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Abstract

Spectroscopic, enzyme-inhibition, and free-radical scavenging properties of a series of hydrazide ligands and
their vanadium(lV) complexes have been investigated. Analytical'and spectral data indicate the presence of a
dimeric unit with two oxovanadium(lV) ions (VO?*) coordinated with two hydrazide ligands along with two water
molecules. All complexes are stable in the solid state, but exhibit varying degrees of stability in solution. Binding
of the coordinating solvent such as DMSO is indicated at the 6th position of vanadium in the dimeric unit fol-
lowed by conversion to a monomeric intermediate species, [VOL(DMSO)311+ (L = hydrazide ligand). The free
hydrazide ligands are inactive against snake venom phosphodiesterase | (SVPD), whereas oxovanadium(lV) com-
plexes of these ligands show varying degrees of inhibition and are found to be non-competitive inhibitors. The
superoxide and nitric oxide radical scavenging properties have been determined. Hydrazide ligands are inactive
against these free radicals, whereas their V(IV) complexes show varying degrees of inhibition. Structure-activity
relationship studies indicate that the electronic and/or steric factors that change the geometry of the complexes

play an important role in their inhibitory potential against SVPD and free radicals.
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Introduction

Vanadium has the exceptional ability to interact with
biomolecules in both cationic and anionic forms and in
its several oxidation states'®. Among its biological roles,
many important therapeutic effects have been reported,
including hormonal, cardiovascular, anticarcinogenic, and
insulin mimetic activities**. It is found at the active site of
haloperoxidases and nitrogenases*®*. As an analog of phos-
phate, vanadium inhibits or stimulates various phosphate
metabolizing enzymes'?, and thus possibly attains a general
role in most living organisms. This role includes its insulin-
like properties, for which extensive research is under way to
identify a potent antidiabetic agent.

Phosphodiesterases (PDs) form a group of catalytic
enzymes that play an important role in many cellular

processes, including carbohydrate metabolism'"'2. They cat-
alyze the hydrolysis of diesters of phosphoric acid®. Many
biological compounds, such as cyclic nucleotides, nucleic
acids, and phospholipids, contain phosphodiester bonds
that are hydrolyzed in vivo'*'%. This enzyme family has been
involved in diverse biological activities, including osteoar-
thritis, insulin resistance in type II diabetes, and tumor cell
motility'”. It has been proposed that the insulin mimetic
properties of vanadium may be attributed to the inhibition
of PD, although controversy exists'"'.

Free radicals have been implicated in several diseases
such as liver cirrhosis, cancer, and diabetes. Increased oxi-
dative stress is a widely accepted cause in the development
and progression of diabetes and its complications'®. Diabetes
is usually associated with increased production of reactive
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oxygen species (ROS), including hydroxyl (OHe)"?* and
nitric oxide (NOe) free radicals®'. Free radicals are formed
disproportionately in diabetes by glucose oxidation, glyco-
sylation of proteins, activation of transcription factors, and
subsequent oxidation of glycated protein®’. Compounds that
can scavenge free radicals have great potential in treating
these diseases®. Also, the antioxidant affect of vanadate has
been reported in streptozotocin-induced diabetic rats*. It
shows the importance of enzyme-inhibition studies of these
complexes and their actions against free radicals, which are
addressed in this article.

The majority of enzyme-inhibition studies of vanadium
complexes contains oxygen-coordinating atoms, which are
known to show high hydrolytic but low redox stability*?.
However, vanadium complexes with mixed oxygen and
nitrogen atoms are known to have high hydrolytic and redox
stability””. Recognizing this fact, we chose hydrazides as
bidentate ligands with N and O coordinating atoms. Herein,
we report the synthesis and characterization of V(IV) com-
plexes, as well as their PD inhibition and radical scavenging
properties.

Experimental

Materials

The analytical data of 2-chlorobenzohydrazide (7),
2-methoxybenzohydrazide (8), 4-methoxybenzohydrazide
(9), and 4-aminobenzohydrazide (10) were reported pre-
viously®. All reagent-grade chemicals and snake venom
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phosphodiesterase I (EC 3.1.4.1) were obtained from Aldrich
and Sigma chemical companies and were used without
further purification. All the chemicals used for enzyme-
inhibition studies were of biochemical grade. Structures of
hydrazide ligands and vanadium complexes are given in
Scheme 1.

Physical measurements

Ultraviolet (UV)-visible spectrawererecorded on a Shimadzu
1601 UV-visible spectrometer with UVPC v3.9 software, from
200 to 900 nm. Solutions were made in air and the spectra
were collected at room temperature. Solutions of the com-
plexes (2.5x10™* M) were freshly prepared. Spectra were
recorded immediately after complete dissolution. Infrared
(IR) spectra were recorded in KBr on a Shimadzu 460 IR
spectrometer. Magnetic measurements were made on pow-
ders by employing a Sherwood Magway MSB Mk1 magnetic
susceptibility balance using sealed-off MnCl, solution as the
calibrant. Metal contents were determined by iodometric
titration® and also confirmed by 3100 PerkinElmer atomic
absorption spectrophotometer. 'H nuclear magnetic reso-
nance (NMR) spectroscopic analysis of ligands was done on
a Bruker spectrometer at 400 and 500 MHz. Electron ioni-
zation mass spectroscopic (EI-MS) analysis of ligands was
done on a Finnigan MAT 311-A apparatus. Elemental (C,
H, N) analysis was performed on a PerkinElmer 2400 CHN
elemental analyzer. Sulfate was determined by the precipi-
tation method®. Conductivity measurements were made
using a Hanna (HI-8633) conductivity meter (Romania).
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Scheme 1. Structures of ligands and their oxovanadium(IV) complexes.
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Syntheses

Synthesis of hydrazide ligands

Hydrazide ligands were synthesized using a published proce-
dure, and they exhibited similar structures to those reported
elsewhere for other hydrazide ligands®**'. The spectral and
analytical data of ligands 1-6 are given in Table 1, whereas
those of 7-11 are reported elsewhere®?'.

General procedure for the synthesis of
oxovanadium(IV)-hydrazide complexes

To a solution of VOSO,-5H,0 (5 mmol) in methanol (10mL),
a solution of the appropriate hydrazide (5 mmol) in metha-
nol (5mL) was added under stirring. The mixture was heated
at reflux for 2h, during which time the complex precipitated
out. The hot mixture was filtered, and the resulting green
solid was washed with methanol to remove unreacted
vanadyl salt and hydrazide ligand. The product was dried in
air. Physical and analytical data of oxovanadium complexes
lc-6¢ are given in Table 2, whereas those of 7c-11c are
reported elsewhere??'.

Phosphodiesterase inhibition

Activity against snake venom phosphodiesterase I (Sigma
P 4631; EC 3.1.4.1) was determined using the reported
method** with some modifications.

Enzyme inhibition was measured at pH 8.8, at body
temperature (37°C), in a solution containing 30mM
magnesium acetate with bis-(p-nitrophenyl)phosphate
as a substrate and 0.000742U/well enzyme. Cysteine

Table 1. Physical, analytical, and spectral data of ligands 1-6.

and ethylenediaminetetraacetic acid (EDTA) were used
as positive controls (IC,, = 748+0.15pM, 274+0.07 pM,
respectively)'*%-%. After 30min incubation, the enzyme
activity was monitored spectrophotometrically at 37°C by
following the release of p-nitrophenol from p-nitrophenyl
phosphate at 410nm. The increment in absorption was
continuously monitored. All kinetics experiments were
performed in 96-well microtiter plates using a SpectraMax
340 reader. IC_, values, the inhibitor concentrations inhib-
iting 50% enzyme activity, were determined by monitoring
the effect of various concentrations of the inhibitors in the
assays on the inhibition values. The IC,  values were cal-
culated using the EZ-Fit Enzyme Kinetics program (Perella
Scientific, Amherst, USA).

Assays were conducted in triplicate, and graphs were
plotted using the GraFit program?®. Values of the correla-
tion coefficient, slope, and intercept and their standard
errors were obtained by linear regression analysis using the
same software. The correlation coefficient for all lines on all
graphs was found to be >0.99, each point in the constructed
graphs representing the means of three experiments.

Radical scavenging

Superoxide anion scavenging assay

Superoxide scavenging activities of compounds were deter-
mined using the modified method described by Gaulejac
et al.¥. The reaction was performed in triplicate in a 96-well
plate and the absorbance measured on a multiplate reader
(SpectraMax 340). The reaction mixture contained 40 pL

C, H, N: calc. (found)
Mass: m/z (rel. abundance) (%) (%)

M2 172 (5), M: 170 (15), 139 (100), 111 (75), 49.26 (49.28), 4.10
87 (2), 75 (50), 61 (4), 50 (57) (4.11), 16.47 (16.61)

M2 172 (10), M*: 170 (30), 139 (100), 111
(78), 87 (2), 75 (47), 61 (3), 50 (27)

49.26 (49.28), 4.10
(4.09), 16.47 (16.12)

Molar

Compound mass Yield (%) NMR (400 MHz, CD,OD): §

1 170.5 75 7.79 (s, 1H, H-2), 7.69 (d, 1H, J=7.6 Hz, H-6),
7.52(d, 1H, J=7.6 Hz, H-4), 7.43 (dd, 1H,
J=7.8Hz, J=7.8Hz, H-5)

2 170.5 79 7.75(d, 2H, J=8.5Hz, H-2/H-6), 7.45 (d, 2H,
J=8.5Hz, H-3/H-5)

3 262 52 7.77(d, 1H, J=7.5Hz, H-3), 7.45 (t, 1H,
J=9.0Hz, H-5), 7.27 (d, 1H, J=8.3 Hz, H-6),
7.09 (t, 1H, J=7.5Hz, H-4)

4 262 84  8.13(s, LH, H-2),7.87(d, 1H, J=7.8 iz,
H-4),7.76 (d, 1H, J=7.8 Hz, H-6), 7.22 (t, 1H,
J=7.8Hz, H-5)

5 262 83 7.82(d, 2H, J=8.4Hz, H-3/H-5), 7.52 (d, 2H,
J=8.4Hz, H-2/H-6)

6 136 56 7.72 (d, 2H, J=7.3Hz, H-2/H-6), 7.48 (t, 1H,

M+:262 (50), 231 (100), 203 (48), 104 (12),
76 (70), 50 (15)

M*:262 (42), 231 (100), 203 (91), 104 (9),
76 (59), 50 (20)

M*:262 (42), 231 (100), 203 (39), 104 (9), 76
(25)
M*:136 (47), 121 (2), 107 (4), 105 (95), 83 (2),

32.06 (32.02), 2.67
(2.64), 10.68 (10.64)

32.06 (32.05), 2.67
(2.65), 10.68 (10.70)

32.06 (32.04), 2.67
(2.68), 10.68 (10.67)

61.76 (61.73), 5.88

J=7.3Hz, H-4), 7.39 (t, 2H, J=7.3Hz,
H-3/H-5)

77 (84), 63 (4), 51 (100) (5.91), 20.58 (20.58)

Table 2. Physical and analytical data of complexes 1c-6c.

Molar A,, (DMSO)

Compound  mass Yield (%) ., (BM) (ohm™cm?mol™) SO,: calc. (found) (%) V: calc. (found) (%) C, H, N: calc. (found) (%)

1c 605 64 1.30 46.2 15.86 (15.00) 16.85 (16.12) 27.76 (28.00), 2.64 (2.82), 9.25 (8.81)
2¢ 605 64 1.37 62.4 15.86 (15.73) 16.85 (16.94) 27.76 (27.31), 2.64 (2.31), 9.25 (9.43)
3c 788 47 1.04 54.6 12.18 (12.12) 12.94 (12.37) 21.31 (20.33), 2.03 (2.43), 7.10 (7.58)
4c 788 55 1.38 52.7 12.18 (12.70) 12.94(13.36)  21.31(20.93), 2.03 (2.50), 7.10(7.37)

5¢ 788 62 1.48 49.5 12.18 (12.59) 12.94(13.22)  21.31(21.56), 2.03 (2.37), 7.10 (7.27)
6¢c 536 56 1.32 425 17.91 (17.02) 19.02 (19.10)  31.34(31.45), 3.35 (3.62), 10.44 (10.38)
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of the reduced form of nicotinamide adenine dinucleotide
(NADH), 40 uL nitroblue tetrazolium (NBT), 90 nL 0.1M
phosphate buffer, pH 7.5, and 10 pL of the test compound.
The reaction was initiated by the addition of 20 p.L of phena-
zine methosulfate (PMS) at 28°C and monitored at 560 nm.
The control contained 10 wL of dimethylsulfoxide (DMSO)
instead of the test compound. The final concentrations of
NADH, NBT, and PMS, in a total reaction mixture volume
of 200 nL, were 280, 80, and 8 uM, respectively, while the
concentration of tested compounds was kept at 1000 .M.
The solutions of NBT, NADH, and PMS were prepared in
phosphate buffer, while the test compounds were dissolved
in DMSO. The radical scavenging activity (RSA; in %) was
calculated as: RSA = [100 - (A,/A_) x 100], where A is the
absorbance of the superoxide radical and formazan dye in
the presence of the test sample, and A is the corresponding
absorbance without the sample (control).

Nitric oxide radical scavenging assay

Sodium nitroprusside in aqueous solution at physiological
pH spontaneously generates nitric oxide to produce nitrite
ion, which can be estimated using the Griess Illosvoy reac-
tion. In the present investigation, Griess Illosvoy reagent
was modified by the use of naphthylethylenediamine
dihydrochloride (0.1% w/v) instead of 1-naphthylamine
(5%) scavenger of nitric oxide*. The reaction mixture, con-
tained 10 pLsample (0.25 mM), 20 uL potassium phosphate
buffer (0.1 mM, pH 7.4), and 70 pL sodium nitroprusside
(10 mM). This was incubated at 25°C for 90-100 min fol-
lowed by the addition of 50 wL naphthylethylenediamine
dihydrochloride (0.1%) and sulfanilic acid (50 p.L, 0.33% in
20% glacial acetic acid), and the absorbance at 540 nm was
noted against the blank solution in a microtiter plate using
an enzyme-linked immunosorbent assay (ELISA) reader.

IC,_, determination

Concentrations of compounds at which 50% of the radicals
were scavenged or inhibited by the test compound, IC_ val-
ues, were determined by monitoring the effect of different
concentrations of test compound at 1-1000 wM. The IC_
values of the compounds were calculated using the EZ-Fit
Enzyme Kinetics program.

Results and discussion

Synthesis and physicochemical properties

Ligands 1-6 (Scheme 1) required for synthesis of the
vanadium complexes were prepared in yields 52-84% by
refluxing hydrazine hydrate, (NH,),-H,0, with the appro-
priate ester in EtOH. The structures of these ligands were
determined spectroscopically and by elemental analysis as
detailed in Table 1. Mass spectral data showed the parent
peaks corresponding to the appropriate m/z with different
fragmentation patterns. The oxovanadium(IV)-hydrazide
(1:1) complexes 1c-6¢ were synthesized by heating a mix-
ture (1:1) of the appropriate ligand and vanadyl sulfate in
an equimolar ratio. Analytical data of complexes is given

1339

in Table 2 and IR and UV-visible spectral data of complexes
are given in Tables 3 and 4, respectively.

The V(IV)-hydrazide complexes were characterized by
elemental analysis (C, H, N, V), gravimetric analysis, IR
spectroscopy conductivity and magnetic measurements.
The complexes exhibited molar conductivities (A,,) in the
range 42.5-62.4 Q' cm* mol™, which suggested a 1:1 ionic
ratio, pointing towards non-coordination of the sulfate ion
with the dimeric unit of the V(IV)-hydrazide cation, sup-
porting the formation of outer-sphere complexes®. For
monomeric or oligomeric units, the ionic ratio would be dif-
ferent. Gravimetric analysis of sulfate further supported that
this counter-ion does not coordinate to the V(IV) center.

The above studies indicated dimeric structures of 1c-6c,
with each V(IV) center exhibiting square-pyramidal geom-
etry, coordinated with a bidentate hydrazide ligand and an
H,0 molecule at the equatorial position, and an oxo (=0)
atom coordinated at the apex position (Scheme 1). The
hydrazides are, thus, acting as bridging ligands, forming
five- and four-membered rings. The magnetic properties
supported the dimeric nature of the complexes. The mag-
netic moments () were in the range 1.04-1.48 u, (Bohr
magnetons; BM), which is lower than that exhibited by an
unpaired electron in V(IV) complexes. This may be attrib-
uted to a lowered magnetic moment due to antiferromag-
netic coupling®*'. Several reports exist in the literature of
oxovanadium(IV) binuclear complexes that exhibit mag-
netic moments in the range reported here***.

Spectroscopy
Infrared spectroscopy
The IR spectroscopic data of ligands 1-6 and their com-
plexes lc-6¢ are given in Table 3. All hydrazide ligands
exhibited a pair of fairly sharp stretching bands in the
range 3311-3060cm™!, which were tentatively assigned to
H-bonded NH groups. The corresponding V(IV) complexes
showed broad absorption bands centered at ~3250cm™
due to a combination of NH and OH stretching vibrations
originating from hydrazide ligands and coordinated H,O
molecules, respectively, which appear in the same region.
All the ligands exhibited strong C=0 stretching absorp-
tions at 1648+ 18cm™!, which is within the reported range
(1670-1640 cm™)*. Upon V(IV) complexation, the intense
amide C=0 band was shifted to a lower frequency, indicat-
ing coordination through the amide O-atom. All complexes
exhibit strong V=0 symmetric stretching absorptions around
981 +25cm™, which are close to the V=0 stretching frequency
reported for other related oxovanadium(IV) complexes#>-4,
These peaks are absent in parent ligands. The appearance
of C=0 stretching frequencies at lower energy supports the
suggested dimeric structure of the complexes, in which the
double-bond character of the C=0 moiety is expected to be
lower than in the parent ligand due to resonance effects.
This is supported by an increase in the C-N frequency from
1338+12cm™ in the free ligand to ~1352+12cm™ in the
complexes, indicating a certain double-bond character of
the C-N bond in the V(IV) complexes.
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Table 3. IR spectroscopic data of ligands 1-6 and their complexes 1c-6c.

IR spectral data: v

Table 4. UV-visible spectroscopic data ofligands 1-6 and their complexes
1c-6c¢.

Compound (cm™) Compound IR Spectral data: v (cm™) Compound \ (nm) (¢ M-'cm™))
1 3304, 3197, 3028, 1c 1622 (C=0)s, 1340 (C-N) 1 266 (3743)
1665, 1618, 1561, s, 987 (V=0)s, 1266, 1074, 1c 264 (9361),297 430 (7957) 551 (1365) 772 (28) 835(28)
1472, 1340, 1117, 755, 729, 617, 599, 450 (8947)
995, 893, 805, 740, 2 236 (139), 261
684, 551, 463 (2677)
2 3309, 3014, 1662, 2¢ 1629 (C=0)m, 1343 2¢ 266 (10453), 306 429 (9040) 556 (1517) 767 (40) 843 (8)
1616,1559, 1484, (C-N)s, 1006 (V=0)s, (11848)
1345, 1094, 985, 1270, 1134, 1084, 840, 3 307 (6283)
880, 839, 727, 673, 740, 659, 616, 487
622, 532, 444 3¢ 248(7010),325 427(2208) 559 (351) 772(8) 825(2)
L (1846)
3 3298, 3060, 2930, 3¢ 1620 (C=0)sh, 1339
1654, 1623, 1579, (C-N)m, 974 (V=0) 4 280 (6135)
1464, 1330, 889, s, 1120, 1036, 895, 750, 4c 267 (15,996), 430 (9479) 560 (1313) 768 (29) 837 (20)
785, 764, 680, 598, 693, 602 317 (10408)
541, 419 5 306 (7612)
4 3311, 3179, 3041, 4c 1655 (C=0)m, 1364 5¢c 282(15,999),  444(9100) 560 (1407) 766 (74) 833 (56)
1651, 1621, 1553, (C-N)w, 956 (V=0)s, 306 (15,653)
1463, 1342, 1110, 1170, 1118, 1036, 718, 6 268 (5249)
990, 893, 804, 705, 580, 561, 482 6¢c 262(8929),301 427 (7146) 559(1100) 771(8) 820 (4)
650, 641, 477 (8121)
5 3202, 3185, 3080, 5¢ 1651 (C=0)s, 1353 (C-N)
1630, 1584, 1529, m, 962 (V=0)s, 1193,
1470, 1326, 1107, 1115, 1034, 889, 742, 665, 10000
1002, 962, 843, 704, 565, 435
643, 496, 460 _ 9000
6 3300, 3200, 3022, 6¢ 1645 (C=0)s, 1358 (C-N) g 8000
1662, 1617, 1572, m, 976 (V=0)s, 1120, < 7000
=
1485, 1349, 1119, 1036, 896, 692, 599, 482 = 6000 1
989, 882, 803, 685, =
516, 412 I 5000 1
. . e . 4000
Note: s, strong; m, medium; w, weak; sh, shoulder. 2
©
S 3000
8
2 2000 -
UV-visible spectroscopy 1000 -
The observed electronic transitions exhibited by complexes 0

1c-6¢ and free ligands 1-6 recorded in DMSO are collected
in Table 4. All ligands showed absorption in the UV region
assigned to m-m* transitions originating from the  bonds of
the hydrazide ligands. These transitions were shifted to higher
energy upon coordination with vanadium, which indicates
lowering of the energy of the  orbital. However, the V(IV)
complexes exhibited another transition in the UV region, and
at lower energy than the free ligands. This second peak was
tentatively assigned to the w-1* transition of the C=N bond,
which is present in the complex, but absent in the free ligand.
This electron transition supports the proposed structure of the
vanadium complexes as presented in Scheme 1. Oxovanadium
complexes 1c-6¢ exhibited another low intensity transition
above 700 nm that is assigned to d-d transition®.
Time-dependent  solution  stability studies of
oxovanadium(IV) complexes in DMSO revealed interest-
ing behavior. Figure 1 shows the absorption pattern of 3¢
in which an increase in absorbance at 360 nm along with a
decrease in absorption at 427 and 559 nm with accompany-
ing shift of peaks is observed. All complexes first showed an
increase in absorbance for all transitions with time, before
the absorbance at maximum wavelength decreased. The
observed initial increase in absorbance was tentatively
attributed to the formation of a new dimeric species in which

325 425 525 625 725 825

wavelength (nm)

Figure 1. Time-dependent change in the UV-visible spectrum of 3c in
DMSO solution. A decrease in absorbance at 427 and 559nm and an

upn

increase at 360 nm was observed. Spectrum “a” was recorded after 4 days;
each subsequent spectrum was recorded with an interval of at least 1 day;

uon

spectrum “g” was recorded after 11 days.

the solvent (DMSO) is coordinated at the sixth position while
keeping the original binuclear unit intact (Scheme 2). This
assignment was supported by the observation that freshly
prepared solutions of the complexes did not show any
peaks above 700 nm just after dissolution. These peaks only
appeared over time, indicating slow coordination of DMSO.

Over time, the absorption at 427 nm decreased, with a
concomitant increase in a transition around 360nm. The
new species is tentatively assigned to a monomeric com-
plex [VOL(DMSO),]". This complex is not observed in the
absence of the ligand and/or DMSO, indicating that both
ligand and DMSO are coordinated with the metal. The
final product displays peaks at 260 nm and 810 nm, that are
assigned to the [VO(DMSO)_]** species. This conclusion was
verified by dissolving vanadyl sulfate in DMSO, which gives
species that show the same transitions. The signal at 260 nm
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2VODMSO)sI”,____time  H1yo(L)(DMSO),]™
-L

Amax = 260nm Amax = 360nm
DMSO time
DMSO
2vo” 2L [V20,(L)5(H,0),(DMS0),2*
Amax = 427nm
DMSO
H20/MeOH ”
2L [V205(L)o(H20),]
SolidComplex

Scheme 2. Solution speciation studies of oxovanadium(IV) complex 3c.

is assigned to w-* transition, whereas the 810nm peak is
assigned to d-d transition. The presence of solution species
could not be verified by any other technique. Therefore,
some uncertainty in the nature and exact composition of
these species remains.

Enzyme inhibition studies

The hydrazide ligands 1-11 and their oxovanadium(IV)
complexes 1c-11c were investigated for their phosphodi-
esterase inhibitory activities. All free hydrazide ligands
were found to be inactive. Complexes 1c-11c¢ were active,
exhibiting pure non-competitive-type inhibition, based
upon kinetic parameters, which will be reported elsewhere.
The IC_, values for phosphodiesterase enzyme with V(IV)
complexes are presented in Table 5. IC_ values of V(IV)-
hydrazide complexes (7-15puM) compared to vanadium
salt VOSO,-5H,0 (29 uM) indicate the role that hydrazide
ligands play in inhibiting this enzyme. Complexes with
chloro-substituted ligands exhibited higher inhibition com-
pared to iodo-substituted ligands, indicating that electronic
factors may play an importantrole in their inhibitory poten-
tial. Similar IC_, values for iodo-substituted complexes at
ortho, meta, and para positions suggest little effect of steric
hindrance.

The observation that free hydrazide ligands did not show
any inhibition, in contrast to the corresponding V(IV) com-
plexes, demonstrates the essential role of the metal center
in terms of inhibitory potential. These complexes contain
binuclear centers in which each vanadium ion is five-coor-
dinated, leaving the 6th coordination site vacant or weakly
coordinated with solvent molecules. Protein side chains
are known to bind at this 6" position to inhibit or activate
enzymes™. This type of interaction may, thus, be crucial
for the mechanism of inhibition of phosphodiesterase by
these complexes. Hydrophobic or H-bonding interactions of
enzyme side chains with coordinated hydrazide ligands may
also contribute. Detailed kinetic studies to understand the
mechanism of inhibition are currently under way and will
be reported elsewhere.
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Table 5. IC, values for hydrazides” and their oxovanadium complexes
against phosphodiesterase.

IC,, (kM) IC_, (kM) IC,, (kM)
(mean+ (mean+ (mean+
Compound  SEM) Compound SEM) Compound SEM)
1c 15+0 5c¢ 8+0 9c 14+1
2c 12+2 6¢ 13+1 10c 10+1
3c 8+0 7c 10+1 11c 11+1
4c 7+0 8c 12+1 V(IV) salt? 29+0
EDTA 274+0
“All hydrazide ligands are inactive against this enzyme.
"VOSO,-5H,0.

Superoxide dismutase activity

Free ligands 1-11 exhibited no superoxide dismutase
(SOD) activity, whereas their oxovanadium(IV) com-
plexes lc-11c exhibited moderate to weak activity (IC_
= 90-350 uM). The IC_ values are collected in Table 6.
Complex 6¢ with unsubstituted ligand exhibited an IC_
of 141 pM. Substitution of the chloro group at ortho, 7c,
and meta, 1c, decreased this value to 113 uM and 90 uM,
respectively, whereas it increased to 170 uM for the para-
substituted chloro ligand, 2c. This suggests that steric
hindrance may increase SOD activity, whereas electronic
effects may not play a significant role. Patel and co-workers®
reported IC_, values of oxalato-bridged Cu/Zn (205uM)
and Cu/Ni (216 uM) dimeric complexes. All dimeric V(IV)
complexes reported in this study except 10c exhibit lower
IC,, values than the reported values for Cu/Zn and Cu/Ni
dimers. This may suggest the important role that vanadium
may play in SOD activity. Complexes with amino-substi-
tuted ligands showed the lowest SOD activity, which may
be attributed to the H-bonding interactions of protein side
chains with the vanadium center.

It is interesting to note that the radical scavenging poten-
tial of vanadium salt, VOSO,-H,0, is very low (IC_ = 433 uM)
compared to V(IV)-hydrazide complexes. Except for 10c,
all other complexes exhibit a significantly higher radical
scavenging potential (IC_ = 90-184 uM). This suggests the
important role of hydrazide ligands coordinated with vana-
dium centers in SOD activity.

Nitric oxide radical scavenging activity

Eleven free hydrazide ligands, 1-11, and three vanadium
complexes did not exhibit nitric oxide scavenging (NOS)
activity. Six oxovanadium complexes showed varying
degrees of activity, with IC_ values ranging from 94 to
443 1M, as collected in Table 7. Only one V(IV) complex,
2¢, with a para-substituted chloro group, showed similar
inhibitory potential (IC_ = 94 uM) to standard 7,8-dihydroxy
flavonel (DHF) (IC_ = 74 uM). All other complexes exhibited
low inhibitory potential (IC_ > 237 uM).

Five complexes showed IC, values of more than 200 uM,
whereas only one compound, 2¢, showed similar inhibitory
potential (IC_ = 94uM) to standard DHF (IC, = 74 pM).
Complex 2c¢ contains a chloro group at the para posi-
tion that may not exhibit steric hindrance; however, it will
decrease the electron density on the vanadium center by
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Table 6. IC, values of superoxide scavenging activities of oxovanadium-
hydrazide complexes”.

Compound IC,, (kM) Compound IC, (pM)
1c 90 8c 160
2c 170 9c 184
3c 179 10c 350
4c 113 11c 165
5¢ 184 V(IV) salt” 433
6c 141 PG 106
7c 113 BHA 96

Note. PG, Propyl gallate; BHA, Butyl hydroxyanisole.
“All hydrazide ligands are inactive against SOD.
"VOSO,-5H,0.

Table 7. IC, values of nitric oxide scavenging activities of oxovanadium-
hydrazide complexes®.

Compound IC,, (pM) Compound IC,, (kM)

1c NA? 7c 443+11

2c 94+11 8c NA

4c 2374 9c 28210

5c 258+3 11c NA

6¢ 32642 V(IV) salte NA
7,8-dihydroxy flavonel 74+16 uM

“All hydrazide ligands of these complexes are inactive against nitric
oxide.

*Not active.

“VOSO,-5H,0.

an inductive effect. Reduced electron density on the metal
center may help in binding nitric oxide radical with the
vanadium center to transfer electrons. Complex 7c¢ with an
ortho-substituted chloro group is expected to exhibit similar
electronic effects; however, its greater steric hindrance may
be responsible for its low inhibition potential. The inactiv-
ity of three complexes (1c, 8¢, and 11¢) may be attributed
to decomposition of the complexes under the nitric oxide
assay conditions. Similar behavior is exhibited by methoxy-
substituted complexes in which the ortho-substituted
methoxy complex is inactive and the para-substituted
compound exhibits moderate inhibition potential
(IC,, = 282uM). This supports the above conclusion that
higher steric hindrance decreases the radical scavenging
potential. It indicates that more studies are needed to estab-
lish a clear structure-activity relationship.

Conclusions

Several V(IV)-hydrazide complexes have been synthe-
sized and characterized in solid and solution states.
Oxovanadium(IV) salt and free ligands are either inactive or
exhibitlow enzyme inhibition and radical scavenging activity
compared to V(IV)-hydrazide complexes. Steric hindrance
does not seem to play a role in phosphodiesterase inhibition
activity, whereas it increases SOD activity and decreases
NOS activity. Electron-withdrawing substituents on the
hydrazide ligands decrease their enzyme inhibition activity,
whereas no effect is observed for their SOD activity. These
studies suggest that fine-tuning is needed for the ligands to

exhibit appropriate radical scavenging and enzyme inhibi-
tion potential.
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