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Abstract

Oxidation of the N—phosphonomethyl iminodiacetic acid (PMIDA) with hydrogen peroxide in a two-phase system (aqueous
phase—organic phase) in the presence of the [(Oct");NMe];{PO,[WO(0O,),],} catalyst was studied and the kinetic parameters
of this reaction were determined. It was found that the PMIDA oxidation with aqueous H,0O, proceeds only in the presence
of the catalyst giving PMIDA N-oxide as the main product. Under the studied conditions, the reaction orders with respect to
the reagents (PMIDA and H,0,) and the catalyst were found to be the first. The apparent activation energy of the reaction

for the temperature range of 313-343 K is 37 + 3 kJ/mol.
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1 Introduction

Chemistry of amine N-oxides is the field of growing inter-
est in recent years due to the synthetic and biomedical
importance of these compounds. Aliphatic and aromatic
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N-oxides are used as pharmaceutical agents [1], essential
components in cosmetic products [2, 3] and detergents [4].
Tertiary amine N-oxides are considered as valuable inter-
mediates in synthetic organic chemistry because of their
ability to undergo various transformations: Polonovsky [5,
6], Boekelheide [7], Cope [8] reactions, C-functionalization
of aromatic N-oxides [9], sigmatropic rearrangements [10],
intramolecular oxidation [11], and also to act as catalysts for
asymmetric reactions [12].
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Since the amine N-oxides (especially the aliphatic ones)
are labile compounds, they need to be synthesized at temper-
atures below 100 °C using mild oxidants—organic or inor-
ganic peroxides [13—15]. The environment friendly methods
for N-oxides synthesis are based on the catalytic oxidation of
the tertiary amines with aqueous hydrogen peroxide in the
presence of polyoxometallates (for example, Mo/P—POM)
[16] or tungsten peroxo-polyoxo complexes [17]. PMIDA (1)
oxidation with hydrogen peroxide in the presence of water-
soluble tungsten and/or molybdenum compounds is the key
step in the several manufacturing processes of the most com-
mon herbicide, glyphosate (N-phosphonomethyl glycine),
production [18]. This reaction proceeds with the formation
of PMIDA N-oxide (2) as an intermediate. The significant
disadvantages of this process are the long reaction time (up
to 2.0 h) required to achieve the practically significant yields
of the PMIDA N-oxide and the contamination of the target
product with catalyst, which cannot be separated from the
reaction mixture [19].

The above problems can be solved by realization of the
process in two-phase (organic-aqueous) liquid system using
peroxotungstate-based bifunctional oxidation and phase-
transfer catalysts which combine both efficiency and ease
of separation from the product. Earlier, we have found that
the best result in the oxidation of PMIDA to its N-oxide
with hydrogen peroxide was obtained with the use of the
tetra nuclear tungsten complex—tetra(oxodiperoxotungsto)
phosphate in combination with methyltri-n-octylammonium
as a catalyst [17, 20].

In this work, we report the kinetic studies of the PMIDA
oxidation with aqueous hydrogen peroxide in a two-phase
system in the presence of the [(Oct");NMe];{PO,[W
0(0,),14} catalyst aimed at the optimization the conditions
for the N-oxide producing.

2 Experimental
2.1 Chemicals

N-phosphonomethyl iminodiacetic acid (2,2'-((phospho-
nomethyl)azanediyl)diacetic acid, 97%, «Aldrich»), KCI
(99+ %, «Acros»). Other chemicals were of reagent purity
grade, obtained from commercial sources, and used without
further purification. Water used as a solvent was previously
distilled.

The sample of N-phosphonomethyl iminodiacetic acid
N-oxide (PMIDA N-oxide, 2) was prepared according to the
described procedure [21]. Yield 0.25 g (75%), white crys-
tals, m.p. 146 °C. FT-IR: v, /em™' 3013, 2967.4, 2554.6,
1888.5, 1742.7 (COOH), 1478.5, 1440.0, 1417.8, 1383.6,
1304.2, 1261.5, 1232.0, 1158.8, 1122.4, 1070.0, 1053.6,
1026.8, 981.0 (N— O, [22]), 923.7, 781.3, 712.8, 676.3,
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599.8, 580.1. '"H NMR (300 MHz, D,0), 8 (ppm): 4.84, s;
4.33,d, 12.4. 3P NMR (121.49 MHz, D,0), § (ppm):4.77,
t, 12.4.

2.2 Analytic Methods

IR measurements of the catalyst samples were performed
using IR-Fourier IR Affinity-1 Shimadzu spectrometer. Spec-
tra were collected in 400-4000 cm™! with a resolution of
2 cm™!. Prior to the measurements the samples were mixed
with dry KCl and pressed to form self-supporting homoge-
neous pellets.

'H and 3'P NMR spectra were recorded at Bruker
AV-300 spectrometer (300.13 MHz for 'H, 121.49 MHz
for *'P) in D,0 at room temperature. Proton chemical shifts
were recorded relative to tetramethylsilane external standard.
The *'P NMR spectra with and without the suppression of
heteronuclear resonance were recorded using H;PO, (0 ppm)
as an external standard.

HPLC analysis of the reaction mixtures was conducted
using Varian ProStar instrument equipped with a ProStar
335 Photodiode Array Detector with a variable wavelength
ranging from 190 nm to 900 nm; ProStar 210 and PrepStar
218 Solvent Delivery pumps; ProStar410 auto sampler, Var-
ian 500-LC thermostate, and a Column Volve Module for the
column temperature control. For the analysis, HPLC column
PRP-X100 (Hamilton Company USA, 5 pm, 150 X 4.6 mm)
thermostated at 35 °C was used, 0.0137 M KH,PO, (pH 1.9)
used as a mobile phase at a fixed flow rate of 0.5 mL x min~".
Chromatograms were recorded at the detector wavelength of
193 nm. Residence time was as follows: for H,O0,— 3.48 min;
for PMIDA—12.64 min; for N-oxide PMIDA—18.25 min.
Component concentration was determined using an exter-
nal standard. For this purpose, it was found that at the con-
centration range from 0 to 5x 1072 M, the dependences of
the components concentrations on the peak area are linear
(R?>0.998).

2.3 Catalyst Preparation and Characterization

The [(Oct™);NMel;{PO,[WO(0O,),]1,} catalyst was syn-
thesized in accordance with the described procedure [23].
FT-IR: v max/cm™': 3523.9, 2961.7, 2860.2, 1726.4, 1565.9,
1483.6, 1467.1, 1378.0, 1091.5, 1058.5, 974.0, 888.9, 855.9,
846.2, 723.3, 650.9, 628.6, 590.9, 576.0, 549.3, 523.5. 'H
NMR 300 MHz, C,D, 6 (ppm): 4.29 (s, 1H), 3.20 (m, 5H),
2.94 (m, 10H), 1.39 (m, 78H), 1.03 (m, 20H), 0.29 (s, 2H);
3P NMR (121.49 MHz, CgDg), © (ppm): 4.41 (m).

2.4 Kinetic Study

Reactions were carried out in IKA RCT basic parallel syn-
thesis unit equipped with an H 135.3 platform together
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with sections for IKA H. 135.312 reaction vessels (up to 16
pieces), in GO75X-23Kit25-H reactors.

For the kinetic study of PMIDA N-oxide formation, a
measured volume of 1.20x 107> M solution of [(Oct™);NMe
1;{PO,[WO(O,),1,} in toluene was loaded into each reaction
vessel. Then a measured volume of a 30% aqueous hydrogen
peroxide was added and stirred for 5 min at 343 K. Then a
measured volume of 5 x 10~2 M aqueous solution of PMIDA
was added. Reactions were carried out at 343 K; agitation
was performed with Teflon-coated magnetic stirring bars.

For the kinetic study of H,0, decomposition, 1 ml of
1.20x 10~ M solution of [(Oct™);NMel;{PO,[WO(0,),14}
in toluene was loaded into the half of the reaction vessels
used. Then 2 ml of 0.322 M aqueous H,0, was added into
each reaction vessel. Reaction vessels were carried out at
343 K; agitation was performed with Teflon-coated magnetic
stirring bars, stirring speed n= 1000 rpm.

After the specified time intervals, each vessel was taken
out from the reactor set and cooled down to room tempera-
ture in ice bath. The concentration of the PMIDA N-oxide
in the reaction mixtures was determined by HPLC using the
sample of PMIDA N-oxide (prepared as specified above) for
the comparison. The H,0, concentration was determined
by permanganometry according to the described procedure
[24].

The rate of PMIDA N-oxide formation was determined
from the slope of tangent to the kinetic curve (Fig. 1) in the
initial interval (in the beginning of the oxidation reaction)
when the changes in the initial concentrations of the rea-
gents can be neglected, considering them constant. The rela-
tive error of the reaction rate value does not exceed + 10%,
which was determined using the results of a series of 3-5
experiments.
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Fig.1 Kinetic curve of PMIDA N-oxide (2) formation. Condi-
tions: [Cat]=1.21x10" M; [H,0,]=0.25 M; [PMIDA]=0.05 M;
T=333 K

3 Result and Discussion

The study of formal kinetics [25] of the catalytic oxidation
of N-phosphonomethyl iminodiacetic acid (PMIDA, 1) was
carried out under the conditions of phase transfer cataly-
sis using 30% aqueous H,0, as an oxidant and toluene as
an organic solvent. Hydrogen peroxide and the substrate,
PMIDA, were in the aqueous phase, and the catalyst, [(Oct
M;NMel;{PO,[WO(0O,),1,}, was in the organic phase.

First, we estimated the contribution of non-productive
thermal and catalytic decomposition of H,0, under the reac-
tion conditions. Aqueous H,0, and the mixture of the aque-
ous H,0, with the catalyst were stirred up to 3 h at 343 K
without addition of the substrate. Figure 2 shows that the
amount of decomposed hydrogen peroxide does not exceed
6% even after 3 h of exposure. Based on this, in the kinetic
studies, we consider that hydrogen peroxide is consumed
only for the substrate oxidation.

3.1 Selection of the Mixing Regime

Influence of the agitation intensity on the rate of PMIDA
oxidation in the biphasic reaction mixture was determined
in experiments with the variation of stirring speed (n) in the
range of 100—1200 rpm (revolutions per minute). As shown
in the Fig. 3, the rate of the PMIDA N-oxide formation
increases with the rise of the stirring speed up to 800 rpm,
and then the curve approaches a plateau.

In this regard, further studies were carried out at
n=1000 rpm. Under these conditions. the stirring speed
does not affect the reaction rate the and the expression for
the rate of PMIDA N-oxide formation is:

0,325 -
0,320 -

= 0,315-

[H,0,],

0,310 4

0,305 -
2

0,300 T T T T T T
0 30 60 90 120 150 180

time, min

Fig.2 Decomposition of H,0,. Conditions: [H,0,]=0.322 M;
T=343 K; 1000 rpm stirring speed. 1—without a catalyst; 2
[Cat]=1.21x10°M
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Fig.3 Dependence of the PMIDA N-oxide (2) formation rate
(W) on stirring speed (n). Conditions: [Cat]=1.21X 1073 M;
[H,0,]1=0.25 M; [PMIDA]=0.05 M; T=343 K

W =k, - [Cat]® - [Hzoz]b . [PMIDAJ - e, mole x 1! x min"!

ey
where W-—reaction rate, mole/(1-min); k,—
rate constant of PMIDA N-oxide formation,
J@+b+e=D s mole =@+~ % min~!; Cat—methyltri-n-octy-
lammonium tetrakis(oxodiperoxotungsto)phosphate, [(Oct
M;NMel;{PO,[WO(O,),1,}; a—reaction order in catalyst,
[(Oct™);NMe];{PO,[WO(O,),1,}”. b—reaction order in oxi-
dant, H,O,: c—reaction order in substrate, PMIDA; E,—
apparent activation energy, kJ/mole.

3.2 Dependence of the PMIDA N-Oxide Formation
Rate (W) on the Catalyst Concentration

To determine the optimal concentration of the catalyst,
the kinetic dependence W=/ ([Cat]) was measured. In this
study, the catalyst concentration was varied in the range of
(0.5-2.5)x 10* M. In order to reduce the possible influence
of the hydrogen peroxide concentration on the reaction rate,
the oxidation was carried out in excess of hydrogen per-
oxide compared to the stoichiometric amount, which was
defined by the molar ratio: [PMIDA]/[H,0,]=1 (Scheme 1).
The reaction order (a) found from the slope of the loga-
rithmic anamorphosis for catalyst concentrations below
2% 107 M (Fig. 4) is first. Higher catalyst concentrations

Scheme 1 Reaction of PMIDA o
(1) oxidation with formation of Ho. !l
N-oxide (2) SP

HO
PMIDA, 1

[Cat]-10°, M

Fig.4 Dependence of the PMIDA N-oxide (2) formation rate (W)
on catalyst concentration and the corresponding plot of In W vs. In
[Cat]. Conditions: [H,0,]=0.21 M; [PMIDA]=0.05 M; T=343 K;
1000 rpm stirring speed

have practically no effect on the rate of PMIDA N-oxide
formation. Based on this, the further investigations of the
reaction rate dependence on various parameters were carried
out considering the catalyst concentration of 2.5x 107 M as
the optimum one.

3.3 Dependence of the PMIDA N-Oxide Formation
Rate on the Concentration of Hydrogen
Peroxide

The dependence was studied in the range of H,0, concen-
trations of 0.055-0.25 M. The kinetic data obtained (Fig. 5)
show that, for the concentrations not exceeding 0.2 M, the
observed reaction order in hydrogen peroxide (b) is first.
Further increase in the hydrogen peroxide concentration
does not cause the rise of the reaction rate. At the molar
ratio [H,0,]/[PMIDA] >4, the zero order in hydrogen per-
oxide is observed.

3.4 Dependence of the PMIDA N-Oxide Formation
Rate on the Substrate Concentration

The kinetic data were obtained for the PMIDA concentra-
tions between 2x 10 M and 5x 1072 M. In this range,
the dependence of the logarithm of the PMIDA N-oxide

HO.Hl @ Q
Cat =P N(O)(CH,COOH), , 1y o

N N(CHZCOOH)Z + H202 —_— HO

PMIDA N-oxide, 2

Cat= [Me(Oct)3N[3{PO4[WO(O,),]4}
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Fig.5 Dependence of the PMIDA N-oxide (2) formation rate (W) on
hydrogen peroxide concentration and the corresponding plot of In W
vs. In [H,0,]. Conditions: [Cat]=2.5x10"* M; [PMIDA]=0.05 M,
T =343 K; 1000 rpm stirring speed
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Fig.6 Logarithmic plot of the dependence of the PMIDA N-oxide
(2) formation rate on the PMIDA (1) concentration. Conditions:
[H,0,]1=0.21 M; [Cat]=2.5% 10* M, T=343 K; 1000 rpm stirring
speed

formation rate on the logarithm of the PMIDA concentration
is linear (Fig. 6) with the slope value close to unity. There-
fore, in the studied interval of concentrations, the reaction
order in the substrate (c¢) is first.

3.5 Temperature Dependence of PMIDA Catalytic
Oxidation with H,0,

The study was carried out in the temperature range of
313-343 K in excess of hydrogen peroxide ([H,0,]/
[PMIDA]=4) and molar ratio of [PMIDA]/[Cat] =250.
The results obtained are presented in Fig. 7 as logarithmic
plots (In(1-([PMIDA]/[PMIDA],) versus time). Linearity of

0 2 4 6 8 10

S
[}

time, min

313K

-1,2 1 323K

1,5+ 333K

-1,8J In (1-[PMIDAJ/[PMIDA];)

Fig.7 In(1-([PMIDA]/[PMIDA])) as a function of time meas-
ured at different temperatures. Conditions: [H,0,]=0.21 M;
[Cat]=2.5x 10 M; [PMIDA]=0.05 M; 1000 rpm stirring speed

Table 1 Values of the observed reaction rate constants (k,,,) for the
PMIDA (1) catalytic oxidation with hydrogen peroxide at different
temperatures

No Temperature (K) Observed reaction rate
constant k,;, (min~")
1 313 0.084 +0.002
2 323 0.121+0.003
3 333 0.161+0.005
4 343 0.306+0.005
11,4 ]
10,8 4
10,2 4
InA
0 T r—~7F T
0,5 1,0 3,2
1. 1000/T, grad™
22 4
Ink,

Fig.8 Temperature dependence of the reaction rate constant for
PMIDA (1) catalytic oxidation with hydrogen peroxide. The Arrhe-
nius plot is based on the data presented in Fig. 7 and Table 1

the plots indicates the first order reaction. The reaction rate
constants determined from the slopes of the plots are sum-
marized in Table 1.

The value of apparent activation energy (E,) is obtained
from the slope of the plot in Arrhenius coordinates (Fig. 8),
where E,= —R [Aln k,, /A (T~')]. The calculated value of E,,
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amounts to 37 +3 kJ/mol. The value of the pre-exponential
factor (A) determined from the intercept (In A) is equal to
8.9x10° min~".

Based on the obtained results, the problem of PMIDA
N-oxide (2) producing at the higher rate can be solved by
using the substrate (Sub, PMIDA), oxidant (Ox, H,0,)
and the catalyst in ratios: [Ox]/[Sub]=4-5 and [Sub]/
[Cat] <250 at the temperatures from 313 K to 343 K (Fig. 9).
Under these conditions, at the PMIDA concentration in the
interval of (10-50) x 10> M, the reaction rate of the PMIDA
N-oxide formation (equation I) depends only on the reaction
temperature and PMIDA concentration. Thus, the equation
for the reaction rate is expressed in the following form:

W =A-[PMIDA] - e, mole X I"' x min™! )

where A=8.9 X 10° min™"; E,=37 +3 kJ/mole.

In the expression (II), for the boundary conditions
specified ([PMIDA]/[Cat] <250, [H,O,]/[PMIDA] >4 and
[PMIDA]<0.05 M), the functional contribution of the oxi-
dant and catalyst concentrations does not limit the reaction
rate of PMIDA N-oxide (2) formation and is included in the
value of the pre-exponential factor (A):

A =k, - [Cat] - [H,0,], min™' 3)

This follows from the observed zero-order of the reaction
in catalyst and oxidant under the selected conditions and the
constant PMIDA concentration for all the experiments, when
studying the temperature dependence.

Thus, the obtained results indicate that the PMIDA oxida-
tion does not proceed in the absence of a catalyst; therefore,
the reaction is multistage, for example, as in the case of oxi-
dation of alkenes to carboxylic acids [26]. In the oxidation,
the following stages can be distinguished:

1000

W, mole/(I-min)

3,400
4,463
5,525

6,588
7,650
8713
9,775
10,84
11,90

900

800

700

600

[Sub}/[Cat]

500

400

300

200 -
2 4 6

[Ox]/[Sub]

Fig.9 Dependence of the reaction rate of PMIDA N-oxide (2)
formation on [Sub]/[Cat] and [Ox]/[Sub] ratios. Conditions:
[PMIDA]=0.05 M, T=343 K, 1000 rpm stirring speed
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(a) The interaction of the catalyst and the substrate, result-
ing in the formation of the [Cat(O,)—PMIDA] com-
plex, in which Cat(O,) contains active peroxo groups
(r],z-Oz);

(b) Subsequent formation of PMIDA N-oxide and inac-
tive oxo-form of the catalyst (CatO) containing W =0
groups;

(c) Catalyst regeneration, which is the interaction of the
oxo-form of the catalyst with hydrogen peroxide result-
ing in the active peroxo-form of the catalyst Cat(O,).

a. Cat(O,)+PMIDA — [Cat(O,) — PMIDA]
b. [Cat(O,) — PMIDA]— PMIDA N-oxide + Cat(O)
c¢. Cat(O)+H,0,— Cat(0,)+H,0

It should be noted that the data obtained indicate the basic
differences in the mechanism of PMIDA catalytic oxida-
tion with hydrogen peroxide in a two-phase liquid system
compared to the previously considered reactions, for exam-
ple, oxidation of various unsaturated hydrocarbons with
hydrogen peroxide [27]. In the PMIDA oxidation under the
studied conditions, the substrate (PMIDA) and the oxidant
(H,0,) are in the water phase. The catalyst, salt of the per-
oxotungstate anion and quarternary ammonium cation with
the high lipophilicity, is dissolved in organic phase. In this
case, as in the previously described reactions [28-30], cation
acts as a phase-transfer catalyst and facilitates the oxygen
transfer from hydrogen peroxide to the inactive oxo-form
of the anion, which occurs at the interface and results in
the catalyst regeneration. At the present stage of research,
we suggest that, under the studied conditions, the oxygen
transfer from the active peroxo-form of the anion dissolved
in organic phase to the hydrophilic substrate (PMIDA) in
water phase also occurs at the interface with the assistance
of the cation as a phase-transfer catalyst (Scheme 2). Fur-
ther studies of the mechanism of the catalytic oxidation of
PMIDA to its N-oxide are currently underway.

4 Conclusion

Oxidation of N-phosphonomethyl iminodiacetic acid to
its N-oxide with hydrogen peroxide in a two-phase liquid
system in the presence of [(Oct");NMe];{PO,[WO(O,),1,}
bifunctional catalyst was studied. It was shown that the reac-
tion proceeds only in the presence of a catalyst and has a
complex mechanism. We demonstrated that [(Oct");NMe
15{PO4WO(0O,),1,} dissolved in organic phase is the effi-
cient and selective catalyst for the oxidation of water-soluble
amine to its N-oxide with aqueous hydrogen peroxide. In
the reaction studied, the role of the tungsten peroxo com-
plex in the catalyst is to transfer oxygen from the oxidant
(hydrogen peroxide) to the substrate (N-phosphonomethyl
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PMIDA, 1

\)%nf—oz

organic phase

PMIDA N-oxide, 2

O/O\

Scheme 2 Proposed mechanism of the PMIDA catalytic oxidation to PMIDA N-oxide

iminodiacetic acid), and the role of the quarternary ammo-
nium cation is to facilitate the interaction of hydrogen per-
oxide and the substrate with the tungsten complex anion in
biphasic conditions.

Based on the found kinetics patterns of the influence of
various process parameters, we have determined the condi-
tions for the most efficient production of PMIDA N-oxide
(2) without the formation of undesirable by-products. The
oxidation of PMIDA (1) with hydrogen peroxide should
be carried out in the presence of the catalyst, methyl-tri-n-
octylammonium tetrakis(oxodiperoxotungsto)phosphate, in
the ratio of [PMIDA]/[Cat] <250, with a fourfold excess of
hydrogen peroxide and at temperature not exceeding 343 K.
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