Inorg. Chem. 2006, 45, 7105-7110

Inorganic:Chemistry

* Article

Vanadium Complex of 2-(2 '-Pyridyl)-4,5-dicyanoimidazole Showing
Spermicidal and Cytotoxic Properties

Gregory B. Less,* Nathan W. Ockwig, and Paul G. Rasmussen
Department of Chemistry, Umrsity of Michigan, Ann Arbor, Michigan 48109-1055
Gary D. Smith and Laura M. Keller

Department of Obstetrics and Gynecology, Medical Schoolyéigity of Michigan,
Ann Arbor, Michigan 48109-0272

John C. Drach

Department of Biologic and Materials Sciences, School of Dentistryyadsity of Michigan,
Ann Arbor, Michigan 48109-1078

Received March 30, 2006

Two complexes having the formulas VO(DCIPy),(H,0)-1.5H,0 and VO(DCIPy),(H,0)-2MeOH have been synthesized
and characterized (DCIPy = 2-(2'-pyridyl)-4,5-dicyanoimidazolato). The methanol solvated species has been studied
by X-ray diffraction, and single crystals form in the space group P2(1)/n. The hydrated species was studied by
electron paramagnetic resonance spectroscopy in both the solid state and in a frozen solution, and the values of
Ay examined using the additivity relationship. The hydrated species was shown to exhibit both spermicidal and
cytoxic properties.

Introduction (knobbed wrack)Curvularia inaequalis(a mold), Azoto-
bacter, and certain analogues of tiNtrogenase

Recently, bis(bipyridine) vanadyl sulfate, among other
oxovanadium species, has been recognized as a pharmaco-

Interest in the coordination chemistry of vanadium has
been growing rapidly over the past several years, with review

articles~* and special journal issuseing dedicated entirely logicall . 6-% Kordowiak Dbros and Kaid
to its study. The heightened interest in vanadium coordina- '°9'¢ay active compound.”Kordowiak, Dibros and Kajda

tion compounds stems from its importance in biological invgs_tigated these species as diabetes drugs if iigtﬁng
systems, which is only now beginning to be appreciated. positive effects on enzyme levels and the liver Golgi complex
Fundamental vanadium coordination chemistry is supply- M"Phology. These results were further corroborated by

ing novel complexes whose data provide valuable insight <'osniak and co-workerS,who also found that aqua-
toward the understanding of more complex biological dichloro-bis-(2-hydroxy-1-methyl-1-cyclopenten-3-on) oxo-
systems. Among the different systems in which vanadium vanadium(lV) caused a significant decrease in the total

occurs areAscidiaceadsea squirts)Ascophyllum nodosum cholesterol concentration in laboratory animals. The work
' of D’'Cruz, Dong, and Uckun led to the patentfi§ and

*To whom correspondence should be addressed. E-mail:

gless@umich.edu. (6) Kordowiak, A. M.; Dabros, W.; Kajda, Bdorm. Metab. Res2002
(1) Thompson, K. H.; Orvig, CCoord. Chem. Re 2001, 219-221, 34, 556-560.
1033-1053. (7) Krosniak, M.; Zachwieja, Z.; Filipek, B.; Grybos, Rrch. Pharm.
(2) Rehder, DCoord. Chem. Re 1999 182, 297-322. Pharm. Med. Chen001, 334, 388-392.
(3) Page, E. MCoord. Chem. Re 1998 172 111-156. (8) D'Cruz, O. J.; Dong, Y.; Uckun, F. MBiol. Reprod.1999 60, 435—
(4) Page, E. M.; Wass, S. ACoord. Chem. Re 1997 164, 203— 444,
259. (9) Parker Hughes Institute, USA. Vanadium (IV) complexes containing
(5) Hirao, T., Ed.;Special Issue: New Directions in Chemistry and catacholate ligand and having spermicidal activity. Patent WO00056302,
Biological Chemistry of Vanadium. (Proceedings of the Third Inter- 2000.
national Symposium held 229 Naember 2001 in Osaka, Japan.)  (10) Wayne Hughes Institute, USA. Oxy-vanadium (IV) complexes having
[In: Coord. Chem. Re. 2003; 237(%-2)], 2003. spermicidal activity. Patent WO0027389, 2000.
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subsequent publicatidrof a series of vanadyl compounds
shown to have significant spermicidal activity. In addition

to being effective spermicides, some of these compounds

may also have favorable anti-HIV propertié<D’Cruz and

Less et al.
Experimental Section

VO(DCIPy),(H,0)-2MeOH (1). A 10 mL methanolic solution
of 2-pyridyl-4,5-dicyanoimidazole (57 mg, 0.26 mmol) was added,
with stirring, to a 10 mL methanolic solution of vanadyl sulfate

co-workers also patented a series of vanadium compoundsyinydrate (150 mg, 0.77 mmol). The dark yellow solution was

of this class as possible cancer treatment drug ther&pies.
D’Cruz and co-workers observed that, while 1,10-phenan-
throline-based compounds were most effective at killing
sperm, the neutral bis-Bromo-2-hydroxyacetophenone

gravity filtered and set aside for slow evaporation. After 4 days,
dark blue crystals suitable for single-crystal X-ray diffraction had
grown. These crystals were rinsed twice with acetone, and several
were selected for diffraction and EPR studies. The remaining

Vanady' Species had a much more rapid response timeproduct was dried in vacuo overnight prior to submission for

(seconds rather than minutes) with similar efficdcy.
Recently, we have reported the first use of 2¢gridyl)-

4,5-dicyanoimidazole (HDCIPy) as a ligaftiCapitalizing

on unique properties of HDCIPy, aqua-bis(2-3ridyl)-

4,5-dicyanoimidazolato) vanadyl hydrate, was synthesized

to combine the best properties of two spermicidal vanadium
compounds presented by D'Cruz.

While the exact mechanism by which vanadium com-
pounds immobilize sperm is speculative, it is thought to take

elemental analysis. fw (calcd) 505.34 g/mol. Anal. Calcd for
C21H14N1003V [VO(DCIPY),(H20)-2MeOH]: C, 49.91; H, 2.79;
N, 27.72. Found: C, 49.77; H, 3.02; N, 27.50. IR (Cin 2232,
1613, 1443, 992.

VO(DCIPy),(H,0)-1.5H,0 (2). The adverse biological effects
of methanol (in compount) necessitated the production of a purely
hydrated analogue, which may eventually find use in pharmaceutical
applications. To form this product, a 10 mL aqueous solution of
vanadyl sulfate hydrate (88 mg, 0.54 mmol) was added to a 50 mL
aqueous suspension of 2-pyridyl-4,5-dicyanoimidazole (207 mg, 1

place through redox generation of reactive oxygen species.mmol). The reaction turned green inl min, after which the

According to D’CruzZ “Human sperm are exquisitely

unreacted ligand was removed by suction filtration. The green

sensitive to oxidative stress. This is due to the high content solution was allowed to sit until the product precipitated. The green

of polyunsaturated fatty acids in their cell membranes, the
low levels of cytoplasmic enzymes for scavenging [reactive
oxygen species], which initiate lipid peroxidation, and the

reduced activity of repair enzymes to recover from oxidative
damage.” By optimizing the properties of the complex, it is

hoped that a fast acting, efficient spermicide suitable for
pharmaceutical use may be made.

This compound also adds to the growing body of
knowledge of vanadium coordination sites for use in model-
ing of more complex biological systems. The additivity
relations proposed by Whrich and further developed by
Chasteen and, later, Cornm&nt® while not providing any
data on axially coordinated ligands, does provide insight on

the number and type of donor(s) located cis to the vanadyl

center. This is done by calculating tAghyperfine coupling
constants. Until a paper in 2000 by Smith et*athere were
only three commonly used “aromatic imine” donor values.

powder was collected by suction filtration and rinsed with water
then dried overnight in vacuo before submission for elemental
analysis. fw (calcd) 500.33 g/mol. Anal. Calcd fosoN0H26V 207
[VO(DCIPy),(H,0)-1.5H,0]: C, 48.01; H, 2.62; N, 28.00.
Found: C, 47.94; H, 2.59; N, 28.34. IR (cf): 3548, 2867, 2239,
1608, 1441, 991.

Structural Determination of VO(DCIPy) »(H,0)-2MeOH.
Dark blue needles of the title compound were grown from methanol
at room temperature. A single crystal of dimensions 0x48.12
x 0.09 mn? was coated in Paratone oil, mounted on a glass loop,
and mounted on a Bruker SMART APEX CCD diffractometer
equipped with a normal-focus Mo-target X-ray tulde< 0.71073
A) operated at 2000 W power (50 kV, 40 mA). The X-ray intensities
were measured at 153(2) K with a detector distance of 6.056 cm
from the crystal. A total of 1818 frames were collected with a scan
width of 0.3 in w and a exposure time of 20 s/frame. The range
of 6 observed for this sample was 2:027.56. The frames were
integrated with the SAINT software packagesing a narrow frame
algorithm. The integration of the data yielded a total of 20 548

Only one of these corresponded to imidazole, and as Smithreflections of which 5569 were independent and 4832 were greater

demonstrated, the orientation of the imidazole ring relative
to the V=0 axis influences the value &f; observed. Smith
was able to expand the number of well-characterized
vanadyt-imidazole complexes by five, each having a dif-
ferent imidazole-vanadyl orientation, and applied this
knowledge toward elucidating the structure of vanadium
bromoperoxidase.
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(13) Less, G. B. Metal Complexes of Cyanoimidazolates: Synthesis and
Characterization. Ph.D. Thesis, University of Michigan, Ann Arbor,
2005.

(14) Withrich, K. Hely. Chim. Actal965 48, 1012.

(15) Chasteen, N. Biological Magnetic ResonangBlenum Press: New
York, 1981; Vol. 3, pp 53-119.

(16) Cornman, C. R.; Zovinka, E. P.; Boyajian, Y. D.; Geiser-Bush, K.
M.; Boyle, P. D.; Singh, Plnorg. Chem.1995 34, 4213-4219.

(17) Smith I, T. S.; Root, C. A.; Kampf, J. W.; Rasmussen, P. G.; Pecoraro,
V. L. J. Am. Chem. So200Q 122 767-775.
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than 25(1). The final cell constants were based on Xigecentroids

of 8780 reflections. Analysis of the data showed negligible decay
during data collection. The structure was solved by direct methods
and subsequent difference Fourier synthesis and refined with the
SHELXL software packag®, using the monoclinic space group
P2(1)lh with Z = 4. All non-hydrogen atoms of the model were
refined anisotropically, while hydrogens were placed and calculated
using the geometric riding model. Final full matrix least-squares
refinement or=2 converged to RE 0.0545 ( > 20(l)) and wR2

= 0.1191 (all data) with GOF 1.134.

Sperm Motility and Viability in the Presence of VO(DCIPy) »-
(H20):1.5H,0. Semen samples were obtained from men undergo-
ing evaluation for infertility after a minimum of 3 days of
abstinence. After liquefaction, standard semen analyses were
performed by a single individual. These analyses consisted of
assessment of semen volume, pH, viscosity, liquefaction, sperm

(18) SAINT, ver. 6.45A.; Bruker AXS, Inc.: Madison, WI, 2000.
(19) Sheldrick, G. MSHELXTL, 5.10; Bruker Analytical X-ray: Madison,
Wil, 1997.



Vanadium Complex Showing Spermicidal and Cytotoxic Properties

count, sperm motility, sperm agglutination, strict sperm morphology,

and cell contamination. Normozoospermic samples containing

sperm with forward progression were selected for experimental use.

Approval for utilizing semen samples was obtained from the

University of Michigan Institutional Review Board.
For 24 and 48 h survival, semen samples were prepared by

density gradient separation using Isolate (commercially available

from Irvine Scientific, Santa Ana, CA). The supernatant was

removed after centrifugation at 3@@r 20 min and resuspended

in 1.0 mL of Hepes-buffered human tubal fluid with 0.2% BSA

(Processing media; PM). Initial sperm motility and viability were

assessed in each sampie=€ 13) by evaluating the percent of 200

isolated sperm demonstrating progressive motility and the percent

of 200 sperm demonstrating viability by dye exclust®from each

sample, six aliquots of 100L were pipetted into Eppendorf tubes

for treatment. Treatment groups consisted of 0, 0.1, 1.0, 10, 100,

and 1000uM vanadyl complex. After treatment, samples were

incubated at 37C at atmospheric conditions for 48 h. Sperm (200)

from each group were assessed for sperm motility and viability at

24 and 48 h of culture. Figure 1. (DCIPy)RVO(H20)-2MeOH with thermal ellipsoids shown at
Statistical analysis was carried out using repeated measures mixedheir 50% probability levels. All hydrogens except those of the coordinated

models. These data were used to assess the motility and viability'Vater have been omitted for clarity.

by dose over time. The models included time, dose, and the ) .

interaction of time and dose. Analyses were performed using SAS @€, on average, shorter in the DCIPy complex than in the

software version 9.1.2 with a confidence lePek 0.05 considered ~ charged analogues. Distinguishing thgydyhe moieties in

significant. the two complexes as trans or cis to the®, the bond
Cytoxicity and Antiviral Activity of VO(DCIPy) »(H20)- lengths of the three cis/cisMdine bONS in the bpy and phen

1.5H,0. The cytoxicity and antiviral activity o2 were determined structures are shorter than the cis/cjghe bond observed

using cell culture methods described receftly. in the DCIPy molecule. The remaining three nitrogen

vanadium bonds id are shorter than those observed in the

charged species. In all three molecules, the longest metal

ligand bond is located trans from the oxo moiety, with the

Discussion

The vanadyl complex]l, was readily formed by the
addition of HDCIPy to a methanolic solution of vanadyl DCIPy species being longer by 0.128 A.

sulfate trihydrate. Slow evaporation afforded deep blue  The electron paramagnetic resonance (EPR) spectrum was
crystals suitable for single-crystal X-ray diffraction. The gptained from a THF solution with 2,2-diphenyl-1-picryl-
asymmetric unit of these crystals is presented below in Figure hydrazyl free radical (DPPH) as an internal standardgfor

1. The complex forms in the monoclinic space gréti/n It was assumed that the water ligand was not displaced during
(@ =11.6017(9) Ab = 17.944(1) A,c = 12.0775(9) A, the spectroscopic experiment. The width of the signal,
and$ = 102.743(1)). Each metal center has two solvent approximately 1000 G, allows for direct observation of the
molecules hydrogen bound to the ligating water. To allow characteristic eight line spectrum of the nuclear spin

the compound to be tested for biological activity, it was 7/2 vanadium center. No nitrogen or hydrogen hyperfine
important to remove methanol from the synthesis. This was coupling is observed. The spectrum was collected at 9.43
done by reaction of an aqueous Vanadyl sulfate solution with GHz. The Spectrum, centered at 3390 G, with a proportional_
a suspension of the ligand in water, affording a simple ity factor, g, of 1.988, shows the characteristic line broaden-
analogue with water molecules as solvates instead ofing which is indicative of the second-order effects that are

methanol.

Structurally, bis(2,2bipyridine) vanadyl hydroxo tet-
rafluoroborate and bis(1,10-phenanthroline) vanadyl hydroxo
tetrafluoroborat® are very similar to the compound aqua-
bis(2-(2-pyridyl)-4,5-dicyanoimidazolato) vanadyl solvate.
The three species form distorted octahedra with the oxo
moiety located cis to the oxygen of the bound water or
hydroxo. Described in Table 1, the ligand metal bond lengths

(20) World Health Organization Manual for the Examination of Human
Sperm and Sperm-cgcal Mucus Interaction 3rd ed.; Cambridge
University Press: Cambridge, UK, 1992.

(21) Migawa, M. T.; Giradet, J.-L.; Walker, J. A., Il; Koszalka, G. W.;
Chamberlain, S. D.; Drach, J. C.; Townsend, L.JB.Med. Chem.
1998 41, 1242-1251.

(22) Tolis, E. J.; Manos, M. J.; Tasiopoulos, A. J.; Raptopoulou, C. P.;
Terzis, A.; Sigalas, M. P.; Deligiannakis, Y.; Kabanos, T.Akgew.
Chem., Int. Ed2002 41, 2797-2801.

commonly observed in vanadium EPR. The hyperfine
coupling constanta, was calculated to have a mean value
of 96.341 x 10* cm™! using equations found in the
literature?3:24

The EPR of a frozen THF solution of the species is shown
in Figure 2. The bottom spectrum (red) is the experimental
data. The top spectrum (blue) is the theoretical fitting
obtained using a custom fitting program developed and
applied by Dr. Bruce McGarve¥. The program uses a
refined second-order perturbation calculation of the energies
to make a fit. From the simulated pattern, the fitting

(23) Rasmussen, P. G.; Kuska, H. A.; Brubaker, C. H.Jnirg. Chem.
19645 4, 343-345.

(24) Faber, R. J.; Rogers, M. J. Am. Chem. Sod.959 81, 1849-1856.

(25) McGarvey, B. R., personal communication.
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Figure 2. EPR spectrum of (bD)VO(DCIPy)-2MeOH. The experimental spectrum, collected in a THF glass, is shown in red versus the blue fitted
spectrum.

Table 1. Selected Bond Lengths from Various Vanadyl Species

bond length (A)

V—N trans \V=0qxo V—N cis V=00 V—N cis V=00
species Cis V—0Oaqua Cis V—0Oaqua trans VV-Oaqua

[(OH) (phenyvO]* 2.247 2.112/2.113 2.173

[(bpy)2(OH)VO]* 2.247 2.113/2.114 2.175

(H20) (DCIPYy)RVO 2.375 2.075/2.127 2.071
parameters arg; = 1.945,gn = 1.980,A, = 170 x 10* both viability (the ability for the cell to live) and motility
cmt, andA; = 61.9x 104 cm . (the ability of the cell to move) of sperm with dose response

Determination of the coupling constants for,(3VO- actions which are summarized in Figures 3 and 4.

(DCIPy), adds to the work on hyperfine coupling constants  These results indicate thatis 100% effective at neutral-
as a function of dihedral angle started by Smith et #, izing sperm at a 10uM concentration. The standard

the dihedral angle, is defined as the angle created betweerspermicide used today in over-the-counter products is non-
the planes defined by the vanadyl oxygen, the vanadium, oxynol-9, (N9) a nonionic surfactant, as a2% suspen-
the binding nitrogen of the imidazole ring, and the 2-position sion2® Assuming a density of 1.0 g/mL for these suspensions,
carbon. The vanadyl complex studied here contains two the concentrations are in the 381 mM range. Agua-bis-
imidazole donor ligandsone with = —110.74 and the (2-(2-pyridyl)-4,5-dicyanoimidazolato) vanadyl hydrate is

other & = 175.66—making an absolute assignment Af effective at concentrations nearly an order of magnitude less
difficult. Nevertheless, it was possible to determine that the than those seen for the standard N9 product. It should be
total contribution from both imidazoles to th& of the noted, however, that this is a time-independent comparison.

complex was 83.6< 104 cm™. This value is in line with This finding is important given that N9 has recently been
the previous work, which shows that a parallel aligned found to increase the risk of genital ulceratfdnThus,

imidazole ring will contribute approximately 40 10~4cm? additional tests of the vanadyl species are called for,
and a perpendicular ring will contribute approximately 45 especially the rate and safety of its effects on humans.

x 104 cm % Rings aligned between°Oand 90 will Samples of2 were also tested for antiviral activity and
contribute an intermediate value. cytotxicity. The antiviral effects were measured against one

2-(2-Pyridyl)-4,5-dicyanoimidazole vanadyl hydrate has pox virus (vaccinia, VV) and two herpes viruses (herpes
many characteristics in common with the previously studied simplex virus type 1, HSV-1; human cytomegalovirus,
nitrogen-donor chelate vanadyl species; however, it is chargeHCMV). The cell toxicity measurements were made on
neutral and may have more favorable solubility properties.

(26) Healthtouch Online. Spermicides. http://www.healthtouch.com/bin/

Samples of aqua‘bis'(zléayridy|.)‘4,5'diCyanOimidaZOlato) EContent_HT/drugShowLfts.asp?fname usp0141.htmé&title =
vanadyl hydrate 2) prepared in water were tested for ga%sgContraceptlvd*Foam’r%ZCJrNonoxyn0H9&CId:HT (April
spermicidal a(_:t'|V|ty versus nprmal semen samples from 13 (27) Wilkinson, D.; Tholandi, M.; Ramjee, G.; Rutherford, G. Wancet
volunteers. Initial results indicate that compoudeffects Infect. Dis.2002 2, 613-617.
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Figure 3. Motility measurements of sperm in the presenc@ afs a function of time. A clear doseesponse can be observed.
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Figure 4. Viability measurements of sperm in the presenc@ ef a function of time. A clear dosgesponse can be observed.

Table 2. Summary of the Antiviral and Cytoxic Properties 25

virus 1Gs0 (uM)

vaccinia 3
human cytomegalovirus 2
herpes simplex type 1 4

cell toxicity 1Cs0 (uM)
normal human diploid 3
cells (foreskin fibroblasts)
human cancer cells (KB) 5

aThe values, in micromolar concentrations, indicate the 50% inhibitory
concentrations? Average of two experiments.

confluent, stationary, human foreskin fibroblasts, and loga-
rithmically growing human cancer cells (KB). The results,
summarized in Table 2, are given as the micromolar
concentration at which 50% growth inhibition occurred. For

pharmaceutical development, it is best to see a 100-fold lower
concentration for antiviral activity than cytotoxicity. Unfor-
tunately, with our materials the antiviral and cell toxicity
concentrations are very similar. This is an indication that
the antiviral properties are most likely attributable to toxic
effects of2 on the host cell.

Conclusion

Two novel vanadium complexes have been synthesized
using 2-(2-pyridyl)-4,5-dicyanoimidazole to yield analogous
compounds, one as a methanol solvate and the other as a
hydrate. The recently reported HDCPypinds as the anion
to the vanadyl moiety to give the neutral species VO-
(DCIPy)%(H20)-2MeOH. The crystals of this molecule were
fully characterized by single-crystal X-ray diffraction, el-
emental anaylsis, EPR, and FTIR spectroscopies. Combined,

compounds to be considered as a candidate for antiviralthese techniques further support the work of Srighowing

Inorganic Chemistry, Vol. 45, No. 18, 2006 7109
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that the orientation of individual imidazole rings relative to ance of two different uninfected cell lines, indicating that
the normal of the vanadiufoxygen bond directly influences  this particular derivative is not a good candidate for antiviral
A, in the frozen solution spectrum of the paramagnetic use.
species. Furthermore, structural determination allowed for
comparison of bond lengths with comparable nitrogen-donor ~ Acknowledgment. The authors acknowledge Mr. J.
ligand complexes of vanadium. These data illustrate that theGallegos and Dr. A. H. Francis of the University of
anionic ligand produced shortened bond lengths in only the Michigan, Department of Chemistry, for the use and as-
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A sample of the compound, prepared as the hydrate, wasof the University of Windsor for his fitting of the EPR
tested as a spermicidal and antiviral agent. The initial results spectrum. Further acknowledgment goes to Dr. D. Davis of
show that the spermicidal efficacy of this compound is the University of Michigan for assisting in obtaining and
greater than that of the current market standard N9 atevaluating semen samples and to Julie Breitenbach and
significantly lower doses, working to halt both sperm motility Katherine Borysko for antiviral and cytotoxicity testing.
and viability. Further studies are called for to measure the
rate at which2 effects the sperm. In a more general _Supporting_ Informa_ltio_n Avqilable: Crystallograp_hic data in
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