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Kinetics of Oxidation of Benzaldehydes
by Coppertllf) in r-Butanol-Water Medium
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Kinetics of oxidation of benzaldehyde and substituted
benzaldehydes by diperiodatocuprate(III) (DPq in r-butanol-water
medium has been studied colorimetrically at 414 nm. The order in
[DPC] and [benzaldehyde] is found to be unity each. The rate
increases with increase in [OH -] and decrease in [periodate]. The
products of oxidation are the corresponding benzoic acids. The
order of reactivity of different substituents is found to be p-N02 > mN02>m-CI>p-CI>H>p-CH3.
A mechanism involving the reaction between monoperiodatocuprate(III)
and anionic species of
benzaldehyde in the slow step to give a radical is proposed.

Trivalent
copper complexes like ditelluratocuprate(III) (OTC) and diperiodatocuprate(III)
(OPC) have
been earlier used 1 -5 in our laboratory as one-electron
oxidants in the study of kinetics and mechanism of
oxidation of various aliphatic compounds in aqueous
medium. Similar studies on the oxidation of aromatic
compounds by these reagents are lacking in literature
because of the insolubility of the aromatic compounds
in aqueous medium. We report herein the results of a
systematic
kinetic
study
of the oxidation
of
benzaldehyde and substituted benzaldehydes by OPC
in t-butanol-water
mixtures. r-Butanol-water mixture
has been found to be a suitable solvent for aromatic
compounds and it is not oxidised by OPC under the
ex perimen talco ndi tions.
All the chemicals used were of extra pure quality.
The DPC was prepared and standardised by literature
method", The course of the reaction was followed by
measuring
the absorbance
of unreacted
DPC at
regular time intervals at 414nm
using Carl-Zeiss
spectrocolorimeter.
Under the conditions employed the products of
oxidation were identified as the corresponding benzoic
acids which were characterised by their IR spectra and
melting points 7• It was found that one mol of
benzaldehyde consumed two mol of OPe.
Under the conditions [OPC]~[benzaldehyde]
the
plot of log (absorbance)
versus time was linear
(Fig. IA) indicating first order dependence of rate on
[OPC]. From the slopes of such plots the pseudo-first
order rate constants (k') were evaluated, and these were
found to increase with increase in [substrate].
The
order in [benzaldehyde] was found
be unity from
the slope of the linear plot of log k' versus log
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Fig. I(A)-The plot of log (absorbance) versus time [OPC] = 5.70
X 10-5
moldm -3; [OH -]=0.010 moldm -3 [Benzaldehyde]
=8.00xI0-2
moldrn >'; [KIO.]=6.80xI0-4
moldm-J;
tButanol=30% (v/v); temp=300K; (B) Plot of log k' versus log
[benzaldehyde]; (C) Plot of I/k' versus I/[benzaldehyde]; (D) Plot of
log k" versus (J.

[benzaldehyde]
(Fig. I B). A similar first order
dependence was observed with substituted benzaldehydes also (Table I).
The reaction rate increased with increase in [OH -],
ionic strength and percentage
of r-butanol
and
decreased with increase in [periodate]. For example
under the conditions [OPC] = 5.7 x 10 -5 moldm -3,
[benzaldehyde] =0.08 moldm -3, 300 K and r-butanol
= 30% (v/v), k' x 103 increased from 14.9 to 25.9 min-I
when [KOH] x 102 was increased from 1.0 to 4.0
moldm -3 ([KI04] = 6.8 x 10 -4 moldm -3) and 14.9 to
100 min -1 when J1. was increased from 0.01 to 0.05
moldm -3 ([KOH] = 1.0 x to -2 moldm -3). Under
identical conditions k' x 103 increased from 11.5 to
59.8 min -1 when solvent was changed from 20 to 60%
aq. r-butanol (v/v) and decreased from 25.9 to
8.0min -1 when [periodate] x 104 was increased from
6.8 to 27.2 moldm -3. When acrylamide was added to
the reaction mixture polymerisation
was observed
under nitrogen atmosphere.
In alkaline medium the neutral benzaldehyde
molecule exists in equilibrium with its monoanionic
species. The direct dependence of rate on [OH-]
indicates that the monoanionic species of benzaldehyde is the active species under the experimental
conditions.
The DPC,
{Cu(106hr
- has been
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demonstrated to be an aquo or hydroxy hydroperiodatocupraterlfl)"
which we prefer to express as

Cu(HLh in our discussion. The increase in rate with
increasing [OH -] and decreasing [periodate] suggests
that monoperiodatocuprateflfl)
(CuHL) is the active
species of OPC in z-butanol-water
medium also as
reported earlier".
The observed ionic strength effect suggests that the
reaction is between similarly charged ions. Since
monoperiodatocupratefllf)
bears an overall unit
negative charge, the assumption
that the active
benzaldehyde species is anionic in nature is justified.
The plot of Ilk' versus 1/[benzaldehyde]
is linear
passing through origin (Fig. IC) indicating the absence
of any complex formation between the oxidant and the
substrate. In the light of above information a probable
mechanism shown in Scheme 1 is proposed.
Cu(HL)z + OH - :.,

CuL(HL)

~

CuL(HL) + H20

Table l-e-Effect of Varying [Benzaldehyde] in DPCBenzaldehyde Reactions [DPC] = 5.70 x 10 -5 moldm -3;
[KI04] = 6.80 x 10 -4 moldm -3; [KOH] =0.010 moldm -3;
temp = 300 K; r-butanol = 30% (vIv)
Benzaldehyde
(BZH)

P-CH3

p-C1

m-CI

... (ii)
(iii)

PhCHO + OH - ~
PhCH(OH)O

PhCH(OH)O

k
- + Cu(HL) -I
sow

->

-

... (iv)

PhC(OH)OH+

+ Cu(II)

... (v)

k'

X 104
s -I

k" X 103
dm ' mol -I s -I

2.80
2.50
2.90
2.50

2.00
4.00
6.00
8.00

5.60
10.0
23.1
30.0
10.4
21.0
30.0
40.0

2.00
4.00
6.00
8.00
1.00
2.00
3.00
4.00
1.00
2.00
3.00
4.00

15.0
30.3
45.5
59.1
13.4
26.3
37.5
52.0
21.0
42.1
62.3
84.0

7.50
7.60
7.60
7.40

2.00
4.00
8.00
12.0

... (i)

Cu(HL)+L

[BZH] x 102
moldm -3

5.20
5.29
5.00
5.00

13.4
13.1
12.5
13.0
21.0
21.0
20.8
21.0

Table 2-Second Order Rate Constants and Activation
Parameters for DPC-Benzaldehyde Reaction in
r-Butanol-Water Mixture
[DPC]=5.70

x 10 -5 moldm -'; [KOH] =O.OIOmoldm-J

z-Butanol = 30~;,(vjv); [KIO .•] = 6.80 x 10 -4 moldm

-3;

temp= 300 K

PhC(OH)O

-rast
--> PhCOOH

- + Cu(HL)

+ Curll)

.

Substituent

... (VI)

k" x 10'
dm3mol-'s-'

Scheme I
H
p-CH,

The rate law in consonance
Eq.(l)
-d[OPC]
dl

with Scheme I is given by

(kK,K2K4[Ph.CHO]
[Cu(HL)z] [OH -]
{I +K3[HL]+K3[OH
-]})
... (I)

which substantiates the rate data obtained.
If the increase in rate with increasing percentage of
I-butanol is attributed to dielectric constant effect,
then the reaction should be of ion-dipole type. But, the
observed ionic strength effect and the rate law (I) show
that the reaction is of ion-ion type. Hence, the increase
in rate with increasing percentage of I-butanol in the
reaction system could be due to equilibrium (i) where
deprotonation
of OPC, i.e. Cu(HL)z is faciliated with
increasing I-butoxide ions which are known to act as
stronger bases than hydroxide ions.
The observed rates of benzaldehyde and substituted
594

p-C1
m-CJ
m-NOz
p-NOz

3.12
2.50
5.27
7.60
13.1
21.0

-Mt
·-----Jdeg-'mol-'
k.lmol >'
89.9
96.1
73.1
65.2
53.9
34.6

87.8
89.0
86.5
85.2
84.0
79.4

1.32
2.78
61.0
84.0
117
163

benzaldehydes follow the order: p-N02 > m-N02 > mCl > p-Cl > H > p-CH 3 (Table 2). A similar trend was
also observed during the oxidation of benzaldehydes
by Mn(I1I), Co(lIO and Cr(V09 -". The Hammett's
plot is linear (Fig. I 0) with a reaction constant (p)
=0.840 and correlation
coefficient r=0.987. The
positive p-value indicates that an electron rich site is
formed in the transition state since monoperiodatocuprate(lII) is anionic in nature, i.e. a nucleophilic attack
is expected. Hence, the substituent which can increase
the magnitude of the positive charge on the carbonyl
carbon of the aldehyde would be able to stabilise the
transition
state, thereby allowing the reaction to
proceed. The higher rate of oxidation
of P-N02

NOTES

benzaldehyde could be due to the combined - I and
- R effects, inducing more positive charge on carbonyl
carbon atom. In the case of m-N02 the only effect that
is operative is the - I effect, and this explains the order
of reactivity
observed
(P-N02 > m-N02 > H).
Amongst the chlorobenzaldehydes m-chlorobenzaldehyde undergoes oxidation at a higher rate than the
para-isomer. A chloro group is capable of exerting
- I and + R effects from para position and only - I
effect from meta position. The higher rate for the paraisomer is due to predominant + R effect. The low rate
of p-methylbenzaldehyde is probably due to the + I
effect coupled with positive hyperconjugative effect.
Activation parameters are presented in Table 2. The
constancy in dGt values indicates that a similar
mechanism is operative in all the cases studied. The
isokinetic temperature value (326 K) is well above the
experimental temperature range (293-313 K) used,
indicating the reactions to be enthalpy-controlled.
This is also evident from the Eexp values (Table 2).

One of the authors (KBR) is indebted to the CSIR,
New Delhi, for the award of a po~t doctoral fellowship.
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