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Abstract

The kinetics of the condensation of Fischer’s base aldehyde with anilines, yielding hemicyanine dyes, was investigated
spectrophotometrically. The study was carried out in aqueous solutions with 30%, 45%, or 60% acetic acid. It was found that the
condensation is reversible and first order with respect to each reactant. The apparent second-order rate constant of the process
decreased slightly for most of the used anilines, when the acetic acid content of the solvent was increased from 30% to 45% and
60%. The electron-withdrawing substituents on the aromatic ring of anilines were found to increase the observed reaction rate,
whereas the electron-donor substituents were found to decrease it. However, when the “true’ second-order reaction constants are
considered, the reverse is valid. The “true” second-order reaction constants were calculated taking into account that part of the total
aniline is protonated (and thus, not available for the condensation reaction). The Hammett plots obtained with these “true” second-
order rate constants showed satisfactory correlation coefficients and gave a reaction constant of p = —(1.77 + 0.10) in 30% AcOH,
at 30 °C. The obtained kinetic data, and the reaction constants obtained from the Hammett plots, indicate that the rate-determining
step of the studied process is the nucleophilic attack of the free amine on the carbonyl group of Fischer’s base aldehyde. Activation
parameters of the studied condensation reaction were also determined.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction sensitizers in Gréitzel type photocells [8§—11], and
fluorescent probes for monitoring cell membrane

Hemicyanines are extensively used as textile dyes and potentials and intracellular pH changes [12—15]. There-

several of them (such as C.I. Basic Yellow 21, C.I. Basic
Yellow 13, and C.I. Basic Yellow 11) are produced at
large scale and are commercially available [1,2]. Besides
their use as textile dyes, hemicyanine dyes are promis-
ing alternatives for photographic sensitizers [3—7],
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fore, there is a great interest in the synthesis and
characterization of new hemicyanine dyes [1,16—23].
However, up to now only few works addressed the
kinetic aspects of their synthesis [24—26], although it is
known that kinetic measurements enable the establish-
ment of structure—reactivity relationships, e.g. by means
of Hammett equation [27—34]. Taking into account the
above-mentioned applications such structure—reactivity
relationships for the synthesis of hemicyanine dyes could
be of practical interest.
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An industrial method of hemicyanine dye synthesis is
based on the condensation of Fischer’s base aldehyde
(FBA, 1,3,3-trimethyl-2-methylenindolin-w-aldehyde)
with anilines, in acetic acid (AcOH) medium [1,2,16—
21,23]. Therefore, in the present work, the kinetics of the
condensation of FBA with differently substituted ani-
lines, in concentrated acetic acid medium, has been
investigated. The effect of a large number of substituents
on the benzene ring of the anilines upon the reaction
rate has been studied in order to identify the rate-
limiting step of the process and to establish a structure—
reactivity relationship. Moreover, the influence of
different reaction conditions, such as acetic acid content
of the reaction medium and temperature, on the reaction
rate has been also examined.

2. Materials and methods
2.1. Materials

4-Aminoacetanilide, 4-aminobenzonitrile, 4-trifluoro-
methylaniline, 3- trifluoromethylaniline, 3-aminobenzyl
alcohol, 3-aminophenol, 3-anisidine, 3-bromoaniline,
3-chloroaniline, 3-ethylaniline, 4-ethylaniline, 4-fluoro-
aniline, 4-iodoaniline, and 4-tert-butylaniline were
purchased from Merck-Schuchardt, Hohenbrunn,
Germany. 3-Aminoacetophenone, 3-aminobenzonitrile,
3-fluoroaniline, methyl 3-aminobenzoate, 3-nitroani-
line, 3-toluidine, and 4-toluidine were purchased from
Fluka Chemie GmbH, Buchs, Switzerland. 4-Amino-
benzoic acid was purchased from Kebo AB, Stock-
holm, Sweden. Glacial acetic acid was purchased from
Chimopar, Bucharest, Romania. All chemicals were
used as received. 4-Aminobenzenesulfonamide and FBA
were synthesized as previously described [35—38]. All
solutions were prepared by using demineralized and
double-distilled water.

2.2. Kinetic measurements

The observed rate constants of the studied reactions
were determined spectrophotometrically by measuring
the absorbance of the formed hemicyanine dye in
AcOH—water mixture or methanol—water—AcOH mix-
ture. The AcOH content in the AcOH—water mixture
was 30%, 45% or 60% (v). The concentration of AcOH
in 50% (v) aqueous solution of methanol was varied in
the range of 0.052—0.364 mol L~!. Stock solutions of
the aldehyde and the anilines were freshly prepared just
before each set of measurements. Appropriate volumes
from these stock solutions were mixed directly in the
quartz cuvette (1 cm optical path length) to obtain the
required concentrations of the reactants. The amine was
used in concentrations at least 10 times higher than
the aldehyde in order to assure pseudo-first-order

conditions. As the reaction proceeded, the formation
of the hemicyanine dye was followed either at 410 nm
(since the resulting dyes exhibit an absorption maximum
around this wavelength) or by periodically recording the
absorption spectra between 200 nm and 550 nm on
a Jasco spectrophotometer (Model V-530, Japan) pro-
vided with a thermostated cell holder. The latter
procedure was often preferred due to the additional
information contained by the spectra (i.e. due to
simultanecous observation of the product formation
and reactant consumption, and an easier observation
at the end of reaction). However, the first approach
gives a better time resolution to the measurement. The
reference consisted of a cuvette containing acetic acid
solution of the same composition as the reaction media.
The absorbance values corresponding to a conversion of
up to 5% were used for the calculation of rate constants,
in order to minimize the effect of the reverse reaction.
All experiments were performed at least twice and
a difference of maximum 3% of the rate constant was
accepted between runs.

3. Results and discussion

Fig. 1 shows successively recorded absorption
spectra after mixing 4-aminobenzonitrile and FBA.
The spectra display two characteristic absorption peaks,
which can be used for kinetic purposes, and a well-
defined isosbestic point. The absorption band at 344 nm
corresponds to the FBA, whilst the one at 415 nm
corresponds to the formed hemicyanine dye. The
occurrence of the isosbestic point at 370 nm suggests

' Dye formation

FBA consumption
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Fig. 1. Successively recorded absorption spectra for a reaction mixture
of 4-aminobenzonitrile (4.01 X 10> molL~!) and FBA
(5.01 X 107° mol L™"),in 30% aqueous solution of acetic acid, at 30 °C.
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Table 1
Initial rates for the reaction of 4-aminobenzonitrile with increasing
concentrations of FBA, in 30% aqueous solution of acetic acid, at
30 °C

[Amine], (mol L™

[FBA] (mol L") Initial rate (s™')

6.25 X 1073 0.50 X 1074 1.53 X 1074
6.25%x 1073 1.00 X 1074 292 %1074
6.25 X 1073 2.00 X 107* 528 X 107
6.25%x 1073 402 %1074 10.17 X 107

that there are no long-lived intermediates involved in the
condensation reaction.

3.1. Determination of the reaction order

The first-order kinetics with respect to FBA was
determined by the initial rate method. First, the
absorbance at 410 nm for mixtures with a constant
concentration of 4-aminobenzonitrile and increasing
concentrations of FBA (as limiting component) was
recorded. Then, the initial rates dA4/d:r (s™'), were
obtained as the slopes of the absorbance (at the
beginning of the reaction) vs time plots. They were
found to increase linearly with the concentration of
FBA as presented in Table 1. [Amine]; stands for the
total concentration of aniline introduced in the reaction
mixture.

The first-order kinetics with respect to the amine was
confirmed for four anilines, bearing different substitu-
ents on the benzene ring, by using the observed rate
constants, k.nq. The observed rate constants were
calculated as the slope of the semilogarithmic plot of

Eq. (1).

In(4ew — A)=In(Aw — Ag) — kobsat (1)

Ao, A, and A, stands for the absorbance at the end of
reaction, absorbance at time ¢, and the initial value of
absorbance, respectively. Straight lines with very good
correlation coefficients (0.9990—0.9999) were obtained
for the first part of the reaction. When kg was
calculated using the absorbance at 344 nm (i.e. at the
maximum absorbance of FBA), the obtained values
were systematically slightly lesser than those obtained
following the dye formation (at the maximum absor-
bance of the dye). As the successively recorded spectra
show in Fig. 1, this difference could be due to the
overlap between the tail of the absorbance peak
corresponding to the dye and the absorbance peak
corresponding to the aldehyde. Therefore, all reported
rate constants were obtained following the dye forma-
tion. Observed rate constants, determined at different
excess concentrations of amine and a constant concen-
tration of FBA, were linearly dependent on the total
concentration of the aniline [Amine]; (see Fig. 2). From
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Fig. 2. Observed rate constants as a function of total amine
concentrations in the condensation with FBA. Experimental con-
ditions: 3-toluidine (), aniline (@), 4-tert-butylaniline (A), 4-
aminobenzonitrile (V¥), [FBA] = 5.00 X 10> molL~", 30% acetic
acid solution, at 30 °C.

the plot of kopsq Vs [Amine], two important conclusions
can be deduced. First, the straight lines do not pass
through the origin, indicating a reversible process. The
reversibility of the condensation is further proved by the
fact that larger excess concentrations of the amine gave
higher values of 4., corresponding to higher concen-
trations of the formed hemicyanine dyes, with the same
concentration of FBA as limiting component. Second,
the linear dependence of k,psq Vs [Amine], indicates that
the forward process (i.e. the hemicyanine dye formation)
is a first-order reaction with respect to the amine.

Therefore, it is obvious that at constant acidity, the
forward reaction obeys a second-order rate law, first
order with respect to both the amine and the FBA, as
described by Eq. (2).

rate = ki,p, [FBA][Amine], (2)

Moreover, the condensation between the anilines and
FBA, as a reversible process is represented by Eq. (3)
and characterized by kyapp, k—1, and K. Here ky,pp, is the
apparent second-order rate constant of the forward
reaction, k_, is the rate constant of the reverse reaction,
and K is the -equilibrium constant defined as
K=lkapp/k-1

AcOH
FBA +X—C¢H;—NH, ——

Hemicyanine dye as acetate +H,O kyapp, k_1, K (3)

Under the used experimental conditions (i.e. excess
concentration of the anilines in concentrated AcOH
solutions), the observed rate constant will be described
by Eq. (4).

Kopsd = klapp [Amine]t +k_; (4)
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Anilines with substituents displaying different elec-
tronic effects were selected for the above study. It was
found that electron-withdrawing substituents increase the
rate of the condensation reaction. The apparent second-
order rate constant of the forward process, kj4pp, as the
slope obtained from Fig. 2, was 11.74 X 107> Lmol ' s™!
for 4-aminobenzonitrile, 2.25 X 107> Lmol 's™! for
aniline, 1.02 X 10> Lmol 's™' for 3-toluidine, and
092X 10 *Lmol's™! for the 4-tert-butylaniline.
However, the rate constants of the reverse reaction (as
the intercepts from Fig. 2) were quite close to each other
and small. This indicates that the reverse reaction is not
significantly influenced by the substituent on the benzene
ring of the anilines. This could be due to a long distance
between the substituent and the reaction center. The
equilibrium constant (K= kiapp/k_1) calculated from the
kinetic data displayed in Fig. 2, was 991.8 L mol ™! for 4-
aminobenzonitrile, 272.8 Lmol~! for aniline, 104.2 L
mol™! for 3-toluidine, and 88.6 Lmol™! for 4-rert-
butylaniline. Correspondingly, higher values of A,
indicating higher concentrations of the formed hemi-
cyanine dyes, were experimentally observed for the
reactions with anilines bearing electron-withdrawing
substituents than for the reactions with the anilines
bearing electron-donating substituents.

3.2. The effect of the acetic acid concentration
on the reaction rate

The effect of acetic acid content of the reaction media
on the condensation rate has been also investigated by
using aqueous solutions with 30%, 45%, or 60% (v)
acetic acid. It was observed that, increasing the acetic
acid content of the reaction medium decreases slightly
the rate of the condensation reaction for most of the
studied amines. Fig. 3 presents the variation of
kobsa With the concentration of 4-aminobenzonitrile at
different concentrations of acetic acid in the reaction
medium.

The slope of the plots, i.e. the apparent second-order
rate constant of the forward reaction, diminishes from
11.74 X 10 * Lmol's™" to 7.39 X 107> Lmol~'s™"
and 4.59 X 10 s 'L mol~'s™' as the content of the
acetic acid increases from 30% to 45% and 60%,
respectively. The decrease of the free amine concentra-
tion and increase of the protonated amine concentra-
tion, when the acetic acid concentration is increased, can
explain such a behavior. Since the active form of the
anilines in the nucleophilic attack is the free amine, and
the concentration of this free amine is decreasing with
increasing concentrations of acetic acid, the reaction
rate decreases with increasing concentrations of acetic
acid.

In order to identify a possible acid catalysis
[27,32,33,39,40], several measurements were carried out
in 50% (v) aqueous solution of methanol containing
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Fig. 3. Observed rate constants at different 4-aminobenzonitrile
concentrations in the condensation with FBA in 30% acetic acid (),
45% acetic acid (@), or 60% acetic acid (A) solution. Experimental
conditions: [FBA] = 5.00 X 107> mol L™, at 30 °C.

much lower concentrations of acetic acid than in the
above experiments. At lower acid concentrations the
decrease in the concentration of the free amine is less
pronounced, therefore, one can expect that the effect of
an acid catalysis can be easily detected. The initial rate
method showed that reaction rates increased linearly
when the acetic acid concentration increased from
0.052 mol L™ to 0.364 mol L™!. The plot of the initial
rate as a function of the acetic acid concentration
(see Fig. 4) is a straight line, which does not pass
through the origin. Such behavior could be due to an
acid catalyzed process occurring in parallel with a non-
catalyzed process [27,32,33].

5.0x10"

4.0x10™ 1
-+
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Fig. 4. Initial rates of the condensation of 4-aminobenzonitrile with
FBA in 50% aqueous solution of methanol containing different
concentrations of acetic acid. Experimental conditions:
[Amine], = 6.00 X 107> mol L', [FBA] = 3.00 X 10~*mol L™,
A = 410 nm, at 30 °C.
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Table 2

Second-order rate constants for the condensation of meta and para substituted anilines with FBA

Anilines, o [44,45], Amax® Of the resulting Ky (L's™ mol™") K (Ls™'mol™")

dye (nm) 30% AcOH  45% AcOH  60% AcOH  30% AcOH  45% AcOH  60% AcOH
4-Aminobenzonitrile, 0.66, 415 2.36 X 1072 - - 0.24 - -
4-Aminobenzenesulfonamide, 0.57, 414 3.39 X 1072 — 0.24 — —
4-Aminobenzotrifluoride, 0.54, 409 4.58 X 1072 — — 0.61 — -
4-Aminobenzoic acid, 0.45 2.69 X 1072 — — 0.80 — —
4-Todoaniline, 0.18, 415 233X 1072 - - 1.5 - -
4-Fluoroaniline, 0.06 8.74 X 1073 - - 3.85 - -
4-Aminoacetanilide, 0.00, 418 6.19 X 1072 — — 7.81 — —
4-Ethylaniline, —0.15, 413 7.74 X 1073 — — 9.51 — -
4-Toluidine, —0.17, 413 5.99 X 1073 - - 10.26 - -
4-tert-Butylaniline, —0.2, 414 2.65 X 1073 — — 12.6 — -
4-Aminophenol, —0.37 244 %1073 - - 15.83 - -
3-Nitroaniline, 0.71, 406 498 X 1072 4.12% 1072 3.89 X 1072 0.47 0.42 0.59
3-Aminobenzonitrile, 0.56, 408 3.04 X 1072 2.74 X 1072 3.71 X 1072 0.55 0.62 0.5
3-Aminobenzotrifluoride, 0.43, 407 — 3.90 X 1072 2.94 X 1072 - 1.33 1.31
3-Bromoaniline, 0.39, 410 2.51 X 1072 1.91 X 1072 - 1.46 1.43 -
3-Aminoacetophenone, 0.38, 410 2.90 X 1072 2.84 X 1072 1.89 X 1072 1.66 2.30 2.03
3-Chloroaniline, 0.37, 410 422 %1072 3.52 X 1072 1.48 X 1072 1.48 1.74 1.67
Methyl 3-aminobenzoate, 0.37, 409 274X 1072 120X 1072 1.04 X 1072 1.23 1.44 1.03
3-Fluoroaniline, 0.34, 409 - 3.85 X 1072 2.64 X 1072 - 2.73 245
3-Anisidine, 0.12, 409 1.50 X 1072 1.28 X 1072 125X 1072 3.64 4.15 6.81
3-Aminophenol, 0.12, 411 1.24 X 1072 - 6.82 X 1072 3.86 - 4.06
3-Aminobenzyl alcohol, 0.00, 410 1.09 X 1072 9.90 X 1073 6.34 X 1073 5.91 6.85 6.60
Aniline, 0.00, 410 3.88 X 1072 5.54 X 1073 491 x 1073 3.96 8.75 13.94
3-Ethylaniline, —0.07, 410 7.89 X 1073 - - 10.16 - -
3-Toluidine, —0.07, 410 2.68 X 1073 5.67 X 1073 5.01 X 1073 7.76 8.03 12.02

? Xdmax — Absorption maximum of the resulting dyes in 30% AcOH.

3.3. The effect of the aniline substituent
on the reaction rate

In order to investigate the structure—reactivity
correlation into more details, a Hammett plot was made
based on 24 para or meta substituted anilines. Absor-
bance data corresponding to a small degree of conver-
sion (at most 5%) were used in order to minimize the
contribution of the reverse reaction. Within this in-
cipient part of the reaction, the overall process can be
considered as consisting of only the forward process,
and the observed rate constant becomes
Kobsd =k ,pp[Aminel,. Therefore, the apparent second-
order rate constant can be obtained with good
approximation by dividing k,,sq With the total concen-
tration of the amine. The second-order rate constants
from this study will be noted as k7, to distinguish them
from those where the rate constant of the reverse
reaction was also considered (denoted kj,pp). Using

lapp> the “‘true” second-order rate constant (k}) was
also calculated, taking into account that part of the
amine in the reaction medium is protonated and, thus,
not available for the condensation reaction. k', and kj
values corresponding to each amine are presented in
Table 2.

Fig. 5 shows that the structure—reactivity relation-
ship of the reaction of FBA with para and meta
substituted amines, in 30% aqueous solution of AcOH,

can be rather poorly described by the Hammett
equation. There is a large dispersion of the obtained
data (R, the correlation coefficient being only 0.91).
Moreover, the slope of the Hammett representation (i.e.
the reaction constant, p) is positive and small (1.24). All
these findings are in contrast with the nucleophilic
attack of the aniline on the aldehyde as rate-limiting step
of the condensation in acidic media. Nucleophilic attack
as rate-limiting step is usually indicated by a reverse

-1.2
| Meta

A Para L]
R =0.9143 &

-1.6 4

-2.0

lo(K',,.)

-2.4

04 -02 00 02 04 06 0.8
substituent constant

Fig. 5. Hammett representation (using log k’lapp as a function of g) of

the influence of amine substituents in meta and para positions on the
condensation reaction rate, in 30% acetic acid solution, at 30 °C.
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substituent effect, and a reaction constant with a nega-
tive sign and an absolute value of 2 [40]. However, it is
noteworthy that the condensation of amines with
aldehydes is a complex reaction, which is often
characterized both by non-linear Hammett correlations
[27,32,33] and by different rate-limiting steps depending
on the working conditions [39,41]. The lower value of
the obtained p could indicate that the reaction center is
far from the substituent on the benzene ring of anilines
[42], whilst its positive sign is compatible with an acid
ionization as rate-limiting step [31,34].

The large scattering of points, as well as the
decreasing reaction rate with increasing concentrations
of AcOH in the reaction mixture, might be due to the
protonation of the amine [23,29], taking into account
that the condensation requires amine as free base
[23,27,32,33,43]. Therefore, to calculate the “‘true”
second-order rate constants (k}) for all the investigated
reactions, the following equilibrium has been taken into
consideration:

CH;COOH + X—C¢H,—NH, 2 CH;COO~
+X—C¢H,~NH} K’
(5)

The equilibrium constant characterizing this process
is given by Eq. (6)

_[CH;COO0™ | [XCeH4NHY | _ Kacon (©)
[CH;COOH] [XCcH4NH,]  Kpyy+

d

where Kac.op and Kgp+ are the equilibrium constants
characterizing the dissociation of the acetic acid and of
the protonated amine, respectively. By using Kacon,
K+, and a method described in the literature [29], the
free amine concentration has been calculated for all the
substituted anilines. Subsequently, the “true’” second-
order rate constants were also calculated as
Ky =kobsa /[ XCsHaNH; ;... It is worth mentioning that
both Kac.on and Kyy+ are affected in a similar manner
by changes in temperature or solvent composition.
Therefore, their ratio was considered to remain con-
stant. A new Hammett plot was then built with the
obtained ‘‘true” second-order rate constants. As shown
in Fig. 6, the structure—reactivity relationship is much
better described by the Hammett equation when using
these “‘true” second-order rate constants.

The scattering of points is not so pronounced (R, the
correlation coefficient, is 0.97) and the reaction constant
is negative.

log K, = — (1.7740.10) +(0.73+0.03) (7)

Moreover, the p value is close to that obtained for
condensation of anilines with benzaldehyde [40]. Using
the meta substituted anilines, Hammett plots with

1.5

04 -02 00 02 04 06 038
substituent constant

Fig. 6. Hammett representation (using log k| as a function of ¢) of the

influence of amine substituents in meta and para positions on the

condensation reaction rate, in 30% aqueous solution of AcOH, at
30 °C.

satisfactory correlation coefficients were obtained for
the reactions carried out in 45% and 60% aqueous
solution of AcOH as well (see Egs. (8) and (9)).

log k' = — (1.7340.11)g+ (0.87+0.04)
R=0.980 (in 45% AcOH) (8)

log k' = — (1.9140.18)5 4 (0.95+0.07)
R=0.960 (in 60% AcOH) (9)

Therefore, the experimentally obtained reaction rates,
which are greater for amines with electron-withdrawing
substituents than for amines with electron—donor
substituents, may be explained by the larger extent of
protonation in the last case. The electron-donating
substituents increase both the nucleophilic character of
anilines and their basicity. The greater nucleophilic
character of the anilines substituted with electron-
donating groups is translated into a greater condensa-
tion rate. However, the greater basicity of the anilines
substituted with electron-donating groups causes also
a shift of the equilibrium given by Eq. (5) towards right
and, thus, a diminution of the free base concentration in
acidic media. As a consequence, the electron-donating
substituents from the benzene ring of anilines have two
opposite effects upon the reaction rate with aldehydes in
acidic media. When the extent of the protonation
exceeds in importance the accelerating effect of the
electron—donor substituents in the nucleophilic attack,
the condensation reaction rate is diminished [43].

3.4. The effect of temperature on the reaction rate

The effect of the temperature on the apparent second-

order rate constant (k’lapp) was investigated in the

range of 19—52 °C for a selection of five anilines
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Table 3
Activation parameters for different anilines in reaction with FBA
Amine E, (kJ mol™") AH™ (kJ mol™") AS* (Jmol 'K AG™ (kJ mol™1)?
4-Aminobenzonitrile 39.7 37.2 —159.1 84.6
3-Aminobenzotrifluoride 56.7 54.1 —106.7 85.9
Aniline 62.8 60.2 —93.4 88.0
4-tert-Butylaniline 61.5 59.0 —100.0 88.8
3-Toluidine 66.9 64.4 —81.5 88.7

3 Calculated as AG™ = AH* — T AS™ at T =298 °K.

with both electron-donating and electron-withdrawing
substituents. From the obtained data activation param-
eters were calculated. The linear Arrhenius plots and
Eyring plots had good correlation coefficients
(R =0.9797—-0.9992, and R = 0.9786—0.9992, respec-
tively). The obtained data are summarized in Table 3.

Smaller activation energies and enthalpies were found
for anilines with substituents characterized by electron-
withdrawing properties. The activation entropies were
negative in all the investigated cases (with the largest
negative activation entropy for the aniline with the
strongest electron-withdrawing substituent). A slightly
larger AG” was obtained for anilines with electron—
donor substituents than for anilines with electron-
withdrawing substituents.

The linear plot of AH™ vs AS™ (R = 0.996) indicates
that there is no change in mechanism for these anilines
[25]. It is also noteworthy that the obtained activation
parameters are comparable with those found for the
formation of Schiff bases [27,32].

3.5. Reaction mechanism

Our study, concerning the structure—reactivity re-
lationship in the condensation of FBA 1 with different
anilines 2 in concentrated AcOH, clearly shows that

anilines substituted with electron—donor groups increase
the rate of the condensation, while anilines substituted
with electron-withdrawing groups decrease the rate of
condensation when compared to the unsubstituted
aniline. These data indicate the nucleophilic attack of
the free amine on the carbonyl of FBA and/or its
conjugated acid as the only possible rate-determining
step of the formation of hemicyanine dyes 3. The
suggested mechanism is presented in Scheme 1.

4. Conclusions

The kinetic study on the reaction of different anilines
with FBA, in concentrated AcOH, has shown that the
condensation process, resulting in different hemicyanine
dyes, is of first order with respect to each reactant. When
using anilines bearing electron-withdrawing substituents
the observed reaction rates were larger than the ones
obtained with anilines substituted with electron—donor
groups. However, when the concentration of the free
amine was taken into account the anilines substituted
with electron—donor groups were found to increase the
rate of the condensation, i.e. a reverse substituent effect
was obtained. Such a behavior sustains the nucleophilic
attack of the free amine on the carbonyl group of FBA

CH, Hs CHs
CH3 _ Fast _ CH,
r\ \f\' ﬂ + CH;COOH =——= i~ H
| Y c=0 ,\Il (F:CfoH C OH
CH, CHy H CH,COO" Hy CH,COO"
1
Fast
CH,COOH ..
Ar—NH;'CH,C00" === Ar—NH, || - Ar—NH,
2 Slow
CH, Fast CH, CH,
Ly = Ok, = QL
+ +H,0 LI L A P
N~ e=¢ z N ?1CIC0H2 N~ “C—c—OH
CH, HONH CH.COO CH; H NH CH,COO CHy H "NH, CH,CO0"
) 3 ) 3 | 8

Ar

Ar

3 Ar

Scheme 1. Mechanism of the formation of hemicyanine dyes by the condensation of Fischer’s base aldehyde with anilines.
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as the rate-determining step of the addition—elimination
process. Obviously, the electron—donor substituents
increase both the nucleophilic character of anilines and
their basicity, but at high concentrations of acetic acid
the decrease of the free amine concentration over-
shadows the benefic effect of the electron—donor
substituents on the reaction rate.
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