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idene-based anion receptors†
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Sarvesh S. Harmalkara and Christoph Janiak b

Several salicylidene-based colorimetric and fluorimetric anion sensors are known in the literature. However,

our 1H-NMR experimental results (in DMSO-d6) showed hydrolysis of imine (–N]CH–) bonds in

salicylidene-based receptors (SL, CL1 and CL2) in the presence of quaternary ammonium salts (n-Bu4N
+)

of halides (Cl� and Br�) and oxo-anions (H2PO4
�, HSO4

� and CH3COO�). The mono-salicylidene

compound CL1 showed the most extensive –N]CH– bond hydrolysis in the presence of anions. In

contrast, the di-salicylidene compound CL2 and the tris-salicylidene compound SL showed

comparatively slow hydrolysis of –N]CH– bonds in the presence of anions. Anion-induced imine bond

cleavage in salicylidene compounds could easily be detected in 1H-NMR due to the appearance of the

salicylaldehyde –CHO peak at 10.3 ppm which eventually became more intense over time, and the –N]

CH– peak at 8.9–9.0 ppm became considerably weaker. Furthermore, the formation of the salicylidene

O–H/X� (X� ¼ Cl�/Br�) hydrogen-bonded complex, peak broadening due to proton-exchange

processes and keto–enol tautomerism have also been clearly observed in the 1H-NMR experiments.

Control 1H-NMR experiments revealed that the presence of moisture in the organic solvents could result

in gradual hydrolysis of the salicylidene compounds, and the rate of hydrolysis has further been

enhanced significantly in the presence of an anion. Based on 1H-NMR results, we have proposed

a general mechanism for the anion-induced hydrolysis of imine bonds in salicylidene-based receptors.
Introduction

Schiff bases have widely been explored as chelating ligands in
metal coordination chemistry for several decades,1 and their
metal complexes are considered to be promising candidates for
a variety of applications related to catalytic activities,2 photo-
luminescent properties3 and biomedical applications.4

However, with the importance of anion recognition chemistry5

being increasingly recognized as an important discipline of
supramolecular chemistry,6 numerous salicylidene Schiff bases
have been studied for anion sensing applications in the past two
decades.7,8 Interestingly, most salicylidene-based anion sensors
are known for colorimetric detection of uoride (F�) in aprotic
solvents such as dimethyl sulfoxide (DMSO) and acetonitrile
(CH3CN).7 The mechanism of sensing has been attributed to
either –OH/F� hydrogen bonding or –OH deprotonation by the
uoride ion. Some of these Schiff bases have also been reported
to sense other basic anions like acetate (CH3COO

�) and
dihydrogenphosphate/hydrogenphosphate (H2PO4

� $HPO4
2�
ty, Taleigao Plateau, Goa 403206, India.

7387633550

istry, Heinrich-Heine University, 40204,

uesseldorf.de; Tel: +49-2118112286

ESI) available: Synthesis of Schiff bases
ts in the presence of n-Bu4N

+ salts. See

6858
+H+)9 in addition to F�, depending on the choice of solvent(s).8

However, no crystal structures to validate the formation of
receptor-anion complexes or deprotonated receptor are re-
ported in any of the published literature, to the best of our
knowledge. Recently, we have reported that salicylidene Schiff
bases are not stable in the presence of uoride ion and undergo
imine bond (–N]CH–) hydrolysis in aprotic polar media in the
presence of hard-to-avoid traces of moisture (2F� + H2O$OH�

+ HF2
�) to generate deprotonated salicylaldehyde and the

respective amine.10 Thus, due to the apparently unavoidable
imine bond hydrolysis in the presence of uoride and water
under ambient conditions,10,11 it would not seem easy to obtain
crystal structures of a hydrogen bonded receptor–uoride
complex or deprotonated receptor in the presence of a uoride
salt.

Anion-induced hydrolysis of –N]CH– bond was rst
observed by Wang and co-workers in a diketopyrrolopyrrole-
derived Schiff base compound in the presence of hydro-
gensulfate (HSO4

�).12 Their results are particularly important in
the context of understanding the mechanism of anion sensing
by Schiff bases, which may undergo hydrolysis in the presence
of certain anionic species. Several chromogenic cyanide (CN�)
sensors based on the nucleophilic additions of CN� to –N]CH–

or O]CR– bonds are reported in the literature.13 Further,
numerous uoride chemodosimeter (reactive sensors) are also
known in the literature.14 This suggests that the reaction
between an anion and a Schiff base cannot be ruled out, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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detailed experimental investigations are necessary to come to
a denite conclusion.

It is important to note that the anion sensing studies of the
reported salicylidene-based receptors by UV-vis spectroscopy
were mostly carried out with a large excess of anions (from 5
equiv. to as high as 50 equiv. of tetrabutylammonium salts)
which will result in faster hydrolysis of –N]CH– bonds in
comparison to the 1H-NMR experiments which were oen
carried out with 1–5 equivalents of tetrabutylammonium (n-
Bu4N

+) salt added into the Schiff base solution.7,8 The detailed
1H-NMR investigations have revealed the limitations of
salicylidene-based receptors as anion sensors in aprotic polar
media, which has not been addressed before in the literature.

In continuation of our previous work,10 herein we report the
solution-state instability of salicylidene-based receptors SL, CL1
and CL2 (Scheme 1) in the presence of n-Bu4N

+X� (X� ¼ Cl�,
Br�, CH3COO

�, HSO4
� and H2PO4

�) under non-inert condi-
tions. Similar to the previously observed results for uoride ion
induced hydrolysis of –N]CH– bonds,10 addition of other
halides and oxo-anions to a solution of salicylidene Schiff base
(DMSO-d6, 99.9% D atom) showed hydrogen bond formation
between the salicylidene –OH and an anion, followed by keto–
enol tautomerism, and eventually hydrolysis of the –N]CH–

bond(s) in NMR experiments. Control experiments revealed that
the addition of n-Bu4N

+ salt can signicantly enhance the rate of
–N]CH– bond hydrolysis in moist DMSO-d6. Based on several
1H-NMR experimental results, we propose a general mechanism
for the anion-induced hydrolysis of –N]CH– bonds in salicy-
lidene compounds.
Results and discussions

We have recently shown the complete hydrolysis of tris-
salicylidene compound SL (Scheme 1) in the presence of
excess (n-Bu4N

+)F� (10 equivalents) in DMSO-d6, and also
proposed a mechanism for uoride ion induced –N]CH– bond
hydrolysis under non-inert conditions.10 In order to investigate
Scheme 1 Molecular structures of salicylidene Schiff bases studied
here (synthesis details are provided in the ESI†).

© 2021 The Author(s). Published by the Royal Society of Chemistry
the effect of other halides and oxo-anions on –N]CH– bond
hydrolysis, we have carried out 1H-NMR experiments of SL in
the presence of 10 equiv. of (n-Bu4N

+)Cl�, (n-Bu4N
+)Br�, (n-

Bu4N
+)HSO4

�, (n-Bu4N
+)H2PO4

� and (n-Bu4N
+)CH3COO

� in
DMSO-d6.

1H-NMR spectra of SL mixed with either (n-Bu4N
+)

Cl�, (n-Bu4N
+)H2PO4

� or (n-Bu4N
+)CH3COO

� showed gradual
hydrolysis of –N]CH– bonds forming salicylaldehyde (C7H6O2)
and AL (Scheme 1). Whereas, negligible hydrolysis of SL was
observed in the presence of (n-Bu4N

+)Br� and (n-Bu4N
+)HSO4

�.
In a control experiment, no hydrolysis was observed to take
place for a solution of SL in DMSO-d6, when recorded aer 5
days of sample preparation.

Addition of (n-Bu4N
+)Cl� (10 equiv.) to a solution of SL in

DMSO-d6 did not show any notable changes in the aromatic
region of the 1H-NMR spectrum of SL, recorded aer an hour.
However, the solution mixture when recorded aer 24 hours
(D2, Fig. 1) showed the appearance of a salicylaldehyde –CHO
signal at 10.3 ppm and salicylaldehyde –OH signal at 11.3 ppm
indicating the progress of –N]CH– bond hydrolysis in SL.
Another new peak at 5.7 ppm for the –NH2 group of AL (Scheme
1) has also been observed, which further suggests the hydrolysis
of SL by chloride ion. Due to hydrolysis, intensity of the –N]
CH– peak at 8.9 ppm was observed to be considerably reduced
with concomitant splitting of the singlet peak in the presence of
chloride ion (D2, Fig. 1). The occurrence of a triplet-like peak for
–N]CH– proton may be attributed to the presence of enol and
keto tautomers of SL which are hydrogen bonded to chloride
ions (Scheme 2) and appear as two closely spaced peaks in
addition to the peak of free SL. About 27% hydrolysis was
observed to be completed aer 24 hours as revealed from the
integral values of –CHO and –N]CH– peaks of the spectrum
Fig. 1 Aromatic region of 1H-NMR (DMSO-d6) spectra of SL in the
presence of 10 equivalents of (n-Bu4N

+)Cl�, recorded after 24 hours
(D2), 48 hours (D3), and after 72 hours (D4). Signals labelled with red
and black dots indicate –OH peaks of salicylaldehyde (red) and SL
(black) respectively. Signals labelled with blue and green dots indicate
–NH and –NH2 peaks of SL (blue) and AL (green) respectively. Signals
labelled with red and blue asterisk indicate –CHO and –N]CH–
protons of salicylaldehyde (red) and SL (blue) respectively (additional
spectra are provided in the ESI†).
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Scheme 2 Plausible mechanism for the anion-induced hydrolysis of
imine bond in salicylidene Schiff bases widely studied as anion sensors
(A� ¼ Cl�, Br�, H2PO4

�, HSO4
� or CH3COO�). Hydrogen bonds are

shown in green dotted lines.

Fig. 2 Aromatic region of 1H-NMR (DMSO-d6) spectra of SL in the
presence of 10 equivalents of (n-Bu4N

+)H2PO4
�, recorded after 1 hour

(D1), 24 hours (D2) and after 72 hours (D4). Signals labelled with red
and blue asterisk indicate –CHO and –N]CH– protons of salicy-
laldehyde (red) and SL (blue) respectively. Signal labelled with black dot
represent –OH proton of SL (additional spectra are provided in the
ESI†).
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(D2, Fig. 1). The solution mixture when recorded on subsequent
days showed further hydrolysis of SL, however rather slowly
showing 33% hydrolysis aer 72 hours (D3 and D4, Fig. 1). With
hydrolysis in progress, the –OH peak of SL at 12.8 ppm gets
broadened presumably due to the slow proton-exchange
processes with moisture adsorbed by the DMSO-d6 solution
containing excess (n-Bu4N

+)Cl� (Fig. 1), both of which are
hygroscopic in nature.

In contrast, 1H-NMR spectrum of SL mixed with (n-Bu4N
+)

Br� (10 equiv.) in DMSO-d6 did not show any hydrolysis, when
recorded aer 24 hours (Fig. S15, ESI†). The solution mixture
when recorded aer 5 days showed 3% hydrolysis of SL (Fig. S15
and S16, ESI†), indicating that the tripodal salicylidene-based
receptor is much more stable in the presence of bromide as
compared to chloride and uoride.10

Addition of (n-Bu4N
+)H2PO4

� (10 equiv.) to a solution of SL in
DMSO-d6 showed immediate disappearance of the salicylidene
–OH signal at 12.8 ppm indicating fast proton-exchange
processes with H2PO4

� ions. Further, appearance of a new
peak at 10.3 ppm suggested the formation of salicylaldehyde by
–N]CH– bond hydrolysis (D1, Fig. 2). However, the salicy-
laldehyde –OH peak at 11.3 ppm (observed in the presence of
Cl� in Fig. 1) has not been observed here, further suggests
proton-exchange between H2PO4

� ions and phenolic –OH
groups. The solution mixture when recorded aer 24 hours (D2,
Fig. 2) showed 44% hydrolysis of SL as revealed from the inte-
gral values of –CHO and –N]CH– peaks of the spectrum.
Negligible hydrolysis was observed to take place in the same
sample analysed on the subsequent days (D4, Fig. 2). The –NH2

peak of AL has experienced broadening and appeared downeld
shied at around 8.0 ppm (observed at 5.7 ppm in the presence
of Cl�) likely due to strong hydrogen bond interactions with
36852 | RSC Adv., 2021, 11, 36850–36858
H2PO4
� ions.15 In a control experiment, addition of one equiv-

alent of (n-Bu4N
+)H2PO4

� to a solution of AL in DMSO-d6
resulted in broadening of –NH2 signal (Fig. S40, ESI†). Broad-
ening of –NH2 signal of AL (at 5.7 ppm) has also been observed
in the presence of one equivalent of (n-Bu4N

+)Cl� (Fig. S41,
ESI†).

Addition of (n-Bu4N
+)HSO4

� (10 equiv.) to a solution of SL in
DMSO-d6 also showed immediate disappearance of the –OH
signal due to fast proton-exchange processes. However, hydro-
lysis was observed to be very slow as compared to H2PO4

� and
the appearance of salicylaldehyde –CHO peak at 10.3 ppm could
hardly be observed even aer 24 hours. Only 13% hydrolysis of
SL was observed to be completed aer 5 days, beyond which no
further hydrolysis was observed (Fig. S17 and S18, ESI†).

A solution of SL and (n-Bu4N
+)CH3COO

� (10 equiv.) in
DMSO-d6 when recorded aer one hour showed appearance of
a salicylaldehyde –CHO signal and disappearance of the sali-
cylidene –OH signal (D1, Fig. 3). The solution mixture showed
33% hydrolysis of SL aer 48 hours beyond which no further
hydrolysis was observed (D3, Fig. 3). The –N]CH– singlet (at 8.9
ppm) has split into two closely spaced signals suggesting the
presence of both enol and keto forms of SL (Fig. 3). Similar
splitting of –N]CH– singlet has also been observed for the
solution SL mixed with (n-Bu4N

+)H2PO4
� (Fig. 2).

Thus, the salicylidene-based tripodal receptor SL is largely
stable in the presence of excess Br� and HSO4

� as compared to
Cl�, CH3COO

� and H2PO4
�. Since, no signicant hydrolysis of

SL has been observed aer 48 hours in the presence of Cl�,
CH3COO

� and H2PO4
� (Table S1, ESI†) the equilibrium

constant has been calculated considering the concentrations of
SL and hydrolysis products (AL and salicylaldehyde) aer 72
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Aromatic region of 1H-NMR (DMSO-d6) spectra of SL in the
presence of 10 equivalents of (n-Bu4N

+)CH3COO�, recorded after 1
hour (D1), 24 hours (D2) and after 48 hours (D3). Signals labelled with
red and blue asterisk indicate –CHO and –N]CH– protons of sali-
cylaldehyde (red) and SL (blue) respectively. Signals labelled with black
and blue dots indicate –OH and –NH peaks of SL (additional spectra
are provided in the ESI†).

Fig. 4 Aromatic region of 1H-NMR (DMSO-d6) spectra of CL1 in the
presence of 5 equivalents of (n-Bu4N

+)Cl� and (n-Bu4N
+)H2PO4

�

recorded after 1 hour (D1) and after 24 hours (D2). Signals labelled with
red and blue asterisk indicate –CHO and –N]CH– protons of sali-
cylaldehyde (red) and CL1 (blue) respectively. Signals labelled with red
and black dots indicate –OH peaks of salicylaldehyde (red) and CL1
(black) respectively (additional spectra are provided in the ESI†).
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hours. The equilibrium constant (K) for the hydrolysis of SL in
the presence of different tetrabutylammonium salts is
expressed by the equation K[H2O]

3 ¼ [AL] � [C7H6O2]
3/[SL]

(mol3 L�3), since the water peak could not be observed distinctly
in several of the 1H-NMR experiments (DMSO-d6) of SL mixed
with a tetrabutylammonium salt. We believe that this includes
the concentration of water in the calculation of K, so that the K
values for a salicylidene compound will reect a conclusive
comparison for different anions under identical experimental
conditions. Thus, K[H2O]

3 for the solution mixtures of SL with
Cl�, CH3COO

� and H2PO4
� (10 equiv.) were calculated to be

2.411 � 10�5, 3.115 � 10�5 and 1.262 � 10�4 mol3 L�3,
respectively (Table S3, ESI†).

Anion-induced hydrolysis of imine bond was also observed
in the mono-salicylidene compound CL1 (Scheme 1). In
a control experiment, no hydrolysis was observed to take place
for a solution of CL1 in DMSO-d6, when recorded aer 5 days of
sample preparation. Similar mono-salicylidene Schiff bases
have previously been reported as colorimetric uoride sensors
in aprotic solvent media under ambient conditions.7a–d,8a–i
1H-NMR experiments revealed that a solution of CL1mixed with
(n-Bu4N

+)Cl� (5 equiv.) in DMSO-d6 showed 84% hydrolysis
aer 24 hours (Fig. 4a and b), as calculated from the integral
values of the salicylaldehyde –CHO peak (10.3 ppm) and the
imine –N]CH– peak (9.0 ppm). The salicylaldehyde –OH peak
appeared at 11.3 ppm whereas, the salicylidene –OH peak at
12.5 ppm has disappeared in the presence of excess chloride
ions.

Unlike the tris-salicylidene compound SL which showed
negligible hydrolysis in the presence of bromide ions, a solution
of CL1 mixed with (n-Bu4N

+)Br� (5 equiv.) in DMSO-d6 showed
70% hydrolysis aer 5 days (Fig. S23, ESI†). Similarly, CL1 in the
presence of (n-Bu4N

+)HSO4
� (5 equiv.) showed 75% hydrolysis

in DMSO-d6 aer 5 days (Fig. S24, ESI†). Notably, the –NH2 peak
© 2021 The Author(s). Published by the Royal Society of Chemistry
of 4-aminobenzonitrile (hydrolysis product) has experienced
broadening in the presence of hydrogensulfate, but appeared as
a sharp peak at 6.3 ppm in the presence of bromide (Fig. S25,
ESI†). However, the –NH2 peak of 4-aminobenzonitrile was not
observed in the presence of chloride possibly due to signicant
peak broadening. Strong hydrogen bonds between –NH protons
and anions oen lead to peak broadening with shis in 1H-
NMR signals, which is a case of dynamic anion coordination
i.e., the exchange of complexed and un-complexed guest (anion)
is within the NMR time scale.15

Similar to the spectral changes of SL (Fig. 2), addition of (n-
Bu4N

+)H2PO4
� (5 equiv.) to a solution of CL1 in DMSO-d6

resulted in the disappearance of the –OH signal at 12.5 ppm and
appearance of the salicylaldehyde –CHO signal at 10.3 ppm
(Fig. 4b and c). The broad peak at 8–8.5 ppm can be assigned to
the –NH2 group of 4-aminobenzonitrile (a hydrolysis product)
which was observed at 6.3 ppm in the presence of (n-Bu4N

+)Br�.
The signicant downeld shi of the –NH2 peak with
concomitant broadening is an indication towards strong
hydrogen bonding between –NH2 group and H2PO4

� ions. The
–NH2 peak has experienced further downeld shi with time
and the –N]CH– peak at 8.9 ppm has partly merged with the
broad –NH2 peak aer 24 hours (Fig. 4d). Thus, the percentage
of hydrolysis could not be determined accurately from the
spectrum recorded aer 24 hours, and roughly 75% hydrolysis
of CL1 was calculated from the integral values of –CHO (10.3
ppm) and –N]CH– (8.9 ppm) peaks (Fig. 4d). In order to
accurately estimate the percentage of hydrolysis, the 1H-NMR
analysis of a DMSO-d6 solution of CL1 and (n-Bu4N

+)H2PO4
�

(5 equiv.) were carried out every hour. With hydrolysis in
RSC Adv., 2021, 11, 36850–36858 | 36853
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progress, the broad –NH2 peak was observed to shi downeld
and begin to merge with the –N]CH– peak aer 2 hours. Peak
integral values showed 50% hydrolysis of CL1 aer an hour and
roughly 75% hydrolysis was completed aer 5 hours suggesting
that no further hydrolysis has occurred aer 5 hours (Fig. S51,
ESI†). In a control experiment, addition of less than one
equivalent of (n-Bu4N

+)H2PO4
� to a solution of 4-amino-

benzonitrile showed downeld shi of the broad –NH2 peak
from 4.0 ppm to 6.2 ppm suggesting hydrogen bonding inter-
actions of –NH2 group with the oxo-anion (Fig. S42, ESI†).

Addition of (n-Bu4N
+)CH3COO

� (5 equiv.) to a solution of
CL1 in DMSO-d6 showed 30% hydrolysis aer an hour and
complete hydrolysis was observed when the solution mixture
was recorded aer 48 hours (Fig. S26 and S27, ESI†). The –NH2

peak of 4-aminobenzonitrile appeared as a broad signal at
5.2 ppm and the salicylaldehyde –CHO peak appeared at
10.3 ppm.

Salicylidene-based receptor CL2 has previously been re-
ported as a colorimetric uoride sensor in DMSO.7e In our
experiments, a DMSO-d6 solution of CL2 mixed with (n-Bu4N

+)
Cl� (5 equiv.) showed progressive hydrolysis of –N]CH– bond
as evident from the appearance of a salicylaldehyde –CHO peak
at 10.3 ppm and a salicylaldehyde –OH peak at 11.3 ppm in the
1H-NMR spectrum (D2, Fig. 5). Further, the –NH2 peak at
5.4 ppm could also be observed for the corresponding amine
product conrming hydrolysis of CL2. The –OH signal of CL2
appearing at 13.0 ppm became signicantly weaker and broad
in the presence of chloride indicative of slow proton-exchange
processes with moisture adsorbed by the DMSO-d6 solution
Fig. 5 Aromatic region of 1H-NMR spectra (DMSO-d6) of CL2 in the
presence of 5 equivalents of (n-Bu4N

+)Cl�, recorded after 24 hours
(D2) and after 72 hours (D4). Signals labelled with e and k indicate the
enol and keto forms of CL2 respectively. Signals labelled with red and
blue asterisk indicate –CHO and –N]CH– protons of salicylaldehyde
(red) and CL2 (blue) respectively. Signals labelled with blue hexagons
represent –OH signals for O–H/Cl� hydrogen bonded complexes
and the corresponding keto–enol peaks for the H-bond complexes.
Signals labelled with red and black dots indicates –OH peaks of sali-
cylaldehyde (red) and CL2 (black) respectively (additional spectra are
provided in the ESI†).
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containing (n-Bu4N
+)Cl�. The –N]CH– singlet at 9.0 ppm (CL2

in Fig. 5) has split into two distinct peaks occurring at 8.9 and
9.0 ppm (D2, Fig. 5) due to partial tautomerization of the enol
(e) form to the keto (k) form of CL2 (Scheme 2). In addition to
the hydrolysis products, the presence of hydrogen bonded
adducts formed between the –OH groups of CL2 and Cl� could
also be observed in the 1H-NMR spectra (Fig. 5). Two new peaks
corresponding to two different types of hydrogen bonded O–
H/Cl� adducts appeared at 10.35 and 12.35 ppm. Due to the
presence of two types of hydrogen bonded adducts in solution,
two additional peaks have also appeared for the imine –N]CH–

proton at 8.4 and 10.0 ppm, each of which splits into two
distinct peaks due to keto–enol tautomerism. The –N]CH–

peaks at 8.9(k)/9.0(e) ppm are associated with free CL2. Iden-
tical –N]CH– peaks observed at 8.4(k)/8.5(e) and 9.9(k)/
10(e) ppm correspond to the O–H/Cl� hydrogen bonded
signals at 10.35 and 12.35 ppm, respectively (D2, Fig. 5).

The solution mixture when recorded aer 72 hours (D4,
Fig. 5) showed complete disappearance of the salicylidene –OH
signal at 13.0 ppm and intensity of the –N]CH– peaks at 8.9(k)/
9.0(e) ppm was signicantly quenched. Peak broadening of the
hydrogen bonded O–H/Cl� signal at 12.35 ppm was also
observed. However, no change in peak intensity and integral
values were observed for the –N]CH– peaks at 8.4(k)/
8.5(e) ppm and the corresponding hydrogen bonded –OH signal
at 10.35 ppm that appears partially merged with the –CHO peak.
The extent of hydrolysis could not be determined accurately due
to the presence of multiple species in the solution containing
CL2 and (n-Bu4N

+)Cl� (D2 and D4, Fig. 5). Due to the weaker
basicity and lower hydration enthalpy of Cl�, free –OH peaks
and hydrogen bonded –OH peaks of CL2 could be observed in
the presence of Cl�, which were not observed in the presence of
more basic anions (F� and CO3

2�).10

Similar spectral changes have also been observed for a solu-
tion of CL2mixed with (n-Bu4N

+)Br� (5 equiv.) in DMSO-d6. The
solution mixture when recorded aer 5 days showed the pres-
ence of a salicylaldehyde –CHO peak, an amine –NH2 peak and
three distinct peaks for the –N]CH– proton, each of which
splits into two distinct signals due to keto–enol tautomerism.
The peak at 9.0 ppm corresponds to –N]CH– of free CL2, and
two additional peaks observed at 8.9 and 8.2 ppm represent
–N]CH– of two different hydrogen bonded O–H/Br� adducts
of CL2 (Fig. S36, ESI†). Peak integral values of the –CHO and
three –N]CH– signals showed roughly 20% hydrolysis aer 5
days. However, in a control experiment, no hydrolysis was
observed to take place for a solution of CL2 in DMSO-d6, when
recorded aer 5 days of sample preparation.

A solution of CL2 and (n-Bu4N
+)HSO4

� (5 equiv.) in DMSO-d6
showed only 12% hydrolysis aer 5 days. The salicylidene –OH
peak was observed to be broadened due to proton-exchange
with HSO4

�, while the –CHO and –NH2 peaks of hydrolysis
products could distinctly be observed at 10.3 and 5.4 ppm
suggesting slow hydrolysis (Fig. S37, ESI†). Three distinct
signals for the –N]CH– proton (at 9.0, 8.9 and 8.2 ppm) has
also been observed in this case.

Addition of (n-Bu4N
+)H2PO4

� (5 equiv.) to a solution of CL2
in DMSO-d6 showed disappearance of the –OH peak at 13.0 ppm
© 2021 The Author(s). Published by the Royal Society of Chemistry
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and appearance of the salicylaldehyde –CHO peak at 10.3 ppm
(D2, Fig. 6), similar to the observed spectral changes of SL and
CL1 in the presence of (n-Bu4N

+)H2PO4
� (Fig. 2 and 4). Further,

the –N]CH– peak at 9.0 ppm (CL2 in Fig. 6) has split into two
distinct signals occurring at 8.9 and 9.0 ppm (D2, Fig. 6) due to
the presence of keto (k) and enol (e) forms of CL2, which was
also observed in the presence of (n-Bu4N

+)Cl�. The enol form is
present in greater proportion as compared to the keto form. The
solution mixture when recorded aer 48 hours showed further
hydrolysis and a broad peak at 8.0–8.5 ppmwas observed for the
–NH2 group of regenerated amine. The –NH2 signal appeared as
a sharp and intense peak at 5.4 ppm for CL2 mixed with either
(n-Bu4N

+)Cl� or (n-Bu4N
+)Br�, but in the presence of (n-Bu4N

+)
H2PO4

�, the –NH2 signal appeared broad and much more
downeld shied likely due to the strong hydrogen bonding
interactions between –NH2 group and H2PO4

� ions (basicity of
H2PO4

� > Cl�).15 About 25% hydrolysis was observed to be
completed aer 72 hours (D4, Fig. 6).

Although keto and enol tautomer peaks could clearly be
observed in the spectrum of CL2 mixed with an excess of (n-
Bu4N

+)X� in DMSO-d6, yet we have carried out variable
temperature 1H-NMR analysis of a solution of CL2 and (n-
Bu4N

+)H2PO4
� in CDCl3 with the objective to better understand

the anion-induced hydrolysis mechanism of salicylidene Schiff
bases. However, no additional information could be extracted
from the spectra of the solution mixture recorded at room
temperature, 0 �C and at �20 �C. No splitting of the imine –N]
Fig. 6 Aromatic region of 1H-NMR spectra (DMSO-d6) of CL2 in the
presence of 5 equivalents of (n-Bu4N

+)H2PO4
�, recorded after 24

hours (D2), 48 hours (D3) and after 72 hours (D4). Signals labelled with
e and k indicate the enol and keto forms of CL2 respectively. Signals
labelledwith red and blue asterisk indicate–CHO and–N]CH– peaks
of salicylaldehyde (red) and CL2 (blue) respectively. Signals labelled
with black and green dots indicate–OH and–NH2 peaks ofCL2 (black)
and amine product (green) respectively (additional spectra are
provided in the ESI†).

© 2021 The Author(s). Published by the Royal Society of Chemistry
CH– peak (8.62 ppm) was observed at room temperature and at
0 �C aer 1 hour and 6 hours of sample preparation in CDCl3
(Fig. S52 and S53, ESI†). In contrast, the spectra obtained at
�20 �C showed minor splitting and broadening of the –N]CH–

peak, which is less prominent in comparison to the well sepa-
rated sharp peaks of keto and enol forms observed in the
spectra recorded in DMSO-d6.

Addition of (n-Bu4N
+)CH3COO

� (5 equiv.) to a solution of
CL2 in DMSO-d6 showed only 10% hydrolysis aer an hour and
about 35% hydrolysis was observed to be completed aer 48
hours (Fig. S34 and S35, ESI†). Disappearance of the salicyli-
dene –OH peak, appearance of the –CHO peak and splitting of
the –N]CH– peak into two closely spaced signals has also been
observed here.

The equilibrium constant (K) for the hydrolysis of CL2 in the
presence of (n-Bu4N

+)H2PO4
� and (n-Bu4N

+)CH3COO
� are

expressed by the equation K[H2O] ¼ [APIP] � [C7H6O2]/
[CL2] mol L�1 (APIP ¼ 2-aminophenyl iminophenol, hydrolysis
product), since the water peak could not be observed in several
of the 1H-NMR experiments (DMSO-d6) of CL2 and hence, the
concentration of water could not be determined from some of
the spectra. Thus, K[H2O] for the solution mixtures of CL2 with
CH3COO

� and H2PO4
� (10 equiv.) were calculated to be 1.884 �

10�2 and 8.333 � 10�3 mol L�1, respectively (Table S4, ESI†).
The mono-salicylidene Schiff base NCL1 (Scheme 1) is not

a stable compound in the solution-state. Unlike CL1, NCL1 was
observed to undergo hydrolysis of –N]CH– bond in DMSO-d6
(in the absence of any anion). Structural comparison of NCL1
with CL1 (Scheme 1) suggests that the two-electron withdrawing
aromatic rings (benzonitrile and nitrophenol) attached to the
imine bond possibly enhance the hydrolytic susceptibility of
NCL1 and facilitate –N]CH– bond cleavage in DMSO-d6 in the
presence of hard-to-avoid traces of moisture adsorbed by the
solvent. The presence of moisture (H2O) can be observed in the
1H-NMR spectrum of NCL1 (at 3.36 ppm) which showed about
70% hydrolysis aer 15 min. of sample preparation (Fig. S9,
ESI†). The presence of moisture has also been detected in the
1H-NMR spectra of SL, CL1 and CL2 in DMSO-d6, which indeed
did not induce any hydrolysis of the salicylidene-based
compounds under ambient conditions.

The bis-salicylidene Schiff base NCL2 (Scheme 1) has previ-
ously been reported as a colorimetric uoride sensor in DMSO
using 10�5 mol L�1 solutions.8j However, NCL2 is not suffi-
ciently soluble in DMSO-d6 and other deuterated solvents
(CDCl3, CD3CN and CD3OD) to characterize the compound by
NMR spectroscopy. We have observed that the addition of an
excess of (n-Bu4N

+)F� or (n-Bu4N
+)H2PO4

� (5 equiv.) resulted in
complete solubilization of the compound in DMSO-d6. NCL2
was characterized in the presence of (n-Bu4N

+)H2PO4
� where no

immediate hydrolysis of –N]CH– bond was observed, and six
peaks for six different sets of –CH protons in the aromatic
region of the spectrum conrmed the purity of the compound
(Fig. S8, ESI†). However, the salicylidene –OH peak could not be
observed due to fast proton-exchange between phenolic –OH
and H2PO4

� ions, as observed in the previous experiments. A
solution of NCL2 mixed with (n-Bu4N

+)F� in DMSO-d6 showed
RSC Adv., 2021, 11, 36850–36858 | 36855
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Fig. 8 Aromatic region of 1H-NMR spectra (DMSO-d6) of CL2 in the
presence of 15 equivalents of H2O and 1 equivalent of (n-Bu4N

+)Cl�,
recorded after 1 hour (D1), 24 hours (D2), 48 hours (D3) and after 72
hours (D4). Signals labelled with e and k indicate the enol and keto
forms of CL2 respectively. Signals labelled with red and blue asterisk
indicate –CHO and –N]CH– peaks of salicylaldehyde (red) and CL2
(blue) respectively. Signals labelled with black and green dots indicate
–OH and –NH2 peaks of CL2 (black) and amine product (green)
respectively.
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about 35% hydrolysis aer an hour and 47% hydrolysis was
observed to be completed aer 24 hours (Fig. S39, ESI†).

We have also carried out some 1H-NMR control experiments
in order to validate the role of an anion in the hydrolysis of
salicylidene Schiff bases. The following experiments are con-
rmative of the key role that anions play in the hydrolysis of
salicylidene compounds in the presence of moisture. Addition
of 15 equiv. of H2O to a DMSO-d6 solution of CL1 did not show
any immediate hydrolysis of the compound in an hour, but
showed 20% hydrolysis aer 6 hours. The solution mixture
when recorded aer 24 hours showed 80% hydrolysis, and 95%
hydrolysis was observed to be completed aer 48 hours
(Fig. S44, ESI†). Interestingly, addition of one equiv. of (n-
Bu4N

+)Cl� to another DMSO-d6 solution of CL1 containing 15
equiv. of H2O showed complete hydrolysis of CL1 within an
hour (Fig. S43, ESI†). In contrast, 84% hydrolysis of CL1 was
observed to be completed aer 24 hours in the presence of 5
equiv. of (n-Bu4N

+)Cl� in DMSO-d6 (Fig. 4). Similar experiments
have also been performed with CL2 and SL. Addition of 15
equiv. of H2O to a DMSO-d6 solution of CL2 showed only 18%
and 26% hydrolysis aer 24 and 72 hours respectively (Fig. 7).
However, addition of one equiv. of (n-Bu4N

+)Cl� to another
DMSO-d6 solution of CL2 containing 15 equiv. of H2O showed
45% and 71% hydrolysis aer 24 and 72 hours respectively
(Fig. 8). In a similar experiment, addition of one equiv. of (n-
Bu4N

+)Cl� to a DMSO-d6 solution of SL containing 30 equiv. of
H2O showed 62% hydrolysis aer 6 hours (Fig. S46, ESI†).
Whereas, only 7% hydrolysis was completed for a solution of SL
in DMSO-d6 containing 30 equiv. of H2O aer 6 hours (Fig. S45,
ESI†). Further, splitting of the –N]CH– signals of SL and CL2
have also been observed in the presence of water in DMSO-d6,
indicating that the hydrolysis proceeds via keto–enol tautom-
erism of salicylidene compounds. Thus, our control
Fig. 7 Aromatic region of 1H-NMR spectra (DMSO-d6) of CL2 in the
presence of 15 equivalents of H2O, recorded after 1 hour (D1), 24 hours
(D2), 48 hours (D3) and after 72 hours (D4). Signals labelledwith e and k
indicate the enol and keto forms of CL2 respectively. Signals labelled
with red and blue asterisk indicate –CHO and –N]CH– peaks of
salicylaldehyde (red) and CL2 (blue) respectively.

36856 | RSC Adv., 2021, 11, 36850–36858
experiments suggest that the anions can signicantly enhance
the rate of hydrolysis in salicylidene compounds in moist
solvent.

Based on the 1H-NMR experimental results, here we propose
a plausible and general mechanism for anion-induced hydro-
lysis of salicylidene Schiff bases in the presence of moisture
(Scheme 2). In the rst step, the salicylidene –OH group which is
involved in intramolecular hydrogen bonding with imine
nitrogen (A in Scheme 2), forms an O–H/A� hydrogen bonded
complex (B in Scheme 2).16 The fact that the peak position of the
salicylidene –OH proton in SL did not shi upon addition of
halides (Cl� and Br�) suggest that the intramolecular O–H/N
hydrogen bond persists in the presence of these anions.
However, broadening or disappearance of the salicylidene –OH
peak in the presence of anions can be attributed to proton-
exchange processes in the solution-state. In the second step,
the hydrogen bonded enol form (B in Scheme 2) can partly
tautomerize to the hydrogen bonded keto form (D in Scheme 2)
via a transient zwitterion form (C in Scheme 2).11 Splitting of the
–N]CH– peak (at 8.9/9.0 ppm) into two closely spaced signals
were observed in the 1H-NMR experiments of SL and CL2 in the
presence of anions, indicating the presence of both enol and
keto forms.10 The proton-exchange processes possibly facilitate
the keto–enol tautomerism in the presence of anions, which
was also observed in the 1H-NMR spectra of SL and CL2 in the
presence of water (see ESI†). In the next step, moisture present
in the DMSO-d6 solution mixture can behave as a nucleophile
and attack on the imine carbon of the hydrogen bonded enol
form (B) or the keto form (D) to generate a hydrogen bonded
intermediate of hydroxy(phenylamino)methyl phenol (E in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2). Due to the acidic nature of phenolic –OH and the
presence of a nearby –NH group, intermediate form E may
possibly exist in an equilibrium with the zwitterionic form F,
similar to B and C. As anions are present in excess in the
solution, it is very likely that both the –NH and –OH protons will
engage in hydrogen bonding with anions. The participation of
the amine –NH proton in hydrogen bonding with an anion has
also been observed in the 1H-NMR experiments, where down-
eld shi (with or without concomitant broadening) of –NH
peak was observed as hydrolysis progressed. Finally, formation
of the C]O double bond by the loss of the O–H proton in E or F
results in the cleavage of the HC–NH bond to generate salicy-
laldehyde and respective aromatic amine (G and H in Scheme
2). Depending upon the basicity of the anion, the regenerated
salicylaldehyde can either exist in its neutral form, where the
–OH group will be hydrogen bonded to the anion (H in Scheme
2) or in its deprotonated phenolate form.

However, we are also having the opinion that based on
a specic anion under investigation, the mechanism of –N]
CH– bond hydrolysis may somewhat vary.

It is important to mention again that, both DMSO-d6 and
some tetrabutylammonium salts used in the 1H-NMR experi-
ments are hygroscopic in nature, and it is always difficult to
avoid the presence of moisture in the prepared samples under
ambient conditions. All experiments performed in the reported
literatures were under ambient conditions, and no mention has
been made that the experiments were carried out under inert
conditions.7,8
Conclusion

In conclusion, we have proven that the salicylidene Schiff bases
(SL, CL1 and CL2) undergo gradual hydrolysis of imine bonds in
the presence of tetrabutylammonium salts of halides and oxo-
anions in moist aprotic solvent. Bromide and hydrogensulfate
ions were observed to show minimal effect on the hydrolysis of
the tris-salicylidene compound SL due to the presence of
multiple imine bonds and weakly basic nature of these anions
having low hydration enthalpy. The extent of hydrolysis in the
salicylidene Schiff bases is largely dependent on the structure of
the receptor (number of imine bonds), quantity of anions (n-
Bu4N

+ salts) used in the NMR experiments and moisture
adsorbed by the DMSO-d6 solution mixture containing (n-
Bu4N

+)X�.
Formation of the receptor–anion hydrogen bonded complex

and subsequent keto–enol tautomerism could clearly be
observed in the 1H-NMR experiments of CL2 mixed with (n-
Bu4N

+)X� salts of halides (chloride/bromide) and oxo-anions.
Similar to CL2, splitting of the –N]CH– peak has also been
observed in the 1H-NMR experiments of SL in the presence of
chloride, acetate and dihydrogenphosphate ions (although less
prominent), suggesting the presence of both keto and enol
tautomers of SL in solution. The mono-salicylidene compound
CL1 undergoes much faster anion-induced hydrolysis as
compared to CL2 and SL, and no keto–enol tautomerism was
observed in the case of CL1.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Thus, due to the apparently unavoidable hydrolysis of the
salicylidene Schiff bases in the presence of anions under
ambient conditions, it is of utmost concern to validate the
solution-state stability of Schiff bases prior to anion sensing
studies. Overall, our experimental results demonstrate the
limitations of the salicylidene Schiff bases as anion sensors, and
suggests a plausible mechanism for the anion-induced hydro-
lysis of –N]CH– bonds via receptor-anion hydrogen bonding
and keto–enol tautomerism based on 1H-NMR studies.
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