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(II) complexes of amide-imine conjugate: (bio)catalytic and
histidine recognition studies
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An amide-imine conjugate, (E)-N0-((2-hydroxybenzen-1-yl) methylene)-4-

methylbenzohydrazide (H2L
PTASAL), derived from 4-methyl-benzoic acid

hydrazide (PTA) and 2-hydroxybenzaldehyde is used to prepare Mo (VI), Cu

(II) and Fe (III) complexes. The X-ray structurally characterized complexes

have been explored as catalyst for amine assisted asymmetric ring opening

(ARO) of epoxide, carbon-heteroatom cross-coupling and ethyl benzene

oxidation. In addition, their catecholase like activities have thoroughly been

investigated. Moreover, the Cu (II) complex selectively recognizes histidine by

fluorescence spectroscopy.
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1 | INTRODUCTION

Amide functionalities, the backbone of peptide[1] are pre-
sent in �25% drug molecules.[2] Both conformational
diversity and stability allow amide derivatives as suitable

H2LPTASAL and their metal complexes 2 and 3 are deposited with
CCDC numbers of 1834307, 1551324 and 1551323 respectively.
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synthetic intermediates of stable functional materials.[2]

Conventionally, amides are prepared by reaction of car-
boxylic acid derivative with appropriate amines.[3] Pleth-
ora of methods, viz. transition-metal and N-heterocyclic
carbene (NHC) catalyzed[4,5] and oxidative amidation of
aldehyde with amine[6–8] are worth mentioning.

It is well known that transition metal catalyzed asym-
metric ring opening (ARO) of epoxide using varieties
amines has unprecedented use for synthesis of bio-
relevant, commercially significant, and enantiomerically
pure β-amino alcohol.[9]

Moreover, transition-metal-catalyzed carbon−heteroatom
cross-coupling reactions of phenols, amines and thiols with
aryl halides leading to C-O, C-N and C-S bond formation
have paramount importance for synthesis of bio-active
compounds,[10] pharmaceuticals[11] and functional mate-
rials.[12] In spite of broad application of aryl sulfides in phar-
maceutical industry, material science, and as organic
intermediate, the carbon−sulfur bond formation have
received relatively poor attention,[13] probably due to rapid
and irreversible deactivation of the catalyst by sulfur species.
In this context, copper-catalyzed Ullmann-type C–S cross
coupling reaction is very relevant.[14]

Molybdenum complexes, precisely dioxomolybdenum
(VI) complexes of N,O- donor hydrazide derivatives have
interesting coordination chemistry[15] in terms of stereo-
chemical and microelectronic properties. In addition to
their impressive role in biotic processes, they possess
potential catalytic activities.[16]

On the other hand, deviation from normal level of cop-
per, involved in several bio-catalytic processes causes sev-
eral diseases.[17–24] Copper complexes have potential
antiviral, anti-bacterial and anti-tumor activities.[25] Sev-
eral Cu (II) complexes have been used for trace level detec-
tion of varieties amino acids like histidine,[26] lysine,[27]

cystine[28] and aspartic acid.[29] Deficiency of histidine, an
essential amino acid for human growth and neurotrans-
mitter[30] causes impaired nutritional state to patients hav-
ing chronic kidney disease.[31,32] Therefore, easy detection
and quantification of histidine in biological fluids is very
demanding. The fluorescence method has advantage
over other existing methods[33–35] in terms of sensitivity,
inexpensive, simplicity, user friendly, instantaneous, inva-
sive with direct visual perception.[36]

The essential red-ox active, iron regulates indispens-
able physiological functions including oxygen carrier
in living organisms,[37] and is a cofactor of several
enzymes.[38,39] Disturbance in cellular homeostasis cau-
ses labile iron to trigger uncontrolled Fenton reaction
leading to peroxidative tissue damage causing several dis-
eases, viz. Alzheimer's disease (AD), Parkinson's disease
(PD) and various cancer.[40–42] It plays key role in oxygen
metabolism and electron-transfer processes to DNA and
RNA synthesis.[43,44]

Condensation of aromatic acid hydrazide with o-
hydroxy benzaldehyde leads to H2L

PTASAL (Scheme 1)
having phenol-O, imine-N and amide-O donors. The
HLPTASAL binds Fe (III), Cu (II) and Mo (VI) to
corresponding complexes viz. [FeIII (HLPTASAL)
(Cl)2(OMe)](OH2) (1), [CuII (HLPTASAL)(OH2)2]
(NO3) (2) and [MoVI (LPTASAL)(O)2(OMe)] (3)
(Scheme 2). The Fe (III) complex (1) functions as an effi-
cient, inexpensive catalyst for synthesis of β-amino alco-
hol via amine assisted ring opening of epoxide at room
temperature.[45–48] The Cu (II) complex (2) can catalyze
S-arylation via cross coupling between aryl halide
and thiol. Moreover, it can selectively recognize histidine
(His) through fluorescence spectroscopy. The Mo (VI)
complex (3) catalyzes oxidation of ethyl benzene.

Thus, the present report indicates that a single ligand
may combine at least three different metal ions tested,
viz. Fe (III), Cu (II) and Mo (VI) to result three different
complexes involving same donor sets irrespective of
metal ion. All three metal complexes act as catalyst for
targeted organic transformations. Interestingly, the Fe
(III) complex that functions in aqueous medium has the
potential to be a green catalyst.

2 | EXPERIMENTAL

2.1 | Materials

All experiments have been carried out in aerobic condi-
tions. High-purity HEPES buffer, hydrazine hydrate,
3-methyl-1-benzoic acid, thionyl chloride and 2-hydroxy
benzaldehyde are purchased from Sigma Aldrich (India).
On the other hand, reagent grade metal salts like Cu

SCHEME 1 Synthesis of PTA
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(NO3)2.3H2O, FeCl3.6H2O and MoO2(acac)2 are pur-
chased from Merck (India). Spectroscopic grade solvents
have been used. Other analytical reagent grade chemicals
have been used without further purification. Mili-Q Mil-
ipore 18.2 MΩ cm−1 water is used whenever required.

2.2 | Physical measurements

Elemental analyses have been performed with a
PerkinElmer 2,400 series II CHN analyzer. FTIR
spectra are recorded on a Shimadzu FTIR (model IR-
Prestige 21 CE) spectrometer. The UV–vis. Spectra
(1,000–240 nm) are collected with Shimadzu Multi
Spec 2,450 spectrophotometer. The[1] H NMR and[13]

C NMR spectra are measured with Bruker Advance

400 (400 MHz) and 300 (75 MHz) spectrometers.
The steady state emission and excitation spectra are
recorded with a Hitachi F-4500 spectrofluorimeter using
2.5 nm x 2.5 nm slit width. Systronics digital pH meter
(model 335) andHCl/NaOH (50 μM) are used for measure-
ment of pH. The cell path length for recording spectra is
1 cm. Electrospray ionization mass spectra (ESI-MS+) are
recorded with a Thermo Fisher Scientific Exactive Plus
mass spectrometer at a flow rate of 5 μL min−1 in spectro-
scopic grade methanol having compound concentration,
10−6 M. Varian 3,400 gas chromatography instrument
equipped with 30 m CP-SIL8CB capillary column and FID
is used for product characterization while a Trace DSQ II
GC–MS equipped with a 60 m TR-50MS capillary col-
umn is used to confirm the products in catalysis
studies. Thermal analyses have been performed with a

SCHEME 2 Synthesis of metal complexes of H2L
PTASAL
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Mettler Toledo TGA/SDTA 851e and Perkin–Elmer
Diamond TG/DT analyzer.

The single crystal X-ray diffraction data were col-
lected on a Bruker X8 APEXII CCD diffractometer at
100 (2) K, using graphite-monochromatic Mo-Kα radia-
tion (0.71073Å). Significant crystal parameters and
refinement data are summarized in Table S1 (ESI).
Data are processed and corrected for Lorentz and
polarization effects. The structure of PATSAL was
solved by standard direct methods[49] while the structures
of its metal complexes were solved by intrinsic phasing.[50]

Subsequently, they were refined by full matrix least
squares on F.[251] All non-hydrogen atoms are anisotropic
thermal parameters. Hydrogen atoms are included in the
structure factor calculation in geometrically idealized
positions with isotropic thermal displacements depending
on the parent atom, using a riding model. Molecular dia-
grams were drawn with the Mercury [52] and PyMOL[53]

software suites.

2.3 | Synthesis

2.3.1 | 4-methyl-benzoic acid hydrazide
(PTA, Scheme 1)

At first, 4-methyl-benzoic acid is converted to acid chlo-
ride using thionyl chloride. The acid chloride is then
treated with hydrazine to obtain PTA following literature
method.[54] The ESI-MS(+), m/z, 151.60 and 173.65 are
assigned to [PTA + H+] and [PTA + Na+] respectively
(Figure S1, ESI). The 1H NMR (Figure S2a, ESI,
400 MHz, DMSO-d6, TMS, J (Hz), δ (ppm)): a, 9.698
(1H, s); b, 3.557 (2H, s); c, 2.320 (3H, s); aromatic proton,
d, 7.695 (2H, d, J = 8) and e, 7.23 (2H, d, J = 8). 13C NMR
(Figure S2b, ESI, 400 MHz, DMSO-d6): e, 166.24
(-CONHNH2), f, 141.27 (-CCH3), g, 130.57 (-C6H4), h,
129.11(-CCONHNH2), i, 127.15 (-C6H4), j, 21.14 (-CH3).
FTIR (Figure S3, ESI) (ν, cm−1): 2821 (νN-H), 2,970 (νC-H
of CH3), 1,657 (νC=O).

2.3.2 | 4-Methyl benzoic
acid-(2-hydroxy-benzylidene)-hydrazide
(H2L

PTASAL, Scheme 2)

Amixture of PTA (150 mg, 1 mmol) and 2-hydroxybenzaldehyde
(122mg, 1mmol) in methanol is refluxed for 6 hr. Slow evapo-
ration of the resulting solution produced X-ray quality needle
shaped off-white crystals after several days. The yield is 70%.
Anal. calcd. (%) for C15H14N2O2: C, 70.85; H, 5.55 and N,
11.02; found: C, 71.01; H, 5.27 and N, 11.47. 1H NMR
(Figure S4a, ESI, 400 MHz, DMSO-d6), a, 11.792 (1H, s),

CONH, b, 11.506 (1H, s), OH, c, 8.410 (1H, s), N=CH, d,
2.372 (3H, S), CH3, 7.815 (2H, d, J = 8) and 7.326 (2H, d,
J = 8) (aromatic ring protons from carboxylic acid moiety
side), H, 7.178 (1H, d, J = 8.8), 6.116 (1H, d, J = 2.4), 6.116
(1H, d, J = 2.4), 6.919 (1H, m). 13CNMR (Figure S4b, ESI,
400 MHz, DMSO-d6), 162.55 (-CONH, e), 160.17 (-COH, f),
150.56 (-C=N-, g), 142.19 (-CCH3, h), 132.09 (-C6H4OH, i, ring
carbon), 130.71 (-CCONH-, j), 129.50 (-C6H4CH3, k, ring car-
bon), 127.95 (-C6H4CONH-, l), 106.91 (m, ring carbon from
aldehyde part), 104.08 (n, ring carbon from aldehyde part),
97.94 (o, ring carbon from aldehyde part), 21.50 (-CH3, p).
ESI-MS(+) (Figure S5, ESI),m/z for [H2L

PTASAL+CH3OH+K+],
calcd. 327.09, found, 327. 41. FTIR data (Figure S6, ESI), 3,203
(νN-H), 1,542 (νC=N), 2,985 (νC-H of CH3); 1,635 (ν-C=O).

1. [FeIII(HL)PTASAL)(C1)2(MeOH)](OH)2)

Methanol solution of FeCl3.6H2O (0.061 g, 1 mmol,
5 ml) is added to the solution of H2L

PTASAL (0.057 g,
1 mmol, 5 ml) in methanol under stirring condition. The
stirring is continued for 30 min at room temperature
(Scheme 2). After filtration, the filtrate is kept at room
temperature for 5 days to obtain brown crystals with
70% yield. Anal. calcd. (%) for C16H18Cl2FeN2O4: C,
44.79; H, 4.23 and N, 6.53; found: C, 43.37; H, 4.08
and N, 6.30. ESI-MS(+) (Figure S7, ESI), m/z for
[1 + CH3OH + Li]+, calcd. 469.06, found: 468.77;
Selected FTIR data (cm−1): 3413 (νO-H), 3,152 (νN-H),
1,597 (νC=N), 3,040 (νC-H of CH3); 1,646 (νC=O),
(Figure S8, ESI). The UV–vis. Spectrum in aqueous
methanol (1:1, v/v, 10 μM, Figure S9a, ESI): λ, nm (ε,
M−1 cm−1); 295 (7210). The TGA indicates that
1 undergoes decomposition in four stages (Figure S9b,
ESI). At 108 �C, it loses water, at 201 �C it loses co-
ordinated MeOH, at 374 �C it loses two Cl− ion and at
768 �C HLPTASAL unit exits from the complex. Finally
Fe2O3 remains as residue.

2. [CuII(HLPTASAL)(OH2)2](NO3)

Methanol solution of Cu (NO3)2.3H2O (190 mg,
1 mmol, 5 ml) is added to the solution of H2L

PTASAL

(200 mg, 1 mmol, 5 mL) in methanol under stirring
condition. The stirring is continued for 1 hr (Scheme 2).
Slow evaporation of solvent resulted intense green crys-
tals after two days, suitable for X-ray diffraction. The
yield is 81%. Anal. calcd. (%) for C15H17CuN3O7: C,
43.43; H, 4.13 and N, 10.13; found: C, 42.67; H, 4.01
and N, 9.30. ESI-MS(+) (Figure S10, ESI), m/z [CuII
(HLPTASAL)(OH2)2](NO3)

+ calcd. For C15H17CuN3O7:
414.05, found: 413.64; FTIR (ν, cm−1): 3424 (νO-H), 3,250
(νN-H),1,604 (νC=N), 3,059(νC-H of CH3); 1,655 (C=O),
(Figure S11, ESI). Absorption spectrum, λmax/nm (εmax/
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M−1 cm−1 in MeOH): 285 (4034), 316 (2620), 395 (670),
(Figure S12, ESI).

3. [MoVI(LPTASAL)(O)2(MeOH)]

Methanol solution of MoO2(acac)2 (157 mg, 1 mmol,
5 ml) is added slowly to the solution of H2L

PTASAL

(93 mg, 1 mmol, 5 ml) in methanol under stirring con-
dition and stirring is continued for 40 min (Scheme 2).
The solution is allowed for slow evaporation while
orange-yellow crystals are found after 5 days. The yield
is 80%. Anal. calcd. (%): C, 46.62; H, 3.91 and N, 6.80;
found: C, 46.90; H, 4.05 and N, 7.15. ESI-MS
(Figure S13, ESI) (m/z): for C16H17MoN2O5

+ calcd.
413.28; found, 413.65, C16H16MoN2O5Na

+ calcd. 436.27;
found, 436.75. 1H NMR (Figure S14a, 400 MHZ, CDCl3):
c, 8.677 (1H, s, N=CH), 7.875–7.855 (1H, d,
J = 8.0 Hz), 7.728 (1H, s), 7.7088 (2H, s), 7.374–7.371
(3H, d, J = 0.6 Hz), 7.213 (1H, s), e, 3.494 (3H, s),
MoOCH3; d, 2.394–2.353 (3H, t, J = 8.2 Hz), CH3;
13CNMR (Figure S14b, 400 MHz, DMSO-d6): g, 169.33,
h, 153.59, i, 149.04, j, 136.73, k, 132.83, l, 130.47, m,
129.42, n, 128.24-, o, 108.41, p, 104.78, q, 97.94, r, 25.46
and s, 18.47. FTIR data (cm−1): 3162 (νN-H), 2,919 (νC-H
of CH3); 1,651 (νC=O), 1,597 (νC=N) (Figure S14c, ESI).
UV–vis. Spectrum (in MeOH, Figure S15, ESI) (εmax/
M−1 cm−1), 295 (10800); 316 (9840); 399 (2350).

3 | RESULTS AND DISCUSSION

3.1 | Single crystal X-ray structures of
H2LPTASAL and its metal complexes.

The crystal structure of free ligand H2L
PTASAL, is built-up

from an asymmetric unit composed of two independent
molecules, self-assembled by an almost linear hydrogen

bond between the hydrazine proton and a carbonyl group
from adjacent molecules, leading to the formation of a
dimer entity. This directional bonding interaction has a
N���O distance of 2.8084(15)Å and a N-H���O angle of
166.1(17)�. Moreover, the perspective view of the asym-
metric unit, presented in Figure 1, shows that one mole-
cule is planar while the other one, the phenyl substituent
adjacent to the carbonyl group is rotated by 32.1(14)� rel-
ative to remaining planar ligand backbone. These two
conformations are stabilized in solid state by a O-H���N
intra-molecular hydrogen bond between phenol OH
group and imine acceptor binding site, with O(12)���N
(12) and O(22)���N(22) distances of 2.5982(15) and
2.5751(15)Å, respectively and corresponding O-H���N
angles of 149.1(19) and 150.7(15)�. In crystal packing,
the dimer entities are further connected by N-N-H���O
hydrogen bonds with N���O [x, y-1, z] distance of
2.9390(15)Å and ∠N-H���O of 163.6(15)�, affording 1-D
network of hydrogen bonds. Selected bond lengths in
the metal coordination spheres of Cu (II) (2) and Mo

FIGURE 1 Crystal structure of H2L
PTASAL: a) perspective view of asymmetric unit composed of two independent molecules having 30%

thermal ellipsoid probability with relevant atom notation scheme; b) 1-D network of N-N-H���O hydrogen bonds

FIGURE 2 A ball and stick view of the asymmetric unit of

[FeIII (HLPTASAL)Cl2(MeOH)].H2O (1)
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(VI) (3) complexes of H2L
PTASAL are listed in

Table S2 (ESI).
In spite of several attempts for a suitable crystal of 1,

very weak X-ray diffraction pattern lead to high R1 value
(ca. 0.13) that prevents its publication with detailed
structural parameters. However, the molecular formula
[FeIII (HLPTASAL)Cl2(MeOH)].H2O is equivocally rev-
ealed, being consistent with the mass spectra and elemen-
tal analysis data. The charge balance of neutral dichloro
Fe (III) complex seeks single deprotonation of H2L

PTASAL,
where the phenoxido formation is more likely relative to
dissociation of a hydrazinyl proton. The geometric
arrangement of HLPTASAL around Fe (III) center
(Figure 2) is equivalent to [MoVI (LPTASAL)(O)2(MeOH)]
with cis-oxo groups replaced by two chloride ligands
described infra.

The perspective view of asymmetric unit of 2 pres-
ented in Figure 3, shows five coordinated complex,
[CuII (HLPTASAL)(OH2)2]

+ interacting with nitrate counter
ion via a bifurcate hydrogen with coordinated water
molecule (N���O distances = 2.984 (4) and 3.042(3)Å and
corresponding N-H���O angles of 150 and 151�). Tridentate
chelating H2L

PTASAL adopts planar conformation. The
coordination geometry around Cu (II) center is distorted

square pyramid characterized by an index structural
parameter τ of 0.09 given by the formula τ = (α-β)/60,[55]

where α and β are the angles O(1)-Cu-O (2) (170.80(10)�)
and N(1)-Cu-O (4) (165.60(11)�) respectively. The τ param-
eter assumes values of 0 and 1 for perfect square pyramidal
and bipyramidal coordination shapes respectively. Thus,
imine nitrogen N (1) and two oxygen, O(1) and O(2) from
H2L

PTASAL define the basal plane together with an oxygen
O(3) of a water molecule at Cu-O distance of 1.959(2)Å.
The apical position is occupied by an a oxygen, O
(4) from second water molecule at Cu-O bond distance of
2.281(2)Å, which is longer than the former, as expected for
a d9 Cu (II) center. The Cu-N and Cu-O bond distances are
within the expected values.

In the crystal packing of 2, one-dimensional chains
composed of [CuII (HLPTASAL)(OH2)2]

+ cations and
nitrate counter ions are linked by complex network of
N-H���O and O-H���O hydrogen bonds (Figure 4). The
most prominent structural feature of these pillars is the
existence of centro-symmetric motifs, in which adjacent
[CuII (HLPTASAL)(OH2)2]

+ cations are linked by six con-
comitant HO-H���O hydrogen bonds between water mole-
cules leading to the formation of a {Cu2O2(H2O)4} cubane
central core (Figure 4b). The dimensions of hydrogen

FIGURE 3 A perspective view of the

asymmetric unit of [CuII (HLPTASAL)(OH2)2]

(NO3) having 30% thermal ellipsoid

probability. The complex cation establishes

with nitrate counter ion a bifurcate

hydrogen bond

FIGURE 4 Crystal packing features of 2: a) 1-D network of hydrogen bonds between [CuII (HLPTASAL)(OH2)2]
+ cations and nitrate

counter ions with H2L
PTASAL adopting a parallel disposition suggesting existence of π-π interactions; b) centro-symmetric arrangement of

two complex cations with the formation of a central {Cu2O2(H2O)4} motif derived from six O-H���O concomitant hydrogen bond interactions
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bonds found in the crystal structure are summarized in
Table S3 (ESI). Moreover, the H2L

PTASAL adopts a parallel
disposition with phenyl and methylphenyl rings at
centroid-centroid distance of 3.89 Å consistent with the
existence of π-π interactions.

A molecular view of 3 depicted in Figure 5, shows a
neutral complex consistent with molecular formula
[Mo (LPTASAL)O2(MeOH)] and two oxo groups adopting a
cis spatial disposition. The charge balance of this Mo
(VI) complex, requires protonation of non-coordinated
imine nitrogen or oxygen atom of coordinated methanol.
In agreement, in the final structure refinement one
hydrogen atom is alternatively attached at geometric
positions to the oxygen O(3) (model A) or nitrogen N (2).
The trial refinement in model A gave lower wR2 value
than model B (0.0564 versus 0.0622). Therefore, the pro-
ton is definitively assigned to the coordinated MeOH and
consequently the imine nitrogen of H2L

PTASAL is non-
protonated with a net charge of −1. The geometry around
the Mo (IV) is a distorted octahedron with the imine
nitrogen, N(1) and two oxygen donors, O(1) and O
(2) from tridentate H2L

PTASAL together with an oxo
group, O(5) defining the equatorial plane. The axial posi-
tions are fulfilled with oxygen atoms, O(4) and O(3) from
the second oxo-group and methanol respectively. The
corresponding O(3)-Mo-O(4) angle, 171.74 (6)� is only
8.6� away from the axial coordination angle for a perfect
octahedron (180�). Two terminal oxo groups, adopting a
cis spatial disposition (∠O(4)-Mo-O (5) = 106.11 (7)�),
exhibit typical Mo = O double bond distances of 1.6968
(14)Å and 1.7021(14)Å.[56,57] On the other hand, the lon-
gest bond observed in the metal coordination sphere is
the Mo-O single bond, 2.3734(13)Å with coordinated
MeOH. Furthermore, the selected bond distances and
angles subtended at the metal center, listed in Table
S8-S9 (ESI), agrees well with those reported for the octa-
hedral complex [Mo(L)O2(EtOH)][58] where L is a tri-
dentate ligand analogue of H2L

PTASAL.

In the crystal structure of 3, the hydrogen atom mole-
cules are self-assembled into centro-symmetric dimers via
two almost linear N���H-O hydrogen bonds (N���O = 2.747
(2) Å; ∠ O-H���NN = 173.8(17)�), established between
adjacent methanol and imine groups as depicted in Fig-
ure 5. Moreover, the phenyl rings of H2L

PTASAL are π-π
stacked in this centro-symmetric arrangement at cen-
troid-centroid distance, 3.61 Å.

3.1 | Catalytic activity studies

3.1.1 | Synthesis of β-amino alcohol via
epoxide ring opening (ERO)

The catalytic activity of 1 is explored by amine assisted ring
opening of epoxide leading to β -amino alcohol at room
temperature under solvent free condition (Scheme 3).

Room temperature synthesis of β-amino alcohol using
aniline and styrene oxide via ERO reaction is chosen as
model reaction. Probably labile chloride (Cl−) in 1 is
responsible for its catalytic activity that generate the
required active site.[59] Table 1 shows the effect of differ-
ent parameters like solvent, catalyst load and reaction
time on product yield. The catalytic efficiency of 1 is the
highest under solvent free condition at room tempera-
ture. With 15 mg catalyst load, 95% product yield is
observed within 3 h. Various epoxides, viz. allyl glycidyl

FIGURE 5 Crystal structure of 3: a) perspective view of asymmetric unit with relevant atomic notation scheme having 30% thermal

ellipsoid probability; b) centro-symmetric disposition of two [MoVI (LPTASAL)(O)2(MeOH)] units self-assembled by two O-H���O hydrogen bonds

SCHEME 3 Synthesis of β-amino alcohol at room

temperature using 1 as catalyst
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ether, epichlorohydrin, 1, 2-epoxy-3-phenoxy propane,
cyclohexene oxide, styrene oxide and substituted
anilines are subjected to ERO under optimized reaction
conditions. The results are summarized in Table 2. In
most cases, the reactions are completed within 3-6 h
with reasonable yield. Styrene oxide and aryloxy
epoxides undergo ERO by aniline through regioselective
pathway with facile attack at less-hindered terminal
carbon or benzylic carbon respectively (Table 2, entries
1 and 3). Meso epoxide like cyclohexene oxide provides
corresponding amino alcohol with aromatic anilines with
90% yield (entry 2). Moreover, allyl glycidyl ether
undergoes region-selective cleavage by aniline through
less hindered carbon with moderate yield (Table 2, entry
4). Scheme 4 shows a proposed mechanism of ERO with
epichlorohydrine (Table 2, entry 5) by aniline. Further-
more, ERO reaction involving substituted anilines having
electron-withdrawing group and epichlorohydrin require
higher time than aniline (Table 2, entry 6).

3.1.2 | Aryl-sulfur coupling between
thio-phenol and aryl iodide.

Aryl-sulfur coupling reactions leading to diaryl sulfides
have received considerable interest in biological, medici-
nal and material chemistry research. Here, 2 have been
explored as catalyst for C-S cross-coupling reaction

involving thiophenol and aryl iodide in water using
K2CO3 as mild base at 90 �C (Scheme 5).

The 2 catalyzed S-arylation of thiophenol by
iodobenzene is monitored as model reaction. Different
factors governing the performance of 2 catalyzed cross
coupling reactions are summarized in Table 3.
Interestingly, the yield of the product is highest (98%) in
aqueous medium (Table 3, Entry 3). Among various
organic and inorganic bases tested like K2CO3, Cs2CO3,
KOH and Et3N, the efficiency of K2CO3 is highest in
terms of product yield.

Varieties aromatic thiols and aryl halides are reacted
under optimum conditions (Table 4). The reactions are
very clean and smooth with moderate to good yield.
Interestingly, aryl iodides having electron withdrawing
group are more reactive than those having electron
donating group. The nature of halogen affects the
efficiency of the coupling reaction. The reactivity of
different halo-benzenes are of the order iodobenzene >
bromobenzene > chlorobenzene.

3.2 | Oxidation of ethyl benzene to
acetophenone

The selective oxidation of ethyl benzene to acetophenone
has been achieved under atmospheric pressure using 3 as
catalyst (Scheme 6).

TABLE 1 Optimization of reaction parameters for synthesis of β-amino alcohola

Entry Catalyst load (mg) Solvent Time (h) Yieldb (%)

1. None None 24 --

2. 20 DCM 6 79

3. 20 H2O 6 85

4. 20 Toluene 6 61

5. 20 None 6 95

6. 15 None 6 95

7. 15 None 5 95

8. 15 None 3 95

9. 10 None 3 72

areaction conditions: aniline (1 mmol), styrene oxide (1 mmol), RT
bisolated yield of β-amino alcohol.
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The effect of several oxidants like TBHP, H2O2,
PhIO, NaIO4 and KHSO5 on selective oxidation of
ethyl benzene catalyzed by 3 is summarized in Table 5
(Entries 1–4). This is notable that TBHP has the
best catalytic activity and good compatibility with reac-
tants. Oxidants like H2O2, PhIO and NaIO4 are less
efficient than TBHP as evident from conversion per-
centage of ethyl benzene (Table 5, Entries 2–4). The

use of KHSO5 is excluded because a buffer is needed
(Table 5, Entry 6).

The effect of temperature on the performance of
the catalyst have been studied at three different
temperatures, viz. 50, 60 and 70 �C (Table 5, entries
5–7). The maximum conversion (86%) is achieved at
60 �C. Although, at 70 �C, the initial conversion of
ethyl benzene is higher than that observed at 60 �C,

TABLE 2 ERO reaction between substituted amine and epoxide using 1 as catalysta

Entry Epoxide Amine β-Amino alcohol Time (h) Yieldb,c (%)

1 3 95

2 3 90

3 3 93

4 4 89

5 5 92

6 6 81

areaction condition: epoxies (1 mmol), amine (1 mmol), 1 (15 mg), RT, solvent-free
bisolated yield
cproducts characterized by NMR (Fig.S16-S20, ESI).
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however as the reaction progress, the conversion is
almost same to that observed at 60 �C. Therefore,
optimum temperature for ethyl benzene oxidation is set
to 60 �C.

A comparative table of three catalytic reactions viz.
ERO, C-S coupling and ethyl benzene oxidation has been
presented in ESI (Table S10).

3.3 | Recognition of histidine

Photo-physical interaction studies of 2 with natural amino
acids have been studied in aqueous medium. The signifi-
cant influence of His on the emission profile of 2 at
pH 6–12 (Figure S21, ESI) insisted to perform the entire
recognition studies at physiological pH, 7.4 using HEPES
buffered aqueous methanol (0.1 M, MeOH/water, 9/1, v/v).

The change in UV–vis. Spectra of 2 upon gradual
addition of His is shown in Figure 6a. The absorbance at
395 nm and 317 nm gradually weakens with the appear-
ance of a new band at 332 nm signifying their interaction
(Scheme 7). The changes in the absorption spectra of 2 in
presence of different amino acids are shown in Figure 6b.
The color change that occurs out of this interaction is due
to liberation of free H2L

PTASAL as His extracts out Cu2+

from the 2 forming [Cu (II)-His] complex (Scheme 7).
The fluorescence response of 2 towards other natural

amino acids, viz. (1) Methionine, (2) Argenine, (3) Valine,
(4) Leucine, (5) Serine, (6) Lysine, (7) Trptophan,
(8) Phenylalanyl, (9) Glycine, (10) Glutamic acid, (11) Glu-
tamine, (12) Proline, (13) Iso-leucine, (14) Asparagine,
(15) Aspartic acid, (16) Tyrsosine, (17) Threonine, (18) Cys-
tine and (19) Alanine is presented in Figure S22 (ESI). This
indicates non-responsive nature of 2 towards other amino
acids. In presence of His, the weak emission of 2 at 341 nm
is red shifted to 357 nm (λex = 297 nm, Ф = 0.0076) that
steadily increase with increasing His concentration
(Figure 7a). The emission intensity of 2 (λem = 357 nm)
varies linearly with His concentration, the inset of which
is useful for determination of unknown His concentration
(Figure 7b).

The ESI-MS spectrum of the mixture of 2 and
His supports the formation of [Cu (II)-His] complex
(Figure S23, ESI), corroborated by its FTIR spectrum
(Figure S24, ESI). The binding constant and lowest

SCHEME 4 Proposed mechanism of ERO of epichlorohydrine

by aniline

SCHEME 5 The C-S cross coupling reaction between

thiophenol and aryl iodide

TABLE 3 Effect of base and solvent on efficiency of 2 catalyzed C-S cross coupling reactiona

Entry Base Solvent Yield (%)b

1 K2CO3 DMSO 73

2 K2CO3 DMF 86

3 K2CO3 H2O 98

4 Cs2CO3 H2O 82

5 KOH H2O 58

6 Et3N H2O 34

7 Pyridine H2O 12

8 None H2O None

aReaction condition: Iodobenzene (1 mmol), thiophenol (1.1 mmol), water (3 mL), base (2 mmol), 2 (15 mg), Temp.: 90 �C, Time: 12 h
byield is determined by GC and GCMS analysis.
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TABLE 4 The C-S cross coupling reaction involving various substrates using 2 as catalysta

Entry ArI Ar-SH Products Yield (%)b Yieldc

1 98 95

2 70 66

3 81 75

4 89 82

5 38 33

6 91 84

7 60 53

8 39 36

9 70 64
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detection limit of 2 for His are 2.1 × 105 M−1 and
0.23 × 10−7 M (Figure S25–26, ESI) respectively.

3.4 | Catecholase like activity

The reactions of 1–3 with 3, 5-DTBC, a model substrate
to monitor catecholase like activity are carried out in

aReaction conditions: aryl iodides (1 mmol), thiophenol (1.1 mmol), water (3 mL), K2CO3 (2 mmol) and 2 (15 mg), temp.: 90 �C, Time:
12 h.
byield determined by GC analysis.
cisolated yield.

SCHEME 6 Oxidation of ethyl benzene catalyzed by 3

TABLE 5 Effect of oxidant and temperature on ethyl benzene oxidation using 3 as catalyst

Entry Oxidant Temperature (�C) Conversion (%)a Yieldb (%) Selectivity of Acetophenone (%)a

1 TBHP 60 86 72 91

2 H2O2 60 67 42 59

3 PhIO 60 12 trace trace

4 NaIO4 60 27 10 19

5 KHSO5 60 19 4 13

6 TBHP 50 52 23 60

7 TBHP 70 85 52 71

Reaction condition: 3 (10 mg), 10 mL acetonitrile, ethyl benzene (5 mmol), oxidant (10 mmol), reaction time, 6 h.
adetermined by GC
bisolated yield.

FIGURE 6 (a) Changes in the absorption spectra of 2(10 μM) upon gradual addition of L-histidine (0–400 μM), (b) Absorption spectra

of 2 (10 μM) in presence of different amino acids viz. (1) Methionine, (2) Argenine, (3) Valine, (4) Leucine, (5) Serine, (6) Lysine,

(7) Trptophan, (8) Phenylalanyl, (9) Glycine, (10) Glutamic acid, (11) Glutamine, (12) Proline, (13) Iso-leucine, (14) Asparagine, (15) Aspartic

acid, (16) Tyrsosine, (17) Threonine, (18) Cystine and (19) Alanine (other amino acids); Media: MeOH–water, 9: 1, v/v, 0.1 M HEPES buffer,

pH 7.4
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methanol by time dependent absorption spectroscopy.
Thus, 1 × 10−4 mol dm−3 solution of 1–3 are treated
with 1 × 10−2 mol dm−3 (100 equiv.) of 3, 5-DTBC
under aerobic condition whereby a new peak at
392 nm, characteristics of 3, 5-di-tert-butyl benzoqui-
none (3, 5-DTBQ) appeared (Figure S27, ESI). In case
of 3, the peak for 3, 5-DTBQ appeared at 409 nm
(Figure S27, ESI). Since initial rate method follows satu-
ration kinetics at higher substrate concentration,
Michaelis–Menten model for enzyme kinetics and
corresponding Lineweaver-Burk plot allows determina-
tion of several kinetic parameters. Thus the binding
constant (Km), maximum velocity (Vmax), and rate con-
stant (turnover number, Kcat) are evaluated from
Lineweaver–Burk plot, 1/V vs. 1/[S] using the equation

1/V = {Km/Vmax} × {1/[S]} + 1/Vmax (Figure 8, Table 6).
The molecular ion peak at m/z, 562.65 in the ESI-MS+

spectrum of the mixture of 1 and 3,5-DTBC indicates a
1: 1 (mole ratio, Figure S28, ESI). The peaks at m/z,
243.36 and 464.73 have been assigned to [DTBQ-Na] +

and free metal complex respectively. Similarly, for 2, the
mass spectrum of the corresponding 1: 1 (mole ratio)
adduct shows peak at m/z, 587.88. The other peaks at
m/z 243.36, 413.64 and 464.73 have been assigned to
[DTBQ-Na]+ and free complex respectively (Figure S29,
ESI). The mass spectrum (Figure S30, ESI) of 1: 1 (mole
ratio) adduct between 3,5-DTBC and 3 have
corresponding molecular ion peaks at m/z 633.88 and
668.03. The peaks at m/z 243.36 and 413.64 have been
assigned to [DTBQ-Na] + and free complex respectively.

SCHEME 7 Proposed mechanism

of Histidine sensing by 2

F IGURE 7 (a) Changes in the

emission spectra of 2 (10 μM, λex,
297 nm, λem, 357 nm) upon gradual

addition of Histidine (0–400 μM); Inset:

emission spectra of 2 (10 μM) in

presence of different amino acid;

(b) emission intensities of 2 vs. added
His concentration; Inset: linear region of

the plot
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3.5 | TD-DFT studies on complex-catechol
interaction

The molecular level interaction of metal complexes, viz.
1, 2 and 3 with catechol is studied by density functional
theory (DFT) using B3LYP functional, 6-31G and
lanl2mb basis sets. In general, HOMO and LUMO energy
levels is lowered in catechol bound state. Thus, overall
HOMO-LUMO energy gap decreases from 0.05574 eV to
0.04656 eV for 1, 0.07168 eV to 0.03653 eV for 2 and
0.13115 eV to 0.04552 eV for 3 (Figure 9). Calculated
transition energies for prominent absorption bands are
presented in Table S4-S9 (ESI). The calculated absorption
peaks agree well with the experimental peaks. The opti-
mized structure of the respective complexes are shown in
Figure S31 (ESI).

4 | CONCLUSIONS

Hydrazide based amide-amine conjugate H2L
PTASAL and

its Fe (III), Mo (VI) and Cu (II) complexes viz. 1, 2 and
3 respectively were synthesized. SC-XRD characterized
complexes were employed as catalyst for amine assisted
epoxide ring opening, ethyl benzene oxidation and aryl-
sulphur coupling reactions. Besides, catechol oxidase like
properties of the complexes has also been tested and
supported through DFT studies. In addition, the Cu
(II) complex (3) selectively recognizes histidine by fluo-
rescence spectroscopy.
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