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Abstract

A comparative kinetic study of the hydroxide-catalysed decomposition of benzoquinone-imine dyes such as 4-[(4-
hydroxyphenyl)imino]-2,5-cyclohexadien-1-one (indophenol, IP), 2,6-dichloro-4-[(4-hydroxyphenyl)imino]-2,5-cyclo-
hexadien-1-one (DCIP), 2,6-dibromo-4-[(4-hydroxyphenyl)imino]-2,5-cyclohexadien-1-one (DBIP), and 2,6-dibromo-
4-[(4-hydroxy-3-methoxyphenyl)imino]-2,5-cyclohexadien-1-one (DBMIP) was carried out. The kinetic data are con-
sistent with nucleophilic addition of hydroxide anions to the imine carbon (step 1), followed by cleavage of the result-
ing carbinolamine intermediate (step 2). The reactivity for step 1 increases in the order IP <DCIP <DBIP <DBMIP,
whereas the reactivity order for step 2 is DBIP <DCIP <DBMIP <IP. Application of the Hammett equation to the
rate values corresponding to IP, DCIP and DBIP renders p values of (0.724+0.01) and (—0.46£0.03) for steps 1 and 2,
respectively.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction moiety from a tetrahedral (carbinolamine) inter-
mediate, as shown in Eq. (1) [3].

Quinone-imine dyes are among the most impor-

tant industrial dyestuffs, and many of these dyes \C=N H.0 _ZiNHR

are also frequently used in analytical chemistry as / \R

redox, acid-base, adsorption, and solvent polarity (1
indicators [1,2]. The ease with which the imine \C___O + NHR

functionality of quinone-imine dyes can hydro-
lyze, however, limits the applications of these dyes.

The general mechanism for hydrolysis of an imine
group involves addition of water to the imine
carbon followed by elimination of the nitrogen
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Despite the numerous kinetic studies on hydro-
lytic decomposition of carbon-nitrogen double
bond containing compounds, very limited quanti-
tative data are indeed available for quinone-imine
dyes such as indophenol (i.e., 4-[(4-hydroxy-
phenyl)imino]-2,5-cyclohexadien-1-one) and its
derivatives [4-8]. In the present paper, a kinetic
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study on the hydroxide-catalysed decomposition
of a series of structurally related benzoquinone-
imine dyes (Chart 1) is presented. Substrate reac-
tivity is discussed in the context of Eq. (1), and
interpreted in terms of the corresponding sub-
stituent electronic effect.

2. Results and discussion

The hydrolytic decomposition of the benzoqui-
none-imine dyes shown in Chart 1 was carried in
aqueous solutions having varying NaOH concen-
tration (from 0.1 to 0.5 M). Under these experi-
mental conditions, the benzoquinone-imine dyes
exist predominantly under their anionic forms
(pK.3=8.2 (IP), 5.8 (DCIP and DBIP) [9]); thus,
the corresponding visible absorption spectra are
characterized by an intense absorption band cen-

o N OH
X
Dye Y
IP H
DCIP Cl H
DBIP Br H

DBMIP | Br CH30

Chart 1.

Table 1
Spectral parameters and rate constants for hydrolysis of
benzoquinone-imine dyes in NaOH aqueous solutions®

Dye ;anxb iisoc k] k2

(nm) (mm)  (107*M~'s~l)  (10-5s7))
1P 629 542 2.36+£0.02 8.7+0.2
DCIP 602 536 8.17£0.08 4.1£0.1
DBIP 606 535 8.8+0.2 3.6+0.1
DBMIP 591 496 20.24+0.2 5.240.1

2 T=(25.0+0.1) °C; u=1M (NaCl).
® Wavelength of maximun absorption.
¢ Isosbestic point.

tered in the 590-630 nm region (Anhay, Table 1).
When the intensity of this visible band is mon-
itored as a function of time, the depletion of such
signal is observed (Fig. 1 is representative). Inter-
estingly, the initial time resolved absorption spec-
tra show a well-defined isosbestic point (Fig. 1A)
in the 495-545 nm region (4;s,, Table 1), which on
longer time scales is no longer observed since
depletion takes place throughout the entire visible
region (Fig. 1B). In all cases, a hypsochromic shift
of the wavelength of maximum absorption also
becomes noticeable as the depletion progresses
(Fig. 1B). UV-visible and 'H-NMR investigations
clearly indicate that the overall spectral changes
are due to the fact that the benzoquinone-imine
dyes being studied are first hydrolyzed into their
corresponding 1,4-aromatic quinone and 4-ami-
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Fig. 1. Time resolved absorption spectra for DBIP in 0.01 M
NaOH aqueous solution obtained within I min and (A) 80 min
(from a to b), and (B) 480 min (from a to c) after sample
preparation.
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nophenol, in agreement with literature reports
[6,10].

As it can be inferred from Fig. 1, the shape of
the kinetic traces varies with monitoring wave-
length (4). For instance, at A longer than that cor-
responding to the isosbestic point a decay signal is
observed. Kinetic traces recorded at 4 longer than
ca. 680 nm follow first-order kinetics up to at least
three half-lives (Fig. 2 inset is representative), and
the resulting observed rate constant values (inde-
pendent of 1) show a linear correlation with
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Fig. 2. Kinetic trace monitored at 470 nm for IP decomposi-
tion in 0.05 M NaOH aqueous solution. Inset: kinetic trace
monitored at 700 nm.
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Fig. 3. Plot of observed rate constants (corresponding to decay
traces recorded at 4 > 680 nm) vs. NaOH concentration for
hydrolytic decomposition of IP (V), DCIP (O), DBIP ([1),
and DBMIP (A) in aqueous solution.

NaOH concentration (Fig. 3). When monitoring
at shorter wavelengths (i.e., 4j;o <4 <680 nm), the
shorter the wavelength, the poorer the overall
first-order fitting, and the lower the resulting
observed rate constant. On the other hand, at A
shorter than 4;, a growth followed by a decay is
detected (Fig. 2 is representative). Depending on
the substrate employed, the rate for the growth
and decay processes may be quite close; therefore
a precise evaluation of the corresponding rate
constants becomes difficult. However, when
kinetic traces of the type shown in Fig. 2 are fitted
to a double exponential function, it is found that
the larger rate constant (i.e., growth process)
agrees excellently with the value determined from
the corresponding decay signal collected at 4 >
680 nm. Thus, rate constants determined at 1 >
680 nm were employed as (fixed) parameters in the
double exponential function used to find the rate
constants corresponding to the (slower) decay
process monitored at 4 < 4;s,. Resulting values are
found to be essentially independent of NaOH
concentration (Fig. 4).!

The kinetic data displayed in Figs. 1 and 2 are
fully consistent with the general mechanism shown
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Fig. 4. Plot of observed rate constants (corresponding to the
decay of traces recorded at 1 <J;s,) vs. NaOH concentration
for hydrolytic decomposition of IP (Y/), DCIP (O), DBIP ([),
and DBMIP (A) in aqueous solution [11].

! Values for IP at 0.01 and 0.02 M could not be determined
as the amplitude for the corresponding growth/decay signal is
too small to carry out kinetic measurements.
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Fig. 5. Hammett plot for formation (Q) and dissociation (A)
of the carbinolamine intermediate involved in the decomposi-
tion of indophenol (IP) and its derivatives (DCIP and DBIP) in
NaOH aqueous solution.

in Eq. (1). Thus, the (fast) decay monitored at A >
680 nm and growth signal recorded at A </,
render rate constant values for step 1, i.e., con-
version of the quinone-imine dye into the carbi-
nolamine intermediate upon addition of hydroxide
anions to the imine carbon. As already mentioned,
the resulting observed rate constants for the traces
just described are found to be directly propor-
tional to the concentration of hydroxide anions
(Fig. 3). The corresponding second-order rate
constants (kq, Table 1) are found to increase in the
order IP <DCIP <DBIP <DBMIP. This reac-
tivity order can be easily explained in terms of the
electronic character of the substituents on the
quinoid and phenolic rings. As the ability of the
substituents to withdraw electrons increases, so
does the electrophilic character of the imine car-
bon, and consequently, the rate of addition of
hydroxide anions. Indeed, application of the
Hammett equation to the rate values correspond-
ing to IP, DCIP, and DBIP renders a linear plot
(Fig. 5) characterized by a p; value of (0.7240.01).
Likewise, the (slow) decay monitored following
the growth at 4 < 44, renders rate constant values
for step 2, i.e., decomposition of the carbinola-
mine intermediate. The corresponding NaOH-
independent rate values (k,, Table 1) increase in
the order DBIP < DCIP < DBMIP <IP This reac-
tivity order can also be easily explained in terms of

the electronic character of the substituents on the
quinoid and phenolic rings. As the electron-with-
drawing character of the substituents on the qui-
noid ring increases, so does the strength of the C—
N bond, and consequently, the rate of C—N bond
dissociation is expected to decrease. Application
of the Hammett equation to the rate values corre-
sponding to IP, DCIP and DBIP renders a linear
plot (Fig. 5) characterized by a p, value of
(—0.4610.03). On the contrary, as the electron-
withdrawing character of the substituents on the
phenolic ring increases, so does the leaving group
ability of N, and consequently, the rate of C-N
bond dissociation is expected to increase.
Although the number of experimental data for
substitution at the phenolic ring is indeed quite
limited, comparison of the rate values for DBIP
and DBMIP leads to estimated p values of 3.6 and
1.6 for steps 1 and 2, respectively. Interestingly,
these values would suggest that the susceptibility
of the two processes controlling dye decomposi-
tion (i.e., formation and dissociation of the carbi-
nolamine intermediate) to electrical effects at the
phenolic ring is more pronounced than that at the
quinoid ring (which in turn is consistent with the
extended m-conjugation between the N-aryl frag-
ment and the imine group).

In summary, rate (k) and reaction (p) constants
for hydroxide-catalyzed decomposition of a series
of structurally related benzoquinone-imine dyes
are reported. These values should prove valuable
to the use of benzoquinone-imine dyes in analy-
tical chemistry applications requiring alkaline
conditions, such as in modified electrodes [11] for
example.

3. Experimental

4-[(4-Hydroxyphenyl)imino]-2,5-cyclohexadien-
1-one (sodium salt, Aldrich) and 2,6-dibromo-4-
[(4-hydroxyphenyl)imino]-2,5-cyclohexadien-1-one
(TCI) were used as received; 2,6-dichloro-4-[(4-
hydroxyphenyl)imino] - 2,5 - cyclohexadien - I - one
and 2,6-dibromo-4-[(4-hydroxy-3-methoxyphenyl)-
imino]-2,5-cyclohexadien-1-one (TCI) were pur-
ified by column chromatography on silica gel
using ethyl acetate:cyclohexane (1:3) as eluent.
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The purity and identity of all four dyes were
checked by TLC and 'H-NMR spectroscopy
(using a Bruker Model AM-300 NMR spectro-
meter). Aqueous solutions were prepared using
analytical grade reagents (BDH) and water pur-
ified by passage through a Millipore apparatus.
The hydrolysis of quinone-imine dyes in NaOH
aqueous solutions was monitored spectrophoto-
metrically using a Varian Cary 1 Bio spectro-
photometer with a thermostated cell compartment
connected to a heated/refrigerated circulating bath
(VWR Canlab Model 1160A). Reactions were
initiated by adding the substrate (dissolved in
water) to a solution containing all the other con-
stituents. Typical dye concentrations were in the
order of 3-5x107> M. All reactions were carried
out under pseudo-first order conditions and fol-
lowed until at least 80-90% conversion of the
starting material was observed. The ionic strength
of the solutions was kept constant at 1 M using
NaCl as compensating electrolyte. All measure-
ments were carried out at (25.0+0.1)°C. Kinetic
traces were obtained by monitoring either the dis-
appearance of the quinone-imine dye (i.e., 4 ca.
700 nm in the cases of IP and DBIP, and 686 nm
in the cases of DCIP and DBMIP) or the forma-
tion/disappearance of the intermediate carbinola-
mine (i.e., A ca. 470, 451, 470 and 440 nm for IP,
DCIP, DBIP and DBMIP, respectively). Values
for the observed rate constants were then obtained
by fitting the kinetic traces to either a single or
double exponential function by using the general

curve fitting procedure of Kaleidagraph software
(version 3.0.5) from Abelbeck Software. All
observed rate constants values correspond to the
average of at least two independent kinetic runs.
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