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ABSTRACT: Vanadium involvement in cellular processes requires deep
understanding of the nature and properties of its soluble and bioavailable
forms arising in aqueous speciations of binary and ternary systems. In an effort to
understand the ternary vanadium−H2O2−ligand interactions relevant to that
metal ion’s biological role, synthetic efforts were launched involving the
physiological ligands betaine (Me3N

+CH2CO2
−) and H2O2. In a pH-specific

fashion, V2O5, betaine, and H2O2 reacted and afforded three new, unusual, and
unique compounds, consistent with the molecular formulation
K2[V2O2(O2)4{(CH3)3NCH2CO2)}]·H2O (1), (NH4)2[V2O2(O2)4{(CH3)3-
NCH2CO2 ) } ] ·0 . 7 5H 2O (2 ) , a n d {Na 2 [V 2O 2 (O 2 ) 4 { (CH3 ) 3 -
NCH2CO2)}2]}n·4nH2O (3). All complexes 1−3 were characterized by
elemental analysis; UV/visible, FT-IR, Raman, and NMR spectroscopy in
solution and the solid state; cyclic voltammetry; TGA-DTG; and X-ray
crystallography. The structures of 1 and 2 reveal the presence of unusual
ternary dinuclear vanadium−tetraperoxido−betaine complexes containing [(VVO)(O2)2] units interacting through long V−O
bonds. The two V(V) ions are bridged through the oxygen terminal of one of the peroxide groups bound to the vanadium
centers. The betaine ligand binds only one of the two V(V) ions. In the case of the third complex 3, the two vanadium centers are
not immediate neighbors, with Na+ ions (a) acting as efficient oxygen anchors and through Na−O bonds holding the two
vanadium ions in place and (b) providing for oxygen-containing ligand binding leading to a polymeric lattice. In 1 and 3,
interesting 2D (honeycomb) and 1D (zigzag chains) topologies of potassium nine-coordinate polyhedra (1) and sodium
octahedra (3), respectively, form. The collective physicochemical properties of the three ternary species 1−3 project the chemical
role of the low molecular mass biosubstrate betaine in binding V(V)−diperoxido units, thereby stabilizing a dinuclear V(V)−
tetraperoxido dianion. Structural comparisons of the anions in 1−3 with other known dinuclear V(V)−tetraperoxido binary
anionic species provide insight into the chemical reactivity of V(V)−diperoxido systems and their potential link to cellular events
such as insulin mimesis and anitumorigenicity modulated by the presence of betaine.

■ INTRODUCTION
Vanadium participation in numerous abiotic applications and
biological systems has been widely shown in past years and has
triggered research efforts toward delineating its role and
biological action.1 To this end, vanadium metallobiochemistry
has been at the forefront of attention, featuring the nature of
the active sites and their incipient biochemical activity in
metalloenzyme systems,2 such as nitrogenases3 and haloperox-
idases.4−8 Beyond its direct participation in metalloenzyme
active sites, vanadium has been shown to act as an inorganic
cofactor possessing and promoting bioactivities extending from
antitumorigenicity9 to mitogenicity,10 the inhibition of

metabolic enzymes (i.e., phosphoglucomutases), and others.11

Among a number of such actions, outstanding was the ability of
vanadium to influence glucose catabolizing processes linked to
the heterogeneous syndrome of diabetes mellitus.12,13 To this
end, a number of binary and ternary vanadium compounds
have been shown to trigger biochemical responses,14 acting as
antitumorigenic agents and potential insulin-mimetics in the
treatment of diabetes.15
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Betaine, i.e., trimethylammonium acetate (Me3N
+CH2-

CO2
−),16 is a biological base and a methyl-transfer agent in

amino acid synthesis.17,18 It is widely distributed in plants and
animals. It and its derivative trimethylammonium propionate
(Me3N

+CH2CH2CO2
−) can be considered as amino acid

derivatives with an avid propensity for metal ion coordination.
Amino acids, such as proline19 and its derivatives,20 commonly
act as zwitterionic species in ligation reactions with metal
centers. Likewise, betaine and its analogues, existing solely in
the zwitterionic form, are found to coordinate metal centers at
different molar ratios via their carboxylate moiety.21,22

Over the past several decades, metal−pseudohalide com-
plexes have been extensively studied with respect to the
incorporation of neutral nitrogen-donor ligands, such as
pyridine derivatives23−27 and polyamines, in the coordination
sphere of a metal ion.28,29 In view of the negative charge that
accompanies the binding of pseudohalides to a metal ion, it is
difficult to attach one or more anionic carboxylate groups into
the assembly of a metal carboxylate pseudohalide system.
Mixed-ligand complexes of this type may conceivably be
achieved by using neutral zwitterionic ligands containing
carboxylato oxygen donors, such as amino acids and betaine
derivatives, instead of anionic carboxylates.
Given that low molecular mass substrates available in

biofluids are potential vanadium targets, amino acid derivatives,
such as betaine, (a) present themselves as primary ligands
dictating interactions with metal ions either in their free or
bound form and (b) influence the activity of ternary V(V)−
peroxido−betaine species as a function of pH and participant
molecular stoichiometry. In view of the paucity of ternary V(V)
species bearing more than one peroxido moiety, research efforts
were launched in our lab concentrating on chemical reactivity
in the ternary V(V)−H2O2−betaine system. Herein, we
describe the synthesis, isolation, and spectroscopic and
structural characterization of unusual ternary V(V)−peroxido
species bearing betaine. The properties of such species are
discussed in terms of their structural features, potentially
affecting the chemical reactivity of V(V) in a biologically
relevant setting.

■ EXPERIMENTAL SECTION
Materials and Methods. All experiments were carried out under

aerobic conditions. Nanopure quality water was used for all reactions.
V2O5, betaine, and 30% H2O2 were purchased from Aldrich.
Ammomia, potassium hydroxide, and sodium hydroxide were supplied
by Fluka.
Physical Measurements. FT-IR spectra were recorded on a

Perkin-Elmer 1760X FT-IR spectrometer. UV/visible measurements
were carried out on a Hitachi U2001 spectrophotometer in the range
from 190 to 1000 nm. A ThermoFinnigan Flash EA 1112 CHNS
elemental analyzer was used for the simultaneous determination of
carbon, hydrogen, and nitrogen (%). The analyzer operation is based
on the dynamic flash combustion of the sample (at 1800 °C) followed
by reduction, trapping, complete GC separation, and detection of the
products. The instrument is (a) fully automated and controlled by PC
via the Eager 300 dedicated software and (b) capable of handling solid,
liquid, or gaseous substances.
Solid-State NMR Spectroscopy. Solid-state CP-MAS 13C NMR

spectra for 1 were obtained on a Varian 400 MHz spectrometer
operating at 100.53 MHz. In each case, a sufficient sample quantity
was placed in a 3.2 mm rotor. A double resonance HX probe was used.
The spinning rate was set at 12 kHz. A RAMP-CP pulse sequence of
the VnmrJ library was applied, whereby the 13C spin-lock amplitude
varied linearly during CP, while the 1H spin-lock amplitude was kept
constant. RAMP-CP eliminates the Hartmann−Hahn matching profile

dependence from the MAS spinning rate and optimizes signal
intensity.30 The spectra were recorded with 1000 scans, a contact
pulse of 2.0 μs, and a pulse repletion time of 8 s. Adamantane
(C10H16) was used as an external reference to report the chemical
shifts of 13C resonance peaks.

The solid state CP-MAS 13C NMR spectra for 3 were obtained on a
Bruker MSL400 NMR spectrometer. The high resolution solid-state
cross polarized 13C magic angle spinning (MAS) NMR spectra were
measured at 100.61 MHz. The spinning rate used was 10.0 kHz at 0
°C. The solid-state spectrum was a result of the accumulation of 512
scans. The recycle delay used was 1 s. The 90° pulse was 2.4 μs, and
the contact time was 1 ms. The spectra were referenced to
adamantane, which showed two peaks at 26.5 and 37.6 ppm,
respectively, and to the external reference of TMS.

The high resolution solid state 51V magic angle spinning (MAS)
NMR spectra of 3 were measured at 105.25 MHz. The spinning rate
used was 11.77 kHz at 0 °C. High power decoupling was used with a
90° pulse of 1.5 μs. Each solid-state spectrum was a result of the
accumulation of 512 scans, and the recycle delay used was 1 s. All
solid-state spectra were referenced to NaVO3, which showed a
resonance at −513 ppm with respect to liquid VOCl3.

Solution NMR Spectroscopy. Solution 1H and 13C NMR
experiments for 1 and 3 were carried out on Varian 600 and 300
MHz spectrometers. The sample concentration was ∼5 mM. The
compounds were dissolved in D2O. Carbon spectra were acquired with
5000 transients, a spectral width of 37 000 Hz and a relaxation delay of
2 s. Proton spectra were acquired with 16 transients and a spectral
width of 5000 Hz. Experimental data were processed using VNMR
routines. Spectra were zero-filled and subjected to exponential
apodization prior to FT. Chemical shifts (δ) are reported in parts
per million, while spectra were referenced by the standard
experimental setup.

Micro-Raman Spectroscopy. Micro-Raman measurements were
obtained with a T-64000 triple spectrometer from Jobin Yvon (F)−
Horiba. The Raman spectra were excited with a He−Ne laser
(Optronics Technologies S.A. model HLA-20P, 20 mW) operating at
632.8 nm. A narrow-band-pass interference filter was used for the
elimination of the laser plasma lines. The excitation beam was directed
to the sample compartment of a properly modulated metallurgical
microscope (Olympus BHSM-BH2). The microscope was used for the
delivery of the excitation laser beam onto the sample. The collection of
the backscattered light through a beam splitter and the objective lens
were adapted to the aperture of the microscope. The focusing
objective was a long working distance (8 mm) 50×/0.55 Olympus
lens. The spectra were obtained using a 0.8 mW laser power on the
specimen for a total integration time of 120 s. A viewing screen
connected to the microscope offered good sample positioning and
beam focus as well as direct surface inspection before and after laser
delivery. For the rejection of the elastic Rayleigh scattering, an edge
filter (LP02-633RU-25, Laser 2000 (UK) Ltd.) was used. The Raman
photons were directed to the spectrograph, where they were dispersed
by a 600-grooves/mm (76 mm × 76 mm) 500 nm blazed holographic
diffraction grating and detected by a standard LN2 cooled (at 140 K)
front illuminated CCD (Spectraview-2D, 1024 × 256−1) detector.
The spectral slit width was approximately 4 cm−1.

FT-Raman Spectroscopy. Fourier transform Raman (FT-Raman)
measurements were obtained using a Bruker (D) FRA-106/S
component attached to an EQUINOX 55 spectrometer. A R510
diode pumped Nd:YAG polarized laser at 1064 nm (with a maximum
output power of 500 mW) was used for Raman excitation in a 180°
scattering sample illumination mode. Optical filtration reduced the
Rayleigh elastic scattering and in combination with a CaF2 beam
splitter as well as a high sensitivity liquid N2 cooled Ge-detector
allowed Raman intensities to be recorded from 50 to 3300 cm−1 in the
Stokes-shifted Raman region, all in one scan. The resulting spectra
were an average of 300 scans recorded at a resolution of 2 cm−1. The
laser was focused onto the sample on a circular area of ∼100 μm in
diameter with an output power of ∼100 mW. Similar results were
obtained utilizing 100 scans recorded at a resolution of 4 cm−1 with an
output laser power of 300 mW on the sample. The FT-spectra were
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corrected for scattering as Rayleigh’s ν4-law provides the scattering as a
function of the wavenumber. The Raman calibration test utilizing
cyclohexane gave in both cases a peak frequency uncertainty of ±1
cm−1 at around 1029 cm−1.
Electrochemical Measurements. Cyclic voltammetric measure-

ments were carried out with an Autolab model PGSTAT100
potensiostat-galvanostat. The entire system was under computer
control and supported by the appropriate computer software, Autolab
GPES, running on Windows XP. The electrochemical cell used had
platinum (disk) working and auxiliary (wire) electrodes. A saturated
Ag/AgCl electrode was used as a reference electrode. The water used
in the electrochemical measurements was of nanopure quality. KNO3

was used as a supporting electrolyte. Normal concentrations used were
1−6 mM in the electroanalyte and 0.1 M in the supporting electrolyte.
Purified argon was used to purge the solutions prior to the
electrochemical measurements. Derived E1/2 values are reported vs
the Ag/AgCl electrode.
Preparation of Complex K2[V2O2(O2)4{(CH3)3NCH2CO2)}]·H2O

(1). A sample of V2O5 (0.20 g, 1.1 mmol) was placed in 3.0 mL of
H2O, and a solution of potassium hydroxide (1 N) was added slowly
under stirring. The resulting solution was heated and stirred at 50 °C.
After 2 h, betaine (0.52 g, 4.4 mmol) was added under continuous
stirring. The resulting slurry was yellow in color. Stirring continued for
an additional hour at room temperature. Subsequently, HCl was added
dropwise until the solution turned clear. The final pH of the solution
was 4.5, and the color was yellow-orange. The reaction flask was then
placed on an ice bath, and 30% hydrogen peroxide (0.60 g, 18 mmol)
was added slowly and under continuous stirring. The solution was still
clear yellow-orange and stayed on as such. The reaction flask was
placed at 4 °C, and ethanol was added. A few days later, yellow
crystalline material precipitated and was isolated by filtration and dried
in vacuo . Y ie ld: 0 .40 g (77%) . Ana l . Ca lcd for 1 ,
K2[V2O2(O2)4{(CH3)3NCH2CO2)}]·H2O (1; C5H13NK2O13V2, Mr

= 475.25): C, 12.62; H, 2.73; N 2.94. Found: C, 12.78; H, 2.73; N
2.84.
Preparation of Complex (NH4)2[V2O2(O2)4{(CH3)3-

NCH2CO2)}]·0.75H2O (2). A sample of V2O5 (0.20 g, 1.1 mmol)
was placed in 3.0 mL of H2O, and a solution of ammonia/water (1:1)
was added slowly under stirring. The resulting white slurry was heated
and stirred at 100 °C for 30 min (pH 13). Finally, the reaction mixture

turned into a milky emulsion. The mixture was stirred for 1 h at 25 °C.
Subsequently, betaine (0.66 g, 5.6 mmol) was added under continuous
stirring. Stirring continued for an additional hour at room temperature
(pH 11). In addition to this, 2.0 mL HCl/H2O (1:1) was added. The
final pH of the solution was 7, and the color was orange. The reaction
flask was then placed on an ice bath, and 30% hydrogen peroxide (0.60
g, 18 mmol) was added slowly (in 2.0 mL aliquots and under
continuous stirring) for 2 h. The solution ultimately turned yellow-
orange and stayed on as such. Subsequently, the reaction flask was
placed at 4 °C, and ethanol was added. A month later, yellow
crystalline material precipitated at the bottom of the flask. The product
was isolated by filtration and dried in vacuo. Yield: 0.30 g (64%). Anal.
Calcd for 2, (NH4)2[V2O2(O2)4{(CH3)3NCH2CO2)}]·0.75H2O (2;
C5H20.5N3O12.75V2, Mr = 428.62): C, 14.00; H, 4.78; N, 9.80. Found:
C, 14.05; H, 4.83; N, 9.71.

Preparat ion of Complex {Na2[V2O2(O2)4 { (CH3)3 -
NCH2CO2)}2]}n·4nH2O (3). A sample of V2O5 (0.20 g, 1.1 mmol)
was placed in 5.0 mL of H2O, and a solution of NaOH (1 N) was
added slowly under continuous stirring. The resulting slurry was
heated and stirred at 50 °C for 1 h. Subsequently, betaine (0.66 g, 5.6
mmol) was added under continuous stirring at 25 °C. Stirring
continued for 2 h at room temperature. Subsequently, HCl was added
until the solution turned clear. The final pH of the solution was 6.0,
and the color was orange. The reaction flask was then placed on an ice
bath, and 30% hydrogen peroxide (0.60 g, 18 mmol) was added slowly
and under continuous stirring for 2 h. The solution turned yellow
orange and stayed on as such. The reaction flask was placed at 4 °C,
and ethanol was added. A few weeks later, yellow crystalline material
precipitated at the bottom of the flask. It was isolated by filtration and
dried in vacuo. Yield: 0.60 g (65%). Anal. Calcd for 3,
Na2[V2O2(O2)4{(CH3)3NCH2CO2)}2]·4H2O (3; C10H30N2O18Na2V2,
Mr = 614.22): C, 19.54; H, 4.88; N, 4.56. Found: C, 19.58; H, 4.88; N,
4.58.

X-ray Crystal Structure Determination. X-ray quality crystals of
compounds 1, 2, and 3 were grown from mixtures of water−ethanol
solutions. A crystal of 1 (0.20 × 0.20 × 0.40 mm) was mounted in the
air and covered with epoxy glue. Diffraction measurements were made
on a Crystal Logic Dual Goniometer diffractometer using graphite
monochromated Mo radiation. Unit cell dimensions were determined
and refined by using the angular settings of 25 automatically centered

Table 1. Summary of Crystal, Intensity Collection, and Refinement Data for K2[V2O2(O2)4{(CH3)3NCH2CO2)}]·H2O (1),
(NH4)2[V2O2(O2)4{(CH3)3NCH2CO2)}]·0.75H2O (2), and {Na2[V2O2(O2)4{(CH3)3NCH2CO2)}2]}n·4nH2O (3)

1 2 3

formula C5H13K2NO13V2 C5H20.5N3O12.75V2 C10H30N2Na2O18V2

formula molecular mass 475.25 428.62 614.22
T, K 293(2) 160(2) 160(2)
wavelength, λ (Å) 0.71073 1.54178 1.54178
space group Pcab P21/n P1̅
a (Å) 12.211(5) 12.0809(2) 10.8295(2)
b (Å) 11.481(4) 14.8646(2) 10.8893(2)
c (Å) 22.266(9) 17.5309(2) 11.5148(2)
α, deg 90 90 111.912(1)
β, deg 90 94.908(1) 108.499(1)
γ, deg 90 90 94.355(1)
V, (Å3) 3122(2) 3136.62(8) 1165.19(4)
Z 8 8 2
Dcalcd (Mg m−3) 2.022 1.815 1.751
abs. coeff. (μ), mm−1 1.796 10.676 7.899
range of h, k, l 0 → 14, 0 → 13, 0 → 26 −14 → 11, −16 → 17, −18 → 20 −10 → 12, −12 → 13, −13 → 13
goodness-of-fit on F2 1.061 1.044 1.024
no. of params 246 470 431
Ra 0.0395b 0.0487b 0.0296b

Rw
a 0.1013b 0.1217b 0.0785b

aR values are based on F values. Rw values are based on F
2. w = 1/[σ2(Fo

2) + (aP)2 + bP] where P = (Max (Fo
2,0) + 2Fc

2)/3, R = (∑||Fo| −|Fc||)/(∑(|
Fo|)), Rw = (∑[w(Fo

2 −Fc2)2])/(∑[w(Fo
2)2])1/2. bFor 2278 (1), 4108 (2), and 3581 (3) reflections with I > 2σ(I).
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reflections in the range 11 < 2θ < 23°. Intensity data were recorded
using a θ−2θ scan. Three standard reflections, monitored every 97
reflections, showed less than 3% variation and no decay. Lorentz and
polarization corrections were applied using Crystal Logic software. A
crystal of 2 (0.12 × 0.12 × 0.30 mm) and a crystal of 3 (0.19 × 0.22 ×
0.49 mm) were taken from the mother liquor and immediately cooled
to −113 °C. Diffraction measurements were made on a Rigaku R-AXIS
SPIDER Image Plate diffractometer using graphite monochromated
Cu Kα radiation. Data collection (ω-scans) and processing (cell
refinement, data reduction, and empirical absorption correction) were
performed using the CrystalClear program package.31 The structures
were solved by direct methods and refined by full-matrix least-squares
methods on F2.32 In all three structures (1−3), all non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were either
located by difference maps or were introduced at calculated positions
as riding on bonded atoms. Crystallographic details for 1, 2, and 3 are

summarized in Table 1. Further details on the crystallographic studies

as well as atomic displacement parameters are given as Supporting

Information in the form of CIF files. Further experimental crystallo-

graphic details for 1: 2θmax = 50.0°; number of reflections collected/
unique/used, 2747/2747 [R(int) = 0.0]/2747; (Δρ)max/(Δρ)min =

0.552/−0.524 e/Å3; R/Rw (for all data), 0.0507/0.1086. Further

experimental crystallographic details for 2: 2θmax = 130°; number of
reflections collected/unique/used, 17763/5181 [R(int) = 0.0632]/

5181; (Δρ)max/(Δρ)min = 0.818/−0.696 e/Å3; R/Rw (for all data),

0.0609/0.1324. Further experimental crystallographic details for 3:

2θmax = 130°; number of reflections collected/unique/used, 15676/

3737 [R(int) = 0.0431]/3737; (Δρ)max/(Δρ)min = 0.386/−0.436 e/

Å3; R/Rw (for all data), 0.0307/0.0791.

Table 2. Bond lengths [Å] and Angles [deg] for K2[V2O2(O2)4{(CH3)3NCH2CO2)}]·H2O (1),
(NH4)2[V2O2(O2)4{(CH3)3NCH2CO2)}]·0.75H2O (2), and {Na2[V2O2(O2)4{(CH3)3NCH2CO2)}2]}n·4nH2O (3)

1 2 3

Distances

V(1)O(7) 1.600(2) V(1)O(1) 1.590(3) V(1)O(7) 1.607(2)
V(1)O(5) 1.878(2) V(1)O(4) 1.861(3) V(1)O(5) 1.854(2)
V(1)O(3) 1.888(3) V(1)O(5) 1.871(3) V(1)O(3) 1.874(2)
V(1)O(6) 1.890(3) V(1)O(6) 1.879(3) V(1)O(4) 1.880(2)
V(1)O(4) 1.943(3) V(1)O(3) 1.891(2) V(1)O(6) 1.881(2)
V(1)O(1) 2.019(3) V(1)O(7) 2.030(2) V(1)O(1) 2.030(1)
V(2)O(12) 1.594(3) V(2)O(2) 1.588(2) V(2)O(17) 1.607(2)
V(2)O(9) 1.869(3) V(2)O(9) 1.867(2) V(2)O(15) 1.866(2)
V(2)O(8) 1.877(3) V(2)O(8) 1.887(3) V(2)O(14) 1.878(2)
V(2)O(10) 1.883(2) V(2)O(10) 1.891(2) V(2)O(13) 1.886(2)
V(2)O(11) 1.892(3) V(2)O(7) 1.931(2) V(2)O(16) 1.890(2)
V(2)O(4) 2.057(3) V(2)O(11) 2.002(2) V(2)O(12) 2.041(1)

Angles
O(7)V(1)O(5) 104.2(1) O(1)V(1)O(4) 107.6(1) O(7)V(1)O(5) 109.5(1)
O(7)V(1)O(3) 106.5(1) O(1)V(1)O(5) 104.3(1) O(7)V(1)O(3) 110.4(1)
O(5)V(1)O(3) 126.6(1) O(4)V(1)O(5) 90.1(1) O(5)V(1)O(3) 139.3(1)
O(7)V(1)O(4) 103.3(1) O(1)V(1)O(6) 106.3(1) O(7)V(1)O(4) 106.8(1)
O(5)V(1)O(4) 86.1(1) O(4)V(1)O(6) 129.9(1) O(5)V(1)O(4) 126.4(1)
O(3)V(1)O(4) 44.9(1) O(5)V(1)O(6) 46.1(1) O(3)V(1)O(4) 46.1(1)
O(7)V(1)O(6) 106.5(1) O(1)V(1)O(3) 105.9(1) O(7)V(1)O(6) 106.1(1)
O(5)V(1)O(6) 45.7(1) O(4)V(1)O(3) 46.1(1) O(5)V(1)O(6) 45.9(1)
O(3)V(1)O(6) 146.8(1) O(5)V(1)O(3) 132.6(1) O(3)V(1)O(6) 126.6(1)
O(4)V(1)O(6) 127.8(1) O(6)V(1)O(3) 146.1(1) O(4)V(1)O(6) 86.9(1)
O(7)V(1)O(1) 99.0(1) O(1)V(1)O(7) 101.6(1) O(7)V(1)O(1) 95.8(1)
O(5)V(1)O(1) 125.8(1) O(4)V(1)O(7) 125.7(1) O(5)V(1)O(1) 83.8(1)
O(3)V(1)O(1) 90.9(1) O(5)V(1)O(7) 125.5(1) O(3)V(1)O(1) 84.2(1)
O(4)V(1)O(1) 134.5(1) O(6)V(1)O(7) 80.8(1) O(4)V(1)O(1) 129.8(1)
O(6)V(1)O(1) 80.9(1) O(3)V(1)O(7) 82.6(1) O(6)V(1)O(1) 129.2(1)
O(12)V(2)O(9) 107.1(1) O(2)V(2)O(9) 106.5(1) O(17)V(2)O(15) 110.5(1)
O(2)V(2)O(8) 105.7(2) O(2)V(2)O(8) 103.8(1) O(17)V(2)O(14) 108.0(1)
O(9)V(2)O(8) 45.7(1) O(9)V(2)O(8) 126.8(1) O(15)V(2)O(14) 124.5(1)
O(12)V(2)O(10) 105.0(1) O(2)V(2)O(10) 106.5(1) O(17)V(2)O(13) 110.6(1)
O(9)V(2)O(12) 131.4(1) O(9)V(2)O(10) 45.7(1) O(15)V(2)O(13) 138.1(1)
O(8)V(2)O(10) 147.6(1) O(8)V(2)O(10) 149.5(1) O(14)V(2)O(13) 46.1(1)
O(12)V(2)O(11) 106.1(2) O(2)V(2)O(7) 103.8(1) O(17)V(2)O(16) 105.6(1)
O(9)V(2)O(11) 90.1(1) O(9)V(2)O(7) 85.6(1) O(15)V(2)O(16) 46.3(1)
O(8)V(2)O(11) 131.6(1) O(8)V(2)O(7) 44.8(1) O(14)V(2)O(16) 86.0(1)
O(10)V(2)O(11) 45.9(1) O(10)V(2)O(7) 127.9(1) O(13)V(2)O(16) 126.4(1)
O(12)V(2)O(4) 102.0(1) O(2)V(2)O(11) 100.3(1) O(17)V(2)O(12) 94.7(1)
O(9)V(2)O(4) 125.2(1) O(9)V(2)O(11) 126.4(1) O(15)V(2)O(12) 84.4(1)
O(8)V(2)O(4) 82.3(1) O(8)V(2)O(11) 88.8(1) O(14)V(2)O(12) 130.0(1)
O(10)V(2)O(4) 81.3(1) O(10)V(2)O(11) 82.7(1) O(13)V(2)O(12) 84.5(1)
O(10)V(2)O(4) 124.6(1) O(7)V(2)O(11) 131.5(1) O(16)V(2)O(12) 130.4(1)
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■ RESULTS

Synthesis. The synthetic exploration of the ternary V(V)−
peroxido−betaine system followed carefully designed ap-
proaches. To this end, the K2[V2O2(O2)4{(CH3)3-
NCH2CO2)}]·H2O (1) complex was synthesized in a facile
fashion from simple reagents in aqueous solutions. In a typical
reaction, V2O5 reacted with betaine in the presence of
potassium hydroxide and HCl at pH 4.5. The addition of
dilute hydrogen peroxide solution (vide infra) promoted
efficiently the peroxidation reaction of vanadium. The overall

stoichiometric reaction leading to complex 1 is shown
schematically below:

+ + +

⎯ →⎯⎯⎯⎯⎯⎯ +
∼

V O C H NO 4H O 2KOH

K [V (O) (O ) (C H NO )] 5H O

2 5 5 11 2 2 2
pH 4.5

2 2 2 2 4 5 11 2 2

In a similar reaction, V2O5 reacted initially with betaine in the
presence of aqueous ammonia, followed by the addition of HCl
and hydrogen peroxide at pH 7. Ammonia was important for
two reasons. It helped adjust the pH of the reaction medium, at

Figure 1. (a) Labeled plot of the dinuclear anions in 1 with thermal ellipsoids at the 30% probability level. Hydrogen atoms were omitted for clarity.
(b) Labeled plot showing the linkage of the V(V) dinuclear anions with the K+ through K−O interactions. Primed atoms are generated by symmetry:
(′) 0.5 + x, −y, 0.5 − z; (″) −0.5 + x, −y, 0.5 − z; (‴) 0.5 + x, 0.5 − y, z; (′′′′) −0.5 + x, 0.5 − y, z. (c) Plot of the 2D network in 1, due to K···O
interactions, which extends parallel to the crystallographic ab plane. [K11−V11−V22−K21], [K12−V12−V22−K22], [K13−V13−V23−K23],
[K14−V14−V24−K24], and [K15−V15−V25−K25] units are related to the K1−V1−V2−K2 unit by the following symmetry operations: (0.5 + x,
−y, 0.5 − z), (0.5 + x, 0.5 − y, z), (x, 0.5 + y, 0.5 − z), (0.5 + x, 1 − y, 0.5 − z), and (x, 1 + y, z), respectively. Symbols with one star indicate
translation along the positive a-axis direction, and symbols with two stars indicate translation along the negative a-axis direction. In order to make the
presentation clear, the bonds between atoms of the betaine−V(V)−2 entity are shown in light blue. (d) Arrangement of potassium polyhedra around
the betaine−V(V)−2 entity. In the figure, the edges linking neighboring polyhedra are indicated. (e) Polyhedral representation of part d. (f)
Polyhedral representation of the 2D network in 1.
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which the specific synthesis was carried out, and at the same
time provided the cations necessary for balancing the negative
charge on the derived anionic complex. The stoichiometric
reaction leading to the formation of the compound
(NH4)2[V2O2(O2)4{(CH3)3NCH2CO2)}]·0.75H2O (2) is
shown below:

+ + +

⎯ →⎯⎯⎯⎯ +

−

∼ −

V O C H NO 4H O 2OH

[V (O) (O ) (C H NO )] 5H O

2 5 5 11 2 2 2
pH 7

2 2 2 4 5 11 2
2

2

In a similar reaction, V2O5 reacted initially with betaine in the
presence of sodium hydroxide, followed by the addition of HCl
and hydrogen peroxide at pH 6. The stoichiometric reaction
l e a d i n g t o t h e f o r m a t i o n o f
{Na2[V2O2(O2)4{(CH3)3NCH2CO2)}2]}n·4nH2O (3) is
shown below:

+ + +

⎯ →⎯⎯⎯⎯⎯⎯ +
∼

n n n n

n

V O 2 C H NO 4 H O 2 NaOH

{Na [V (O) (O ) (C H NO ) ]} 5 H On

2 5 5 11 2 2 2
pH 6.0

2 2 2 2 4 5 11 2 2 2

Ethanol, added as a precipitating solvent to the reaction
mixture in all three reactions described above, afforded yellow
crystalline materials, the analytical composition of which was
consistent with the formulation in 1, 2, and 3, respectively (vide
supra). Positive identification of the crystalline products was
achieved by spectroscopic methods and X-ray crystallographic
determination for one of the isolated single crystals from 1, 2,
and 3. All complexes are stable, in the crystalline form, in the
air, for fairly long periods of time. All three species are readily
dissolved in water and insoluble in dimethyl sulfoxide
(DMSO), N,N′-dimethylformamide (DMF), acetonitrile, alco-
hols (CH3OH, i-PrOH), and dichloromethane at room
temperature.
Description of X-ray Crystallographic Structures. The

X-ray crystal structures of 1, 2, and 3 reveal discrete solid state
lattices. Selected bond distances and angles for 1−3 are listed in
Table 2. The molecular structures of 1, 2, and 3 consist of
discrete anions and cations in the respective lattices. The anions
are discrete dinuclear V(V) species in 1 and 2 and mononuclear
V(V) entities in 3. All compounds contain water molecules as a
lattice solvent.
Labeled plots of the dinuclear V(V) anions in 1 and 2 are

given in Figures 1a and 2a, respectively. The anion in both
complexes is a dinuclear species consisting of two V(V) centers.
Each V(V) is coordinated to two O2

2− peroxide groups and one
doubly bonded oxide group. Each peroxide group binds V(V)
in a side-on fashion, thus occupying two coordination sites
around the metal ion center. One of the four peroxide groups
also acts as a monodentate bridge between the two V(V) ions.
The betaine ligand is coordinated to one of the V(V) ions in
the dinuclear assembly through one of its carboxylato oxygen
atoms, thereby forming the betaine−V(V)−2 entity. Each V(V)
ion contains an O6 coordination chromophore (five peroxido
oxygens and one oxido oxygen for one V(V) ion, and four
peroxido oxygens, one oxido oxygen, and one carboxylato
oxygen for the second V(V) ion). The V···V interatomic
distances in the dinuclear V(V) assembly are 3.083(1) Å in 1
and 3.038(1) Å in 2 for the two crystallographically
independent molecules.
The carboxylate group of the betaine ligand is deprotonated,

whereas the amine group is protonated. To this end, the
betaine ligand acts as a zwitterion with an overall zero charge.
The overall charge of the dinuclear complex assembly is −2. In

the case of complex 1, the counterion for balancing the negative
charge is [K]+, whereas in the case of complex 2, the counterion
is [NH4]

+. In complex 1, the two symmetrically independent
K(1) and K(2) potassium atoms are attached to the betaine−
V(V)−2 entity (Figure 1b) through (a) the O(2) and O(3)
oxygen atoms (K(1) atom) and (b) the O(5)−O(6) peroxido
ligand and O(11) and O(9) oxygen atoms (K(2) atom). In the
same figure, also shown are the oxygen atoms bound to each
potassium center, thereby revealing the nine oxygen atom
coordination for each potassium counterion. Each potassium
ion is coordinated through nine oxygen atoms in the range
2.586(3)−3.100(3) Å for K(1) and 2.749(3)−3.259(5) Å for
K(2) (Figure 1b). Both arising potassium polyhedra have
irregular shapes. The water molecule (Ow) is bound to the
K(2) atom. The K(1)−[betaine−V(V)−2]−K(2) unit con-
stitutes the contents of the asymmetric unit of the unit cell, and
by translation parallel to the a axis, a chain is formed (Chain-0
in Figure 1c). Through application of specific symmetry
operations of the space group on this chain, a two-dimensional
layer emerges parallel to the ab crystallographic plane, based on
the development of interesting bonding interactions among the
different structural units. This layer is shown in Figure 1c.
Looking closer at this arrangement of the structural units of
compound 1, it is clear that the betaine−V(V)−2 assembly
serves as a linker of six potassium polyhedra (Figure 1d). The
polyhedra forming around the potassium atoms are linked
together through edges or trigonal faces as indicated by the
dashed lines in Figure 1d (Figure 1e is the polyhedral
representation of Figure 1d). Through edge and face sharing,
the potassium polyhedra form a distorted honeycomb 2D
lattice as shown in Figure 1f (in polyhedral representation).
The arrangement of potassium polyhedra resembles that of
Ba(II) nine-coordinate polyhedra in the structure of compound
Ba2(C2O4)(H2PO3)2.

33 The shortest V···K interatomic dis-

Figure 2. (a) Labeled plot of the dinuclear anions in 2 with thermal
ellipsoids at the 30% probability level. Only one of the crystallo-
graphically independent dinuclear anions in 2 is shown. Hydrogen
atoms were omitted for clarity. (b) Plot of the 3D network in 2 due to
hydrogen bonding interactions (dashed lines).
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tances within the 2D layer are in the range 3.428(1)−3.907(1)
Å.
In complex 2, the ammonium counterions and the lattice

water molecules participate in hydrogen bonding interactions,
with the oxygen atoms of the peroxide groups, the doubly
bonded oxide groups, and the carboxylato oxygen atoms of the
betaine ligand forming a 3D network and stabilizing the lattice
structure (Table 1S, Figure 2b).
A labeled plot of the mononuclear anion in 3 is shown in

Figure 3a. Each V(V) is coordinated to two O2
2− peroxide

groups and one doubly bonded oxide group. Each peroxide
group binds V(V) in a side-on fashion, thus occupying two
coordination sites around the metal ion center. The sixth place
in the coordination sphere of vanadium is completed by a
carboxylato oxygen atom of the betaine ligand, which exhibits
its zwitterionic form as in 1 and 2. In the crystal lattice, there
are two crystallographically independent V(V) assemblies
(V(1) and V(2)) and three crystallographically independent

sodium ions. Two of the sodium ions are sitting on an inversion
center with half occupancy (Na(1) and Na(2)), and one is
sitting on a general position with full occupancy (Na(3)).
Hence, there are totally two sodium ions per two V(V)
assemblies. All Na+ ions are coordinated to six oxygen atoms,
thereby forming octahedra, with Na···O distances in the range
2.313(2)−2.586(2) Å (Figure 3b). Each of the two sodium ions
Na(1) and Na(2) is coordinated to six oxygen atoms, with two
of the oxygen anchors originating from water molecules, two
belonging to bridging peroxide groups and two originating from
the carboxylate group of the betaine ligand. Na(3) is also
coordinated to six oxygen atoms, which however originate from
three water molecules, two carboxylato oxygens from two
different betaine ligands and one from a bridging peroxide
group. The polyhedra around all sodium atoms are octahedra,
with that of Na(3) showing a more distorted character as
indicated by the values of the continuous symmetry measure
(CSM)34 parameters S(Oh) and S(itr) for the octahedron (Oh)
and ideal trigonal prism (itr) geometries, correspondingly.
These values for Na(1) are S(Oh) = 1.14 and S(itp) = 17.22, for
Na(2) they are S(Oh) = 0.91 and S(itp) = 16.94, and for Na(3)
they are S(Oh) = 4.06 and S(itp) = 10.25. For Na(1) and
Na(2), these values are close to ideal octahedral geometry. The
Na(1) and Na(3) ions are linked through a μ2 water molecule
oxygen (O(1)w) and μ2 carboxylato oxygen atoms of the
betaine ligands (O(2)″), thereby sharing the corresponding
O(1)w−O(2)″ octahedral edge. The Na(2) and Na(3) ions
share the octahedral edge O(2)w−O(11) while concurrently
being connected with the V(2) atom through the peroxido
O(15) and O(13) oxygen atoms. The sodium octahedra are
linked through edges and form zigzag chains with an interesting
topology. As shown in Figure 3b, the polyhedra around sodium
atoms with sequence Na(3)′, Na(1), and Na(3) share edges
and are connected in a trans fashion. This is also true for the
polyhedra around the atoms with the sequence Na(3), Na(2),
and Na(3)″. Contrary to that, Na(1) and Na(2) are cis
connected to Na(3), in the sequence Na(1), Na(3), and Na(2).
An interesting observation concerns the different way that the
two symmetry independent mononuclear V(V) entities are held
on to the sodium polyhedra via bridging carboxylato oxygens
and bridging peroxide groups. V(1) is linked through the
peroxido atom O(3) and the carboxylato atom O(2) to Na(1)
and Na(3)′, respectively. In particular, V(1) shares an edge with
the Na(1) octahedron (O(2) and O(3) atoms) and is linked to
a vertex of the Na(3)′ polyhedron. V(2) atoms are linked in a
different way to the sodium chain atoms, and that is through
the peroxido oxygen atoms O(13) and O(15) and the
carboxylato atom O(11) to Na(2) and Na(3), respectively.
The interesting point here is that all three oxygen atoms are
vertices of the Na(2) and Na(3) octahedra. The zigzag chains
run parallel to the crystallographic b axis (Figure 3c, polyhedral
plot) in a trans−cis sequence. The shortest Na···Na interatomic
distances in the zigzag chains are Na(1)···Na(3) = 3.568(2) Å
and Na(2)···Na(3) = 3.591(2) Å. A zigzag chain of Al
octahedra with the same topology has been previously observed
in the case of compound Al4(OH)8[C10O8H2].

35

The V−O bond distances in 1 (1.594(3)−2.057(3) Å), 2
(1.588(2)−2.030(2) Å), and 3 (1.607(2)−2.041(1) Å) are
similar to the corresponding distances in other V(V)−
diperoxido species, such as (H3O)2[V2(O)2(μ2:η

2:η1-O2)2(η
2-

O 2 ) 2 ( C 2 H 5 NO 2 ) ] ( 1 . 8 7 3 ( 6 )− 2 . 3 5 2 ( 2 ) Å ) ,
K2[V2(O)2(μ2:η

2:η1-O2)2(η
2-O2)2(C2H5NO2)] (1.864(3)−

2.378(3) Å),36 (Hbipy)[H{VO(O2)2(bipy)}2]·xH2O2·(6 −

Figure 3. (a) Labeled plot of the mononuclear anion in 3 with thermal
ellipsoids at the 30% probability level. Only one of the crystallo-
graphically independent molecules is shown. Hydrogen atoms were
omitted for clarity. (b) Labeled plot showing the linkage of the V(V)
anions and Na−O bonds. Primed atoms are generated by symmetry:
(′) 1 − x, 2 − y, 1 − z; (″) 1 − x, 1 − y, 1 − z; (‴) x, 1 + y, z. (c)
Polyhedral plot of the zigzag sodium chains with a ...trans−cis−trans−
cis... octahedral sequence.
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x)H2O (x ∼ 0.5; 1.875(3)−2.480(2) Å),37 (NH4)4[O{VO-
(O2)2}2] (1.875(3)−2.522(3) Å),38 (NH4)4[V2O11]
(1.839(18)−2.531(18) Å),39 [N(CH3)4]2[V2O2(O2)4-
(H2O)]·2H2O (1.863(4)−2.045(3) Å),40 CymH2[V2O2(O2)4-
(H2O)]·2H2O (1.868(4)−2.035(4) Å),41 and V(V)−perox-
ido−carboxylate containing dinuclear complexes, such as
(NH4)6[V2O2(O2)2(C6H4O7)2]·4.5H2O (1.894(3)−2.322(3)
Å),42 (NH4)2[V2O2(O2)2(C6H6O7)2]·2H2O (1.873(2)−
2.034(2) Å),43 K2[V2O2(O2)2(C6H6O7)2]·2H2O (1.873(1)−
2.039(1) Å),44 (NH4)4[V2O2(O2)2(C4H3O5)2]·3H2O
(1.859(3)−2.294(3) Å),45 K4[V2O2(O2)2(C4H3O5)2]·4H2O
(1 . 868 (2 )−2 . 248 (2 ) Å) , 4 5 a nd K 2 [V 2O2 (O2 ) 2 -
(C4H4O5)2]·2H2O (1.869(2)−2.033(2) Å).45 The VO
bond distances (1.594(3)−1.600(2) Å (1), 1.588(2)−
1.590(3) Å (2), and 1.607(2) Å (3)) are similar to those in
the congener complexes (H3O)2[V2(O)2(μ2:η

2:η1-O2)2(η
2-

O 2 ) 2 ( C 2H 5NO 2 ) ] ( 1 . 6 0 9 ( 5 )− 1 . 6 1 6 ( 7 ) Å ) , 3 6

K2[V2(O)2(μ2:η
2:η1-O2)2(η

2-O2)2(C2H5NO2)] (1.611(3)−
1.610(4) Å),36 and (NH4)6[V2O2(O2)2(C6H4O7)2]·4.5H2O
(1.597(3) Å)42 and various V(V)−peroxido species and similar
to the calculated average value of 1.609(7) Å for over 11
V(V)−peroxido structures.46 Analogous arguments are valid for
the observed angular data in 1−3, with particular emphasis on
the dihedral angles in 1 and 2. Specificaly, the dihedral angle
O(7)−V(1)−V(2)−O(12) in 1 is 91.37(2)°, and the dihedral
angle O(1)−V(1)−V(2)-O(2) in 2 is 88.35°.
In all three species 1, 2, and 3, the existence of water

molecules of crystallization contribute to the stability of the
respective lattice through hydrogen bond formation, thus
leading to 3D network structures in all three structures (Table
1S).
UV/Visible Spectroscopy. The electronic spectra of 1 and

3 (Figure 4) were recorded in H2O. The spectra showed a band

at 328 nm (ε = 541 M−1 cm−1; 1) and 329 nm (ε = 183 M−1

cm−1; 3), respectively, with a rising absorbance into the
ultraviolet region. An additional feature was observed at around
213.0 nm (ε = 4257 M−1 cm−1; 1) and 228 nm (ε = 612.4 M−1

cm−1; 3), respectively. The spectrum was featureless beyond
400 nm. The band at 328 nm (1) or 329 nm (3) has been
attributed to the presence of a peroxide to vanadium ligand to
metal charge transfer (LMCT).47 It appears, therefore, that at
the pH employed here, the peroxide group remains attached to

the vanadium ion, further supporting the idea of a stable [(V
O)(O2)]

+ unit in both complexes. The presence of the weak
LMCT band, as suggested by Evans,48 was also observed in
other vanadium−peroxido complexes and was reasonably
attributed to a πv* → dσ* transition.47 The intense absorption
band at 213 nm in 1 and 3, in the ultraviolet region, may be
associated with a (σ)π*ν → dσ* LMCT transition. This
transition had been previously proposed to occur at energies
higher than that expected, due to π* → d transition.49 Further
definitive assignments are difficult to make at the present time
in the absence of detailed spectroscopic studies.47,49 Fur-
thermore, in a time dependent experiment on 3 over a period
of 90 days, it was shown that the intensity of the band at 328
nm (ε = 612.4 M−1 cm−1) decreases with time. By the end of
this period, the specific band disappears. The progressive
disappearance of the specific band indicates the commensurate
disappearance of the peroxide to vanadium ligand to metal
charge transfer (LMCT), consistent with the departure of the
peroxide group from the V(V) coordination sphere. The
behavior projects the (in)stability of the vanadium−peroxido
assembly in solution over long periods of time. Finally, the
complex becomes non-peroxido. The isolation and determi-
nation of the nature of the arisen species is currently being
pursued in our lab.

FT-IR Spectroscopy. The FT-IR spectra of 1, 2, and 3 were
recorded in KBr and reflected the presence of vibrationally
active carboxylate groups. Antisymmetric and symmetric
vibrations for the carboxylate groups of the coordinated betaine
ligands were observed in all cases. Specifically, the antisym-
metric stretching vibrations νas(COO

−) for the carboxylate
carbonyls emerged at 1662 cm−1 for 1, 1634 cm−1 for 2, and
1632 cm−1 for 3. Symmetric stretching vibrations νs(COO

−)
for the same groups appeared in the range 1467−1307 cm−1 for
1, 1472−1330 cm−1 for 2, and 1428−1338 cm−1 for 3. The
observed carbonyl vibrations were shifted to lower frequency
values in comparison to the corresponding vibrations in the free
betaine ligand, suggesting changes in the vibrational status of
the betaine ligand upon binding to vanadium.50 The latter
indication was attested to by the X-ray crystal structures of 1, 2,
and 3. Furthermore, the ν(O−O) vibration appeared at 836
cm−1 for both 1 and 2 and 931 cm−1 for 3, while the ν(VO)
vibration for the VO groups was present at 975 cm−1 for 1,
958 cm−1 for 2, and 970 cm−1 for 3. The described tentative
assignments are in agreement with those previously reported in
dinuclear V(V)−peroxido complexes42,45,51−53 and consistent
with infrared frequencies previously attributed to carboxylate-
containing ligands bound to different metal ions.54

Solid-State NMR Spectroscopy. The RampCP-MAS 13C
NMR spectra of 1 and 3 (Figures 5A and 6A, respectively) were
consistent with the binding coordination mode of the betaine
ligand around the V(V) ion. Both spectra exhibit three distinct
peak features. Two of those lie in the high field region, whereas
the other one emerges in the low field region. The peaks in the
high field region at 49.1 ppm for 1 and 54.0 ppm for 3 could be
assigned to the methyl carbons bound to the nitrogen amine
atom. The second resonance, in the high field region, at 61.1
ppm for 1 and 65.0 ppm for 3 could be assigned to the
methylene carbon located adjacent to the coordinated
carboxylate of the bound betaine ligand. In the low field
region, where the carbonyl carbon resonance is expected to
appear, there was a resonance at 166.0 ppm for 1 and 174.0
ppm for 3 that could be attributed to the betaine carboxylate
group, bound to the V(V) ions of the central core. These

Figure 4. UV−visible spectrum of 3 in water.
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observations were subsequently confirmed by X-ray crystallog-
raphy.

51V has a spin of 7/2, a fact that has been reportedly
exploited to gain knowledge on structural features of V(V)
compounds.55 To this end, the 51V MAS NMR spectra of 3
were obtained, with NaVO3 as the reference (−513.0 ppm).
Positive chemical shift values (δ) are taken to correspond to
lower shielding in comparison to the reference. The spectrum
of 3 exhibits resonances in a broad range (−300 to −600 ppm),
with the main signals bearing multiple spinning sidebands
because of both quadrupolar coupling and chemical shift
anisotropy. The identity of the central resonances was
confirmed by running experiments with different spinning
frequencies. The resonance, the chemical shift of which did not
change with frequency, was the one attributed to the main
resonance.
The spectrum of 3 exhibits one central resonance at −586

ppm (Figure 7). It should be noted that assignments of NMR

shifts to different coordination numbers of V(V) compounds
are not straightforward.56 On the basis of past reports on
several known compounds,57 various patterns had been
observed, earmarking specific regions in the 51V spectrum for
five, six, and seven coordinate V(V) ions. To this end, 51V solid-
state NMR is very sensitive even to small angle changes in the
coordination geometry around a V(V) center. Consistent with
the above information, six-coordinate V(V) compounds exhibit
resonances in the range −350 and −500 ppm. The results for 3,
therefore, indicate one signal for a six-coordinate V(V) at −586
ppm.

Solution NMR Spectroscopy. The solution 13C NMR
spectra of complexes 1 and 3 were measured in D2O (Figures
5B and 6B, respectively). The spectra revealed the presence of
three resonances. The first resonance in the high field region
(53.3 ppm for both 1 and 3) was attributed to the CH3 groups
of the betaine ligand bound to the sp3 nitrogen atom. The
second resonance in the high field region (66.1 ppm for 1 and
65.1 ppm for 3) was attributed to the CH2 group of the betaine
ligand bound to the central V(V) ion. The signal at 169.2 ppm
for both 1 and 3 in the lower field region was assigned to the
carbon of the carboxylate group coordinated to the V(V) ion.
These signals were shifted to lower fields in comparison to the
resonances in pure free betaine. The resonance shift was ∼4.0

Figure 5. 13C-RampCP-MAS NMR spectrum of complex 1 in the solid
state (A) and 13C-NMR spectrum of complex 1 in solution (B).

Figure 6. 13C-RampCP-MAS NMR spectrum of complex 3 in the solid
state (A) and 13C-NMR spectrum of complex 3 in solution (B).

Figure 7. 51V MAS NMR spectrum of complex 3 in the solid state.
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ppm downfield for both 1 and 3 and was comparable to that
observed in the RapmCP-MAS 13C NMR solid-state spectra of
1 and 3.
The 1H NMR spectra of 1 and 3 in D2O showed two peaks.

One of them lies at 3.1 ppm for both 1 and 3. The resonance is
consistent with the presence of the methyl protons on the
betaine ligand bound to the sp3 nitrogen atom. The second
signal lies at 3.77 ppm for 1 and 3.75 ppm for 3. The signal is
consistent with the presence of the methylene protons on the
betaine ligand bound to the central V(V) ion. A very small
downfield shift of the proton resonance was also observed in
this case compared to pure free betaine. Collectively, there was
a consistency between the solid and solution state spectra of the
two compounds, denoting the discrete nature of the V(V)
species in 1 and 3.
Raman Spect roscopy . K2 [V 2O2 (O 2 ) 4 { (CH3 ) 3 -

NCH2CO2)}]·H2O (1). Complex 1 was characterized by micro-
Raman and FT-Raman spectroscopy. Vibrational spectroscopy
has already been successfully utilized to characterize vana-
dium−peroxido complexes.58−63 Typical bands assigned to V−
Op (peroxido) and O−O vibrations in V(V)−peroxido
complexes are observed in the spectral windows 660−440
and 800−950 cm−1, respectively. More precisely, the O−O
stretching frequencies for oxido−monoperoxido com-
plexes60−63 mainly appear as a strong band near 930 cm−1,
whereas in diperoxido complexes36,63 this band emerges at
around 880 cm−1. Micro-Raman and FT-Raman spectra of
complex 1 are shown together in Figure 8. In both cases,

comparable spectral features along with relative scattering peak
intensities were obtained, largely excluding polarization
preferences of the Raman bands. However, the enhancement
of the low frequency part of the excited visible spectrum is most
probably accounted for by the occurrence of a fluorescent
excitonic effect. The main micro-Raman scattering features of
V−Op (peroxido), O−O, and VO stretches are separately
shown as an inset. The strong Raman peak at 975 cm−1 is
attributed to the VO stretch, while the Raman peak at ∼881
cm−1 is assigned to the O−O stretch of the VO(O2)2 group in
typical vanadium−oxido−diperoxido complexes.36,63 The cor-

responding V−Op stretch characteristics appear in the spectral
region of 480−635 cm−1. Note is made of the fact that the two
vanadium centers of this dinuclear complex are chemically
nonequivalent. One vanadium ion (V1) coordinates an oxido
ligand, two O2

2− (η2) ligands, and the bridging oxygen atom of
the η2,μ1-peroxido ligand. The other ion (V2) coordinates the
oxido ligand, two peroxido (bridging and chelating) (η2)
ligands, and the oxygen atom of the coordinated trimethylgly-
cine molecule. In other words, these two vanadium centers
exhibit different coordination environments.64 This might be
reflected onto the frequencies of the V−Op stretches that are
structurally sensitive.63 In this context, the Raman bands at 635,
603, and 486 cm−1 are tentatively attributed to the ν1, ν2, and ν4
(V−Op) stretches of the vanadium ion V1, while the intense
peak at 524 cm−1 is tentatively assigned to the corresponding ν3
stretching frequency. An equally intense Raman band located at
535 cm−1 is most probably due to the ν3 (V−Op) stretch of the
vanadium ion V2; this can also be correlated with the
occurrence of shoulders at the low- and high-frequency side,
respectively, of the ν1 and ν4 stretching frequencies of V1.
In the rest of the spectrum, the Raman peak located at 776

cm−1 is attributed to the symmetric stretching of the C3N
moiety.65 The Raman bands at 1454 and 1660 cm−1 are
assigned to the antisymmetric vibrations of the methyl (δas) and
carboxylate groups, respectively. The high frequency Raman
bands at ∼2970 and 3034 cm−1 are correspondingly attributed
to the symmetric and antisymmetric stretches of the CH3
group.

{Na2[V2O2(O2)4{(CH3)3NCH2CO2)}2]}n·4nH2O (3). Complex 3
was characterized by NIR-FT-Raman and visible micro-Raman
spectroscopy.36,58−63 Typical bands assigned to V−Op (perox-
ido) and O−O vibrations in V(V)−peroxido complexes are
observed in the spectral windows 440−660 and 800−950 cm−1,
respectively. The FT-Raman spectrum of complex 3 is shown in
Figure 9. The main Raman scattering features of V−Op
(peroxido), O−O, and VO stretches are separately shown
as an inset. Similar spectral features were obtained with a visible
excitation (514.5 nm) in micro-Raman illumination/collection
geometry (Supporting Information, Figure 1S). The strong
Raman peak at 969 cm−1 is attributed to the VO stretch. The

Figure 8. The micro-Raman and FT-Raman spectra of 1 in the solid
state. Inset: the micro-Raman spectrum in the region where the typical
vibrational bands of V(V)−peroxido complexes occur.

Figure 9. The FT-Raman spectrum of 3 in the solid state. Inset: the
FT-Raman spectrum in the region where the typical vibrational bands
of V(V)−peroxido complexes emerge.
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related V−Op stretch characteristics appear in the spectral
region of 480−635 cm−1. It is worth noting that the two
vanadium centers of this dinuclear complex are almost
chemically equivalent. One vanadium atom (V1) coordinates
an oxido ligand, two O2

2− moieties (one of them bridging Na+;
η2 ligands), and the bridging oxygen atom of the coordinated
trimethylglycine molecule. The other ion (V2) coordinates an
oxido ligand, two peroxido moieties (one of them bridging Na+

and chelating; η2 ligands), and the oxygen atom of the
coordinated trimethylglycine molecule, as well. In other words,
these two vanadium ions exhibit almost a similar coordination
environment.64 This is reflected onto the frequencies of the V−
Op stretches that are structurally sensitive.

63 In this context, the
Raman bands at 490, 574, and 643 cm−1 are tentatively
attributed to the ν1, ν2, and ν4 (V−Op) stretches, while the
intense peak at 533 cm−1 is attributed to the corresponding ν3
stretching frequency. This limiting “high frequency” value of ν3
(V−Op) is accounted for by a pentagonal pyramidal arrange-
ment around the vanadium centers with pseudotetrahedral
coordination sites.63 The Raman band at ∼884 cm−1 is well
assigned to the O−O stretch of the VO(O2)2 group in typical
vanadium−oxido−diperoxido complexes.36,63 The adjacent
Raman band at 895 cm−1 might also be attributed to the O−
O stretch of an a oxido−diperoxido moiety bound to the
vanadium center, seemingly not strongly influenced by the
presence of abutting sodium ions in the lattice. This band,
which is highly polarization dependent (Supporting Informa-
tion, Figure 1S), could however have arisen from the C−N
stretch of the corresponding bond connecting the N(CH3)3
group to the acidic part of betaine.65 In the remainder of the
spectrum, the Raman peak located at 780 cm−1 is attributed to
the symmetric stretch of the C3N moiety.65 The Raman band at
1454 cm−1 is assigned to the antisymmetric vibrations of the
methyl (δas) group, while the high frequency Raman bands at
∼2972 and 3023 cm−1 are correspondingly attributed to the
symmetric and antisymmetric stretch of the CH3 group.
Cyclic Voltammetry. The cyclic voltammetry of complexes

1 and 3 (Supporting Information, Figure 2S and 3S) was
studied in aqueous solutions, in the presence of KNO3 as a
supporting electrolyte. The cyclic voltammogram exhibits an ill-
defined electrochemical behavior for both species, reflecting (a)
a reduction wave at Epc = −0.76 V for 1 and Epc = −0.83 V for 3
and (b) an oxidation wave at Epa = −0.57 V for 1 and Epa =
−0.54 V for 3 (ΔE = 200 mV, ipa/ipc < 1, ipc/{(v)

1/2C}
variable). This voltammetric behavior projects irreversible VV/
VIV redox processes associated with species 1 and 3. The
observed irreversibility is not easily understood at the present
time, as it might involve complex processes, encompassing
concurrent oxidation state and coordination number changes
associated with the presence/absence of peroxide on the V2O2
core. Attempts to pursue the isolation of reduced products 1, 2,
and 3 are currently ongoing.
Thermal Studies. The thermal decomposition of complex

3 was studied by TGA-DTG under an atmosphere of oxygen
(Figure 10). The complex is thermally stable up to 30 °C. From
that point on, a fairly broad heat process points to the
deperoxidation and dehydration of 3, with the release of
peroxides and lattice water molecules between 30 and 146 °C.
The observed cumulative weight loss amounts to 22% based on
the molecular formula of the title complex. Between 146 and
409 °C, there is further weight loss, in line with the departure of
the oxide and peroxide groups and the decomposition of the
organic structure of the molecule. No clear plateaus are reached

in these stages, suggesting that the derived products are
unstable and decompose further. The total weight loss of
68.33% due to the decomposition of complex 3 is reached at
409 °C, with no further loss up to 800 °C, in line with the
thesis that the product at that temperature and beyond (409
°C) is V2O5.

66 The DTG profile of the complex exhibits clear
features that correspond to the aforementioned TGA processes.

■ DISCUSSION
The Betaine Chemistry. In view of (a) the chemical

affinity of V(V) for peroxide, (b) the diverse structural
chemistry of vanadium with peroxides, and (c) the ability of
V(V) to form both mono- and diperoxido binary as well as
ternary complexes with physiological or biomimetic ligands,
employment of zwitterionic ligands capable of promoting
vanadium binding could lead to new V(V)−peroxido−ligand
materials. Previous work in the lab has shown that chemical
reactivity in ternary V(V)−amino acid−peroxido systems can
lead to ternary materials bearing zwitterionic forms of amino
acids bound to V(V)−peroxido cores. To this end, the herein
aqueous synthetic chemistry of V(V) with hydrogen peroxide
was pursued in the presence of an electrically balanced
carboxylate speciesa zwitteriontrimethyl glycine. Bearing
in mind the complex aqueous speciation of binary and ternary
species of V(V) with peroxides and hydroxycarboxylic acid
ligands, a structural speciation approach was adopted, giving
emphasis to pH-dependent synthesis. Hence, the reaction of
V2O5, betaine, and hydrogen peroxide, under carefully tuned
pH conditions,67 led to the isolation of the rare complexes 1, 2,
and 3. The physicochemical characterization of 1, 2, and 3 in
the solid state and in solution through elemental analysis,
multinuclear NMR in the solid state and in solution, FT-IR,
Raman, TGA-DTG, and cyclic voltammetry was in line with the
crystallographic structures of those species and projected well-
defined species emerging from aqueous media and isolated in
the solid state.

The Rare Ternary V(V)−Peroxido−Betaine Species.
The explored chemical reactivity of the ternary V(V)−
peroxido−betaine system led to variable nuclearity (dinuclear
in 1 and 2 and mononuclear in the polymeric 3) assemblies
configured around distinctly formulated V(V)−peroxido cores.
Key points in the chemical reactivity of the employed aqueous
mixtures include the following:

Figure 10. TGA (A) and DTG (B) analysis of 3.
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(a) The involvement of a base (ammonia vs potassium
hydroxide and sodium hydroxide) in the reaction. When
KOH was used, the K+ ion fitted appropriately into the
lattice of 1, effectively balancing out the negative charge
of the dinuclear assembly and forming a 2D topologically
interesting honeycomb arrangement of nine-coordinate
potassium polyhedra, with six of them held together by
the dinuclear V(V) entities. When ammonia was used in
2, ammonium was inserted right into the lattice and
stabilized the arising crystal structure through weak
intermolecular interactions (i.e., hydrogen bonds). When
NaOH was used in 3, on the other hand, rare zigzag
chains with a trans−cis sequence of sodium octahedra
emerged, held together by mononuclear V(V) entities. It
appears, therefore, that the nature of the cation used in
the reaction mixtures employed is important in the
stabilization of uniquely derived lattices in 1, 2, and 3.

(b) The nature of the betaine ligand coordinated to V(V).
Betaine, as a zwitterionic moiety, binds V(V) through the
anionic carboxylate group as expected. The binding
process yields an asymmetric binding of the ligand to the
dinuclear assembly, with the zwitterionic ligand attached
to only one vanadium center. The second vanadium
center bears no ligand and retains its binary identity with
oxo and peroxide moieties, thus fulfilling its coordination
requirements. The deeper reasons for the selective
propensity of betaine binding to a single V(V) center
are currently being perused.

(c) The mode of coordination of the betaine ligand to the
dinuclear assembly. Betaine inserts itself into the
coordination sphere of vanadium atoms through the
carboxylate group, in a monodentate fashion. The
betaine ligand, however, resembles the glycine ligand.
To this end, the difference between the complexes
isolated with glycine and those isolated herein with
betaine is the coordination mode of the two ligands. In
the former case, the glycinate ligand binds both
vanadium atoms spanning the distance between the
two centers, with each oxygen in the carboxylate group
binding one vanadium center. In the case of the betaine
ligand, the betaine is coordinated to the vanadium center
in a monodentate mode, but only one of the two oxygens
of the carboxylate group is coordinated to a single
vanadium center. Furthermore, the selective binding of
the betaine ligand to only one vanadium center
differentiates the V−Op(peroxido) distances holding
the dinuclear assembly together. In this regard, there is
only one V−Op bond distance (2.057(3) Å) in 1 and
(2.030(3) Å) 2, reflecting the consequences of betaine
binding to a single vanadium center. An analogous case is
present in the coordination polymer 3. In the case of the
glycinate complexes reported previously,36 the proximity
of the two vanadium centers was reflected in V−Op bond
distances in the range 2.328(3)−2.379(3) Å. Apart from
this ostensible coordination mode variability, the
peroxido-anchored divanadium core remains intact, albeit
coordinatively differentiated, in the assemblies of both
cases of glycinate and betaine complexes.

Consequently, the characteristic [(VVO)(O2)2]2 dinuclear
core assembly previously seen in the glycinate complexes is not
there, because (a) in 1 and 2 the only connection between the
two vanadium centers is provided by an oxygen atom from a

peroxide group, and (b) in the case of the coordination
polymer 3, Na+ ions are interposed between the vanadium
centers. Consequently, the peroxide bridge plays an important
role in formulating the coordination geometry around each
vanadium ion, while concurrently providing ample options for
the adjustment of the spatial requirements of the two units
within a single assembly. A similar case had been previously
reported in complexes such as [V2O2(O2)4(H2O)]

2−, complex
units of the type [H{VO(O2)2bipy}2]

−, where the bridge is a
O2− moiety, and the ternary V−peroxido−glycinate complexes.
The zwitterionic ligand essentially (a) dictates the V···V

distance between the two [V(O)(O2)2] units in the
tetraperoxido assemblies of 1 and 2. The distance is 3.083(1)
(1) and 3.037(1) (2) Å, with both V···V distances being similar
to the ones observed in [O(VO(O2)2)2]

4− (3.044(6) Å),39

[V2O2(O2)4(H2O)]
2− (3.120 Å),40 and [V2O2(O2)4(H2O)]

2−

(3.239(5) Å)41 and shorter than the ones observed in
(H3O)2[V2(O)2(μ2:η

2:η1-O2)2(η
2-O2)2(C2H5NO2)]·5/4H2O

(3.373(7) Å)36 and K2[V2(O)2(μ2:η
2:η1-O2)2(η

2-O2)2-
(C2H5NO2)]·H2O (3.380(4) Å).36 In the case of complex 3,
the distance between the two V(V) ions is extremely long
because there is no direct proximity between the two V(V)
centers.

Potential Linkage to Influence (Bio)chemical Pro-
cesses. V(V)−peroxido complexes of the general formula
Mx[V(O)(O2)L] and Mx[V(O)(O2)2L] (where L is an
appropriate organic vanadium binder and x is a function of the
charge of L) have been shown to exert insulin mimetic activity
in in vitro experiments.68 Peroxido vanadates have also been
shown to participate in homogeneous catalysis,69 as possible
models in the mechanism of vanadium haloperoxidase.70 In the
present work, 1 and 2 bear the fundamental features of species
potentially involved in such activity, i.e., diperoxido vanadium
units, in tetraperoxido assemblies. There is a striking difference,
however, between the herein described species and the
previously reported divanadium (tetra)peroxido complexes
bearing the amino acid glycinate.36 In the latter complexes,
both vanadium centers are seven coordinate, exhibiting
pentagonal bipyramidal geometry. Moreover, the nature of
glycine vs betaine appears to be important in guiding the
aqueous assembly chemistry, ultimately leading to the isolation
of distinctly differentiated compounds in the solid state. It is
either the chemical nature, reactivity, or both and the resulting
chemistry involved that directs the modulation of the
coordination process around the vanadium−peroxido unit. In
view of the variable chemical reactivity of vanadium−peroxido
systems, the fundamental [(VVO)(O2)2] units emerging
from glycine and its derivative betaine (a) are generated in
aqueous media, albeit differentiated, (b) bear bound physio-
logical heteroligands in a zwitterionic form, and (c) may reflect
a chemical propensity of variable nature toward cellular targets
and processes affecting cell physiology/pathology. It remains to
be seen whether the herein unusual dinuclear V(V)−
tetraperoxido species could influence cellular events in vitro
and exhibit a different bioreactivity vs the glycinate derivatives.

■ CONCLUSIONS
Three new ternary vanadium−peroxido−betaine species were
synthesized, isolated, and characterized in the solid state and in
solution. The structural features in 1−3 are distinct from those
of simple vanadium−peroxido species, which themselves are
very few. The nature and nuclearity of vanadium−peroxido
moieties deviate significantly from that of the thus far known
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dinuclear species. Ostensibly, the presence of betaine provides
solubility and stability characteristics to the existing species.
Given that betaine-like molecules are present in biological
fluids, it would be important to discover if betaine-bearing
vanadium−peroxido species exhibit biological activity of
modulated strength under varying conditions. In view of this
new discovery in vanadium−peroxido chemistry, it would also
be worth investigating the possibility that other betaine-like
substrates, apart from this simple betaine, can promote the
same or similar chemistry to the one shown here with
vanadium and hydrogen peroxide. In this regard, the
physicochemical properties of variable nature and structure
binary vanadium−tetraperoxido species interacting with betaine
ligands could be modulated, providing finely tuned soluble and
potentially bioavailable forms of vanadium capable of
promoting further complex interactions with higher molecular
mass biomolecules. Such ternary interactions reflect adequately
the complexity of vanadium reactivity patterns that might be
responsible for initiating or promoting diverse yet distinct
events in signal transduction pathways linked to insulin mimesis
or antitumorigenesis. Such chemistries are currently being
investigated in our lab.
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Spectrochim. Acta 1988, 44A, 839−844. (c) Schwendt, P.; Pisarcik, M.
Spectrochim. Acta 1990, 46A, 397−399. (d) Schwendt, P.; Tyrselova, J.;
Pavelcik, F. Inorg. Chem. 1995, 34, 1964−1966.
(64) Sergienko, V. S. Crystallogr. Rep. 2004, 49, 401−426.
(65) Ilczyszyn, M. M.; Ratajczak, H. Vib. Spectrosc. 1996, 10, 177−
189.
(66) Duval, C. Inorganic Thermogravimetric Analysis, second and
revised ed.; Elsevier Publishing Co.: Amsterdam, 1963; pp 294−300.
(67) (a) Kaliva, M.; Gabriel, C.; Raptopoulou, C. P.; Terzis, A.;
Salifoglou, A. Inorg. Chim. Acta 2008, 361, 2631−2640. (b) Kaliva, M.;
Kyriakakis, E.; Gabriel, C.; Raptopoulou, C. P.; Terzis, A.; Tuchagues,
J.-P.; Salifoglou, A. Inorg. Chim. Acta 2006, 359, 4535−4548.
(68) (a) Shaver, A.; Ng, J. B.; Hall, D. A.; Loon, B. S.; Posner, B. I.
Inorg. Chem. 1993, 32, 3109. (b) Yraola, F.; García-Vicente, S.; Marti,
L.; Albericio, F.; Zorzano, A.; Royo, M. Chem. Biol. Drug Des. 2007, 69,
423−428.
(69) (a) Di Furia, F.; Modena, G. Rev. Chem. Intermed. 1985, 6, 51.
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