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1Department of Chemistry, Faculty of Arts and Sciences, Dumlupınar University, Kütahya, Turkey, 2Department of Physics Education, Gazi
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Abstract

A novel proton transfer compound (HABT)þ(Hdipic)� (1) obtained from ABT and H2dipic and its
metal complexes (2–5) have been prepared and characterized by spectroscopic techniques.
Single crystal X-ray diffraction method has also been applied to 2 and 5. While complex 2 has a
distorted octahedral conformation, 5 exhibits a distorted square pyramidal structure. The
structures of 3 and 4 might be proposed as octahedral according to experimental data. All
compounds were also evaluated for their in vitro inhibition effects on hCA I and II for their
hydratase and esterase activities. Although there is no inhibition for hydratase activities, all
compounds have inhibited the esterase activities of hCA I and II. The comparison of the
inhibition studies of 1–5 to parent compounds indicates that 1–5 have superior inhibitory
effects. The inhibition effects of 2–5 are also compared to inhibitory properties of the metal
complexes of ABT and H2dipic, revealing an improved transfection profile.
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Introduction

Benzothiazole derivatives and their simple metal complexes
have been extensively studied and found to have a diverse chemical
reactivity and a broad spectrum of biological activities,
such as antitumor agents1–3, antimicrobial1,4,5, antifungal1,6,7,
analgesics1,8, anti-inflammatory1,9, anti-HIV10,11 and local
anesthestics12. In recent studies, the mixed ligand metal complexes
between 2-aminobenzothiazole and other ligand, such as
7-oxabicyclo[2.2.1]heptane-2,3-dicarboxylic acid13, picric acid14,
succinic acid15, formic acid16, p-chlorophenoxyacetic acid17,
dichloroacetic acid and trifloroacetic acid18 have been reported
in literature. The metal complexes with mixed ligands of these
compounds have shown better biological activities than the simple
ones19–22. Two types of ligands, generally acids and bases, are
brought together before coordination with the metal ion in order
to prepare the mixed ligand complex compounds23–26.

Pyridine-2,6-dicarboxylic acid (or dipicolinic acid) (H2dipic)
forms stable chelates with simple metal ions and oxometal cations
and can display a widely varying coordination behavior, func-
tioning as a multidentate ligand. Dipicolinates (dipic) commonly
coordinate with transition metals by either carboxylate bridges
between metal centers, to form polymeric or dimeric complexes,
or by tridentate (O, N, O0) chelation to one metal ion23 in simple

or mixed ligand complexation. Dipicolinic acid is also known
for its diverse biological activities27–29.

In this study, a novel proton transfer compound
(HABT)þ(Hdipic)� (1) between 2-aminobenzothiazole (ABT)
and H2dipic, namely 2-aminobenzothiazol-3-ium pyridinium-2,6-
dicarboxylate and its complexes, (HABT)[Fe(dipic)2] � 4H2O (2),
(HABT)2[Co(dipic)2] � 5H2O (3), (HABT)2[Ni(dipic)2] � 4H2O (4)
and [Cu(dipic)(ABT)(H2O)] (5), have been prepared and
characterized by elemental, spectral (1H-NMR, IR and UV-Vis),
thermal analyses, magnetic measurements and molar conductivity.
Single crystal X-ray analyses of the complexes (2 and 5) were
also reported.

Furthermore, we have investigated the potential use of these
compounds as new inhibitors of human carbonic anhydrase (hCA
I and hCA II) isoenzymes in the treatment of glaucoma, which is a
group of diseases characterized by the gradual loss of visual field
due to an elevation in intraocular pressure (IOP) and which is the
second leading cause of blindness worldwide30,31. The carbonic
anhydrase enzyme (CA; EC.4.2.1.1) including the Zn(II) ion
catalyzes the reversible hydration of carbon dioxide to bicarbon-
ate and protons, a very simple but critically important physio-
logical reaction for organisms32–36. Carbonic anhydrase inhibitors
(CAIs) are mainly sulfonamide compounds, such as the commer-
cial ones acetazolamide (AAZ), dorzolamide (DZA) and
brinzolamide (BRZ). These compounds are quite powerful
inhibitors, but they have many side effects. Therefore the
importance of discovering new CAIs has been received increased
interest. Synthetic CAIs, which do not contain sulfonamide
groups were reported in the literature37–40. For example, we have
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also reported the inhibition effect of a Cu(II) complex with a
proton transfer salt between 2-amino-6-methylpyridine and
5-sulfosalicylic acid as the non-sulfonamide compound with a
quite good inhibition potential on hCA I and II24. These findings
prompted us to extend our studies to novel complexes of non-
sulfonamide compounds.

Experimental

General methods and materials

All chemicals used were analytical reagents and were commer-
cially purchased from Sigma-Aldrich (Munich, Germany).
FeSO4 � 7H2O, Co(CH3COO)2 � 4H2O, Ni(CH3COO)2 � 4H2O,
Cu(CH3COO)2 �H2O, 2-aminobenzothiazole and pyridine-2,6-
dicarboxylic acid were used as received. Elemental analyses for
C, H, N and S were performed on Elementar Vario III EL (Hanau,
Germany) and Fe, Co, Ni and Cu were detected with Perkin Elmer
Optima 4300 DV ICP-OES (Perkin Elmer Inc., Wellesley, MA).
1H-NMR spectra were recorded using a Bruker DPX FT NMR
(500 MHz) spectrometer (Karlsruhe, Germany) (SiMe4 as internal
standard and 85% H3PO4 as an external standard). FT-IR spectra
were recorded in the 4000–400 cm�1 region with Bruker Optics,
Vertex 70 FT-IR spectrometer using ATR techniques (Ettlingen,
Germany). Thermal analyses were performed on a SII Exstar 6000
TG/DTA 6300 model (Shimadzu Co, Kyoto, Japan) using
platinum crucible with 10 mg sample. Measurements were taken
in the static air, within 30 �C –900 �C temperature range. The UV-
Vis spectra were obtained for aqueous solutions of the compounds
(10�3 M) with a SHIMADZU UV-2550 spectrometer (Shimadzu
Co, Kyoto, Japan) in the range of 200–900 nm. Magnetic
susceptibility measurements at room temperature were performed
using a Sherwood Scientific Magway MSB MK1 (Sherwood
Scientific Ltd, Cambridge, UK) model magnetic balance by the
Gouy method using Hg[Co(SCN)4] as calibrant. Molar conduct-
ances of the compound were determined in DMSO (10�3 M) at
room temperature using a WTW Cond 315i/SET Model conduct-
ivity meter (Weilheim, Germany).

Synthesis of (HABT)þ(Hdipic)� (1) and metal complexes
(2–5)

A solution of ABT (0.751 g, 5 mmol) in 25 mL ethanol was added
to the solution of H2dipic (0.836 g, 5 mmol) in 25 mL ethanol. The
mixture was refluxed for 3 h, and then was cooled to room
temperature. The reaction mixture was kept at room temperature
for 3 h to give white solid of 1 (1.428 g, 90% yield).

A solution of 1 mmol metal (II) salt [0.139 g FeSO4 � 7H2O or
0.1245 g Co(CH3COO)2 � 4H2O or 0.124 g Ni(CH3COO)2 � 4H2O
or 0.099 g Cu(CH3COO)2 �H2O] in water (10 mL) was added
dropwise to the solution of 1 (0.311 g, 1 mmol) in water/ethanol
(1:1) (20 mL) with stirring at room temperature for 2 h. The
reaction mixture was kept at room temperature for 2 weeks to give
orange crystalline solid of complex 2 (0.4570 g, 75% yield) and
green crystalline solid of complex 5 (0.5812 g, 60% yield). Other
metal complexes were obtained as brown amorphous solid for 3
(0.5081 g, 65% yield) and as green amorphous solid for 4
(0.5725 g, 75% yield) (Figure 1). The prismatic single crystals of
2 and 5 suitable for single X-ray diffraction studies were obtained
by recrystallization of 2 and 5 from ethanol/water (1:1) solutions.

Anal. Calcd for 1 (C14H11N3O4S): C, 52.99%; H, 3.49%;
N, 13.24%; S, 10.10%. Found: C, 52.95%; H, 3.51%; N, 13.20%;
S, 10.12%; for 2 (C21H23N4O13SFe): C, 40.21%; H, 3.70%;
N, 8.93%; S, 5.11%; Fe, 8.90%. Found: C, 40.25%; H, 3.75%;
N, 8.90%; S, 5.15%; Fe, 8.70%; for 3 (C28H30N6O13S2Co):
C, 43.03%; H, 3.87%; N, 10.75%; S, 8.20%; Co, 7.54%. Found:
C, 43.05%; H, 3.90%; N, 10.73%; S, 8.25%; Co, 7.60%; for 4

(C28H28N6O12S2Ni): C, 44.05%; H, 3.70%; N, 11.01%; S, 8.40%;
Ni, 7.69%. Found: C, 44.00%; H, 3.75%; N, 11.05%; S, 8.37%;
Ni, 7.85%; and for 5 (C14H11N3O5SCu): C, 42.37%; H, 2.79%;
N, 10.59%; S, 8.08%; Cu, 16.01%. Found: C, 42.35%; H, 2.75%;
N, 10.60%; S, 8.05%; Cu, 16.00%.

In addition, simple metal complexes of ABT (FeABT, CoABT,
NiABT and CuABT) and of H2dipic (Fedipic, Codipic, Nidipic
and Cudipic) were synthesized according to the literature in order
to compare the inhibition studies with the complex compounds
of proton transfer salt41–43.

Crystal structure determination of 2 and 5

The crystal and instrumental parameters used in the unit-cell
determination and data collection are summarized in Table 1 for the
compounds 2 and 5. Crystallographic data of 2 and 5 were recorded
on a Bruker Kappa APEX II CCD area-detector X-ray diffractom-
eter using graphite monochromatized with MoKa radiation
(�¼ 0.71073 Å), using !–2� scan mode. The empirical absorption
corrections were applied by multi-scan via Bruker, SADABS
software44. The structures were solved by the direct method and
refined by full-matrix least-squares techniques on F2 using the
solution program SHELXS-97 and refined using SHELXL-9745.
All non-hydrogen atoms were refined with anisotropic displace-
ment parameters. Hydrogen atoms bonded to the carbon and
nitrogen atoms were placed in their calculated idealized positions
and refined as riding with C–H¼ 0.95 Å and N–H¼ 0.88 Å with
Uiso(H)¼ 1.2Ueq(C,N). The hydrogen atoms of water molecules
were located from difference Fourier maps and refined with O–H
distance restraint 0.82(2) Å. The drawings of molecules were
accomplished with the help of ORTEP-3 for Windows46.

Purification of isoenzymes hCA I and II from human
erythrocytes

In order to purify hCA I and II isoenzymes, first, human blood
was centrifuged at 1500 rpm for 20 min, and after the removal of
the plasma, the erythrocytes were washed with an isotonic
solution (0.9% NaCl). After that, the erythrocytes were lysed with
1.5 volume of ice-cold water. The lysate was centrifuged at
20 000 rpm for 30 min to remove cell membranes and non-lysed
cells. The pH of the supernatant was adjusted to 8.7 with tris and
was then loaded onto an affinity column containing Sepharose-
4B-L-tyrosine-p-aminobenzene sulfonamide as the binding group.
After extensive washing with 25 mM tris–HCl/22 mM Na2SO4

(pH 8.7), the hCA I and II isoenzymes were eluted with 1.0 M
NaCl/25 mM Na2HPO4 (pH 6.3) and 0.1 M CH3COONa/0.5 M
NaClO4 (pH 5.6)47,48. The amount of purified protein was
estimated by the Bradford method49 and SDS–PAGE was carried
out to determine whether the elute contained the enzyme50.

Hydratase and esterase activity assay

On hydration of CO2
51, CO2-hydratase activity as an enzyme unit

(EU) was calculated by using the equation ((t0� tc)/tc), where t0
and tc are the times for pH change of the non-enzymatic and the
enzymatic reactions, respectively. IC50 values (the concentration
of inhibitor producing a 50% inhibition of CA activity) have been
obtained as in vitro for free ligands, ABT and H2dipic, the simple
metal complexes of ABT and H2dipic, the synthesized compounds
1–5, and acetazolamide (AAZ) as the control compound for their
hydratase and esterase activities.

Carbonic anhydrase esterase activity was assayed by following
the change in absorbance at 348 nm of 4-nitrophenylacetate
(NPA) to 4-nitrophenylate ion over a period of 3 min at 25 �C
using a spectrophotometer (SHIMADZU UV–VIS) according to
the method described in the literature52,53. The enzymatic
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reaction, in a total volume of 3.0 mL, contained 1.4 mL of 0.05 M
tris–SO4 buffer (pH 7.4), 1 mL of 3 mM 4-nitrophenylacetate,
0.5 mL H2O and 0.1 mL enzyme solution. A reference measure-
ment was obtained by preparing the same cuvette without enzyme
solution.

Results and discussion

Crystal structures of 2 (C21H33N4O13SFe) and 5
(C14H11N3O5SCu)

The molecular structures of 2 and 5, with the atom labeling of
symmetric units, are shown in Figures 2 and 3, respectively. The
details of the crystal structure solutions are summarized in Table 1
and the selected bond lengths and angles are listed in Table 2.

The complex 2, (HABT)[Fe(dipic)2] � 4H2O, crystallizes in the
monoclinic C2/c space group. The structure of 2 consists of one
HABTþ cation, one [Fe(dipic)2]� anion and four uncoordinated
water molecules. In complex 2, the Fe(III) ion coordinates with
four oxygen atoms (O1, O4, O5 and O8) and two nitrogen atoms
(N1 and N2) of two pyridine-2,6-dicarboxylate molecules result-
ing in a distorted octahedral conformation. Both carboxylate
oxygen atoms from dipic occupy the trans-apical positions of the
Fe(III) coordination polyhedron with bond lengths [Fe1–O1¼
1.9961(15) Å, Fe1–O4¼ 2.0746(15) Å, Fe1–O5¼ 1.9994(18) Å
and Fe1–O8¼ 2.0180(16) Å], and define low trans-angle value

around Fe(III) ion as 151.13(7)� for O1–Fe1–O4, which reveals a
rather rigid structure of such tri-dentate ligands. In contrast, the
N1–Fe1–N2 trans-angle is much closer to 180� (162.68(7)�) and
the dihedral angle defined by the mean planes of two dipic
ligands is 86.48(12)� showing that they fall almost perpendicular.
The Fe1 atom lies at the center of the mean planes. The Fe–N
and Fe–O bond distances lie within the expected range of
2.0470(16)–2.0562(17) Å and 1.9961(15)–2.0746(15) Å, respect-
ively (Table 2). In all essential details, the geometry of the
molecule regarding bond lengths and angles of the compound are
in good agreement with the values observed in similar Fe(III)
complexes54,55.

The complex 5, [Cu(dipic)(ABT)(H2O)], crystallizes in the
monoclinic C2/c space group. The asymmetric unit contains one
dipic ion, one ABT molecule, one Cu(II) ion and one coordinated
water molecule. The structural index, � ¼ (���/60), was
evaluated by the two large angles in the pentacoordinate
arrangement, where � is 0.0 for a regular square pyramidal and
1.0 for a trigonal bipyramidal arrangement (�5�)56. In complex
5, the coordination arrangement of the Cu(II) ion is slightly
distorted from regular square pyramidal since the value of the
structural index � is 0.065. The penta-coordinated central Cu(II)
ion resides on a center of symmetry comprising two N atoms,
one from dipic (N1) and one from the ABT ring (N2), two
carboxylate O atoms from dipic (O1 and O4) and one O atom
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Figure 1. Syntheses of compounds 1–5: (a) for 1, (b) for 2–4 and (c) for 5.
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from water (O1w). Two N atoms from two different ligands, dipic
and ABT, occupy equatorial positions with Cu–N distances of
1.917(2) and 1.981(2) Å for Cu–N1 and Cu–N2, respectively, and
the bond distances are similar to those found in other related
Cu(II) complexes57–59. The Cu–O bond distances [Cu1–
O1¼ 2.033(2) and Cu1–O4¼ 2.047(2) Å], observed from the
carboxylate coordination to the center metal ion, are well
consistent with those observed in the literature data57–59. The
coordination arrangement is characterized by an N1–Cu1–N2

equatorial angle which is 162.79(10) Å. The dihedral angle
between the planes of the DPC and ABT is 7.21(10) Å. The Cu1
atom lies �0.1016(14) Å out of the planes. The Cu–O1w bond
distance, arising from coordination of the water molecule with the
central metal ion, is 2.257(2) Å, which is much longer than the
Cu–O (carboxylate) bond distances.

Hydrogen bonds between the carboxylate group and water
molecules play important roles in stabilizing the crystal struc-
tures. The ranges of the D–H � � �A angles and those of the H � � �A

Table 1. Crystal data and structure refinement details for compounds 2 and 5.

2 5

Chemical formula C21H21N4O12SFe C14H11N3O5SCu
Formula weight 609.34 396.88
Temperature (K) 100(2) 115(2)
Wavelength (Å) 0.71073 0.71073
Crystal system, space group Monoclinic, C2/c Monoclinic, C2/c
Unit cell dimensions (Å, �)
a 18.9865(4) 25.8098(8)
b 10.4654(3) 7.2465(2)
c 25.7499(6) 18.5025(6)
� 97.287(2) 119.6660(10)
Volume (Å3) 5075.2(2) 3006.95(16)
Z 8 8
Absorption coefficient (mm1) 0.748 1.753
Calculated density (Mg m�3) 1.595 1.623
F(000) 2504 1608
Crystal size (mm) 0.36� 0.30� 0.20 0.38� 0.22� 0.07
Theta range for data collection (�) 1.59–28.31 1.82–28.42
Limiting indices �25� h� 24, �13� k� 13, �34� l� 33 �32� h� 34, �9� k� 9, �24� l� 15
Reflections collected 23 695 13 544
Independent reflections 6328 3789
Number of reflections used 4621 3085
Number of parameters 384 242
Max. and min. transmission 0.764, 0.861 0.658, 0.893
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Final R indices [I� 2�(I)] R1¼ 0.0394, wR2¼ 0.0999 R1¼ 0.0345, wR2¼ 0.0895
R indices (all data) R1¼ 0.0641, wR2¼ 0.01175 R1¼ 0.0478, wR2¼ 0.1122
Goodness-of-fit on F2 1.070 1.174
Largest difference in peak and hole (e Å�3) �0.370 and 0.319 �0.561 and 0.787

Figure 2. An ORTEP drawing of asymmetric unit of 2 with the atom-numbering scheme. Displacement ellipsoids are drawn at the 40% probability
level.
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and D � � �A distances indicate the presence of strong and weak
hydrogen bondings in the structures 2 and 5 (Table 3).

1H NMR studies of (HABT)þ(Hdipic)� (1)

The 1H-NMR spectra of the compound (1) was obtained in
d6-DMSO at room temperature using TMS as internal standard
(Figure S1). Table 4 lists complete 1H-NMR assignments for the
compound 1. The 1H signals were assigned on the basis of
chemical shifts, multiplicities, intensity of the signals and
coupling constants.

H5 and H4 protons of the (HABT)þ ring are triplets with 1H
intensity and they are observed at 7.01 (H5, 3JH5-H4,6¼ 7.51 Hz)
and 7.21 ppm (H4, 3JH4-H3,5¼ 7.61 Hz). In addition, H6 and H3

protons of the (HABT)þ ring are doublets as expected and
found at 7.33 (H6, 3JH6-H5¼ 7.95 Hz) and 7.64 ppm (H3,
3JH3-H4¼ 7.75 Hz) with 1H intensity. H8 proton of the (Hdipic)�

ring is a triplet with 1H intensity and observed at 7.91 ppm
(3JH8-H7,9¼ 7.67 Hz). H7 and H9 protons are symmetric and they
are observed at 8.25 ppm as doublets with 2H intensity
(3JH7,9-H8¼ 7.71 Hz). The hydrogen atoms on –NH2 (H1)
and¼Nþ-HABT (H2) and¼Nþ-Hdipic (H10) in compound 1 were
not observed in the 1H NMR spectrum.

The room temperature 1H-NMR spectrum for compound 1
indicates clearly the formation of the proton transfer compound
with 1:1 ratio of ABT and H2dipic (Figure S1).

FT–IR measurements

The infrared spectral data of the starting compounds (ABT and
H2dipic) and compounds 1–5 are given in Table S1. In the high
frequency region, weak bands 3090–3054 cm�1 are attributed to

Figure 3. An ORTEP drawing of asymmetric unit of 5 with the atom-numbering scheme. Displacement ellipsoids are drawn at the 40% probability
level.

Table 2. Selected bond distances (Å) and angles (�) for compounds 2 and 5.

Compound 2
Fe1–O1 1.9961(15) Fe1–O5 1.9994(18) Fe1–N1 2.0562(17)
Fe1–O4 2.0746(15) Fe1–O8 2.0180(16) Fe1–N2 2.0470(16)

O1–Fe1–O4 151.13(6) O4–Fe1–O5 94.02(6) O5–Fe1–N1 99.14(7)
O1–Fe1–O5 94.62(7) O4–Fe1–O8 91.25(6) O5–Fe1–N2 76.24(7)
O1–Fe1–O8 94.10(7) O5–Fe1–O8 151.59(7) O8–Fe1–N1 109.18(7)
O1–Fe1–N1 76.68(7) O4–Fe1–N1 74.77(6) O8–Fe1–N2 75.98(7)
O1–Fe1–N2 120.03(7) O4–Fe1–N2 88.79(6) N1–Fe1–N2 162.68(7)

Compound 5
Cu1–N1 1.917(2) Cu1–O1 2.033(2) Cu1–O1W 2.257(2)
Cu1–N2 1.981(2) Cu1–O4 2.047(2)

N1–Cu1–N2 162.79(10) N2–Cu1–O4 96.19(9) O1–Cu1–O1W 87.93(8)
N1–Cu1–O1 79.87(9) O1–Cu1–O4 158.91(8) O4–Cu1–O1W 97.05(8)
N2–Cu1–O1 103.58(9) N1–Cu1–O1W 100.23(9)
N1–Cu1–O4 79.09(9) N2–Cu1–O1W 96.76(9)

Table 3. Hydrogen bonding geometry of compounds 2 and 5 (Å, �).

D–H � � �A d(D–H) d(H � � �A) d(D � � �A) ffD–H � � �A

Compound 2
O2W–H2A–O4 0.808(17) 2.07(2) 2.858(2) 166(4)
Compound 5
N3–H3A–O4 0.88 2.03 2.742(3) 137.7

DOI: 10.3109/14756366.2013.782299 Proton transfer salt between H2dipic and ABT 357
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the stretching vibrations of aromatic C–H. There is a broad
absorption band at 2900 cm�1 attributed to the �(OH) vibrations
of carboxylate group of H2dipic. This band is not observed in
compound 1 due to proton transfer. There are also broad
absorption bands at 3465–3390 cm�1 attributed to the �(OH)
vibrations of coordinated and uncoordinated water molecules in
compounds 2–5. The relatively weak and broad bands at 2771–
2508 cm�1 are attributed to the �(Nþ–H) vibration60 for 1 from
(HABT)þ and (Hdipic)� and for 2–4 from (HABT)þ. These bands
were not observed for compound 5 due to deprotonation of the salt
during the complex formation (Figure 2). The absorption bands at
3395 and 3268 cm�1 of NH2 group of ABT are slightly shifted
from those found for compound 1 (3382 and 3250 cm�1), for
compound 2 (3440 and 3293 cm�1), for compound 3 (3331 and
3218 cm�1), for compound 4 (3390 and 3193 cm�1) and for
compound 5 (3371 and 3283 cm�1) due to the weak intermo-
lecular interactions. The carboxylate groups exhibit strong
carbonyl bands in the region 1700–1570 cm�1. These bands are
reflected by IR spectrum of the asymmetric (�as) and symmetric
(�s) stretching vibrations at 1701 and 1456 cm�1 for H2dipic,
1644 and 1468 cm�1 for 1, 1665 and 1469 cm�1 for 2, 1609 and
1466 cm�1 for 3, 1604 and 1467 cm�1 for 4 and 1668 and
1453 cm�1 for 5. The differences (D�) between the asymmetric
and symmetric stretches of the carboxylate groups of 2–5 are 176,
143, 137 and 215, respectively, which suggest a monodentate
binding of the carboxylate group to the metal ion for all
complexes61. The C–O vibrations data for all compounds are
between 1372 and 1080 cm�1 as indicated by Ucar et al.62. The
strong absorption bands at the region of 1640–1415 cm�1 are
attributed to the �(C¼N) and �(C¼C) vibrations for all
compounds. The ring wagging vibrations of the pyridine groups
are also observed at 795–679 cm�1 region for compounds H2dipic
and 1–5. The weak bands at 638–532 cm�1 and 591–429 cm�1 are
from the M–N and M–O vibrations of compounds 2–5.

Thermal analyses of 1–5

Figures S2–S6 show the TG-DTG and DTA curves of compounds
1–5, respectively, and thermal analyses results are given in
Table S2.

For compound 1, two stages are observed and the first
endothermic stage corresponds to the loss of the C7H8N2SO unit.
The second exothermic one is the decomposition of the residue of
C7H3NO3 unit.

For compounds 2, 3 and 4, four stages are observed, and the
first endothermic stage corresponds to the loss of the four, five
and four moles of water, respectively. The second endothermic

stage is consistent to the loss of one, two and two moles
(HABT)þ, respectively. Two moles of (dipic)2� are decomposed
exothermically in the third stage for 2–4. The final decomposition
products are FeO, CoO and NiO, respectively, and they are
identified by IR spectroscopy.

For compound 5, the first endothermic peak corresponds to the
loss of one mole of water. The endothermic second stage is
consistent to the loss of the CNH2 unit. The third stage, an
endothermic peak, agrees to the loss of the C11H8S unit and the
C2N2O3 unit is decomposed exothermically in the following stage.
The final decomposition product is CuO identified by IR
spectroscopy.

UV/Vis Spectrum, magnetic susceptibility and molar
conductivity

The electronic spectra of compounds 1–5, and the free ligands
ABT and H2dipic were recorded in water/ethanol (1:1) and in
DMSO solution (1� 10�3 M) at room temperature (Table S3).
Characteristic 	–	* transitions in the range of 224–347 nm for 1–
5 are observed in water/ethanol and 267–295 nm for 1–5 are
observed in DMSO. The same 	–	* transition profiles are also
detected for the free ligands ABT (239, 295 nm in water/ethanol
and 243, 289 nm in DMSO) and H2dipic (299 nm in water/ethanol
and 303 nm in DMSO). 	–	* transitions of the free ligands do not
show any marked differences from those of either proton transfer
compound or metal complexes in both solutions. The intensities
of the absorption bands for all compounds in DMSO are, in
general, higher than in water/ethanol.

The bands for the d! d transitions are observed at 803 and
796 nm for 3, 738 and 776 nm for 4, which fit for octahedral
structure for both63,64, 779 and 785 nm for 5 in water/ethanol and
in DMSO, respectively. The d! d transition for complex 2
containing Fe(III) ion with d5 has not been observed.

The room temperature magnetic moments of the metal
complexes are 5.98 for 2, 3.80 for 3, 2.81 for 4 and 1.70 BM
for 5 per metal ion, indicating the presence of five (d5), three (d7),
two (d8) and one (d9) single electrons, respectively. These results
for 3 and 4 agree with the octahedral structures for 3 and 4.

The molar conductivity data in water/ethanol and in DMSO are
83.4 and 65.3 ��1cm2 mol�1 for 2, 82.2 and 62.1 ��1cm2 mol�1

for 3, 68.7 and 63.6 ��1cm2 mol�1 for 4 and 0.8 and 0.9
��1cm2 mol�1 for 5, respectively, indicating that the complexes 3
and 4 are ionic with a 2:1 ratio, the complex 2 is ionic with a 1:1
ratio and the complex 5 is non-ionic65.

Table 5. IC50 values of esterase activities on hCA I and hCA II
isoenzymes.

Esterase IC50 (mM)

Inhibitor hCA I hCA II

AAZ 6.1� 10�3 4.5� 10�3

H2dipic No inhibition No inhibition
Fedipic No inhibition No inhibition
Codipic No inhibition No inhibition
Nidipic No inhibition No inhibition
Cudipic No inhibition No inhibition
ABT No inhibition No inhibition
FeABT 0.284 0.257
CoABT 0.313 0.289
NiABT 0.337 0.287
CuABT 0.345 0.301
1 0.746 0.674
2 0.241 0.221
3 0.244 0.236
4 0.276 0.254
5 0.299 0.281

Table 4. 1H-NMR chemical shifts (ppm) with coupling constants and
assignments for compound 1.

S

N

NH2

H

H

H

H

N

−OOC

−OOC

H

H

H

H

H

1

2
3

4

5

6
7

8

9

10

H5 7.01 (1H, t) [3JH5-H4,6¼ 7.51 Hz]
H4 7.21 (1H, t) [3JH4-H3,5¼ 7.61 Hz]
H6 7.33 (1H, d) [3JH6-H5¼ 7.95 Hz]
H3 7.64 (1H, d) [3JH3-H4¼ 7.75 Hz]
H8 7.91 (1H, t) [3JH8-H7,9¼ 7.67 Hz]
H7, H9 8.25 (2H, d) [3JH7,9-H8¼ 7.71 Hz]
H1, H2, H10 Not observed
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For complexes 3 and 4, the ratio for ABT:dipic:M(II) ion:water
molecules were obtained from elemental and thermal analyses
studies and the structures of these complexes were proposed from
UV, magnetic susceptibility and molar conductivity studies
(Figure 1). All experimental results are also in good agreement
with the X-ray diffraction studies for complexes 2 and 5
(Figures 2 and 3).

In vitro inhibition studies

Inhibitory effects of starting compounds (ABT, H2dipic) and their
complexes (FeABT, CoABT, NiABT, CuABT, Fedipic, Codipic,
Nidipic, Cudipic), proton transfer salt (1), and its complexes (2–5)
together with AAZ as the control compound were tested on the
hydratase and esterase activities of hCA I and hCA II in vitro.
IC50 values were calculated and the results are listed in Table 5.

According to in vitro studies, any inhibition effects of all
compounds were not observed on hydratase activities of hCA I
and hCA II. Also ABT, H2dipic and metal complexes of H2dipic
did not inhibit the esterase activities of hCA I and hCA II
isoenzymes. Against hCA I and hCA II, FeABT, CoABT, NiABT,
CuABT and compounds 1–5 have shown esterase activities as
moderate inhibitors, with IC50 values in the range of 0.221–
0.746 mM. As shown in Table 5, metal complexes of ABT and
novel compounds 1–5 are more powerful inhibitors for hCA II
than for hCAI. Among the metal complexes of ABT, FeABT is
the most effective inhibitor on hCA I and hCA II, with IC50 values
0.284 mM and 0.257 mM, respectively. Other metal complexes
of ABT have similar inhibitory effects on these isoenzymes
(Table 5).

The proton transfer salt (1) exhibits inhibition effects on hCA I
and II, with IC50 values 0.746 and 0.674 mM, respectively. While
ABT and H2dipic do not show any inhibition effects on hCA I and
hCA II, the proton transfer salt has considerable inhibition effect
due to the structural changes leading to impressive differences of
activity24,26,66. Similarly, compounds 2–5 have more potent
effects than all simple metal complexes and compound 1 with
nearly three times better inhibition (IC50 values 0.241–0.299 mM
for hCA I and 0.221–0.281 mM for hCA II) (Table 5)24,26,66. The
inhibition potentials of 2–5 are close to each other; in addition,
complex 2 has the most effective inhibition potential among all
the newly synthesized compounds (IC50 values 0.241 mM for hCA
I and 0.221 mM for hCA II).

Conclusions

In this present work, Fe(III), Co(II), Ni(II) as ionic complexes and
Cu(II) as mixed ligand complex were prepared for the first time.
In complex 2, the Fe(III) ion coordinates with four oxygen atoms
and two nitrogen atoms of two pyridine-2,6-dicarboxylate mol-
ecules forming a distorted octahedral conformation. In complex 5,
the Cu(II) ion resides on the center of symmetry in a distorted
square-pyramid coordination environment comprising two nitro-
gen atoms, one from dipic and one from ABT ring, two
carboxylate oxygen atoms from dipic and one oxygen atom
from water. Intermolecular N–H� � �O and O–H� � �O hydrogen
bonds and 	–	 stacking interactions seem to be effective in the
stabilization of the crystal structure. Elemental analyses and all
measurements show good agreement with the structures. The
structures of 3 and 4 might be proposed as octahedral according to
the results of elemental, spectral, magnetic measurement, molar
conductivity and thermal analyses.

These five novel compounds possess significant inhibition
effect on hCA I and on hCA II for esterase activity, and thus might
be considered as possible drugs for glaucoma. These results
suggest that further inhibition studies are worthwhile in order to
obtain correlation in such compounds and derivatives of such

compounds should be subjected to further inhibition in vivo tests.
The order of inhibition effects increasing through starting
compounds and proton transfer salt and the complexes of these
compounds might be due to the structural changes leading to
impressive difference of activity.

Supplementary data

CCDC 915186 for complex 2 and 915185 for complex 5 contain
the supplementary crystallographic data for this article. These
data can be obtained free of charge via http://www.ccdc.cam.ac.uk
(the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: þ44 1123 336 033; or Email:
deposit@ccdc.cam.ac.uk).
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