CROATICA CHEMICA ACTA CCACAA 62 (3) 441—448 (1939)

YU ISSN 0011-1643
CCA-1872 UDC 541.124
Original Scientific Paper

Kinetics and Mechanism of Reduction of p-Nitroso-N,N-
-dimethylaniline by Sulphite Ions in Acetate—Acetic Acid Buffer
Solutions

Maher M. Girgis
Chemistry Department, Faculty of Science, Assiut University, Assiut, Egypt

Received July 8, 1988

The kinetics of the title reduction was studied spectropho-
tometrically in acetate-acetic acid buffer solutions at different
temperatures in the range 20° to 40°C. The effect of varying
[H'] on the reduction rate was investigated at a constant ionic
strength of 0.06 mol md™. The rate-order was found to be 1.0
with respect to both reactants and —0.5 with respect to the hy-
drogen ion. The rate of reaction decreased with increasing hydro-
gen ion concentrations. The [H'] dependency indicates the presence
of two competitive rate-determining steps. The experimental data
gave a good fit to
-d[nitroso compound]/dt = k. [nitroso compound]

= [nitroso compound] [sulphite]

kK + kKK, [HY]
1+ K, [H]

Activation parameters were determined and found to be AS#+ =
—176.09 JK' mol?!, AH+ =17.82 kJ mol! and AG+ = 70.30 kJ
mol!. A mechanism consistent with the experimental results has
been suggested.

INTRODUCTION

Synthetic and naturally occurring nitroso compounds are important
because they contain compounds such as antibiotics and carcinogens.!® The
metabolic effects of nitroso compounds are involved in some of the most
important biochemical reactions occurring in living systems.!®-:2 A number
of N-nitroso compounds, e.g. N-nitroso-N-methylurethane and dimethylnitro-
samine, are highly toxic, producing liver and lung damage, bleeding, con-
vulsions, and coma.l(9 Others, e.g. some nitrosopyrazoles, exhibit fungicidal
activities.!®

Kinetics of the reduction of inorganic compounds by sulphite ions has
been reported earlier.>* However, much less attention has been focussed on
its application to organic compounds. Details of the sulphite ion reduction
of the nitroso compounds are not yet known although the kinetics of reduction
of these compounds by other reductants®'2@ has been reported. In this work,
the kinetics of reduction of the nitroso group in one of the nitroso compounds
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(p-nitroso-N,N-dimethylaniline) by SOs* ions in HOAc—NaOAc buffer solut-
ions was performed with the aim of elucidating the reduction mechanism.
It is felt than an important result of the present work is calling attention
to the possibility of conversion of the nitroso compounds, which have po-
tential toxicological hazards and other threats to health, to hydroxylamines
using sulphite ions as a reducing agent.

EXPERIMENTAL
Meaterials and Methods

Sodium sulphite, acetic acid and sodium acetate were of Analar (BDH) grade,
and p-nitroso-N,N-dimethylaniline (nitroso compound I) was of GR (E. Merck)
grade. All other reagents were chemically pure. All the solutions were prepared
in doubly distilled conductivity water.

Stock solution of the nitroso compound I was prepared by dissolving an
accurately weighed amount of the compound in an appropriate volume of water.
Stock solution of sodium sulphite was prepared by dissolving the appropriate
weighed recrystallized salt in water and standardized against iodine.!® Acetic acid-
sodium acetate buffer solutions with [H'] in the range (0.13—39.81) X 10® M were
prepared according to Perrin.'4

Kinetic Measurements

Kinetic experiments were carried out in a temperature controlled (+ 0.1°C)
water bath. The reaction was initiated by adding to an equilibrated mixture
cof the nitroso compound I and HOAc—NaOAc buffer solution the requisite quan-
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tity of pre-equilibrated sodium sulphite solution. The course of the reaction was
followed by monitoring the disappearance of compound I as a function of time
at the CT band maximum absorption (440 nm) against the same solvent con-
taining the same amount of sodium sulphite as in the kinetic solutions as blanks.
Absorption measurements were followed on a Shimadzu UV-200 S double besm
spectrophotometer, using a cell of 1 cm path length. The spectral change of the
reaction is shown in Figure 1. It was verified that there was no interference of
other reagents or reduction product at Aw... of the nitroso compound I. The reactions
were usually followed up to not less than three half-lives. The pH measurements
were carried out at 18 °C on a WG PYE model 290 pH-meter accurate to + 0.005 pH
units.

The kinetics of the present work was conducted under pseudo-first-order con-
ditions where [sulphite] > [nitroso compound]. Under these conditions, the rate
equation can be written as follows:

d [nitroso compound
_ [ dt P ]= k.ps [nitroso compound] (1)

where k.. is the observed pseudo-first-order rate constant, which may be expressed

by the equation:
k.. = k, [sulphite] 2)

and ks is the second-order rate constant.
RESULTS

1. Stoichiometry and Product Analysis

The stoichiometry of the overall reaction of sulphite ions with excess
of the nitroso compound I was determined spectrophotometrically at 25 °C.
The unreacted [nitroso compound] was estimated periodically till it atiained
a constant value, i.e. completion of reaction. A stoichiometric ratio of 1
within experimental error ([nitroso compound].onsumed/[Sulphite],) was obtained
with ten different initial concentrations of compound I. The reduction pro-
duct was isolated from the reaction mixture containing a large excess of
sulphite ions after completion of the reaction. A successive extraction with
ether followed by drying over anhydrous sodium sulphate under aerobic
conditions gave a solid product confirmed by elemental and IR spectral
analysis as p-hydroxylamine-N,N-dimethylaniline (compound II).

From the above results, the stoichiometry of the overall reaction can
be represented by Eq. (3).

CSHIONZO x SO32‘ -+ HZO = CSHIZNZO 25 SO42~ (3)

The convertion of nitrosoarenes into hydroxylamines by other mild
reducing agents has been reported earlier.?.11:12()

2. Rate Dependence on the [Nitroso Compound]

The rate-order with respect to compound I was determined by studying
the reaction at different initial concentrations of the substrate with constant
{sulphite]. The [nitroso compound] was varied in the range (1.13—11.30) X 1073
M, whereas [sulphite] suitable for kinetic measurements was 1.0 X 1073 M,
the [H'] was 1.04 X 10 M at 33 “C. Under the conditions where [sulphite] >
[nitroso compound], the plots of log (absorbance) wversus time were linear,
indicating the first-order dependence of rate on [nitroso compound] (Figure
2(a)). The average value of k.s was found to be (3.26 = 0.07) X 1073 sec™.
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Figure 2. (a) Plot of 1 + log (absorbance) wersus time ([nitroso compound] = 4.37 X
10 M, [SO32] = 1.0 X 103 M, [H] = 1.04 X 10 M; temperature = 33 “C).
(b) Plot of k. versus [SOs2]: ([nitroso compound] = 4.37 X 105 M, [H'] = 1.04 X 107
M; temperature = 33 °C).
(c) Plot of ks! versus [H']: ([nitroso compound] = 4.37 X 10 M, [SOy*] = 1.0 X 10
M, temperature = 33 °C).

h
(d) Eyring plot of —lnﬁ ks versus 1/T.

3. Rate Dependence on [Sulphite]

The rate-order with respect to sulphite ion was deduced from the
measurement of the reaction rates at several [sulphite] and constant [nitroso
compound]. The [sulphite] was varied in the range (2.5—30.0) X 10™* M,
whereas [nitroso compound] = 4.37 X 1073 M, [H'] = 1.04 X 10 M at 33°C.
The plot of keps versus [sulphite] was found to be linear passing through
the origin (Figure 2(b)). This indicates that the reaction is also first-order
with respect to [SO;*7] ion, Table I.

TABLE I

Effect of varying [sulphite] on the reduction rates.
[Nitroso compound] = 4.37 X 10% M, [H'] = 1.04 X 10° M, temperature = 33 °C

10* [sulphite] Fobs X 108 10 kuvs/[sulphite]
(VD) (s ( mol! s7)
2.5 0.82 32.80
5.0 1.62 32.40
10.0 3.26 32.60
15.0 4.80 32.00
20.0 6.51 32.55

30.0 9.717 32.57
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4. Rate Dependence on [Hydrogen Ion]

To clarify the influence of [H'] on the reduction rates and to elucidate
the reduction mechanism, the reaction of 4.3 X 10> M compound [ with
1.0 X 103 M Na,SO; at 18 °C was investigated in a series of HOAc—NaOAc
buffer solutions!'* of different pH values and constant ionic strength of 0.06
mol dm™. The dependence of k,,s on [H'] is presented in Table II. The

TABLE II

Effect of varying [H'] on the rate of reduction.
[Nitroso compound] = 4.37 X 10% M, [SO3*] = 1.0 X 10 M, temperature = 18 °C

10° [H']

i 0.31 0.71 1.39 6.65 12.39 2153
4
gl 27.32 25.25 23.15 12.08 3.09 5.37

increase in hydrogen ion concentration decreases the reaction rate. The power
dependence of [H'] on k, was determined from the empirical relation:

Ink, = In [H" @

The value of n was found to be —0.5. A plot of k, ! versus [H] gives a gocd
straight line with an intercept on k,! axis, Figure 2(c).

5. Rate Dependence on Temperature

The reaction was studied at 20, 25, 30, 35 and 40 °C, [nitrosc compound] =
4.37 X 105 M, [SO;*] = 1.0 X 10* M and [H] = 1.2 X 10 M. The second-order
rate constants (k;) were calculated from the rate expressions. The plot of
—In (h/kT) k, against 1/T of Eyring equation'® was a good straight line
(Figure 2(d)). The values of the enthalpy and entropy of activations were
determined from the slope and the intercept of the straight line obtained,
respectively. These values are summarized in Table IIIL.

TABLE III

Activation parameters of the reaction

Parameter Value
ks X 102 (1 mol! s1) (298 °K) 289.63
E.* (kJ mol?) 18.61
logip A* (kJ mol?) 13.90
AH+F** (kJ mol?) (298 °K) 17.82
AGTF#* (kJ mol?) (298 °K) 70.30
ASTF** (JKT mol?) (298 °K) —176.09

* Calculated using Arrhenius equation.
** Calculated using Eyring equation.

DISCUSSION

The first-order dependence on both sulphite ions and the nitroso com-
pound molecules leads to the following simple rate equation
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d [nitroso compound] A d [sulphite] 4] d [product] 1
- dt == dt = dt G

= k, [nitroso compound] [sulphite]

Owing to the concerted interaction of the electron-releasing dimethyl-
amino group and the electron-withdrawing nitroso group, the structure of
the nitroso compound I is found to be noticeably shifted to the side of the
quinonoid!® form (III), and it may be described as a resonance hybrid:

" Y~ + -
(CH3)2NN=O -— (CH3)2N=<:>=N—O -

(1 (I11)

This is detected by the enhanced dipole moment (6.90 D), the bathochromic
shift of light absorption and the inability to form a dimer.'” In acid medium,
the following equilibrium is stabilized:

(CH3)2;‘QN_O_ + H+‘__ (CH3)2K‘GN—OH ) (7)

() (1v)

The retardation of the reduction rate on increasing [H'] may be inter-
preted by the formation of the inactive ion (IV) (cf. Mechanism). The large
negative values of the entropy of activation obtained (—176.09 JK-!' mol?)
can be explained in part by a necessity to overcome the formation of this
inactive protonated form.

Mechanism

The power dependence of the second order rate constant on [H'] at mo-
derate pH’s used and the linearity plot shown in Figure 2(c) with an intercept
on k,; ! axis indicates that the reaction between the nitroso compound I and
SO;* in the presence of hydrogen ions proceeds through two reaction paths.

Equation (7) shows that compound I molecules are protonated in acid
medium and the protonation constant (K) is given by the equilibrium:

A+ H = AH )
The presence of A and AH" species is in accordance with the observed data.

Introducing the protonation constant (K,) defined by Eq. (7’) and the

total concentration of compound I,

[Aliorar = [A] + [AH] (8)
we can express the concentrations of [A] and [AH] species by the equations:

[A]total
Al = —— 2" — 9
[Al =+ + K, [H] ®

Kp [A]total [H']

[AHT] =
1+ K, [HT]

(10)
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The simple interpretation of the effect of varying [H'] suggests the pre-
sence of competitive reactions'® (11) and (12):

Ky 758
A+ S0 = [¥] product (11)
fast slow
K oy
AH" + SO = [*] —— product 12)
fast slow

Both Egs. (11) and (12) involve the rate-determining step where two equ-

ilibrium forms [*] involving both reagents, possibly O0;S*...0O... N Ar, are

produced initially and subsequently undergo further dissociation to give rise

to the products. Thus, the change of the rate constant with change in [H']

may be expressed by Eq. (13):

kK + kKK, [H']
1+ K, [H']

Rate = [Alw [SO21  (13)

Comparing Eqgs. (13) and (5), one can conclude that
kK + kKoK, [H]
1+ K, [H]

K, = (14)

Assuming that SO;>" and A are the reactive species under the experimental
conditions, the value of k,K, is nearly zero. Consequently, Eq. (14) can be
recast in the form:

a

1h oot RGREN] (1 Tl

(15)

= L s
K, kK, 1

K [H] 1
. 1L L (16)
k k’ Kk’

2.

where k' = k, K;. According to Eq. (16) the plot of k,! wersus [H'] will be
linear with an intercept and slope corresponding to (k') and (K, k™), re-
spectively, as experimentally obtained. The values of K, and k" were evaluated

at 18 °C and found to be 2.0 X 10* M and 2.9 litre mol™ min™!, respectively.
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SAZETAK

Kinetika i mehanizam redukcije p-nitrozo-N,N-dimetilanilina sa sulfitnim ionom

u sistemu octena kiselina—acetat ion
Maher M. Girgis

Primjenom spektroskopije studirana je kinetika redukcije p-nitrozo-N,N-dime-

tilanilina sa sulfitnim ionom u octenoj kiselini u prisustvu acetatnog iona. Posebna

je

paznja posvecena utjecaju temperature i koncentracije H™ iona na brzinu reak-

cije. Na temelju rezultata o ovisnosti brzine reakcije o koncentraciji H" iona zaklju-

ce

no je da reakcija ukljucuje dva kompetitivna stupnja koja odreduju brzinu reak-

cije. Izracunati su i aktivacijski parametri i ukratko diskutiran mehanizam reakcije.





