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Abstract 

The “V-NMR spectroscopic behavior in water of a series of vanadium peroxo complexes was investigated. Monoperoxo 
vanadium complexes containing bidentate ligands in which the two binding sites are either oxygen atoms (0 f~ 0 ligands) or 
one oxygen and one nitrogen atom (N n 0 ligands) and diperoxo vanadium complexes containing variously substituted pyridines 
or anilines were examined. A direct dependence of the magnetic shielding of the metal, measured by its 5’V-NMR chemical 
shift, on the electronic character of the ligand was observed in all cases. For diperoxo complexes Hammett-type correlations 
between the “V-NMR chemical shifts and the (T values of the substituents in the pyridine or aniline rings were established. For 
monoperoxo complexes, a Ramsey-type correlation between the chemical shifts and the energy of the ligand-to-metal charge 
transfer electronic transitions was found thus suggesting that the electron donating ability of the ligands and the energy gap 
HOMO-LUMO of the peroxo complexes are linearly correlated. All these observations indicate that peroxo vanadium complexes 
containing strongly electron donating ligands should be weak electrophilic oxidants and poor one-electron acceptors. Preliminary 
data concerning the reactivity of a series of peroxo vanadium species in the simple self-decomposition reaction confirm this 
prediction. 

Keywords: Peroxo vanadium complexes; 5’V-NMR spectroscopy; Ligand-magnetic shielding correlations 

1. Introduction 

The aqueous chemistry of peroxo vanadium 
complexes is receiving renewed attention in con- 
nection with the biological importance of this 
metal [ 11. Vanadium, either in the + 4 or + 5 
oxidation states, is present both in plants and in 
organisms in concentrations which range from 
E_LM to M [ 21. In human body trace amounts of 
vanadium have been found in various organs and 
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fluids [ 21. Peroxo vanadium complexes are key 
intermediates in the mechanism of action of hal- 
operoxidases [ 31 and, likely, in other biologically 
significant oxidations [ 41. Their oxidative ability 
is affected by the nature of the ligands coordinated 
to vanadium [ 51. We [ 61, and others [ 71, have 
already reported that “V-NMR spectroscopy is 
the technique of choice for the characterization of 
peroxo vanadium species in solution. The 5’V- 
NMR chemical shifts are very sensitive to the 
nature of the coordination sphere of the metal so 
that quantitative and accurate information on the 
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magnetic shielding exerted by the ligands can be 
obtained [ 81. The possibility, then, exists to cor- 
relate 51V-NMR spectroscopic data with the elec- 
tronic character of the ligands. An important goal 
of such correlations is to predict the reactivity of 
peroxo vanadium species as oxidants. As an exam- 
ple, if peroxo vanadium complexes react as elec- 
trophilic oxidants, as it is often the case [9], it 
might be possible to predict their efficiency on the 
basis of their ‘lV-NMR chemical shifts, since an 
increase of the electron density on the metal 
should reduce their electrophilicity. Similar con- 
siderations apply to oxidative processes in which 
peroxo vanadium complexes act as one-electron 
acceptors [ lo]. 

In this work we have measured the 51V-NMR 
chemical shifts of a series of mono- and diperoxo 
vanadium complexes containing both mono- and 
bidentate ligands which bind to the metal either 
by oxygen or nitrogen atoms. At variance with 
previous reports [ 111 we find that, at least for the 
peroxo vanadium species examined, a direct cor- 
relation between the electron donating ability of 
the ligand and the shielding of the metal, measured 
by its “V-NMR chemical shift, occurs. In some 
cases, linear relationships between the two prop- 
erties have been obtained. 

We also found that the 5’V-NMR chemical 
shifts and the wavelengths of the maximum of the 
absorption in the visible region, attributed to a 
charge-transfer, n-d transition [ 121, of a series of 
monoperoxo vanadium complexes are linearly 
correlated. Such Ramsey-type correlations [ 131 
allow to estimate the energy gap between the 
HOMO and LUMO orbitals of the peroxo com- 
plexes as a function of the nature of the ligands. 
We found that such gaps increase with increasing 
the electron donating character of the ligands. Pre- 
liminary reactivity data have been collected con- 
cerning the self-decomposition of some peroxo 
vanadium species in aqueous solutions [ 141. The 
behavior observed agree with the prediction made. 
Namely, the rates of decomposition decrease with 
increasing the electron density on the metal. 

2. Experimental section 

2. I. Reagents 

Anhydrous NH4V03 (99.9% Fluka puriss. 
p.a.) and H202 (30% w/v Carlo Erba) were used 
without further purification. All the ligands were 
commercially available products used without 
further purification. Deionized water was passed 
trough a Milli-Q/Organex-Q system (Millipore) . 
The hydrogen peroxide solutions were prepared 
by dissolving the appropriate amount of 30% w/ 
v H202 in water. 

2.2. Methodologies 

The peroxide content was determined by stan- 
dard iodometric titration. pH measurements 
( kO.02) have been obtained with a pH meter 
Metrohm 632 standardized at pH 4 and 7 before 
each measurements. The amount of dioxygen 
evolved in the decomposition reactions was deter- 
mined by means of a thermostated, IO-ml maxi- 
mum capacity, gas-burette. 

2.3. NMR sample preparation 

The peroxo vanadium solutions were prepared 
by dissolving a weighted amount of ammonium 
vanadate in 10 ml of water in the presence of the 
appropriate amount of HC104 both in the absence 
or in the presence of the heteroligands. H202 was 
added immediately before the registration of the 
spectra in order to minimize possible decompo- 
sition reactions. No electrolytes were added in this 
study in order to avoid potential coordination of 
anions to vanadium [ 63. 

2.4. NMR spectroscopy 

The “V-NMR spectra were recorded on a 4.69 
Tesla Bruker AC, 200 MHz spectrometer for ‘H. 
The “V-NMR spectra were obtained from the 
accumulation of about 10000-15000 transients 
with a 3500 Hz spectral window, an accumulation 
time of 0.03 s, and a relaxation delay of 0.01 s. 
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Table 1 2.6. Kinetic measurements 

Complex # Ligand hlAE (nm) 

8 

l+ 
\ /O 1 

/A I b 
“a \/ 

-l* 2 H ‘I’ 

3 
d 

5 
10 

I1 picolinic acid; Hz0 443.0 

llb 3-carboxy picolinic acid; 

Hz0 
3,4-pyrazole dicarboxylic 
acid; HZ0 
pyrazinic acid; HZ0 

443.5 

12 

13 

W 459.0 

O:-; H,O 328.7 

oxalic acid; HZ0 
cr-hydroxy iso-butyric 
acid; HZ0 
lactic acid, HZ0 
picolinic N-oxido acid; 

Hz0 

Ligands 

438.9 
442.6 

547.9 
454.8 

450.6 

452.2 

No field/frequency locking system was used and 
the spectra were recorded at 2 1°C. Data sets were 
obtained with a 2 K time domain. The FIDs were 
zero filled to 4 K and an exponential line-broad- 
ening (20 Hz) was applied before Fourier trans- 
formation. Chemical shifts are referred to external 
VOC13 (0 ppm) . The line widths were measured 
by using the standard Bruker software for Loren- 
tian fitting of the peaks. 

2.5. UV-VIS spectroscopy 

The electronic spectra were obtained with a 
Lambda 5 Perkin Elmer instrument with a tem- 
perature control better than fIO.OYC. The A,,, 
(MAE) values of the various species are collected 
in Table 1. 

In a typical decomposition reaction weighted 
amounts of NH,V03 and of the desired heteroli- 
gand, when present, were dissolved in 8 ml of 
Mini-Q water, containing 0.11 M HC104. To such 
a solution, thermostated at 37°C the appropriate 
volume of a standardized (iodometry) hydrogen 
peroxide solution was added. The reaction mix- 
ture was then made up to 10 ml. The kinetic behav- 
ior of the decomposition reactions was obtained 
by following the decrease with the time of the 
absorbance of the peroxo complexes at their A,,,. 

3. Results and discussion 

Hydrogen peroxide easily adds to V” deriva- 
tives in aqueous solutions, forming peroxo vana- 
dium complexes [ 151. The association equilibria 
have been extensively studied [6,7,15]. It has 
been found that the nature of the peroxo species 
formed is a function of the initial concentrations 
of the precursors and of the acidity of the medium 
[ 6,7,15]. At pH < 2, if equimolar amounts of 
hydrogen peroxide and of vanadium precursor are 
used, the monoperoxo species 1 is the only vana- 
dium complex present [6,7]. In the pH region 
between 4.5 and 7 and in the presence of excess 
of H202, again only one vanadium complex is 
observed, i.e. the diperoxo anion 2 [ 6,7]. Under 
intermediate conditions of pH and of excess of 
hydrogen peroxide both species coexist. 

Although direct evidence is not available, in 
drawing the peroxo complexes 1 and 2 we have 
choose the octahedral geometry based on the anal- 
ogy with the solid state structure determined for 
some monoperoxo vanadium species [ 161. The- 
oretical studies now in progress in our laboratory 
support such an arrangement [ 171. 
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0 _ 
II 1 

La \“/O 
I’ 

t)H2 

2 

1 is prepared in water at pH 1.1 (HClO,) by 
mixing Nl&V03 0.005 mol 1-l and HzOz 0.005 
mol 1-l. 2 is obtained by using NH4V03 0.005 
mol 1-l and H& 0.01 mol 1-l at pH 4.5. The 
“V-NMR chemical shifts and band widths values 
measured for 1 and 2 are respectively -540.5 
ppm (W,,*= 135 Hz) and -691.8 ppm (W,,* 
= 198 Hz) from VOC&. In this paper the band 
widths (b.w.) values for all the peroxo vanadium 
species examined will be provided. The discus- 
sion, however, will be based only on the chemical 
shifts values. 

The peroxo complexes containing heteroli- 
gands were prepared in situ by addition of one 
equivalent of the various ligands to the solutions 
of 1 or 2. In the case of monoperoxo complexes, 
only bidentate ligands belonging to two different 
classes, i.e. the 0 n 0 ligands, e.g. oxalic acid, (Y- 
hydroxy iso-butyric acid, lactic acid, citric acid, 
tartaric acid and picolinic N-oxido acid, which 
bind to vanadium by two oxygen atoms 
[lO](a)[16,18] andtheNnOligands,e.g.picol- 
inic acid, 3,4-pyrazole dicarboxylic acid and pyr- 
azinic acid, which bind by one oxygen and one 
nitrogen atom, [ 61, [ lo] (a) [ 161 (a) were used. 
The remarkable binding ability of such ligands to 
vanadium in water is documented [ 6,10,16,18] . 
A comparison of the behavior of bidentate ligands 
with that of structurally similar monodentate ones, 
e.g. pyridine or acetic acid, would have been of 
interest. Unfortunately, we have found that such 
monodentate ligands do not bind to 1 under our 
experimental conditions. Monodentate ligands, 
which bind through a nitrogen atom [ 191, i.e. 
substituted pyridines and anilines, were consid- 
ered in the case of diperoxo vanadium complexes. 

3. I. V ” monoperoxo complexes containing 
0 n 0 and N n 0 ligands 

The “V-NMR parameters of the monoperoxo 
vanadium complexes 3-6 and 8 containing 0 n 0 
ligands are collected in Scheme 1. Also in this case 
an octahedral geometry has been assumed. The 
effect of the nature of the ligands on the “V-NMR 
chemical shifts may be conveniently discussed by 
looking first at the differences between 1 and 2. 
The signal of diperoxo anion derivative 2 is 152 
ppm upfield with respect to the monoperoxo spe- 
cies 1. The larger magnetic shielding observed in 
2, compared with 1 might simply be explained by 
the presence in the former species of a second 
peroxo bridge which places two additional nega- 
tive charges on the vanadium atom. 

However, following this line of reasoning it is 
difficult to account for the difference of chemical 
shifts observed between 2 and the anionic mono- 
peroxo complex 3 containing the oxalate ligand 
( 6 = - 574 ppm) . Also in 3, two additional neg- 
ative charges brought in by the ligand are present. 
We suggest that the magnetic shielding of the 
diperoxo derivative is also due to the transfer of 
electron density from the filled anti bonding orbi- 
tals of the q2-bonded Oi- moiety into the empty 
d orbitals of vanadium of tbe appropriate sym- 
metry. In 3 this transfer is less important likely 
because of a less favorable symmetry of the filled 
orbitals of the oxalate ligand. Preliminary theo- 
retical calculations support this hypothesis [ 171. 

If the shielding of 2 is the result of two effects, 
i.e. the presence of the negative charges and the r 
donation, the similarity of the ‘lV-NMR chemical 
shifts of the cation VO,’ and the monoperoxo 
cation VO( 0,) + 1, - 544 ppm and - 540 ppm, 
respectively, suggests that the effect of the 0x0 
and the peroxo groups is also similar. Therefore, 
the overlap between vanadium 3d orbitals and the 
Og- d orbitals of the peroxo ligands should be 
as effective as that of the 02- r orbitals of the 
0x0 ligands. 

In the series of neutral monoperoxo complexes 
4-6 and 8, containing the anions of cu-hydroxy 
iso-butyric, lactic, citric and tartaric acids respec- 
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6 = -540 ppm ; b.w. = 198 Hz 

OH, 
(3) 

6 = -574 ppm ; b.w. = 145 Hz S = -561 ppm ; b.w. = 290 Hz 

0 l- 

II ?p=-“:~ 
I 
OH2 (2) 

6 = -691 ppm ; b.w. = 136 Hz 

(5) 

6 = -550 pptll ; b.w. = 501 Hz 

COOH 
0 

(6) 
6 = -544 ppm ; b.w. = 535 Hz 6 = -582 ppm ; b.w. = --- HZ 

Ho 
COOH 

(8) 
(9) 

6 = -542 ppm ; b.w. = 441 HZ 6 = -574 pfMIl ; b.w. = --- Hz 

Scheme 1. 

tively, a continuous decrease of the 51V-NMR 
chemical shifts is observed with increasing the 
basic&y of the alkoxo oxygens of the ligands. This 

finding allows to establish a correlation between 
the increase of the magnetic shielding and the 
increase of the electron donating properties of the 
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ligands, as it might have been expected. It must 
be mentioned, however, that in other non perox- 
idic vanadium species an opposite behavior has 
been reported [ 111. As an example, in the series 
of the complexes X3V0 (X = F, Cl, Br) the 5’V- 
NMR chemical shifts are - 760 ppm, 0 ‘ppm and 
+ 432 ppm, respectively [ 111. It may be antici- 
pated that in the series of peroxo vanadium com- 
plexes examined in this paper the ‘inverse effect’ 
[ 11,201 found for X3V0 species has never been 
observed. This allows us to neglect the occurrence 
of specific [ 211 ligand-metal interactions thus 
assuming that the main effect of the ligand is in 
transferring electron density to the metal. This is 
also confirmed by the comparison of the chemical 
shifts values of species 6-7 and 8-9. In both cases, 
the substitution of the water molecule with an 
anionic ligand causes an increase of ca. 30 ppm 
of the chemical shifts as an indication of an 
increase of the magnetic shielding. 

The ligands considered exhibit a remarkable 
chelating ability toward 1 likely because they give 
rise to a five-membered ring in the equatorial 
plane of the peroxo complex. In fact, such an 
arrangement appears to be the preferred one. We 
have established by direct experiments that under 
the same experimental conditions dicarboxylic 
acids, such as malonic, succinic and glutaric acid, 
do not add to 1. Also or&o-hydroxy benzoic acid 
does not form appreciable amounts of the corre- 
sponding mono peroxo complex. This is unfortu- 
nate because it could have been of interest to 
compare the “V-NMR behavior of monoperoxo 
vanadium complexes containing a five-membered 
ring with that of those containing larger rings. This 
comparison has been possible only with complex 
10. Such a complex has been previously synthe- 
sized [ 181 and its solid state structure has been 
determined [ 181. At variance with all the other 
species reported in Scheme 1,lO cannot be pre- 
pared in situ simply by adding the ligand to the 
acid solution of the peroxo vanadium derivative. 
Even in the presence of more than a ten-fold 
excess of the picolinic N-oxido acid over vana- 
dium, in solution.10 and 1 are present in the ratio 
80/20. 

6 = -553 ppm ; b.w. = 275 Hz 

Although based on this single example, it may 
be suggested that the size of the ring should not 
have a major effect on the magnetic shielding 
since the chemical shifts measured for 10 is in the 
range of those measured for complexes 5 and 6. 

The peroxo species containing Nn 0 ligands 
which have been examined are shown in 
Scheme 2. Also in this class of ligands the 5-mem- 
bered ring structure appears to be the preferred 
one. Accordingly, pyridin-acetic acid does not 
bind to the monoperoxo vanadium complex. 

The species lla-13 show, in agreement with 
the observations made for complexes 1-9, a direct 
dependence of the ‘lV-NMR chemical shifts on 
the electronegativity of the ligand. In fact the elec- 
tron donating properties of the ligands decrease 
on passing from the picolinato, lla, to the pyra- 
zinato, 13, anions [ 221. 

In order to obtain a-more quantitative estimate 
of the effect of the electronic character of the 
ligand on the shielding of vanadium, the chemical 
shifts of the series of complexes lla-e containing 
different picolinic acids with a second carboxylic 
function in the various positions of the ring, were 
measured. The pertinent data are collected in 
Table 2, together with the data referring to bis- 
coordinated complexes ( 14 a-d) which under our 
experimental conditions are formed together with 
11. Only in the case of pyridine 2,6-dicarboxylic 
acid a bis-coordinated complex is not observed. 
The contemporary formation of species 1 and 14 
has been previously observed [ 6,231. 

The magnetic shielding in the series of com- 
plexes 14 is in all cases larger than that of com- 
plexes 11, in agreement with the anionic character 
of the former. Within the two series, the presence 
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“ox&Iq? 
‘H 

(12) 

6 = -592.2 ppm ; b.w. = 269 Hz 

6 = -585.5 ppm ; b.w. = 203 Hz 
Scheme 2. 

of the electron-withdrawing substituent -CQOH 
in the ring decreases the magnetic shielding ag ‘n 

Y? in agreement with the direct correlation esta - 
lished between the electronic character of the 
ligands and the chemical shift values. 

3.2. V ’ diperoxo complexes containing nitrogen 
binding ligands 

It may be anticipated that the analysis of the 
51V-NMR behavior of diperoxo vanadium com- 

Table 2 
“V-NMR parameters for monoperoxo vanadium complexes containing various carboxypicolinic acids 

HOOC HO0 

Substituent Complex 6 

(ppm) 
W1/2 
(Hz) 

Complex 6 

(ppm) 

W 112 
(Hz) 

(lla) -600.6 196 (14a) - 632.6 171 
3-COOH (lib) -595.1 284 (14b) -617.8 299 
4-COOH (llc) - 596.3 292 (14c) - 624.0 344 
5-COOH (lid) - 595.9 288 (14d) - 622.3 395 
6-COOH (lie) - 597.5 207 (14e) a 

a Formation of complex 14e was not detected. 
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Q -712 

-714 

-716 
-0.60 -0.40 -0.20 0.00 0.20 0.40 

u 

Fig. 1. Hanunett plot of 5’V-NMR chemical shifts (downfield from 
VOC13) of diperoxo vanadium complexes containing as ligands meta 
and para substituted pyridines vs. D constants. p = 29.8 f 0.1, 
r=0.995. 

plexes confirms the conclusions reached for the 
monoperoxo species. The octahedral geometry 
appears to be the preferred one in solution also for 
diperoxo complexes since monodentate ligands 
form stable complexes by substituting the water 
molecule in 2. It has been established by direct 
experiments that such substitution equilibrium is 
favored when neutral rather than anionic nucleo- 
philic molecules, e.g. pN0; benzoic acid anion 
or acetate anion, are used. The small binding abil- 
ity of the latter ligands is likely related to the fact 
that they would form dianionic derivatives. 

Metu and par-u substituted pyridines and ani- 
lines were used to obtain two Hammett-type cor- 
relations in which the ‘lV-NMR chemical shifts 
are plotted against the u values of the substituents 
as shown in Fig. 1 and Fig. 2. The correlations 
obtained are satisfactory. It may be observed that 
by increasing the electron density on the metal 
nucleus i.e. by placing electron donating substit- 
uents in the aromatic rings, the value of the chem- 
ical shift of the complexes decreases. This 
confirms that also in the diperoxo vanadium deriv- 
atives the magnetic shielding increases with the 
increase of the negative charge on the metal. 

The absolute value of the p obtained in the series 
of the diperoxo complexes containing substituted 
pyridines (p = 29.8 f 0.1, r = 0.995) is larger than 
that of substituted anilines ( p= 5.5 f 0.2, 
r = 0.993) as it might have been expected since 
the effect of the substituent decreases with the 

distance from the reaction center which is the 
nitrogen atom. 

3.3. Ramsey-type correlation for V ‘peroxo 
derivatives 

Further information on the role of the ligands 
in determining the general properties of peroxo 
vanadium complexes may be obtained if Ramsey- 
type correlations [24] can be established. In its 
most simplified formulation the theoretical 
description developed by Ramsey, applied to per- 
0x0 vanadium complexes, predicts that the mag- 
netic shielding of vanadium should depend on the 
energy of the ligand-to-metal charge-transfer 
excitations AE( n + d) according to Eq. 1. 

(1) 

in which the value of y, i.e. the magneto-gyric 
ratio for a given nucleus, is easily obtained from 
the y. value of the compound taken as reference, 
i.e. voc13, by using the relationship 
(~=3/~.(1+6)) [25] andadisthediamagnetic 
contribution to the total shielding of the nucleus, 
which can be considered a constant value for all 
the peroxo vanadium complexes because it is 
mostly determined by the electrons located in the 
internal orbitals of the metal [ 241. 

Therefore, in terms of measurable parameters, 
a dependence of 5 ‘V-NMR chemical shifts on the 
A,, values of the lowest energy electronic tran- 
sition may be expected. The energy of such elec- 

-690 , D.COMI 

-699 - 
P 
s -708 
Y) 

-717 - 

-726 

u 
Fig. 2. Hammett plot of “V-NMR chemical shifts (downfield from 
WC&) of diperoxo vanadium complexes containing as ligands meta 
andpara substitutedanilinesvs. aconstants. p=5.5 f0.2, r=0.993. 



V. Conte et al. /Journal of Molecular Catalysis A: Chemical 104 (1995) 159-169 167 

9.00 ’ I 

320 350 380 410 440 470 

wE(nb 

Fig. 3. Correlations between “V magneto-gyric ratios and electronic 
transition (n + d) wavelengths for monoperoxo vanadium com- 
plexes containing 0 n0 (0) and N n0 ( ??!) ligands. Slope for 
On0 class=3.1 x 10e3f6X 10m5, r=0.997; slope for NnO 
class=2.8X lo-‘+ I X 10e4, r=0.951. The two straight lines give 
an intercept value of 8.24 MHz T-‘. 

tronic transition corresponds to the difference of 
energy between the HOMO and the LUMO of the 
peroxo complexes. Satisfactory Ramsey-type cor- 
relations are obtained for peroxo vanadium com- 
plexes as shown by the linear plots of Fig. 3, 
referring to monoperoxo vanadium complexes 
containing various ligands. 

Two straight lines, characterized by slightly dif- 
ferent slopes (3.1 X 1O-3*6X lo-‘, r=0.997 
and 2.8~ 10e3+ 1 X 10A4, r=0.951) are 
obtained for the two families of 0 n 0 and N n 0 
ligands, respectively. Interestingly, in the family 
of 0 n 0 ligands also the diperoxo anion 2 lies in 
the correlation. 

The slopes of the Ramsey-type correlations 
contain the B values of Eq. 1, which provide an 
estimate of the contribution of the d orbitals of the 
metal to the HOMO and LUMO orbitals of the 
complex [ 241. Although the difference of the 
slope values, and hence of the B values, is small, 
the larger value for 0 n 0 ligands is in agreement 
with the larger electron withdrawing effect of 
these ligands compared with those of N Cl 0 [ 241. 

The value of the intercept of the two straight 
lines is 8.24 MHz T- i. According to the Ramsey 
theory this value provides the amount of diamag- 
netic shielding of vanadium which is independent 
of the nature of the ligands [ 241. 

The occurrence of Ramsey-type correlations is 
a direct evidence that the nature of the ligands 
affects the difference of energy of the HOMO and 

LUMO of the various complexes. If the reasonable 
assumption is made that the HOMO orbital resem- 
bles the n* orbital of the OS- peroxo group, and 
the LUMO the d orbitals of the metal [ 261, the 
HOMO energy should be less affected by the 
ligands thau those of the LUMO. Therefore, one 
might conclude that the LUMO energy is 
enhanced by increasing the electron donating abil- 
ity of the ligands [ 171. 

4. Conclusions 

This investigation was aimed at establishing 
quantitative relationships between the nature of 
the ligands of peroxo vanadium complexes and an 
easily accessible experimental parameter such as 
5’V-NMR chemical shift. Our results indicate that 
such relationships exist. Thus, we have demon- 
strated that the electronic character of the ligands 
may be quantitatively correlated with the mag- 
netic shielding of the metal and, consequently, 
with the chemical shift values. In particular, the 
shielding increases with the electron donating 
ability of the ligand. In addition we have also 
found that the increase of the electron density of 
the metal leads to a larger separation of the ener- 
gies of the HOMO and LUMO of the complexes 
and, very likely, to an increase of the energy of 
the LUMO. 

In terms of reactivity some predictions can be 
made. In fact, a comparison of the “V-NMR 
chemical shifts of peroxo vanadium complexes 
allows to select the ones in which the electron 
density of the metal and the energy gap of the 
frontier orbitals are both sufficiently small. In 
these complexes, in principle and neglecting all 
the kinetic factors which often dominate the scene 
[ 9,271, an electrophilic oxidative reactivity and a 
one-electron acceptor ability should be found. The 
kinetic behavior of the self-decomposition of the 
four peroxo complexes 1,3, lla and 13, leading 
to dioxygen, [ 10,141 shown in Fig. 4, is in agree- 
ment with the expectation. 

Based on our previous studies [ 10,141, the 
decomposition reaction involves as a key step an 
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60 

0 700 1400 2100 2800 

time (min) 
Fig. 4. Disappearance of the oxidant with the time, measured as decrease of the absorbance at the A,_ values, in the decomposition reaction of 
5X10-“mall-‘of1 (0),3(A),lla(+) and13(O),inwater(HClO,,pHl) at37”C. 

electron transfer to vanadium. Accordingly, it may 
be observed that the complexes in which the elec- 
tron density on the metal is small and the energy 
of the LUMO is low, e.g. complex 3 in the 0 n 0 
series and complex lla in the NnO series, 
decompose more rapidly than complexes 1 and 
13, respectively. 
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