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ABSTRACT: Kinetics and mechanism of oxidation of benzoin (H,B) by ferrozine (Fz) or 2,2'-
bipyridine (bipy) have been carried out in aqueous HNO3; medium. The rate shows first-order
dependence on [H,B| and [Fe3*| and inverse second-order dependence on [H*]. The rate of
reaction increased with increase in the ligand concentration. The increase in dielectric constant
will increase the rate, while increase in [HNOj3] decreased it. Substituent and temperature ef-
fects on the rates have been investigated. The rate laws derived are in excellent agreement with
the experimental results. Plausible mechanisms are suggested. © 2005 Wiley Periodicals, Inc.

Int ] Chem Kinet 37: 444-449, 2005

INTRODUCTION

The oxidation of benzoin (H,B) to benzil by a vari-
ety of oxidizing agents such as 1,10-phenanthrolein
[1], sulfur [2], bismuth triacetate [3], hexacyanofer-
rate(III) [4], and nitric acid [5] has been a subject of
a considerable number of studies [1-10]. The mecha-
nisms and kinetics of the oxidation of benzoins have
been previously studied [11-14]. Oxidation of organic
compounds by complex ion may occur via free radical
and further oxidation to yield the products [15-17].
Also, the oxidation processes may involve electron
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transfer through inner sphere [18,19] or outer sphere
[20] mechanisms. In a continuation of our work on
benzoin, we report herein the oxidation kinetics of ben-
zoin with iron(IIl) in the presence of ferrozine (Fz) or
2,2-bipyridine (bipy) in acidic medium. The structure
of ferrozine is shown in Fig. 1.

EXPERIMENTAL

Materials

Benzoin (H,B) derivatives were prepared as reported
in the literature [21-23]. All other chemicals used
were of analytical grade. Solutions were prepared in
doubly distilled deionized water (second distillation
being from permanganate). All glass vessels were
Pyrex.
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Figure 1 Structure of ferrozine.

Kinetic Measurements

The kinetic measurements were carried out at 30°C
in HNO; acidic medium under the conditions [Fe3*],
[Fz], [bipy], [H2B]. All runs were carried out under
pseudo-first-order conditions of [HyB] > [Fe’*] and
at constant ionic strength (I) maintained by the addi-
tion of sodium nitrate. The progress of the reaction was
monitored by measuring the absorbance of the formed
complexes at 562 and 255 nm against time for iron(I1I)-
ferrozine and iron(II1)-2,2’-bipyridine, using a Unicam
UV/VIS spectrophotometer with 1.0 cm cell. The iso-
lation method was used in this study where the con-
centration of the substance to be monitored is changed
with the others kept constant. Aqueous solutions are
prepared by making a constant total volume for all
runs. These solutions were made by mixing appropriate
amount of reagents in a sequence (Fe(II) first, followed
by HNOj3 and then NaNOjs, ligand, and finally benzoin).
The blank solution is prepared in a similar manner with
no benzoin added. The solutions and blank were equi-
librated at 30°C for 24 h (completion of reaction) and
then absorbance is measured (A).

The pseudo-first-order rate constant (kops) Was ob-
tained from the slope of the In(A,, — A;) against time
plot (where A, and A, are absorbances at infinite time
and at ¢ respectively). The temperature was kept con-
stant using a liquid circulating bath C85A.

RESULTS AND DISCUSSION

Stoichiometry and Product Analysis

Known amount of H;B reacted completely with ex-
cess of iron(III) at 30°C in 0.01 M HNOj3 (50% aque-
ous ethanol (v/v)) in the presence of excess Fz or bipy
for 24 h. Estimation of unreacted iron(III) showed that
2 moles of iron(III) was consumed for each mol of H,B
in accordance with the following equation:
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The resulting benzil (R =H) from oxidation was
separated by extraction using CHCl; and then by
evaporation of solvent. The product recrystallized
from EtOH/H,O. For (CgHs)—C(O)C(O)—(C¢Hs),
m.p. = 92-94°C (lit. m.p. = 94.8°C); UV/VIS (EtOH):
Amax (log €) 256 nm (4.24). Qualitative identification
of benzil was also made from TLC by comparing the
Ry values for the product from the oxidation reaction
and a standard pure sample of benzil.

Iron(IlIl) Dependence

The kinetic measurements were carried out under
pseudo-first-order conditions. Initial concentration of
iron(Il) was 2.0 x 107* M. A plot of In(A. — A;)
against time was linear indicating a first-order depen-
dence on iron(III) (see Fig. 2).

H, B Dependence

Isolation method was used to determine the order with
respect to H,B. Different initial concentrations of H,B
were prepared while keeping the other parameters con-
stant. It was found that k., increased as [H,B] in-
creased (Table I). Plot log ks versus log[H,B] was
linear with a slope = 1, indicating a first order with re-
spect to HyB. Plot of 1/kqs versus 1/[H,B] was linear
with a positive intercept (Fig. 3).

Ligands Dependence

Effect of ligand on the pseudo-first-order rate con-
stant (kobs) Was studied at 30°C by varying the lig-
and concentrations from 3.0 x 1073 to 7.0 x 107> M
and keeping the other parameters constant. Rate con-
stant increases with increase in ligand concentrations
(Table I). These kinetic results reflect the higher
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Figure 2 Plot of In(As — A¢) vs. time at [Fe3t]=2.0

x 1074 M, [HaB]=2.0 x 1073 M, [L]=7.0 x 1073 M,

[HT]=1.0 x 1072 M, 1=0.06 M, 50% ethanol-water (v/v)

and 30°C.
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Table I Effect of [H,B], [L], and [HT] on kyys at 30°C.
[Fe3t]=2.0 x 107* M, 1=0.06 M, 50% ethanol-water
(V/v)

[H2B] x  [bipy] x [H'] x

10°M) 100 (M) 102 (M) kobs (min~1)

2.0 7.0 1.0 202x1073+£5.59x 107>
3.0 7.0 1.0 301x1073+£577 %1073
4.0 7.0 1.0 393x1073+6.35x107°
5.0 7.0 1.0 480x1073+£8.67x 107
6.0 7.0 1.0 574x1073+£893x 107
4.0 3.0 1.0 171x1073+4.88x 107>
4.0 4.0 1.0 244x10734+6.63x107°
4.0 5.0 1.0 3.10x1073+£9.01 x 1072
4.0 6.0 1.0 3.63x1073+4.81 x 107
4.0 7.0 1.0 401x1073+£7.08x 107
4.0 4.0 1.0 373x1073+3.36x 107>
4.0 4.0 14  313x1073+£571x 1073
4.0 4.0 20 271x1073+6.34 %1073
40 4.0 26 232x1073+698 x 1073
4.0 4.0 32 201x1073+£6.01x107°

oxidizing ability of the 1:2 formed complex [FeL,]**
compared to uncomplexed Fe(III). This may be due
to the ability of ligand to increase the stability of the
complex in the lower oxidation state of iron [FeL,]**
over the higher one [FeL,]**, through back donation
[15]. The plots of 1/kqps versus 1/ [L)? were linear with
positive slopes and intercepts (Fig. 4).

Hydrogen Ion Dependence

The values of ks were determined at different hydro-
gen ion concentrations (Table I) with ionic strength and
other reactants concentrations kept constant. ks was
found to decrease with increase in acid concentration.
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Figure 3 Plot of 1/kgps vs. 1/[HB] at [HF]=1.0 x
1072 M, [Fe’T]1=2.0 x 107, I=0.06 M, 50% ethanol—
water (v/v) and 30°C.
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Figure 4 Plot of 1/kgps vs. 1/[L]? at [Fe’>T]1=2.0 x 1074,
[HT]1=1.0 x 1072M, I=0.06 M, 50% ethanol-water (v/v)
and 30°C.

The plot of 1/kqps versus [H*]? was linear with a posi-
tive intercept (Fig. 5).

Substituent Effects

Substituent effects on the oxidation rates of H,B have
been studied at 30°C (Table II). It was found that
the electron-withdrawing groups enhance the oxida-
tion rate, whereas the electron-donating groups inhibit
it. A plot of log(k/ky) versus substituent constant (o)
was linear (Fig. 6) in accord with Hammett’s equation.
The reaction constant (p ) was equal to &1.2. This indi-
cates that the reaction site has a higher electron density
in the transition state compared to the starting material.

Ionic Strength Dependence

The influence of ionic strength on ks Was studied at
30°C. Different initial concentrations of KNO3z were
prepared while keeping the other parameters constant.
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Figure5 Plot of 1/kops vs. [HT]? at [HyB] =4.0 x 1073M,
I1=0.06 M, [Fe3T]1=2.0 x 1074, 50% ethanol-water (v/v)
and 30°C.
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Table Il Substituent Effect on kops at [Fe*T]= 2.0 x 107* M, [H,B] = 4.0 x 1073 M, [L] = 0.004 M (Fz), and 0.007 M
(bipy), [HT] = 0.01 M, I = 0.06 M, 50% ethanol-water (v/v) at 30°C

kobs x 103 (min~1) (Fz)

kobs (min~") (bipy)

Substrate Substituent Constant (o)

H 0.0 341 x
m,m’-CH30 0.11 5.13 x
m,m’-Cl 0.37 1.14 x
pp’-Cl 0.22 7.20 x
p,p’-CH3 -0.17 2.41 x
p,p’-CH30 —0.28 1.93 x

1073 £ 6.64 x 1073
1073+ 6.99 x 1073
1073+ 472 x 1073
1073 + 8.43 x 107
1073+ 551 x 1075
1073+ 5.66 x 107

4.02 x 1073+ 7.32 x 1079
531 x 1073+ 6.59 x 107>
1.20 x 1073 £ 3.05 x 107
7.64 x 1073+ 9.11 x 107>
261 x 1073+ 444 x 1073
2.13 x 1073+ 3.81 x 1073

From data in Table III it can be observed that higher
kobs are attained at higher ionic strengths. Using kops
data at different ionic strengths, a graph was obtained
employing the Brgnsted—Bjerrum equation [24] based
on the extended law of Debye—Hiickel (Fig. 7). The
rate constant at infinite dilution (ko) is 1.32 x 1073
and 1.24 x 107% min~! for Fz and bipy, respectively.
The product of the charges Z4 Zg = 3. This is the same
expected value considering the proposed mechanism.

Thermodynamic Parameters

The reaction was studied at different temperatures
(298-313 K). Plots of In kops and In(kqps./kg T') versus
1/T yield the activation energy E,, enthalpy of acti-
vation AH7, entropy of activation AS7, and Gibbs
energy of activation AG7 (Table IV).

Since the pK, values for bipy [25] and Fz [26] are
4.33 and 3.13, respectively, they exist mainly as proto-
nated species (HL™) in the examined acid range (0.01-
0.018 M). It is reasonable to consider that the first step
in the mechanism involves the fast formation of the lig-
and protonated species (Scheme 1). In the present study,
the Fe(III) concentration employed was on the order of

® 0.007 M bipy m,rg'-Cl
00,004 M Fz

log (kobs/kH)

Figure 6 Plot of o vs. log(keps/ky) at [Fe3t]1=2.0 x
107* M, [HyB]=4.0 x 103 M, [L]=0.004 M (Fz), and
0.007 M (bipy), [HT1=0.01 M, I=0.06 M, 50% ethanol—
water (v/v) at 30°C.

10—4 M while the hydrogen ion concentration was in
the range 0.01-0.018 M. Therefore, it is quite reason-
able to assume that there is no appreciable dimerization
under these conditions [27] and the concentration of hy-
droxylated Fe(IIl) is neglected due to low-hydrolysis
constant. The hydrolysis is also suppressed, since the
ligand (Fz or bipy) was present in large excess. The sec-
ond step in the mechanism may proceed by the outer
sphere route (step 3a in Scheme 1) or by inner sphere
reaction (step 3b in Scheme 1). Steps 4 and 5 describe
the formation of final products. In step 4, the formed
radicals HB' react with 1 mol of [FeL,]** to form ben-
zil (B). Then in step 5, 1 mol of [FeL,]** reacts with
another mol of HL* to form a more stable complex
[FeL3]*+.

The derived rate laws from the proposed mechanism
are given below.

For Inner Sphere Mechanism

—d[Fe’t]
dr
B kK K>[L]*[Fe’*][H,B]
"~ Ki[LP + K K>[H,B][L]? + [H*]?

Rate =

(D

Fast

. HY +L =L gLt
2. Fe* 4 2HLY £ [Fel,’* + 2H*

3a. [FeL,]’* + H,B 1—"> [FeL,]** + H' + HB'

or
3b. [FeL,]** + HyB —== [FeL,BH,]**
[FeL,BH, >+ 1—"w> [FeL,] + H' + HB'
4. HB + [FeL, Pt 2% [FeL,]*" + Ht + B

5. [FeL,]*" + HL* 2 [FeL st + H*

Scheme 1  Proposed mechanism of benzoin oxidation by
Fe3t in the presence of Fz or bipy.
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Table Il Effect of lonic Strength on keps at [Fe>T]=2.0 x 107* M, [H,B]=4.0 x 107> M, [L] =0.004 M (Fz), and
0.007 M (bipy), [HF ] =0.01 M, [ = 0.06 M, 50% ethanol-water (v/v) at 30°C

Ionic
Strength
M) 0.020 0.030

0.040 0.050

min
kobs(Fz)
min~!

kobs(bipy) 2.60 x 1073 £ 4.98 x 107> 3.14 x 1073+ 579 x 107 3.44x 1073 £7.35x 107> 3.74x 1073 £ 6.01 x 1073
-1

2.84x10734+3.18x 1073 3.39x 103 +471x1075 381 x103+£599x 1075 4.1 x 1073 +7.64x 107

according to Eq. (1), kops can be obtained:

kK K>[L]*[H;B]
Ki[L]? + K1 K>[HoB][L]* + [H*]?

2

kobs =

the inverse of kqps is given by Eq. (3):

Lo, 1 [H+P?
kops Kk = kKo[HyB] = kK, K,[L]2[H,B]
1 1 1 [H+]2

_k+[HzB][m kKle[L]Z} ®

For outer sphere mechanism, the rate law, kqns and
its inverse are given by Egs. (4)-(6).

_ kKi[LP[Fe*"][H,B]

Rate = 4
T TR A TP @
kK [L]Z[H B]
kobs = ot )
Ki[L]> + [HT]
11 [H*]?
ks  k[H2B] = kK;[L]?[H,B]
_ L H'F (6)
"~ [HBlLk  kKj[L]?
I”Z/(I'H”Z)
02 0.18 0.16 0.14 0.12 01
2.5 : ' ' '
* 0.004 MFz
. 24 1 © 0.007 M bipy
F ...
i -2.45 A
K<}
-2.5 4
-2.55
N
26

Figure7 Plot of ionic strength vs log kqps at [Fe3t]=2.0 x
1074 M, [HyB]=4.0 x 1073 M, [H]=0.01 M, 1=0.06 M,
50% ethanol-water (v/v) at 30°C.

This rate law demands that the plots of 1/kys ver-
sus 1/[H,B], 1/koys versus 1/[L]%, and 1/kys versus
[H*]? should be all linear with positive intercepts on
the 1/kqbs axis. This is actually found to be the case
as shown in Figs. 3-5 suggesting the compatibility
of inner sphere mechanism with experimental results
(Eq. (3)). Values of k, K|, and K, calculated from the
intercepts and slopes of lines in Figs. 3 and 5 are listed in
Table IV.

The estimated activation parameters (Table IV) in-
dicate that the oxidation rate of benzoin readily occurs
in the presence of bipy compared to Fz. The large nega-
tive AS7 values indicate the formation of the compact
activated complex in accord with inner sphere mecha-
nism.

CONCLUSION

Oxidation of benzoin in acidic medium using Fe(III)
in the presence of Fz and bipy was studied along with
kinetics and mechanisms. Kinetics was carried out un-
der pseudo-first-order conditions and at constant ionic
strength. The order of oxidation reaction with respect
to reactants was studied and found to be of a first
order with respect to both Fe(Ill) and H,B. More-
over, the effect of ligand as well as the hydrogen ion
concentrations on the pseudo-first-order rate constant
was examined. These studies show that the rate con-
stant increases with increase in ligand concentration,
while it decreases with increase in [H™]. The H,B sub-
stituent effects on the oxidation were also investigated
in accord with Hammett’s equation. Results revealed
that electron-withdrawing groups enhance oxidation,
while the electron-donating groups inhibit it. Further-
more, the ionic strength dependence was studied using
the Brgnsted—Bjerrum equation. The higher the ionic
strength the larger is the rate constant. According to
the results deduced from plots of 1/kps versus 1/[H,B],
1/kps versus 1/[L]%, and 1/kqps versus [H*1? (Figs. 3-5)
and the estimated activation parameters (Table IV), the
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Table IV Values of k, K|, K, E;, AH#, AS* and AG7 for [Fe(Fz),]>t and [Fe(bipy),|>*

E, AH# ASF AG# k K K>
Complex (J/mol K) (kJ/mol) (J/mol K) (kJ/mol) (min~1) m~h M1
[Fe(Fz),]*+ 55.31 52.77 —148.09 98.04 0.0448 8.514 40.966
[Fe(bipy)2 1>+ 49.70 47.16 —169.3 98.92 0.0923 9.869 16.827

oxidation process is most likely to proceed via inner
sphere mechanism.
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