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INTRODUCTION
In [1, 2], the oxidative alkoxylation of zinc phos-

phide (

 

Zn

 

3

 

P

 

2

 

) to phosphorus acid esters was studied in
the presence of metal complex catalysts on the basis of
Cu(II) and Fe(III). The reaction occurred at 

 

60–80°ë

 

and followed the separated redox mechanism via the
stages of phosphide oxidation by copper or iron chlo-
rides with the formation of an organophosphorus prod-
uct and catalyst regeneration by oxygen. In the pres-
ence of copper(II) as a stronger two-electron oxidizer
(

 

ϕ

 

(Cu(II) 

 

 Cu(0)) = 0.337 V), the reaction yielded
pentavalent phosphorus esters, trialkyl phosphates. In a
solution of iron(III) chloride in butanol, which more
readily participates in one-electron transfer (

 

ϕ

 

(Fe(III) 

 

Fe(II)) = 0.771 V), 

 

Zn

 

3

 

P

 

2

 

 was oxidized by oxygen with
the formation of trivalent phosphorus ester, dibutyl
phosphite 

 

(BuO)

 

2

 

HPO

 

.
Molecular iodine is well soluble in alcohols and is a

fairly strong two-electron oxidizer (

 

ϕ

 

(I

 

2

 

  2I

 

–

 

)

 

 =
0.536 V). In the presence of acceptors of iodide ions,
iodine easily oxidizes elemental phosphorus to phos-
phoric acid esters. Electric current, nitrite ions, or tran-
sition metal complexes capable of regenerating molec-
ular iodine are used as iodide ion acceptors [3–5].

We found that, at 

 

50–70°ë

 

, the addition of a small
amount of iodine (

 

~10

 

–2

 

 mol/l) to a solution of 

 

FeCl

 

3

 

 in
butanol contributed to the formation of a more active
catalytic system. The rate of the oxidative alkoxylation
of 

 

Zn

 

3

 

P

 

2

 

 increased severalfold in the presence of this
system, and the main product formed was tributyl phos-
phate 

 

(BuO)

 

3

 

PO

 

,

 

Zn

 

3

 

P

 

2

 

 + 16BuOH + 4O

 

2

 

 

 2(BuO)

 

3

 

PO + 3Zn(OBu)

 

2

 

 (1)
+ 2Bu

 

2

 

O + 8H

 

2

 

O.

FeCl3–I2

 

The purpose of this work was to study the kinetic
characteristics and determine the optimum conditions
and key stages of the oxidation of 

 

Zn

 

3

 

P

 

2

 

 by oxygen in a
solution of 

 

FeCl

 

3

 

–I

 

2

 

 in butanol.

EXPERIMENTAL

The oxidation of 

 

Zn

 

3

 

P

 

2

 

 in a catalytic solution was
studied in a closed isothermal unit consisting of a reac-
tor, which was intensely shaken, equipped with a poten-
tiometric device and connected to gasometric burettes
filled with oxygen. The procedure for measurements
was described in detail in [1]. To study the kinetics of
the accumulation of organophosphorus compounds
(OPCs) during experiments, solution samples were
taken in certain time intervals (10–90 min) and sub-
jected to chromatographing. Quantitative analysis of
phosphorous and phosphoric acid esters was performed
on a Chromopack 9002 chromatograph with a flame
ionization detector and a CIPSIL 19 CB capillary col-
umn (

 

25000 

 

×

 

 0.25

 

 mm).

The temperature, reagent concentrations, and ratio
between mixed catalyst components were varied to
determine the kinetics and mechanism of the reaction
and select optimum conditions of the formation of
tributyl phosphate. The experimental data are presented
in the table and Figs. 1–4, where 

 

W–Q

 

 are the conver-
sion and 

 

ϕ

 

–

 

Q

 

 potentiometric curves; 

 

W

 

 is the rate of
oxygen absorption, mol/(l min); 

 

Q

 

 is the amount of
absorbed oxygen, mol/l; 

 

ϕ

 

 is the redox potential of the
system recalculated to the hydrogen scale, V; and 

 

c 

 

is
the concentration of the OPCs formed.
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Abstract

 

—The oxidative alkoxylation of zinc phosphide to tributyl phosphate occurred at a high rate and with
high selectivity in a solution of 

 

FeCl

 

3

 

–I

 

2

 

 in butanol at 

 

50–70°C

 

. The kinetic characteristics and optimum con-
ditions of the process were determined. The experimental and literature data were used to identify key stages
of the formation of tributyl phosphate in the presence of the mixed catalytic system.
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RESULTS AND DISCUSSION

The introduction of 

 

Zn

 

3

 

P

 

2

 

 into a dark brown 

 

FeCl

 

3

 

–
I

 

2

 

–BuOH

 

 solution in the atmosphere of oxygen is
accompanied by a sharp shift of the redox potential
toward the cathode region by 0.1–0.2 V, solution clari-
fication, and the beginning of oxygen absorption. The
absorption of oxygen restores the initial color of the
catalytic solution and shifts the potential toward its ini-
tial value. The rate of the reaction is low at its beginning
but rapidly increases to a maximum value and then
decreases to zero (Figs. 1, 2). The conversion and
potential change in parallel, and the amount of
absorbed 

 

é

 

2

 

 corresponds to the stoichiometry of reac-
tion (1). The reaction solution contains two potential
forming pairs, 

 

I

 

2

 

/2I

 

–

 

 and 

 

Fe

 

3+

 

/Fe

 

2+

 

, but the equilibrium
potential of iodine is attained faster, and it determines
the redox potential of the system. This follows from the
shape of the potentiometric curves and cyclic color
changes.

Figure 1 shows that a change in the concentration of
iodine at 

 

60°ë

 

 in a solution of 

 

FeCl

 

3

 

 in butanol from 0
to 0.05 mol/l contributes to an increase in the initial
potential of the system, cathode and anode shift, and an
increase in the rate of the reaction by 

 

~10

 

 times. In the
absence of iodine, an alcoholic solution of 

 

FeCl

 

3

 

 at

 

70°ë

 

 absorbs oxygen at a low rate, the main reaction
product is dibutyl phosphite (53%), and only 4% tribu-
tyl phosphate is formed. In a mixed catalytic system,

zinc phosphide is oxidized by oxygen with the predom-
inant formation of tributyl phosphate, whose yield
increases as the concentration of iodine grows and, at a
0.3 mol/l concentration, is 80%. The yield of dibutyl
phosphite is then 8% (table). In the absence of iron, an
0.02 mol/l solution of iodine in alcohol does not absorb
oxygen, and organophosphorus products are not formed.
An increase in the concentration of iron to 0.5 mol/l
increases the rate of the reaction, but the yield of tribu-
tyl phosphate is maximum (60%) at a 

 

FeCl

 

3

 

/I

 

2

 

 ratio of
10. Changes in the temperature over the range 

 

50–70°ë

 

increase the rate of oxidation of 

 

Zn

 

3

 

P

 

2

 

 and insignifi-
cantly influence the yield of tributyl phosphate (table,
Fig. 2).

The kinetic curves of the accumulation of organo-
phosphorus compounds in the oxidative alcoholysis of
zinc phosphide in the presence of oxygen and the

 

FeCl

 

3

 

–I

 

2

 

 mixed catalyst are shown in Fig. 3. We see
that, under the conditions studied, phosphoric and
phosphorous acid esters are formed at the very begin-
ning of experiments, and the concentrations of tributyl
phosphate and dibutyl phosphite reach 

 

6.0 

 

×

 

 10

 

–2

 

 and

 

1.8 

 

×

 

 10

 

–2

 

 mol/l, respectively, in 30–45 min. The total
yield of butyl esters corresponds to a 100% conversion
of zinc phosphide.

The rate of the reaction and the yield of the main
product increase as the concentrations of the reagents
(

 

Zn

 

3

 

P

 

2

 

, BuOH, and 

 

é

 

2

 

) grow. Zinc phosphide is also
oxidized under anaerobic conditions with the formation
of tributyl phosphate (60%).

The dependences of the yields of tributyl phosphate
and dibutyl phosphite and the highest reaction rate on
the ratio between the catalyst components are shown in
Fig. 4. An analysis of the experimental data shows that
the 

 

FeCl

 

3

 

–I

 

2

 

 mixed catalytic system exhibits synergic
properties. Pure components show insignificant activity
in the oxidative alcoholysis of 

 

Zn

 

3

 

P

 

2

 

. The rate of the
reaction and the amount of tributyl phosphate formed
pass maxima as the 

 

FeCl

 

3

 

/I

 

2

 

 ratio increases from 2 to
50, and the yield of dibutyl phosphite continuously
grows. The highest reaction rate is observed at a

 

FeCl

 

3

 

/I

 

2

 

 ratio of 10, the maximum yield of 

 

(BuO)

 

3

 

PO

 

,
at a 

 

FeCl

 

3

 

/I

 

2

 

 ratio of 5, and the maximum yield of dibu-
tyl phosphite, at [

 

I

 

2

 

] = 0.
Our and literature data [3–7] suggest the two-stage

(separated) redox mechanism for the oxidation of 

 

Zn

 

3

 

P2
with oxygen in a solution of FeCl3–I2 in butanol. This
mechanism involves the reactions

(2)

2HI + 2FeCl3  I2 + 2FeCl2 + 2HCl, (3)

4FeCl2 + O2 + 4HCl  4FeCl3 + 2H2O. (4)

Molecular iodine is a stronger two-electron oxidizer
responsible for the formation of tributyl phosphate
(reaction (2)). FeCl3 plays the role of the acceptor of
hydrogen iodide produced (3) and returns into the cata-

Zn3P2 8I2 16BuOH+ +

2 BuO( )3PO 3Zn OBu( )2 2Bu2O 16HI,+ + +

Oxidative alcoholysis of Zn3P2 in the presence of FeCl3–I2

I2,
mol/l

FeCl3,
mol/l

Wmax × 103,
mol/(l min) c1, % c2, %

0 0.5 2.0 (70°C) 53.0 4.0
0 0.3 1.8 13.0 –
0.02 0.2 9.9 22.0 60.0
0.05 0.2 20.0 17.0 67.0
0.1 0.2 19.8 25.0 75.0
0.3 0.2 20.0 8.0 80.0
0.02 0.1 7.5 31.0 29.0
0.02 0.5 12.5 36.0 37.0
0.2 0.3 5.3a 26.0 56.0
0.2 0.3 20.0 10.0 90.0
0.2 0.3 30.0b 13.0 87.0
0.02 0.2 7.2c 21.0 18.0
0.02 0.2 8.1d 33.0 39.0
0.02 0.3 5.3 (50°C) 25.0 54.0
0.02 0.3 10.2 20.0 60.0
0.02 0.3 10.9 (70°C) 27.0 58.0

Note: Reaction conditions 60°C; p(O2), 105 Pa; [Zn3P2] × 102: 3.9;
a1.85; and b7.8 mol/l; [BuOH]: 10.9; c2.2; and d8.2 mol/l;
c1 and c2 are the concentrations of (BuO)2HPO and
(BuO)3PO, respectively.
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lytic cycle in reaction (4). The catalysis of overall pro-
cess (1) is performed because of the distribution of
functions between the mixed catalyst components.

The suggested mechanism is substantiated by the
identity of the products obtained under aerobic and
anaerobic conditions and the presence of extrema of
conversion and potentiometric curves. The cathode
redox potential shift at the beginning of experiments is
evidence that the ascending portion of the conversion
curve is related to the predominant occurrence of reac-
tion (2) (Figs. 1, 2). Along the descending portion, the
predominant processes are the regeneration of the cata-
lytic system components accompanied by the gradual
return of the potential to its initial value and cessation
of oxygen absorption. At the maximum point, the rates
of I2 reduction and regeneration are close to each other.

The experimental data and the suggested separated
redox mechanism were used to derive the equation
describing the kinetic characteristics of process (1) in
the presence of FeCl3–I2,

(5)Wmax

kred Zn3P2[ ] BuOH[ ] I2[ ]kÓx FeCl3[ ] O2[ ]
kÓx FeCl3[ ] O2[ ] kred Zn3P2[ ] BuOH[ ]+

-----------------------------------------------------------------------------------------------,=
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Fig. 1. (a) Conversion and (b) potentiometric curves of the
oxidative alcoholysis of Zn3P2 in a solution of FeCl3–I2 in

butanol at 60°ë, p(é2) = 105 Pa, and reagent concentrations,

mol/l: BuOH, 10.9; Zn3P2, 3.9 × 10–2; FeCl3, 0.2, I2 (1) 0.02,
(2) 0.03, (3) 0.05; and FeCl3, 0.4; (3') I2, 0.0, 70°C.
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Fig. 2. Oxidative alcoholysis of Zn3P2 at p(é2) = 105 Pa,
reaction solution component concentrations, mol/l: BuOH,
10.9; FeCl3, 0.3; I2, 0.02; Zn3P2 3.9 × 10–2; temperature:
(1) 50, (2) 60, and (3) 70°C.
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Fig. 3. Kinetic curves of the accumulation of (1) tributyl
phosphate and (2) dibutyl phosphite in the oxidative
alcoholysis of Zn3P2 in butanol at 60°ë, p(é2) = 105 Pa,

[FeCl3] = 0.2, [Zn3P2] = 3.9 × 10–2, and [I2] = 0.04 mol/l.
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where kred is the rate constant for the reduction of I2
with phosphide, l2/(mol2 min); kÓx is the rate constant
for the oxidation of Fe(II) with oxygen, l/(mol min);
[Zn3P2], [BuOH], [FeCl3], [O2], and [I2] are the reagent
concentrations in solution; and Wmax is the maximum
rate of oxygen absorption. The equation was derived
using the assumptions suggested in [4].

The kred and kox values (6.0 × 10–2 l2/(mol2 min) and
8.5 l/(mol min) at 60°C, respectively) were calculated
by graphically solving Eq. (5). The activation energy
and entropy of reaction (2) found from the temperature

dependence were 43.0 kJ/mol and –103.0 J/(mol K),
respectively. The calculated kinetic and activation
parameters are indicative of a higher catalytic activity
of the mixed system compared with the individual
FeCl3 catalyst [2]. The driving forces of the oxidative
P–O coupling between Zn3P2 and alcohols are the high
energies of the P–O and P=O bonds formed (335 and
544 kJ/mol) and the redox potential of the I2/2I– pair.

To summarize, the oxidative alkoxylation of Zn3P2
with the selective formation of trialkyl phosphate under
mild conditions can be performed using a new effective
catalytic system including iron trichloride and iodine.
Because of the separation of functions between the
mixed catalyst components, the reaction follows a route
more favorable thermodynamically.
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