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The versatile N2S2 tetradentate ligands (bme-daco)2-, (bme-dach)2-, and (ema)4- are known to accommodate
many divalent transition-metal ions (M = NiII, PdII, PtII, PbII, ZnII, CdII, CuII, and FeII) while maintaining reactivity at the
S-thiolate sites of the respective N2S2M complexes. The vanadyl ion, of interest for its pharmacological possibilities
and its spin-label reporter properties for bioinorganic studies, also shows an affinity for such mixed nitrogen/sulfur-
donor environments. Thus, (VtO)2þ analogues of a well-characterized series of N2S2Ni complexes have been
prepared asmimics of possible N2S2(VtO) formed from in vivo binding sites of the tripeptide motif, Cys-X-Cys. The
nucleophilicity of the S-thiolate in these systems is explored with alkylating agents. IR [ν(VO)], electronic spectral, and
electron paramagnetic resonance measurements are presented. X-ray diffraction studies of (bme-daco)(VtO),
(bme-dach)(VtO), and [Et4N]2[(ema)(VtO)] further characterize the vanadyl complexes. A comparison of the
spectral properties with the product of vanadyl interaction with the CGC tripeptide, the biological analogue of the
tetraanionic N2S2 ligand, is given.

Introduction

The oxovanadium(IV) or vanadyl ion, (VtO)2þ, is valued
in metalloenzyme studies for its ability to replace divalent
transition-metal ions that reside in both hard and soft ligand-
donor sites and, in so doing, confer the electron paramagnetic
resonance (EPR) reporter ability of the V4þ d1 electronic
configuration on that active site.1,2 In addition, vanadium is
itself of interest because the in vivo inhibition properties of
the phosphotyrosine phosphatase enzyme have led to inves-
tigation of the vanadyl complexes [throughout the manu-
script, the vanadyl ion is represented as [VtO]2þ, with triple-
bond status in deference to the bond order derived from the
molecular orbital description (Ballhausen, C. J.; Gray, H. B.
Inorg. Chem., 1962, 1, 111) rather than the VdO representa-
tion that is commonly used], including some complexes con-
taining sulfur-donor atoms as insulin-enhancing agents.1-4

The application of vanadium as a potential pharmaceu-
tical for diabetes has employed several compounds including

the simple salt, (VtO)SO4, aswell as pentacoordinatemalto-
lato complexes, bis(maltolato)oxovanadium(IV) and bis-
(ethylmaltolato)oxovanadium(IV).5,6 In vivo the vanadyl ion
is expected to be released from the original all-oxygen-donor
environment, absorbed, and transported inother forms,most
likely involving serum albumin and transferrin.4,7 The dis-
sociation of the ligands from orally administered vanadium
compounds opens up the possibility of the binding of the
vanadyl ion to various biomolecules, including sulfur-con-
taining glutathione or cysteine.
There are examples of mononuclear square-pyramidal

(VtO)2þ complexes involving bidentate or tetradentate two-
nitrogen, two-sulfur ligand sets; four have been structurally
characterized by X-ray diffraction studies (Figure 1).8-11

Structure b ofFigure 1 is the bis-cysteinyl complex; the thiolate
donors are trans to each other; complexes c and d, with cis-
dithiolates, are related to the work we describe here.
Chelation through the carboxyamido nitrogen atom of the

peptide backbone, although not a common coordination
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mode, is observed in certain proteins and enzymes, such as
serumalbumin, nitrile hydratase, andacetyl coAsynthase.12-15

We have explored a series of metals bound within a dianionic
N2S2 ligand framework utilizing diazacycles function-
alized with ethylenethiolate arms, bis(mercaptoethane)-
diazacyclooctane (bme-daco) and bis(mercaptoethane)-
diazacycloheptane (bme-dach).16-18 More relative to
biological contiguous N2S2 binding sites as might be found
in the tripeptide motif Cys-X-Cys is a tetraanionic N2S2
ligand, N,N0-ethylenebis(2-mercaptoacetamide), or ema4-,
which contains two aliphatic amide bonds.19 These ligands
form square-planar complexes with NiII and CuII, while ions
such as ZnII retain a fifth ligand and sit above the N2S2 plane
in pseudo-square-pyramidal coordination geometry. The
work herein examines the structural and spectral properties
of products from the incorporation of VtO2þ into such
dianionic and tetraanionic N2S2 binding sites (Chart 1). In
addition, the vanadyl interaction with the Cys-Gly-Cys
(CGC) peptide, the biological analogue of the tetraanionic
ema4- ligand, has been explored (Chart 1). Sulfur-based
reactivity of the cis-dithiolates with the alkylating agent, 1,3-
dibromopropane, is also described.

Experimental Details

Methods and Materials. All reactions were carried out using
standard Schlenk techniques or in an argon-filled glovebox.
Solvents were degassed and purified via aBruker solvent system.
Reagents were purchased from Aldrich Chemical Co. and used
as received unless otherwise noted. The ligands N,N0-bis(2-
mercaptoethyl)-1,5-diazacyclooctane (H2-bmedaco),20 N,N0-

bis(2-mercaptoethyl)-1,5-diazacycloheptane (H2-bmedach),21 and
N,N0-ethylenebis(2-mercaptoacetamide) (ema)19 were pre-
pared according to literature procedures. (Fluorenylmethoxy)-
carbonyl (Fmoc)-protected amino acids (N-R-Fmoc-S-trityl-L-
cysteine and N-R-Fmoc-glycine) and TentaGel S-RAM
beads were purchased from Advanced ChemTech. Synthesis
of the CGC tripeptide used standard solid-phase peptide
techniques.22

Physical Measurements. UV-vis spectra were recorded on a
Hewlett-Packard 8453 diode-array spectrometer and a Cary 1E
spectrophotometer using quartz cells (1.00 cm path length). IR
spectra were recorded on a Bruker Tensor 37 Fourier transform
IR (FTIR) spectrometer. Solution IR spectra were obtained
using a CaF2 cell with a 0.1 mm path length, and solid sample
analysis was obtained using an attenuated total reflectance
attachment equipped with a ZnSe crystal. Electrospray ioniza-
tion mass spectrometry (ESI-MS) was performed by the
Laboratory for Biological Mass Spectrometry at Texas A&M
University. Elemental analyses were performed by Atlantic
Microlab, Inc., Norcross, GA. EPR spectra were collected on
aBrukerESP 300 spectrometer equippedwith anOxfordER910
cryostat operating at 10 K. Samples were 1-2 mM in analyte
and the spectra reported in frozen N,N-dimethylformamide
(DMF) or acetonitrile solutions. The WinEPR Simfonia pro-
gram was used to simulate the g and A parameters.23

X-ray Structure Analyses. Low-temperature (110 K) X-ray
data were obtained on a Bruker SMART 1000 CCD-based
diffractometer (Texas A&M University; molybdenum-sealed
X-ray tube, KR = 0.710 73 Å). Space groups were determined
on the basis of systematic absences and intensity statistics.
Structures were solved by direct methods and refined by full-
matrix least squares on F2. Hydrogen atoms were placed at
idealized positions and refined with fixed isotropic displacement
parameters, and anisotropic displacement parameters were
employed for all non-hydrogen atoms. The following programs
were used: data collection, SMART WNT/2000, version 5.632,24

or FRAMBO, version 4.1.05 (GADDS);25 data reduction,
SAINTPLUS, version 6.63;26 absorption correction, SADABS;27

Figure 1. Examples ofmononuclear square-pyramidal VIVO complexes
containing thiolate ligation.8-11
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cell refinement, SHELXTL;28 structure solutions, SHELXS-97
(Sheldrick);29 structure refinement, SHELXL-97 (Sheldrick).30

The final data presentation and structure plotswere generated in
X-Seed, version 1.5.31 Full listings of metric parameters are in
the Supporting Information (SI).

N,N0-Bis(2-mercaptoethyl)-1,5-diazacyclooctane Oxovanadium(IV),
[(bme-daco)(VtO)], Complex 1. The H2-bmedaco ligand (0.84 g,
3.6 mmol) was dissolved in MeOH (30 mL), and a solution of
(acac)2(VtO) (0.87 g, 3.3 mmol) in MeOH (50 mL) was added
dropwise.32 The colorless solution immediately turned green, and
upon stirring overnight, a green precipitate formed. The mixture
was filtered in air; the solid was washed with 30 mL portions of
Et2O and allowed to dry in air. An analytically pure sample was
obtained by recrystallization from warm CH2Cl2 to obtain 0.25 g
(25%) of the product. Diffusion of Et2O into a saturated solution
of the complex inCH2Cl2 producedX-ray-quality green needlelike
crystals. Elem anal. Calcd (found) for C10H20N2S2VO (MW =
299 g/mol): C, 40.12 (40.12); N, 9.36 (9.25); H, 6.73 (6.55). ATR-
FTIR on solid: ν(VtO) 979 cm-1. Absorption spectrum [DMF;
λmax, nm (ε, M-1 cm-1)]: 594 (84), 494 (119), 411 (192), 290
(2162). þESI-MS (CH2Cl2): m/z 300 [(bme-daco)VO]þ.

N,N0-Bis(2-mercaptoethyl)-1,5-diazacycloheptane Oxovanadium-

(IV), [(bme-dach)(VtO)], Complex 2. To a light-yellow solu-
tion of the H2-bmedach ligand (0.785 g, 3.56 mmol) in MeOH
(20 mL) was added dropwise a solution of (acac)2(VtO) (0.951 g,
3.59 mmol) in MeOH (50 mL). The reaction mixture turned
green, and a light-purple solid precipitated. The mixture was
stirred at 22 �C for 20 h, and the green filtrate was separated
from the purple solid. The purple solid was washed withMeOH
(3� 30 mL) and then with Et2O (3� 30 mL) and dried in air to
afford a light-purple solid (0.75 g, 74% yield). X-ray-quality
purple crystals were obtained from the slow evaporation of the
green filtrate under anaerobic conditions. Elem anal. Calcd
(found) for C9H18N2S2VO (MW=285 g/mol): C, 37.89 (37.91);
N, 9.82 (9.72); H, 6.36 (6.41). ATR-FTIR on solid: ν(VtO)
976 cm-1. Absorption spectrum [DMF; λmax, nm (ε, M-1 cm-1)]:
516 (118), 412 (209), 284 (2420). þESI-MS (CH2Cl2): m/z 286
[(bme-dach)(VO)]þ.

Tetraethylammonium [N,N0-Ethylenebis(2-mercaptoacetamide)
Oxovanadium(IV)], [Et4N]2[(ema) (VtO)], Complex 3. Under
anaerobic conditions, protonated N,N0-ethylenebis(2-merca-
ptoacetamide) (0.200 g, 0.689 mmol), KOH (0.158 g, 2.82
mmol), and Et4NCl (0.229 g, 1.382 mmol) were mixed inMeOH
(30mL) for 1 h, resulting in a light-yellow solution.A suspension
of (VtO)(SO4) 3 3H2O (0.136 g, 0.627 mmol) in MeOH (35 mL)
was added to the ligand mixture using a Cole-Parmer K-06417-41
plastic cannula. The reaction mixture was heated to 60-65 �C
for 20 h, yielding a teal-blue solution containing a white
precipitate (K2SO4). The solution was cooled to room tempera-
ture and filtered anaerobically, and the solvent was removed in
vacuo. Acetonitrile (25 mL) was added to extract the product.
Following filtration of the blue solution and several recrystalliza-
tions, x-ray-quality crystals.X-ray-quality crystalswere obtained
by vapor diffusion of Et2O into the saturated MeCN solution.
The blue-purple crystalline material was collected, yielding 0.225
g (68%). The product is extremely hygroscopic. Elem anal. Calcd
(found) for C22H48N4S2VO3 3 2.5H2O (MW = 577 g/mol): C,

37.89 (37.91); N, 9.82 (9.72); H, 6.36 (6.41). ATR-FTIR on solid:
ν(VtO) 941 cm-1. Absorption spectrum [DMF; λmax, nm (ε, M-1

cm-1)]: 591 (94), 387 (166), 320 (3384) nm. -ESI-MS (MeCN):m/z
401 (Et4N)[(ema)(VtO)]-.

Potassium [(Cysteinylglycylcysteinecarboxamide) Oxovandium-

(IV)]; K2[(CGC)(VtO)], Complex 4.TheH4CGC ligand (32mg,
0.099 mmol) and KOH (11 mg, 0.196 mmol) were mixed in
DMF (10 mL) and stirred for 30 min. A light-green solution
of (acac)2(VtO) (24 mg, 0.091 mmol) in DMF (15 mL) was
added dropwise. The reaction was stirred for 16 h, and a light-
blue-green solid was obtained after precipitation with Et2O,
yielding 28.1 mg (67% yield). ATR-FTIR on solid: ν(VtO)
945 cm-1.

[(ema)(CH2)3)(VtO)], Complex 5. To a blue solution of
[Et4N]2[(ema)(VtO)] (0.031 g, 0.058 mmol) in MeCN (10 mL)
was added neat 1,3-dibromopropane (4 μL, 0.039 mmol),
resulting in a gray-blue solution within 15 min. After stirring
for 30 min, the resulting solution was filtered over Celite, remo-
ving the white precipitant ([Et4N]Br). The solvent was reduced
in vacuo, and a reddish-blue solid was isolated. ATR-FTIR:
ν(VtO) 986 cm-1. Despite repeated attempts, X-ray-quality
crystals were not forthcoming.

Results and Discussion

Syntheses of Neutral [(bme-daco)(VtO)] and [(bme-
dach)(VtO)], Complexes 1 and 2. Equation 1 describes
the syntheses of complexes 1 and 2. The neutral
N2S2V

IVtO complexes are resistant to aerobic oxida-
tion in the solid state but slowly (days) decompose in
solution, presumably to yield vanadate(V) species. Com-
plexes 1 and 2 are soluble in DMF, H2O, and CH2Cl2
and slightly soluble in warm MeOH, where complex 2
was of lower solubility than 1.

Dianionic (Et4N)2[(ema)(VtO)], Complex 3. Prepara-
tion of the dianionic vanadyl complex was accomplished
upon the addition of (VtO)SO4 to the deprotonated/
deprotected form of the ligand in a MeOH solution with
heating (60 �C), as outlined in eq 2. The tetraanionic
ema ligand imparts solubility to the vanadyl-bound com-
plex and, in addition, serves as a synthetic mimic of the
N2S2 CGC tripeptide motif (vide infra).33 Raymond and
co-workers found that dianionic N2O2(VtO)2- complexes
containing deprotonated amide donors were stable in air
in the solid state and in solution.34 In contrast, the amide-
containing dianionic N2S2(VtO)2-, complex 3, is highly
susceptible to oxidation in air both in the solid state and in
solution. Exposure ofMeCN solutions of complex 3 to air
results in a color change from blue to red. X-ray-quality
crystals obtained by the slow diffusion of Et2O into a red
MeCN solution revealed the commonly observed solu-
tion oxidation product, the decavanadate ion V10O28

6-.1

Complex 3 was thus manipulated under air-free conditions.
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It is soluble in a wide range of solvents (H2O, MeOH,
MeCN, and CH2Cl2).

Synthesis of K2[(CGC)(VtO)], Complex 4. The CGC
tripeptide has been complexed with NiII and CuII as
metalloenzyme binding site mimics and shown to bind
through deprotonated carboxyamido nitrogen atoms
and thiolates, producing a tetradentate N2S2 coordina-
tion environment.16,22,33 Similar to the Ni(CGC)2-

complex, the CGC peptide derivative of vanadyl was
prepared from the displacement of acac from
(acac)2(VtO) by the tripeptide in the presence of 2
equiv of KOH in a DMF solvent. A second method
was accomplished by the addition of (VtO)SO4 to the
deprotonated tripeptide. Both syntheses yielded light-
green solids in ca. 70% yield. Comparable to its syn-
thetic analogue 3, complex 4 is extremely oxygen-sensi-
tive in both the solid and solution states; the light-green
color changes to red in the presence of oxygen. The
dianionic vanadyl peptide complex is soluble in DMF
and H2O. The N2S2 coordination environment pro-
posed for the CGC ligand bound to the vanadyl(IV)

moiety is based on comparisons of its spectroscopic
characterization and reactivity to the synthetic analo-
gue complex 3, as well as to the nickel tripeptide.22

Description of Molecular Structures of Complexes 1-3.
Complexes 1-3 were characterized by X-ray diffraction
analysis, and their molecular structures are presented in
Figure 2; salient metric parameters are listed in Table 1. Full
structural reports are given in the SI. The crystals of complex
3 exhibit pleochroism (blue/purple). In all complexes, the
expected square-pyramidal coordination geometry is ob-
served with the N2S2 donor set arranged around the basal
plane and the vanadyl oxygen atom at the apex. The
vanadium atom is displaced from the basal plane toward
the apical oxygen atom by 0.6525 (1), 0.6521 (2), and 0.7125
Å (3). The N2S2 planes are quite regular with average
deviations for 1 of 0.0341 Å (maximum and minimum
deviations of 0.0365 Å by N2 and 0.0318 Å by S1), for 2
of0.0481 Å (maximumandminimumdeviationsof 0.0561 Å
byN2and0.0402 Å byS1), and for3of 0.0674 Å (maximum
andminimumdeviations of 0.0775 Å byN2and0.0572 Å by
S1). The V-O bond distances are 1.600(3), 1.605(3), and
1.623(19) Å for complexes 1-3, respectively. A distance
ranging between 1.56 and 1.60 Å is commonly reported for
the V-O distance of vanadyl complexes in square-pyrami-
dal geometry; however, longer bond distances (>1.60) have
been observed in vanadyl complexes bound in tetraanionic
ligand sets. In our series, the longer bond distance observed
in complex 3 correlates with that in the IR data (vide infra).
The V-S distances are comparable to those of reported

square-pyramidal vanadyl(IV) complexes and, likewise,
the V-Namine and V-Namide distances are within the
normal ranges.8-11 The N-V-N angle in complex 2 is
pinched by ca. 10� relative to that for the complex 1
analogue, and this constraint is compensated for by an
increase in the S-V-S angle of almost 10�. Similarly, a
restriction in the N-V-Nangle of 3 results in an opening
in the S-V-S angle also of 6� relative to 1. A molecule of
H2O in the asymmetric unit of 3 links two adjacent
complexes through hydrogen-bonding interactions to
the carboxamide oxygen atoms, producing a dimer through
a closed loop. To our knowledge, complex 3 represents
the first example of a square-pyramidal vanadyl(IV)
complex bound to cis-dithiolates and aliphatic diami-
dates in the basal plane.
TheN-to-S ethylene linkers are eclipsed across theN2S2

planes of complexes 1-3. In 1, the metallodiazacyclohexane
rings are in chair and boat configurations, with the boat
opposite to the oxygen side of the vanadyl. In 2, the single
vanadium diazacyclohexane ring is in the chair confor-

Figure 2. Ball-and-stick representations of the neutral VIVtO com-
plexes [(bme-daco)(VtO)] (1) and [(bme-dach)(VtO)] (2) and the
dianionic VIVtO complex [Et4N]2[(ema)(VtO)] (3). Molecular
structures are shown as thermal ellipsoids at 50% probability in
the SI.

Table 1. Metric Data for 1-3 (Distance, Å; Angle, deg)

1 2 3

V1-O1 1.600(3) 1.605(3) 1.623(19)
V1-N1 2.154(3) 2.122(3) 2.028(2)
V1-N2 2.159(3) 2.111(3) 2.028(2)
V1-S1 2.362(17) 2.341(12) 2.369(17)
V1-S2 2.348(13) 2.346(12) 2.363(15)

N1-V1-N2 84.14(12) 74.35(11) 78.41(10)
S1-V1-S1 88.82(5) 98.20(5) 93.91(6)
N1-V1-S1 84.23(10) 84.50(8) 82.33(8)
N2-V1-S2 83.62(10) 83.34(9) 81.27(8)
N1-V1-S2 144.33(9) 141.09(9) 137.28(7)
N2-V1-S1 148.14(9) 146.39(9) 145.04(7)
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mation and opposite to the oxygen side. In this case, the
two-carbonN-to-N linker is oriented toward the oxo side
of the vanadyl.

IRAnalysis.Complexes1and2displayaν(VtO) band in
the IR spectrum at ca. 978 cm-1, which is within the typical
range reported for oxovanadium complexes (935-1035
cm-1).3,35-39 The significantly lower ν(VtO stretching fre-
quency of 3 (941 cm-1) is consistent with the longer V-O
bond distance, compared to the neutral N2S2(VtO) com-
plexes. The CGC(VtO) complex has a similarly red-shifted
ν(VtO). While the correlation of ν(VtO) and V-O bond
distances would seem to be best explained by a greater con-
tribution of the VdO resonance form in the more ele-
ctron-rich ligand fields of the tetraanionic ligand, arguments
have been made that a direct relationship between the ligand
field in the basal plane and theV-Obonddistance cannot be
made.37 Christou et al. pointed out that dianionic complexes
with electron-rich equatorial planes have V-O bond dis-
tances similar to those within neutral ligand sets (<1.6 Å),
suggesting that the V-O bond distance is influenced by
factors other than the ligand charge.37

EPR Spectroscopy. For square-pyramidal (VIVtO) d1

complexes, the unpaired electron resides in an orbital of
mainly dxy character, and complexes of this type exhibit spin
Hamiltonianvalueswithgz<gx,yandAz>Ax,y.Thenaturally
occurring isotope of vanadium, 51V (>99%),with a nuclear
spin of 7/2, results in a signature eight-line hyperfine
splitting pattern.
The frozen-solution X-band EPR spectra of the neutral

N2S2(VtO) derivatives, complexes 1 and 2, were re-
corded in DMF at 10 K (Figure 3). The spectra show
the distinctive eight-line pattern expected for a d1

vanadyl(IV) system. The EPR parameters for the (N2S2)-
(VtO) complexes were determined byWinEPR Simfonia
simulation of the experimental spectra (Table 2). For
comparison, Table 2 includes the EPR parameters re-
ported for complexes with related donor sets.3,11,38-41

Complexes 1 and 2 display larger gx, gy, and Az values
compared to N2S2 ligands containing nitrogen imine
donors. The spin Hamiltonian parameters of 1 and 2

better match the values reported for O2S2 vanadyl com-
plexes. In MeCN, the dianionic (Et4N)2[(ema)(VtO)],
complex 3, displays the eight-line EPR spectra, but the
signals are very broad (Figure 4). The ability of the ema4-

ligand to delocalize the electron density may explain the
broadened lines in the spectrum of 3. There is however a
solvent effect (in DMF the spectrum considerably shar-
pens) that may offer another explanation. The g values of
3 are similar to those of the neutralN2S2 derivatives, while
the Ax value is slightly larger and Ay is smaller.
The EPR spectrum of K2[(CGC)(VtO)], complex 4, in

DMF shows the typical hyperfine splitting and anisotropic
line shapes for a VIVtO2þ center (Figure 4). Slight differ-
ences in theEPRspectral parameters are observed between 4
and its analogue, complex 3. The largest difference is seen in
the smaller Ax and larger Ay values in 4 compared to 3. In
both 3 and 4 containing amide donors, the g values are
slightly larger than those of 1 and 2 with amine donors.
Overall, a comparison of the spectroscopic properties

of the crystallographically characterized 1-3 with those
of 4 provides convincing evidence that 4 is a tetradentate
analogue of 3 just as Ni(ema)2- and Ni(CGC)2- are
known to be [N2S2Ni]2- analogues. The general trends
in EPR parameters are higher g values and lowerA values
for basal-plane sulfur donors compared to their oxygen/
nitrogen analogues and higher g values for dianionic com-
plexes compared to their neutral counterparts. The most
notable difference between the present complexes and
others of the similar coordination environment is the
larger Az, gx, and gy parameters.

Reactivity of VtO-Bound Thiolates. Extensive reactiv-
ity studies of neutral and dianionic N2S2M complexes
with M = Ni, Zn, Cu, and Fe have established that the
cis-dithiolate sulfur atoms may be alkylated, metalated,
or oxygenated, forming stable “post-translational” sulfur-
modified complexes.16-18,42 Cornman et al. demon-
strated that the reaction of a vanadate-dithiolate com-
plex with various peroxides yielded mono- and

Figure 3. Frozen-solution EPR spectra of neutral N2S2(V
IVtO)

complexes in DMF: (a) [(bme-daco)(VtO)] (1); (b) [(bme-dach)-
(VtO)] (2). Top: experimental spectrum. Bottom: simulation
(WinEPR Simfonia).
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disulfenate complexes.43 The incorporation of the vana-
dyl ion in the N2S2-donor environments described above
permits examination of the nucleophilicity of cis-dithio-
lates when bound to vanadyl(IV).
The reaction of neutral N2S2(VtO) complexes 1 and 2

with 1,3-dibromopropane did not lead to S-alkylated
products, even under reflux conditions. This result con-
trasts with the reaction of (bme-daco)Ni or (bme-
dach)Ni, which readily forms macrocyclic [(N2S2)Ni]2þ

complexes. However, as represented in Scheme 1, the addi-
tionof neat 1,3-dibromopropane to ablueMeCNsolutionof

complex 3, VO(ema)2-, results in the formation of a white
precipitate of Et4NBr and a grayish-blue solution within 15
min. Neutral complex 5, [(ema)(CH2)3(VtO)], was isolated
as a reddish-blue solid; however, efforts to obtain crystals
have been unsuccessful. Solubility in CH3CN, CH2Cl2, and
DMF indicates a neutral complex. The ν(VtO) frequency
in the ATR-FTIR spectrum displays a band at 986 cm-1,
which is shifted positively by 41 cm-1 compared to the
dianionic vanadyl precursor, complex 3. This is as expected
for a decrease of the electron density in the basal plane. The
EPR spectrum of [(ema) 3 (CH2)3(VtO)] in frozen MeCN
(Figure 5) differs from that of the precursor, in that the broad
features of dianionic 3 resolve into distinctive sharphyperfine
lines. The gz value increases, and theAx parameter decreases.

Conclusions

The synthesis and characterization of five N2S2(V
IVtO)

complexes that incorporate either amine/thiolate, amide/
thiolate, or amide/thioether donor sets have been described.
The neutral N2S2(V

IVtO) species show stability to aerobic
oxidation in the solid state, while the [N2S2(V

IVtO)]2-

complexes are oxygen-sensitive, leading ultimately to

Figure 4. Frozen-solutionEPRspectra of dianionicN2S2(V
IVtO) com-

plexes: (a) (Et4N)2[(ema)(VtO)] in MeCN, 3; (b) (K)2[(CGC)(VtO)] in
DMF, 4. Top: experimental spectrum. Bottom: simulation (WinEPR
Simfonia).

Scheme 1

Table 2. EPR Parameters for Oxovanadium(IV) Complexesa

complex donor set gz gx gy Az Ax Ay

[(bme-daco)(VtO)], 1 N2S2 1.968 1.991 1.9945 157.40 52.60 42.95
[(bme-dach)(VtO)], 2 N2S2 1.967 1.9915 1.995 153.27 53.67 38
(Et4N)2[(VtO)(ema)], 3 N2S2 1.970 2.001 2.001 153.27 60 33
(K)2[(CGC)(VtO)], 4 N2S2 1.9695 1.999 1.999 156.41 51.60 42
[(ema)(VtO) 3 (CH2)3], 5

b N2S2 1.977 2.000 2.000 153.12 49 33
VO(tsalen)c N2S2 1.978 1.986 1.986 148 51 51
[VO(tsatln)]c N2S2 1.966 1.975 1.975 140 37 37
[VO(tsalphen)]c N2S2 1.967 1.987 1.987 145 51 51
[VO(mp)2]

2- d,e O2S2 1.975 2.007 1.999 150 40 40
[VO(mmppt)] 2

f,g O2S2 1.958 1.985 1.981 151 42 52
[VO(salen)]h N2O2 1.955 1.986 1.989 166 56 55
[VO(pycac)]i,j N3O 1.9558 1.9777 1.9811 151.43 53.29 42.46
VO(PAIS)k,l N3O 1.961 1.986 1.982 154 45 54

a In frozen DMF. b In frozen MeCN. cReference 1111. dMeasured in frozen CH2Cl2/DMF. eReference 38. fMeasured in frozen CH2Cl2/DMF.
gReference 3. hReference 39. iReference 40. jMeasured in chloroform at 120 K. kMeasured in frozen DMF/EtOH. lReference 41.

Figure 5. Frozen-solution EPR spectra of neutral complex [(ema) 3
(CH2)3(VtO)] (5) in MeCN. Top: experimental spectrum. Bottom:
computer-simulated spectrum.

(43) Cornman, C. R.; Stauffer, T. C.; Boyle, P. D. J. Am.Chem. Soc. 1997,
119, 5986–5987.
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oxovanadium(V) clusters; intermediate S-oxygenates have
not yet been observed. The products of oxygen-atom addi-
tion to the former neutral complexes using more reactive
oxygen species are under investigation. The product(s) of
aerobic oxidation have not been defined; however, in one
case, the amide donors in previously reported VIVtO com-
plexes are linked to aromatic backbones, whereas the amido
nitrogen donors presented herein extend from aliphatic
chains, better mimicking peptide binding sites. Three of the
complexes, 1-3, were structurally characterized by X-ray
diffraction analysis. In each case, the complexes are five-
coordinate with square-pyramidal geometry, and the VtO
moiety is significantly (0.65-0.71 Å) displaced from the basal
plane. The suggested structure for the product of the VtO2þ

ion bound to the deprotonated peptide, CGC4-, is based on
(1) the presence of a strong IRband at 940 cm-1, indicative of
a VtO group, and (2) EPR parameters that parallel the
complexes within this N2S2 series. Although dianionic
[O2S2(V

IVtO)]2- complexes have been shown to display
similar VtO stretching frequencies, the EPR parameters
for the [(CGC)(VtO)]2- complex more closely resemble
those from VtO2þ in a [N2S2]

4- ligand field.44 From these
similar spectroscopic results, we conclude that the vanadyl
ion is bound in N2S2 coordination within the CGC peptide.
This is consistent with the known N2S2 binding of CGC to
Cu2þ and Ni2þ.16,33

The EPR spectra indicate the presence of paramagnetic
VIVtO species in all of the complexes presented herein,
and the EPR parameters (g values of 1.91-2.0) are
indicative of strong σ donation from the basal-plane
ligands.34 The replacement of the amine donors with
amides results in slightly higher gx and gy values, which
suggests a slight increase in σ donation in the basal plane.
Notably, in CH3CN complex 3 displays very broad
signals in its EPR spectrum. The absence of sharp
hyperfine splitting in complex 3 may be due to delocali-
zation of the unpaired electron over the ligand and metal,
thus reducing the unpaired electron coupling with the
vanadium nucleus. However, a solvent effect cannot be
ruled out. Upon neutralization of the charge as in the
S-alkylated complex 5, sharp hyperfine signals return to
the EPR spectrum. In this regard, a previous natural
bond orbital (NBO) analysis and electrostatic potential
maps of the Ni2þ analogues of complexes 3 and 5 indicated
that the electron density in the dianionic [Ni(ema)]2- com-
plex is substantially delocalized and largely on the thiolate

sulfur lone pairs and amido nitrogen lone pairs, with covalent
bond character in the Ni-S bond and dative bond character
in the Ni-N bond.16 The NBO analysis of the
[Ni(ema)] 3 (CH2)3 complex derived from alkylation showed
that the electron distribution becomes localized on the amido
nitrogen atoms, resulting in the reverse: Ni-S dative bond
character and Ni-N covalent character.16 It would appear
that the same is happening in the vanadyl case.
The significantly lower VtO stretching frequencies

observed for the dianionic complexes, 3 and 4, may be a
result of the increase in the electron richness about the
VIVtO center compared to neutral complexes 1 and 2.
Consistently, upon alkylation of 3 to yield 5, the ν(VtO)
band shifts positively to 986 cm-1. Together, these results
support our hypothesis that the electronic distribution of
complex 3 is delocalized, which, in turn, affects the
interaction of the unpaired electron with the vanadium
nucleus.
In contrast to neutral N2S2Ni complexes, which readily

react with a range of electrophiles, there was no evidence of
reactivity of the thiolates in the neutral N2S2(V

IVtO) com-
plexes. However, along with the alkylation reactions de-
scribed above, preliminary studies find that only the dianionic
complexes 3 and 4 readily formW(CO)5 andW(CO)4 adducts.
The biological relevance of thiolates and amide binding in
proteinswas noted in the Introduction. This work adds to the
chemistry of oxovanadium binding to N-amides, which are
naturally occurring in peptides and S-thiolates, demonstrat-
ing that stable VIVtO complexes can be formedwith binding
sites that consist of such donors.
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