresult, we obtained a dark brown complex which
exhibited the same solubility as the complexes de-
scribed above. Its IR spectrum contained a stron%
band of the coordinated nitrile group at 2270 cm
(2240 cm™ for the free ligand) and a strong doublet
at about 1600 cm™

Indirect indications that possible hydroxylation
products of the aromatic nitrile form a complex with
Pd(I1) were obtained in the following model reaction.
A well-known procedure for preparing phenols in-
volves hydroxylation of aromatic ring with Fenton’s
reagent [9]. To a solution obtained after the catalytic
decomposition of hydrogen peroxide in the system
containing Fe(Il)/Fe(l11) agua ions and benzonitrile,
we added Pd(I1) agua complex; in so doing, a precipi-
tate formed. Comparison of its IR spectrum with that
of the complex obtained from reaction (2) performed
in the presence of benzonitrile shows that the organic
ligands are similar.

Oxidation of an aromatic C-H bond with oxygen
complexes of d metals is well known. It is believed
that the oxidation mechanism does not involve gener-
ation of radical species in the bulk of solution and the
oxidation occurs heterolytically, inside the complex,
with molecular oxygen activated by coordination to
the d meta [10].

Our results suggest the following pathways of the
catalytic oxidation of Fe(Il) in Ar and O, atmospheres:
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Fe3 + Ha0

Fess

X

[Pd( )(O2)]

4 XW@]

Fess
Pz

X

Q-

Fess

Fe2+ Fedy + Pd(0)

"4 Pd(O)

[Pd], palladium species in intermediate oxidation state;

X

@ , Oxidation product of the aromatic compound.

(O]

Oxidation of Fe(ll) with the paladium oxygen
complex is a multistep process involving formation
of intermediate reduced oxygen species whose oxida-
tive power is higher than that of molecular oxygen.
The aromatic compound may be oxidized specifically
with these oxygen species.

In the oxidation of Fe(ll) agqua ions with oxygen in
the presence of Pd(ll) tetraaqua complex and an aro-
matic compound, both Fe(l1) and organic compound
are subject to oxidation. Both reactions are catalyzed
by an oxygen complex of palladium in an intermedi-
ate oxidation state, stabilized by the aromatic com-
pound. The major role is played by reaction (1) gen-
erating catalytically active palladium species. The
oxidation products of the aromatic compound form
a complex with Pd(I1), which decreases the concentra-
tion of Pd(ll) tetraagua complex in solution and hence
the reaction rate, which can be seen in the kinetic
curves. The higher the Fe(Il) concentration, the lower
the contribution of oxygen to the oxidation of the
organic compound.

EXPERIMENTAL

The Pd(I1) tetraagua complex was prepared accord-
ing to [11]. Aromatic derivatives (toluene, benzyl

alcohol, benzonitrile, phenylacetonitrile, o-cyanotolu-
ene) were used as 0.02 M agueous solutions (0.01 M
for toluene). To an aqueous solution of an aromatic
compound we added a solution of Pd(Il) tetraaqua
complex in an amount required to obtain the desired
concentrations. The reaction mixture was prepared by
dissolving a weighed portion of Mohr’s salt in a solu-
tion of Pd(I1) tetraagua complex containing an aromat-
ic compound. The Fe(ll) concentration was varied
from 0.01 to 0.1 M. The HCIO, concentration was
0.7 M in al the cases.

The reaction kinetics in an Ar atmosphere was
monitored by variation of the Fe(lll) concentration,
which was determined spectrophotometrically with
sulfosalicylic acid [12]. The kinetics of Fe(ll) oxida-
tion with oxygen was monitored by the O, uptake on
a volumetric installation in a temperature-controlled
shaken reactor at 25-70°C. The reaction rate was
independent of the shaking frequency. The reaction
solution volume was 10 ml in al the experiments. The
oxygen partial pressure was varied by dilution of
oxygen with argon.

The Pd(l1) concentration was determined spectro-
photometrically by the intensity of the green color of
the complex formed on adding excess SnCl, solution
to the sample being analyzed [13].
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The transformation products of aromatic com-
pounds were analyzed qualitatively and quantitatively
by gas chromatography-mass spectrometry (Agilent
6890/5973 Network 1000 x 250 x 5). After the reac-
tion completion, organic substances were extracted
with chlorobenzene, which quantitatively recovers
these aromatic compounds from agueous solution, as
shown for model systems. In the case of benzonitrile,
a calibration was made.

Precipitates formed by the reaction in oxygen in
the presence of an aromatic nitrile followed by cool-
ing with ice were filtered off, repeatedly washed with
ether, and dried in a desiccator over P,Os. The result-
ing compounds were dark brown substances contain-
ing Pd(l1), soluble in hydrochloric acid and insoluble
in alcohols, acetone, acetonitrile, acetic acid, chlori-
nated methanes, benzene, and dioxane but partially
soluble in pyridine and dimethyl sulfoxide. However,
the solution concentrations were insufficient for ob-
taining satisfactory NMR spectra. Therefore, it was
impossible to characterize the complexes by NMR
Spectroscopy.

The IR spectra were recorded on an FSM-1201
Fourier IR spectrometer (KBr pellets). IR spectra of
complexes, v, cm™: from benzonitrile, 3050 (CH),
doublet 2367 + 2336 m, 2262 w (CN), 1598-1562
(Ar), 733, 698 (Ar-H); from phenylacetonitrile, 2958,
2925 (CH,), doublet 2359 + 2341 m, 2221 w (CN),
1588 s, 738, 696 (Ar-H); from o-cyanotoluene, 2925
(CH,), 2264 m (CN), 1555 s (Ar), 765 (Ar-H); o-cy-
anophenol, 2240 m (CN), doublet 1600 + 1580 s (Ar),
754 (Ar—H); after hydroxylation of benzonitrile, 2963
(CH), doublet 2367 + 2336 m, 2262 w (CN), 1607 s
(Ar); after hydroxylation of phenylacetonitrile, 2970,
2925 (CH,), doublet 2359 + 2341 m, 2221 s (CN),
1623 s (Ar).

10.

11.

12.

13.

699
REFERENCES

Potekhin, V.V., Matsura, V.A., Solov’'eva, S.N., and
Potekhin, V.M., Kinet. Katal., 2004, vol. 45, no. 3,
p. 407.

Potekhin, V.V., Solov’eva, S.N., and Potekhin, V.M.,
Zh. Obshch. Khim., 2004, vol. 74, no. 5, p. 709.
Potekhin, V.V., Solov’eva, S.N., and Potekhin, V.M.,
lzv. Ross. Akad. Nauk, Ser. Khim., 2003, no. 12,
p. 2420.

Allegra, G., Immirzi, A., and Porri, L., J. Am. Chem.
Soc., 1965, vol. 87, no. 6, p. 1394.

Allegra, G., Tettamant, G., Immirzi, A., Porri, L., and
Vitulli, G., J. Am. Chem. Soc., 1970, vol. 92, no. 2,
p. 289.

Potekhin, V.V., Solov’'eva, S.N., and Potekhin, V.M.,
Zh. Obshch. Khim., 2004, vol. 74, no. 5, p. 866.
Vaenting, J.S., Chem. Rev., 1973, vol. 73, no. 3,
p. 235.

Kukushkin, Yu.N., Reaktsionnaya sposobnost’ koor-
dinatsionnykh soedinenii (Reactivity of Coordination
Compounds), Leningrad: Khimiya, 1987.

Shilov, A.E. and Shul’pin, G.B., Aktivatsiya i katali-
ticheskie reaktsii uglevodorodov (Activation and
Catalytic Reactions of Hydrocarbons), Moscow:
Nauka, 1995.

Moiseev, 1.I., J. Mol. Catal. (A), 1997, vol. 127, no. 1,
p. L

Elding, L., Helv. Chim. Acta, 1984, vol. 67, no. 6,
p. 1453.

Marczenko, Z., Kolorymetryczne oznaczanie pierwias-
tkow, Warsaw: Naukowa-Techniczne, 1968.
Ginzburg, S.I., Analiticheskaya khimiya platinovykh
metallov (Analytical Chemistry of Platinum Metals),
Moscow: Nauka, 1972.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.5 2006



