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mantadine-based novel Schiff base
and its transition metal complexes as potential ALP,
a-amylase, and a-glucosidase inhibitors†

Aliya Ajaz,a Muhammad Ashraf Shaheen,*a Maqsood Ahmed, b

Khurram Shahzad Munawar,ac Abu Bakar Siddique, a Abdul Karim,a Nazir Ahmad d

and Muhammad Fayyaz ur Rehman *a

A Schiff base ligand HL, (E)-2-((adamantan-1-ylimino)methyl)-6-allylphenol, was synthesized by

condensation of amantadine with 3-allyl-2-hydroxybenzaldehyde, followed by the synthesis of its Zn(II),

Co(II), Cr(III), and VO(IV) complexes under reflux conditions. The synthesized compounds were

comprehensively elucidated by using different spectroscopic and analytical techniques: UV-Vis, 1H and
13C-NMR, FT-IR, ESI-MS, thermal, and single-crystal XRD analysis. The chemical composition of the

synthesized compounds was also verified by molar conductance and elemental analysis. An octahedral

geometry for Cr(III) and Co(II) complexes, tetrahedral for Zn(II) complex, and square pyramidal geometry

have been proposed for VO(IV) complexes. The antidiabetic activities of the synthesized compounds

were also evaluated by performing in vitro a-amylase and a-glucosidase inhibition studies. The Co(II)

complex exhibited the highest a-glucosidase inhibitory activity, whereas oxovanadium(IV) and zinc(II)

complexes were also found to be effective against a-amylase. In alkaline phosphatase (ALP) inhibition

studies, the HL was found to be inactive, while the complexes showed remarkable enzyme inhibition in

the following order: VO > Zn > Co, in a concentration-dependent manner.
Introduction

Schiff bases have a signicant role as chelating ligands, as these
can easily form stable colored complexes with transition metals
when stabilizing, and highly supportive groups like –OH are
present close to the imine (–HC]N–) group.1,2 In recent years,
the coordination modes of Schiff base ligands to transition
metal ions have been studied comprehensively in the pharma-
ceutical industry.3 Several substituted heterocyclic moieties in
coordination with transition metal ions have shown improved
pharmacological and physio-chemical properties.4 Therefore,
these compounds have been evaluated as effective anticancer,
herbicidal, antibacterial, antifungal, antioxidant, and anti-
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proliferative agents.5 Several transition metal complexes based
on the ONNO Schiff base are reported as potential antibacterial
and antifungal agents.6 Schiff base complexes of Cr(III), Mn(II),
Zn(II), and Co(II) have shown signicant antimicrobial, anti-
cancer, and antidiabetic activities.7–10

Diabetes mellitus (DM) is a metabolic disorder resulting in
high blood glucose levels due to the lack of insulin or the
inability of insulin to perform glucose metabolism.11,12 Diabetes
can be controlled by reducing glucose absorption by inhibiting
enzymes involved in the digestion of carbohydrates. The a-
glucosidase and a-amylase are the main enzymes involved in
the breakdown of carbohydrates and the digestion of lipids. a-
Amylase is involved in the digestion of carbohydrates, while a-
glucosidase is involved in the digestion of starch and disac-
charides into glucose.13 These enzymes can be suppressed by
effective inhibitors to treat diabetes.14 A large number of coor-
dinated compounds such as chromium, cobalt, zinc, vanadium,
tungsten, and molybdenum have been used in the remediation
of diabetes.15–17 Metformin-Schiff base complexes with oxova-
nadium(IV) have shown strong antidiabetic effects,18 whereas
Zn(II) Schiff base complexes have shown improved a-glucosi-
dase inhibition.19 Alkaline phosphatase (ALP) is an enzyme that
causes hydrolysis under alkaline conditions and recycles
phosphate in living cells.20 Several metal complexes of Schiff
bases are potent ALP inhibitors, causing the deactivation of the
enzyme.21 Some oxovanadium complexes of triazole Schiff bases
© 2023 The Author(s). Published by the Royal Society of Chemistry
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exhibited excellent alkaline inhibition and anti-diabetic prop-
erties.22,23 Zinc(II) complexes of thiones and coordinated cobalt
complexes have also been explored for alkaline phosphatase
inhibition.24,25

In view of these ndings, we decided to synthesize
amantadine-based Schiff base and its transition metal
complexes. Adamantane-based derivatives are already known
for their medicinal properties as antiviral, antiparkinsonian,
antimicrobial, anticancer agents, and antidiabetic agents.26–32

Nowadays, the adamantine (C10H16) moiety is being introduced
into a skeleton of active drugs to improve their lipophilic
character and pharmacological properties.33–35 Several metal
complexes of amantadine-based ligands have been synthesized
and have already been described in the literature. Platinum(II)
and platinum(IV) complexes with amantadine are known
because of their biological importance as effective anticancer
agents.36 The silver complexes with amantadine and mem-
antine have been reported as effective antibacterial agents
against Gram-positive and Gram-negative strains.37 Following
this lead, we synthesized a novel amantadine-based ligand by
condensing 3-allyl-2-hydroxybenzaldehyde with amantadine
and performing complexation with various metals. The struc-
tures of the synthesized compounds were investigated by means
of FT-IR, MS, NMR (1H and 13C), UV-Vis, thermal, and elemental
analysis. The three-dimensional structure was elucidated by the
single crystal X-ray diffraction (SC-XRD) analysis.

Moreover, the coordination modes of amantadine-based
Schiff base toward metal ions were also investigated. The
importance of a-amylase, a-glucosidase, and alkaline phos-
phatase in medicinal and biomolecular studies has made it
prevalent for scientic studies and commercial applications.38

Therefore, all the prepared compounds were screened for their
ALP, a-amylase, and a-glucosidase inhibition potential.

Results and discussion
Synthesis and characterization of ligand (HL)

Amantadine-based Schiff base ligand (HL) was synthesized as
illustrated in Scheme 1. Briey, 3-allyl-2-hydroxybenzaldehyde
was reuxed with amantadine in ethanol in a 1 : 1 molar ratio,
while metal complexes were synthesized by reuxing ligand
Scheme 1 Synthesis of Schiff base (HL) and its metal complexes a–d;
(i) EtOH, refluxed 3.5 h at 90–100 °C; (ii) EtOH, NaOH (0.1%),
Zn(CH3COO)2$2H2O, reflux; EtOH, NaOH (0.1%), CoCl2$6H2O, reflux;
EtOH, NaOH (0.1%), CrCI3$6H2O, reflux; EtOH, NaOH (0.1%),
VOSO4$5H2O, reflux.

© 2023 The Author(s). Published by the Royal Society of Chemistry
with their corresponding metal salts in a 2 : 1 the molar ratio
under reux conditions.
UV-Vis spectra

The UV-Vis spectra of ligand (HL) and its complexes were
recorded from 200 to 800 nm at 25 °C in DMSO, as shown in
Fig. 1. The ligand showed an absorption band around 323 nm
assigned to n/p* transitions.39 The absorption band of ligand
(HL) around 419 nm was assigned to n / p* transition due to
intra-ligand charge transfer due to the presence of conjugation
in the ligand. The zinc complex exhibited bands around 305 and
375 nm. A band around 305 nmmay be due to the –C]Nmoiety
assigned to n / p* transition, while a band around 374 nm
may be assigned to LMCT or MLCT. A band that corresponded
to the imine function showed a small shi to a shorter wave-
length on complexation, indicating ligand coordination to
metal through the imine group.40 At the same time, the cobalt
complex exhibited two bands around 365 and 532 nm, which
may be due to the –C]N group and d–d transition.41 Chromium
complex exhibited three bands around 356, 405 and 523 nm,
which may be assigned to the –C]N group, charge transfer
(LMCT or MLCT) and d–d transition. The band corresponding
to the –C]N group in the spectrum of ligand showed a slight
shi to a longer wavelength on complexation, indicating coor-
dination of ligand to metal through the –C]N group. Similarly,
the vanadium complex showed three bands around 347, 450,
and 604 nm, which are assigned to the azomethine (–C]N)
group, charge transfer (CT), and d–d transitions, respectively.42
FT-IR spectra

The observed FT-IR stretching frequencies of the ligand (HL) and
its metal compounds are given in Table 1, while the spectra are
given in Fig. S1–S5.† The FT-IR spectrum of the Schiff base
showed O–H (H-bonded, weak) stretching frequency at
3317 cm−1. Free –OH stretching vibration is commonly observed
at 3500–3600 cm−1; lower OH stretching frequency was found
due to intramolecular hydrogen bonding.43 The disappearance of
the –OH peak in all the metal complexes indicated the involve-
ment of the –OH group in the complexation.44 This was also
supported by the shiing of C–N stretching frequency from
∼1228 cm−1 (HL) to the lower wavenumber of 1076 to 1207 cm−1

on complexation. Two sharp bands at 2908 cm−1 and 2848 cm−1
Fig. 1 UV-Vis spectra of ligand and its complexes.
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Table 1 Characteristic observed IR spectral bands of novel Schiff base ligand and its metal complexes (cm−1)

Compounds v(HC]N) v(C–N) v(M–N) v(M–O) v(H2O) v(OH) v(V]O)

HL 1618 1228 — — — 3317 —
Zn(II) 1606 1205 557 480 3464 3296 —
Cr(III) 1608 1076 538 460 3471 3302
Co(II) 1597 1207 555 445 3464 3286 —
VO(IV) 1622 1118 617 466 — 3383 941
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View Article Online
in the FT-IR spectrum of ligand (HL) were assigned to CH2 anti-
symmetric and CH2 symmetric stretching, respectively.45

A band observed at 1618 cm−1 was assigned to the C]N
(azomethine) group in the HL. Increase or decrease in stretch-
ing frequencies was observed for the C]N (azomethine) group
to the extent 4–25 cm−1 on complexations, indicating the
involvement of the azomethine (C]N) group in coordination
with metal ions.46 The bands that appeared in the range of 617
to 538 cm−1 and 445 to 480 cm−1 were due to the metal–
nitrogen (M–N) and metal–oxygen (M–O) bond stretching
vibrations, respectively. In the case of the vanadium complex,
a characteristic sharp band that appeared at 941 cm−1 was
observed due to V]O vibrations.47 In the cobalt complex,
having a band around 3450 cm−1 was assigned to the coordi-
nated water molecules.
Mass spectra

The LC-MS spectrum of HL is given in Fig. S6,†which shows two
fragments. The spectrum showed the molecular ion peak at m/z
= 296.20, while the second fragmented ion appeared at 152m/z.
The molecular ion peak appeared as a base peak, and the
intensity of appeared peaks showed the stability and abundance
of fragmented ions.
NMR spectra
1H-NMR spectrum of (E)-2-((adamantan-1-ylimino) methyl)-6-
allylphenol was recorded in DMSO-d6 as a solvent (Fig. S7†). A
single peak at 14.83 ppm for ligand was assigned to the
phenolic hydroxyl proton. Another peak at 8.55 ppm can be
attributed to HC]N proton.48 The CH and CH2 group from
amantadine were identied in the range of 1.70–2.08 ppm. CH2-
methylene peak appeared at 4.99 ppm as doubled. Two H-1-
ethylene peaks appeared at 5.02 ppm and 5.07 ppm as trip-
lets, while one H-1-ethylene peak appeared as a multiplet at
5.93 ppm. One triplet peak at 6.79 ppm can be assigned to CH-
benzylidenimin, while two CH-benzylidenimin peaks appeared
as a doublet at 7.12 and 7.33 ppm.

The 13C-NMR of (E)-2-((adamantan-1-ylimino)methyl)-6-
allylphenol was recorded in DMSO-d6 is given in Fig S8.† The
obtained chemical shi values corresponding to the carbon
atoms were compared with the proposed structure. The carbon
atoms present in adamantine showed peaks at 29.24, 36.13, and
42.95 ppm. While the carbon of adamantine directly attached to
the nitrogen atom of the –N]C– bond showed a peak at
56.96 ppm. The imine group carbon showed a peak at
161.53 ppm.49 The carbon atom attached to the hydroxyl group
2758 | RSC Adv., 2023, 13, 2756–2767
showed a peak at 160.32 ppm. The aromatic carbons in the
benzene ring showed peaks at 130.56, 127.91, 116.09, and
132.68 ppm. Aliphatic carbon showed a peak at 33.48 ppm, while
two ethylene carbon peaks appeared at 137.15 and 117.76 ppm.
Single crystal XRD analysis for Schiff base (HL) and zinc
complex

The single crystals of HL and Zn(II) complex were grown in
ethanol; yellow crystals of HL, and colorless crystals of the Zn(II)
complex were analyzed using SC-XRD analysis. The crystals were
mounted on a goniometer head using grease, shown in Fig. S8.†
The data sets were collected on Bruker D8 Venture with
PHOTON II detector and Momicrofocus source (Bruker 2016) (l
= 0.71073 Å) (Bruker 2016) under cryo conditions under Oxford
Cobra Cryodevice using omega and phi scan methods. The
diffracted intensities were processed using APEX3 tools (Bruker,
2016). Analytical absorption correction was applied. Table S1†
summarizes the crystallographic and renement details.

The crystal structures of HL were solved in the monoclinic Pc
space group, whereas the structure of the Zn complex was solved
in the monoclinic P21/c space group using Olex2 (Dolomanov)
(Fig. 2). Most hydrogen atoms could be located in different
Fourier maps; however, they were xed using a ridingmodel. The
bond angles, bond lengths and torsion angles of the ligand and
zinc complex are shown in Tables S2 and S3.† In the formation of
the zinc complex, the ligand (HL) was deprotonated (L−1) by
losing its phenolic proton and behaves as a monobasic. Each
ligand acts as a bidentate and is coordinated to the metal ion
using its phenolic oxygen and azomethine nitrogen atoms. The
zinc complex is tetra-coordinated using a ONON set of donor
sites from two ligands to make a distorted tetrahedral geometry,
as evidenced by the bond angles around the zinc center, which
deviate from the ideal angle of 109° (Table S3†). In the asym-
metric unit of the zinc complex, there is one zinc-containing
molecule (C1–C40/N1/N2/O1/O2/Zn1) and one water molecule.
The bidentate ligand forms two chelating rings (C28/C29/C30/
N1/O2/Zn1) and (C8/C9/C10/N1/O2/Zn1). The coordination
sphere around the central Zn-atom is composed of phenolic O-
atoms (O1 and O2) and imine N-atoms (N1 and N2) from the
bidentate chelating ligands. The Zn–O1 and Zn1–O2 bonds are
shorter than the Zn1–N1 and Zn1–N2 bonds.
Molar conductivity

The molar conductivity of the synthesized metal complexes was
measured in DMSO as solvent at a concentration of 1 × 10−3

moles per dm3. The conductivity of prepared metal complexes
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Thermal ellipsoid plots (@50% probability) for HL and Zn complex show the atom numbering scheme for both models. The figures are
drawn using Mercury.51
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was found to be in the range of 2–12 ohm−1 cm2 mol−1, indi-
cating that all synthesized complexes were non-electrolytes.50

Thermal behaviour

The thermogravimetric analysis (TGA) of Schiff base (HL) and
its metal complexes was carried out under a nitrogen atmo-
sphere at a heating rate of 10 °C per minute. The thermogram of
HL and its complexes are given in Fig. 3 and S10–S13.† The
decomposition of synthesized ligand occurred completely in the
temperature range of 225–265 °C. The thermal decomposition
of prepared metal complexes proceeded in a multi-step process.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The rst thermal decomposition step corresponded to the loss
of lattice/coordinated water molecules that occurred in the
temperature ranges of 84–192 °C, 80–105 °C, and 169–207 °C for
cobalt, zinc, and chromium complexes, respectively. Loss of lattice
water occurred at a lower temperature between 60–100 °C, while
loss of coordinated water molecules occurred above 150 °C.52 In
the case of oxovanadium, the rst decomposition occurred around
212–225 °C due to the ligandmoieties being lost. The thermogram
of the chromium complex indicated the removal of two coordi-
nated water molecules and the substitution of ligands.
RSC Adv., 2023, 13, 2756–2767 | 2759
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Fig. 3 Thermogram of (E)-2-((adamantan-1-ylimino)methyl)-6-allylphenol (HL).

Fig. 5 Concentration-dependent inhibition of a-glucosidase by the
synthesized compounds. Mean inhibition (%) ± SDn significantly
different (p < 0.05), n = values are given as the mean of three
replicates.
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The second decomposition occurred in the temperature
ranges of 335–370 °C, 333–385 °C, 446–455 °C, and 660–708 °C
for zinc, cobalt, chromium, and vanadium complexes, respec-
tively, indicating the loss of ligand moieties. The third
decomposition step occurred in the temperature ranges of 449–
513 °C, 450–491 °C, and 880–918 °C, indicating the loss of the
remaining ligand for zinc, cobalt, and chromium complexes,
respectively. In the case of zinc and cobalt complexes, the last
decomposition suggested the formation of metal oxide. In the
case of chromium and vanadium complexes, decomposition
did not complete even at 900 °C, leaving behind undecom-
posed material; therefore, the last decomposition residue was
not possible to calculate. The synthesized metal complexes
were found to be highly thermally stable as compared to the
ligand (HL).

ALP enzyme inhibition studies

The alkaline phosphate activity takes advantage of the fact that
the ALP enzyme is non-specic and utilizes the substrate para-
nitrophenyl phosphate (p-NPP) to give a yellow-colored p-nitro-
phenolate ion, which is used to monitor the reaction.53 The
inhibitory effect of various synthesized compounds on the alka-
line phosphatase enzyme activity was studied. Ligand (HL) failed
to show activity against ALP. Among all metal complexes, the
vanadium complex showed a remarkable inhibition effect. The
ALPs inhibition was attributed to vanadium coordination with
Fig. 4 Concentration-dependent inhibition of ALP by synthesized
compounds. Mean inhibition (%)± SDn significantly different (p < 0.05),
n = values are given as the mean of three replicates.

2760 | RSC Adv., 2023, 13, 2756–2767
the enzyme, making the enzyme's active sites unavailable for the
substrate by replacing calcium and zinc from the enzyme.

The second possibility is that the enzyme binds with vana-
dium more effectively than the substrate. The exact inhibition
mechanism of ALP activity is still unknown.54 Zinc complex also
inhibited the enzyme in a concentration-dependent manner by
inactivating the enzyme, as conrmed by the decrease in the
production of p-nitrophenolate ions and hence less absorbance
was recorded at 405 nm.55 Cobalt complex showed less
Fig. 6 Concentration-dependent inhibition of a-amylase by synthe-
sized compounds. Mean inhibition (%) ± SDn significantly different (p <
0.05), n = values are given as the mean of three replicates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 In vitro alpha-amylase and alpha-glucosidase inhibitory
studies of synthesized complexes. Mean inhibition (%) ± SDn signifi-
cantly different (p < 0.05), n = values are given as the mean of three
replicates

Compounds

IC50 (mg mL−1)

a-Glucosidase a-Amylase

Zn(II) 169.39 � 2.63 108.51 � 0.89
Co(II) 89.84 � 1.06 157.81 � 1.99
Cr(iii) 104.25 � 1.78 116.16 � 1.6
VO(iv) 122.38 � 0.9 97.47 � 0.9
Control 84.15 � 1.20 78.57 � 0.99

Fig. 7 Anti a-amylase activity (a–e) and anti a-glucosidase activity (f–j)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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inhibition than vanadium and zinc complexes against ALP.56

The inhibition studies revealed the concentration-dependent
enzyme inhibition effect. An increase in the concentration of
metal complexes decreases the activity of the ALP (Fig. 4).
Anti-diabetic activity

a-Glucosidase and a-amylase inhibition studies. a-Glucosi-
dase inhibitory activities were performed at 30.41, 60.56, and
90.90 mg mL−1, while a-amylase inhibition studies were carried
out at 60.22, 120.71, and 171.45 mg mL−1. The results are shown
in Fig. 5 and 6. Both inhibitory activities were increased with the
of the ligand and metal complexes.

RSC Adv., 2023, 13, 2756–2767 | 2761

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07051k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
2/

9/
20

25
 3

:2
6:

36
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
concentration of inhibitors, which illustrated a strong dose-
dependent response. The screening against a-glucosidase
enzyme demonstrated that Co(II) exhibited the highest inhibi-
tory action with an IC50 value of 89.84 ± 1.06 mg mL−1, followed
by Cr(III), VO(IV) and Zn(II) with IC50 values of 104.25 ± 1.78, 122
± 0.9, and 169± 2.6 mg mL−1, respectively, while VO(IV) complex
displayed the highest a-amylase inhibitory capacity with an IC50

value of 97.47 ± 0.9 mg mL−1 followed by Zn(II), Cr(III), and Co(II)
with IC50 values of 108.51 ± 0.89, 116 ± 1.67, and 157.81 ± 1.99
mg mL−1, respectively as shown in Table 2.

In silico antidiabetic studies. The ligand and metal
complexes were virtually screened against the a-amylase (PDB
ID 4W93) and a-glucosidase (PDB ID 3TOP) structures from the
human. In the case of a-amylase, HL and its complexes shared
the same binding pocket consisting of TRP58, TYR62, VAL98,
HIS101, TYR151, LEU162, THR163, LEU165, ARG195, ASP197,
ALA198, SER199, LYS200, HIS201, GLU233, VAL234, ILE235,
HIS 299, ASP300, HIS305, GLY306, and ALA307 residues
(Fig. 7a–e). VO(IV), Zn(II), and Cr(III) complexes have shown
better binding to a-amylase in comparison to ligand with the
binding energies of −12.50, −10.38, and 10.75 kcal mol−1 and
dissociation constants of 130, 200, and 840 nM, respectively. HL
and Co(II) complex have shown comparable binding energies
(−9.18 and −9.13 kcal mol−1) and dissociation constants (190
and 200 nM).

In the case of a-glucosidase, HL was found to bind in
a different binding pocket than the metal complexes. This site
was consisted of residues including TYR1282, ASP1288,
PHE1289, THR1290, LEU1291, PRO1299, TYR1328, PRO1329,
ALA1330, ARG1333, GLU1397, GLU1400, LEU1401, ASN1404,
PRO1405, GLN1406, ARG1410, SER1411, and LEU1412 (Fig. 7f–j).
All metal complexes shared the same binding site consisting of
ASP965, TYR967, PRO968, ALA973, TRP985, SER988, ASN989,
SER990, SER991, GLY992, VAL993, PRO994, PHE995, CYS996,
TRP1148, HIS1149, THR1150, LYS1163, THR1196, GLN1198,
ARG1206, HIS1449, and ARG1453 residues. Here, Co(II) and
VO(IV) complexes exhibited the best binding energies, i.e.,−10.90
and −10.53 kcal mol−1, and dissociation constants, i.e., 10.88
and 18.96 nM. HL showed binding energy of 10.59 kcal mol−1

and a dissociation constant of 12.24 nM. Overall, all metal
complexes and ligands have shown promising antidiabetic
potential in terms of a-amylase (PDB ID 4W93) and a-glucosidase
inhibition.

Experimental

All the used organic solvents and metal salts were of analytical
grade, purchased from Sigma Aldrich, and used without puri-
cation except where mentioned. IR Prestige-21 (Shimadzu) was
used to record FT-IR spectra. UV-Vis spectra were recorded on
a Shimadzu UV 240 spectrophotometer. The Elico-CM82
Conductivity Bridge was used to measure molar conductance
at room temperature. Silica gel (60 F254Merk) coated Al sheets
were used for thin-layer chromatography. In both positive and
negative ion ESI modes, a mass spectrum was recorded on an
Agilent 6224 Time of Flight (TOF) LC-MS mass spectrometer.
NMR (1H and 13C) spectra were recorded on a Bruker US400
2762 | RSC Adv., 2023, 13, 2756–2767
spectrometer at 400 and 100 MHz in DMSO-d6. An Exeter
Analytical Inc-CE-440 Elemental Analyzer was used to carry out
elemental analysis of the prepared compounds. The melting
points of the products were determined by using the Gallen-
kamp digital melting point apparatus (MFB-595-010M). APEX3
(Bruker, 2016), SAINT (Bruker, 2016) and Mercury 4.0 were used
from visualization to analysis, design and prediction. A ther-
mogravimetric analyzer (TGA Q500) was used to study the
thermal degradation trend of compounds at a heating rate of
10 °C min−1 under a nitrogen atmosphere with a ow rate of 5
mL min−1. Alkaline phosphatase inhibitory activity was
screened by following the reported method.

Synthesis of (E)-2-((adamantan-1-ylimino)methyl)-6-
allylphenol (HL)

Amantadine-based Schiff base ligand and its complexes were
synthesized using the literature method with a few modica-
tions (Scheme 1).57 An ethanolic solution (25 mL) of 3-allyl-2-
hydroxybenzaldehyde (1.07 g, 6.6 mmol) was prepared in
a 100 mL round bottom ask. Amantadine (1 g, 6.6 mmol) was
dissolved in ethanol (15 mL) and added to the above solution
dropwise, and then the whole mixture was reuxed for 3.5
hours. The progress of the reactions was monitored by thin-
layer chromatography. Aer the completion of the reaction,
the resulting solution was concentrated to half of its original
volume by evaporation and le for two days to get a yellow oily
product, which was further converted into yellow crystals by the
addition of cold ethanol. These bright yellow crystals were
vacuum ltered, washed thrice with ice-cold ethanol, recrystal-
lized from ethanol, and dried in the desiccator. Color: yellow;
yield: 80%; melting point: 85 °C; UV/Vis: 271, 326, 420; ESI-MS:
296.20[M + H]+; FT-IR: (KBr disc) n/cm−1: 1618 (HC]N), 1547
(C]C), 1228 (C–N), 2908, 2848 (C–H-aromatic, str), 3317 (OH-
aromatic), 3062 (vinyl CH2, str);

1H-NMR (400 MHz, DMSO-d6)
d ppm; 1.70 (m, CH2, 1-adamantane), 1.87 (d, CH2, 1-ada-
mantane), 2.08 (m, CH2, 1-adamantane), 4.99 (d, CH2, methy-
lene), 5.02 (t, H, 1-ethylene), 5.07 (t, H, 1-ethylene), 5.93 (m, H, 1-
ethylene), 14.83 (s, OH-alcohol), 6.79 (t, CH-benzylidenimin),
7.12 (d, CH-benzylidenimin), 7.33 (d, CH-benzylidenimin),
8.55 (s, CH]N) 13C-NMR (DMSO-d6) d ppm; 29.24 (C1), 33.48
(C2), 36.13 (C3), 42.95 (C4), 56.96 (C5), 116.09 (C6), 117.76 (C7),
127.91 (C8), 130.56 (C9), 132.68 (C10), 137.15 (C11), 160.32
(C12), 161.53 (C13). CHN analysis: chemical formula: C20H25NO
(exact mass: 295.19): calcd: C, 81.31; H, 8.53; N, 4.74. Found: C,
81.89; H, 8.09; N, 4.99.

Synthesis of metal complexes from Schiff base ligand (HL)

Complexes were prepared by the same general procedure. To
the hot ethanolic solution (15 mL) of HL (2 mmol), a hot etha-
nolic (15 mL) solution of corresponding metal salt like
Zn(CH3COO)2$2H2O, CoCl2$6H2O, CrCI3$6H2O, or VOSO4-
$5H2O (1 mmol) was added drop by drop with stirring
constantly and pH of the reaction mixture was adjusted to 8–8.5
using an ethanolic solution of NaOH (0.1%) and then reuxed
at 90–100 °C for 3–4 h. The resulting mixture was cooled and le
overnight at room temperature to get colored solid products,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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which were ltered out, washed with ice-cold ethanol, recrys-
tallized with appropriate solvents and dried in a desiccator.

Synthesis of zinc complex

Color: colorless crystals; yield: 56%; melting point: 145 °C; UV/
Vis: 365, 532; molar conductance (U−1 cm2mol−1) 2; FT-IR: (KBr
disc) n/cm−1: 1606 (HC]N), 1546 (C]C), 1205 (C–N), 2912,
2852 (C–H-aromatic, str), 3464 (H2O), 557 (Zn–N), 480 (Zn–O).
CHN analysis: chemical formula: C40H48N2O2Zn (exact mass:
654.20): calcd: C, 73.44; H, 7.40; N, 4.28; Found: C, 73.56; H,
7.69; N, 4.58.

Synthesis of chromium complex

Color: green; melting point: 180 °C; yield: 43%; UV/Vis: 356,
405, 523; molar conductance (U−1 cm2 mol−1): 9; FT-IR: (KBr
disc) n/cm−1: 1608 (HC]N), 1442 (C]C), 1076(C–N), 2906 (C–
H-aromatic, str), 538(Cr–N), 460 (Cr–O), 3471(coordinated
water). CHN analysis: chemical formula: C40H52N2O4Cr (exact
mass: 672): calcd: C, 77.06; H, 7.76; N, 4.49; found: C, 77.99; H,
7.81; N, 4.48.

Synthesis of cobalt complex

Color: orange; yield: 57%; melting point: 170 °C; UV/Vis: 265,
374; molar conductance (U−1 cm2 mol−1): 3.5; FT-IR: (KBr disc)
n/cm−1: 1597 (HC]N), 1544.9 (C]C), 1207(C–N), 2910, 2850
(C–H-aromatic, str), 555 (Co–N), 445 (Co–O), 3464 (water peak).
CHN analysis: chemical formula: C40H52N2O4Co (exact mass:
683.30): calcd: C, 74.17; H, 7.47; N, 4.32; found; C, 74.28; H,
7.53; N, 4.65.

Synthesis of oxovanadium complex

Color: dark green; mp: above 300 °C; yield: 60%; UV/Vis: 347,
450, 604; molar conductance (U−1 cm2 mol−1):12; FT-IR: (KBr
disc) n/cm−1: 1622 (HC]N), 1446 (C]C), 1118.7 (C–N), 2904,
2848 (C–H-aromatic, str), 941 (V]O), 543 (V–N). CHN analysis:
chemical formula: C40H48N2O3V (exact mass: 655.31): calcd: C,
73.26; H, 7.38; N, 4.27; found; C, 73.16; H, 7.48; N, 4.57.

Assay of alkaline phosphatase activity

An assay for the inhibitory effects of metal complexes on alka-
line phosphatase enzyme (ALP) was performed following the
reported methodology.58 To prepare the working substrate,
reagent A (diethanolamine having pH 9.8, mol dm−3 and MgCI2
0.5 mmol dm−3) and reagent B (p-nitrophenyl phosphate
50 mmol dm−3) were prepared. The prepared substrate was
incubated at 25 °C for 5 minutes. 40 mL of human serum-
containing ALP with an activity of 165 IU L−1 was taken in
a cuvette, and 2 mL of the prepared substrate was added to it
and incubated for 1 min. Aer that, absorbance was measured
to conrm the enzymatic activity, which was used as a blank.
ALP on hydrolysis of p-NPP under basic conditions yielded p-
nitrophenol, which produced a p-nitrophenolate ion of yellow-
colored and absorbance was measured at 405 nm. To study
the inhibition effect of synthesized compounds, the concen-
tration of ALP and prepared substrate was kept constant, but
© 2023 The Author(s). Published by the Royal Society of Chemistry
the quantities of inhibitors, HL, and its metal complexes were
increased periodically (10, 20, 30, and 40 mL) in each absorbance
measurement from 12.5 mM stock solution. Before absorbance
measurements, each sample was incubated for 3 min, and aer
every min for at least 5 min, the decrease in absorbance was
observed. To calculate the percentage inhibition, an average
value of the measured absorbance was taken. All ALP studies
were made in triplicate. The activity of the Cr(III) complex was
not recorded due to its toxicity.

a-Amylase inhibition assay. a-Amylase inhibition assay was
performed in vitro using the reported iodine starch method by
amending slightly.59 To prepare the reactionmixture, 10 mL of a-
amylase (0.1 mg mL−1) was dissolved in 10 mM phosphate
buffer (pH 6.9, NaCl 6 mM) and mixed with varying concen-
trations of ligand and its metal complexes. The reactionmixture
was then incubated for 30 min at 37 °C. Aer incubation, 40 mL
of 1% starch solution was poured into it and incubated for
10 min at 37 °C. The reaction was terminated by adding 20 mL of
1 M HCl to the reaction mixture, and 75 mL of iodine solution
was added aerwards. The quantication of the color imparted
to the reaction mixture by iodine solution (as the yellow color of
iodine changes to deep blue color if starch is present) was done
electrometrically at 580 nm wavelength. Acarbose (50 mg mL−1)
was used as a positive control. Percentage inhibition of activity
was calculated from the following equation.

% Inhibition activity = [Asample − Ablank/Acontrol − Ablank] × 100

Here, A = absorbance. The concentration of used inhibitors
required for inhibiting 50% of a-amylase inhibition studies
under the assay environment was dened as the IC50 value. The
data presented are mean ± SD obtained from 96-well-plate
readers for all in vitro experiments.

a-Glucosidase inhibition assay. The a-glucosidase inhibitory
activity was measured following a reported method with slight
modications.60,61 Briey, 10 mL of sample solution and 30 mL of
0.1 M phosphate buffer (pH 6.8) containing a-glucosidase
solution (0.2 U mL−1) was incubated in 96 well plates at 37 °C
for 10 min. Aer pre-incubation, 30 mL of 5 mM p-nitrophenyl-a-
D-glucopyranoside (PNPG) solution in 0.1 M phosphate buffer
(pH 6.8) was added to each well incubated at 37 °C for another
20 min. Then the reaction was stopped by adding 40 mL of 0.2 M
Na2CO3 into each well, and absorbance readings (A) were
recorded at 405 nm by a microplate reader (SpectraMax®, M2/
M2e, Molecular device Co., Sunnyvale, CA, USA) and compared
to a control. Acarbose (50 mg mL−1) was used as a positive
control. Different concentrations of test samples were used. The
a-glucosidase inhibitory activity was expressed as inhibition%
and was calculated as follows:

Inhibition (%) = (Acontrol − Asample)/Acontrol × 100

The concentration of inhibitors required for inhibiting 50%
of the a-glucosidase activity under the assay conditions was
dened as the IC50 value. The concentration of used inhibitors
required for inhibiting 50% of a-amylase inhibition studies
under the assay environment was dened as the IC50 value. The
RSC Adv., 2023, 13, 2756–2767 | 2763
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data presented are means ± SD obtained from 96-well-plate
readers for all in vitro experiments.
In silico antidiabetic studies

To elucidate the mode of inhibition of ligand (HL) and its metal
complexes with a-amylase and a-glucosidase in silico studies
were employed. The structures of the HL and its complexes were
optimized using Avogadro and YASARA soware 20.7.4. The
protein three-dimensional crystal structures of a-amylase and a-
glucosidase were obtained from Protein Data Bank (PDB) as
PDB IDs 4W93 and 3TOP, respectively. A modied Autodock-
LGA algorithm employed in YASARA soware62 was used to
map the protein–ligand interactions using the previously
described method.63,64 Visualization was obtained by LigPlus65

and PyMol.
Statistical analysis

Analysis was carried out at every time point for each experiment
in triplicates. The results were analyzed statistically by ANOVA.
Statistical signicance was accepted at a level of p < 0.05.
Conclusion

Herein, the synthesis of amantadine-based Schiff base and its
metal complexes has been reported. The synthesized
compounds were successfully characterized by different
analytical techniques. The molecular geometries of ligand and
zinc complex were determined by single crystal X-ray crystal-
lography. The zinc complex showed a distorted tetrahedral
geometry. To investigate the bio prole of the synthesized
compounds, alkaline phosphatase inhibition and antidiabetic
activities were performed. All of the synthesized compounds
except ligand were found effective for alkaline phosphatase
inhibition. The Co(II) and Cr(III) complexes were found potent
inhibitors of a-glucosidase while in the case of a-amylase
studies, Zn(II) and VO(IV) complexes were found potent inhibi-
tors. Molar conductance determined the non-electrolytic nature
of complexes while thermal analysis conrmed the high
thermal stability of complexes as compared to ligand –HL.
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and Á. R. de Lera, Inhibition of IkB kinase-b and anticancer
activities of novel chalcone adamantyl arotinoids, J. Med.
Chem., 2008, 51, 5431–5440.

31 I. A. Shehadi, F. A. Delmani, A. M. Jaber, H. Hammad,
M. A. AlDamen, R. A. Al-Qawasmeh and M. A. Khanfar,
Synthesis, characterization and biological evaluation of
metal adamantyl 2-pyridylhydrazone complexes, Molecules,
2020, 25, 2530.

32 B. M. Liu, P. Ma, X. Wang, Y. M. Kong, L. P. Zhang and B. Liu,
Synthesis of three rimantadine Schiff bases and their
biological effects on serum albumin, Iran. J. Pharm. Res.,
2014, 13, 1183–1190.

33 D. Armstrong, F. Taullaj, K. Singh, B. Mirabi, A. Lough and
U. Fekl, Adamantyl metal complexes: new routes to
adamantyl anions and new transmetallations, Dalton
Trans., 2017, 46, 6212–6217.
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