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Abstract--Five vanadium complexes possessing the VO 3+ motif  with NO4 coordination 
have been synthesized and characterized by ~H and 13C NMR, UV Vis, FTIR and cyclic 
voltammetry. These complexes favour trigonal bipyramidal geometry. In DMF solution, 
complexes 1 and 5 have shown reversible redox behaviour in the presence of L-ascorbic 
acid or L-cysteine ethyl ester in air as monitored by electronic absorption and EPR studies. 

The accumulation of vanadium by plants as well as 
sea animals has been known since the turn of  the 
century. For example the mushroom, Amanita mus- 
caria or fly agaric concentrates vanadium and stores 
it in amavadin, with a proposed primary coor- 
dination possessing six oxygens and two nitrogen 
atoms. I On the other hand, tunicates accumulate 
vanadates from sea water and store vanadium in their 
blood cells in the tetravalent and trivalent states. 2a 
The species actually responsible for such reductions 
and storage in the blood cells are still debatable. 
Under physiological conditions vanadium(V) is eas- 
ily reduced to vanadium(IV) inside the cell by small 
biomolecules. 2b While early work suggests that pyro- 
gallol rich molecules, tunichromes, 2a are responsible 
for such actions, recent studies suggest a low molec- 
ular weight component possessing a reducing sugar, 
vanadobin. 3 Our on going efforts in transition metal 
saccharide chemistry and biology have resulted in the 
synthesis, isolation and characterization of several 
saccharide complexes including vanadium? 
However, the role of vanadium in all these is a factor 
to be unveiled. 

Of course vanadium is also known to be present 
in several marine algae with a definite catalytic func- 

tion such as the bromination of organic substrates 
by being a constituent of the catalytic site in bro- 
moperoxidase. 5 Though the EXAFS and other 
studies on the enzyme and its reduced form have 
provided certain metric parameters, a unique solu- 
tion for the primary coordination and the form of 
vanadium (VO 3+ or VOW-) are still unknown. 6 The 
reduced form of the halogenoenzyme containing 
VO 2+ is inactive but regains its activity by reoxi- 
dation when exposed to air. 5c 

In the vanadium nitrogenase, the metal ion is 
known to be present as vanadium(III) and is active 
in the conversion of acetylene to ethane and hence 
differs from the role of its counterpart in molyb- 
denum nitrogenase as the latter stops the reaction 
at ethylene. 7 In order to understand various roles 
played by this element, the study of small molecular 
complexes of vanadium in various oxidation states 
and their redox properties using biologically rel- 
evant coordination spheres has become essential. 
The present paper deals with the oxovanadium(V) 
Schiff base complexes derived from tris- 
hydroxymethylaminomethane (TRIS) and sali- 
cylaldehyde (SAL) and its derivatives, and also 2- 
hydroxy- 1 -naphthaldehyde (HNAP). 

EXPERIMENTAL 

* Dedicated to Professor C. N. R. Rao, F.R.S. on his 
sixtieth birthday. 

t Author to whom correspondence should be addressed. 

Methods and Materials 

All the methods of characterization are as per an 
earlier paper. 4 Salicylaldehyde, and trishydroxy- 
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methylaminomethane were purchased from local 
sources (Loba chemie), distilled and recrystallized 
respectively before use. 3-Methoxysalicylaldehyde 
(OMESAL) and 5-hydroxysalicylaldehyde 
(OHSAL) were from Aldrich and Fluka respec- 
tively. 5-Methylsalicylaldehyde (MESAL) and 2- 
hydroxy-l-naphthaldehyde were synthesized from 
p-cresol and /~-naphthol respectively, by DulTs 
method.8 L-Cysteine ethyl ester was purchased from 
Sigma Co. (U.S.A.) and L-ascorbic acid was from 
local sources (Loba chemie). Ammonium meta- 
vanadate was purchased from Loba chemie and 
V(acac)3 was synthesized according to a literature 
procedure. 9 

2-Salicylideniminato-2-(hydroxymethyl)- 1,3- 
dihydroxypropane-oxovanadium(V) (1). 2-Sali- 
cylideniminato-2-(hydroxymethyl)- 1,3-dihydroxy- 
propane (SALTRIS) was prepared by the addition 
of TRIS (20 mmol, 2.420 g) dissolved in 10 cm 3 of 
water to SAL (20 mmol, 2.442 g) dissolved in 10 
cm 3 of MeOH. Yellow solution was observed 
immediately and crystals of SALTRIS started to 
appear and were allowed to grow for 5 days. The 
crystals were filtered, washed with ether and dried 
in vacuo, and found to be satisfactory based on 
elemental analysis, ~H NMR and FTIR studies. To 
SALTRIS (0.450 g, 2 mmol) dissolved in 10 cm 3 
MeOH was added VO(acac)2 (0.530 g, 2 mmol) in 
15 cm 3 MeOH. The mixture changed to brown with 
the formation of a precipitate. This was heated for 
4 h, cooled to room temperature and filtered. Pure 
product of 1 was obtained by first suspending the 
residue in MeOH and separation and later by dis- 
solving in DMSO, followed by reprecipitation with 
excess MeOH. The product was dried in vacuo fol- 
lowing an ether wash to yield 70%. Found C, 46.0 ; 
H, 4.5 ; N, 5.0 ; V, 17.2 ; Calc. for C~H~2NOsV : C, 
45.7; H, 4.1; N, 4.8; V, 17.6%. ~H NMR:  9.03 
(imine, 1H); 7.69 6.82 (ph, m, 4H); 5.46 (OH, 
t, lH) ; 5.10-4.95 (CH2, m, 3H); 4.38-4.35 (CH2, d, 
1H); 3.91-3.80 (CHz, m, 2H). ~3C NMR:  164.6 
(imine); 162.7, 136.8, 135.5, 120.9, 119.6, 118.1 
(ph) ; 80.0 (tertiary C) ; 86.7, 82.0, 63.1 (CH2). 

Compound 1 can also be prepared by other syn- 
thetic routes where in situ generated Schiff base 
ligand in MeOH was reacted with NH~VO3 or 
V(acac)3. Irrespective of the starting material used, 
the final product has always been vanadium(V) 
complex due to aerial oxidation of the vanadium- 
(III) or the vanadium(IV). 

2-(5-Methylsalicylideniminato)-2-(hydroxy- 
methyl)- i,3-dihydroxypropane-oxovanadium(V) 
(2). To TRIS (5 mmol, 0.605 g) dissolved by heating 
in 20 cm 3 MeOH was added MESAL (5 mmol, 
0.685 g) also in 10 cm 3 MeOH. The yellow solution 
formed was allowed to reflux gently for 30 min. 

VO(acac)2 (5 mmol, 1.325 g) was added in 30 cm 3 
MeOH to this solution and heated for 4 h, cooled 
to room temperature and filtered to give a solid 
product 2. Purification was followed as for 1. Found 
C, 47.5; H, 5.0; N, 4.8; V, 16.5. Calc. for 
CI2HI4NOsV: C, 47.5; H, 4.6; N, 4.6; V, 16.8%. 
~H NMR:  8.95 (imine, 1H) ; 7.47-6.72 (ph, m, 3H) ; 
5.42 (OH, b, 1H); 5.07-4.92 (CH2, m, 3H); 4.35- 
4.32 (CH2, d, 1H); 3.83 (CH2, b, m, 2H); 2.30 
(CH3, 3H). ~3C N M R :  164.2 (imine); 160.8, 137.3, 
134.7, 127.8, 120.4, 117.4 (ph); 79.6 (tertiary C); 
86.3, 81.8, 63.0 (CH2) ; 20.3 (CH3). 

2-(5-Hydroxysalicyclideniminato-2-(hydroxy- 
methyl)- 1,3-dihydroxypropane-oxovanadium(V) 
(3). To TRIS (2 mmol, 0.242 g) dissolved by heating 
in 20 cm 3 MeOH was added OHSAL (2 mmol, 
0.276 g) also in 10 cm 3 MeOH and the resulting 
yellow solution was refluxed gently for 30 min. 
VO(acac)2 (2 mmol, 0.530 g) was added in 15 cm 3 
MeOH to the in situ generated ligand and heated 
for 4 h, cooled to room temperature and filtered to 
give a solid product 3. Purification was followed as 
for 1. Found C, 42.9 ; H, 4.2 ; N, 3.9 ; V, 16.5. Calc. 
for CIIHjzNO6V : C, 43.3 ; H, 3.9 ; N, 4.6 ; V, 16.7%. 
~H N M R :  10.38 (phenolic OH, 1H); 8.77 (imine, 
1H);7.47 8.14 (ph, m, 3H); 5.40-5.37 (OH, t, 1H); 
5.04~-.87 (CH2, m, 3H); 4.31-4.28 (CH2, d, 1H); 
3.87-3.75 (CH2, m, 2H). ~3C NMR : 164.5 (imine) ; 
165.3, 162.4, 136.5, 114.0, 108.6, 102.8 (ph); 79.4 
(tertiary C) ; 86.1, 82.1, 63.2 (CH2). 

2-(3-Methoxysalicylideniminato)-2-(hydroxy- 
methyl)- 1,3-dihydro xypropane-o xovanadium( V) 
(4). To TRIS (3 mmol, 0.363 g) dissolved by heating 
in 20 cm 3 MeOH was added OMESAL (3 mmol, 
0.456 g) also in t0 cm 3 MeOH and the reaction 
mixture was refluxed gently for 30 min. VO(acac)2 
(3 mmol, 0.795 g) was added in 20 cm 3 MeOH to 
this mixture and heated for 4 h, cooled to room 
temperature and filtered to give a solid product 4. 
Purification was followed as for 1. Found C, 44.6; 
H, 4.1 ; N, 3.8; V, 15.7. Calc. for C12HI4NO6V: C, 
45.1; H, 4.4; N, 4.4; V, 16.0%. ~H NMR:  9.00 
(imine, 1H); 7.28-6.87 (ph, m, 3H); 5.47-5.43 
(OH, t, IH);  5.06-4.95 (CH2, m, 3H); 4.344.31 
(CH2, d, 1H) ; 3.89-3.78 (CH 2 and OCH3, m, 5H). 
~3C NMR:  164.4 (imine) ; 153.2, 148.5, 126.4, 120.8, 
118.7, 118.2 (ph); 79.7 (tertiary C); 86.4, 81.9, 63.1 
(CH2) ; 56.8 (OMe). 

2-(2- H y dr o x y- 1-naphthal ideniminato)-2-  
(hydroxymethyl)- 1,3-dihydroxypropane-oxovan- 
adium(V) (5). To TRIS (5 mmol, 0.605 g) dissolved 
by heating in 20 cm 3 MeOH was added HNAP (5 
mmol, 0.860 g) also in 10 cm 3 MeOH and the solu- 
tion was refluxed gently for 30 min. VO(acac)2 (5 
mmol, 1.325 g) was added in 30 cm 3 MeOH to 
this solution and heated for 4 h, cooled to room 
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temperature and filtered to give a solid product 5. 
Purification was followed as for 1. Found C, 53.1 ; 
H, 4.2; N, 4.0; V, 15.3. Calc. for CIsH]aNOsV : C, 
53.1; H, 4.1; N, 4.1; V, 15.0% . JH N M R :  9.83 
(imine), 1H) ; 8.48-7.11 (naph, m, 6H) ; 5.58-5.54 
(OH, t, 1H); 5.28-5.13 (CH2, q, 2H);  5.04-5.00 
(CH2, d, 1H); 4 .464.43 (CH:, d, I H) ;  4.05 3.96 
(CH2, m, 2H). ~3C N M R :  163.6 (imine); 159.0, 
137.3, 133.5, 129.4, 128.8, 128.1,124.1,120.8, 110.8 
(naph) ; 80.5 (tertiary C) ; 86.8, 81.8, 63.0 (CH:). 

RESULTS AND DISCUSSION 

Electronic absorption spectral studies 

Complexes 1 5 showed two interesting LMCT 
transitions in D M F  in the ranges 475-520 and 340- 
380 nm as reported in the literature/° Typical spec- 
tra are shown in Fig. 1. The spectra are generally 
characteristic of  vanadium either in VO 3+ or bare 
vanadium(V) form, while the former is confirmed 
by FTIR  spectra. The LMCT transition (475 520 
nm;  e : 300-400 M -1Cln- 1) is attributed to a charge 
transfer from a p, orbital on the phenolate to the 
empty d-orbitals. A decrease in the LMCT energy 
is observed from 1 to 5, with a maximum shift of 
about  1280 cm-~ in the case of 4 and 5 with respect 
to I. This may be attributed to the easy oxidizability 
of the ligand. The other LMCT bands observed in 
the UV region (340-380 nm;  e: 4800-6300 M - I  

cm-  1) is generally attributable to either the alkoxo 
bound or phenolate bound vanadium(V) species. 
The molar absorptivity (e) of  these transitions are 
in agreement with those obtained for similar tran- 
sitions in the literature. 1°c An identical spectral 

\ A!, 

~'", I ~ \ ~ " .  5 

300 500 

h (nm) 

Fig. 1. Absorption spectra of complexes 1-5. Numbers 
on spectra indicate the compound number. 
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behaviour was observed for these complexes in 
DMSO. 

The absorption of the complexes 1-5 in the solid 
showed a broad shoulder ~ 500 nm and a broad 
band in the range 300M00 nm similar to that 
observed in solution suggesting that the structure 
of the complexes is retained in the solution as well. 

FTIR studies 

FTIR  spectra of  complexes 1-5 were measured 
in a KBr matrix and those of 1, 2 and 5 are shown 
in Fig. 2. Complex 5 exhibited an extremely sharp 
band for VoH at 3546 cm -~ (Av~,2 = 17 cm ~) for a 
completely free OH group; however, the VoH region 
for the complexes 1 4  possess a broad asymmetric 
band (AVl..2 ~ 320 cm-1) with two very weak shoul- 
ders positioned one on the higher and the other 
on the lower energies. While the main stretching 
vibration in this region (3390-3430 cm -~) is 
assigned to intermolecular hydrogen bonding, the 
higher energy shoulder (3490-3530 cm-~) to free 

E 

# 

Ca) 

4000 3540 3080 2620 2160 1700 1240 780 320 

W a v e n u m b e r s  (cm -1) 

Fig. 2. FTIR spectra of complexes : (a) 1 : (b) 2 ; and (c) 
5 ; in KBr matrix. 
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VOH and the lower energy shoulder (3320-3350 
cm -I) to a VOH that is involved in a moderately 
strong intermolecular hydrogen bonding. Involve- 
ment of the C - - N  group in metal coordination is 
evidenced through the shift of the vc_ N by 20-30 
cm-1 to lower energy in the complexes 1-5. v v N is 
noted in the range 568-578 cm-~. 11 The charac- 
teristic Vv__ o stretching frequency ~2 that is observed 
in the region 950-960 cm-~ seems to indicate no 
influence of the intermolecular hydrogen bonding 
in 1-4, but may be indicative of Vv_ o stretch that 
has trans coordination. Thus based on the FTIR 
study it is possible to deduce that while the unbound 
OH in 5 is free from intermolecular hydrogen bond- 
ing, the same is involved in extensive hydrogen 
bonding in the cases 1-4. Further the deprotonated 
hydroxyls of the neighbouring molecules act as 
hydrogen bond acceptors. 

(a) 

3(CH,O_H) 

I I I I I I 
5.0 4.8 4.6 4.4 4.2 4.0 

ppm 

3(CH,  O H )  

I 

3.8 3.6 

N M R  studies 

Proton N M R  spectra of all the complexes are 
characteristic of the loss of protons from the phe- 
nolic OH and two alkoxy OH groups thereby sug- 
gesting a binding of three oxygens to the 
vanadium(V) centre in the complexes. The down- 
field shift of about 0.52 ppm for the imine hydro- 
gens also confirms the binding of the imine nitrogen 
to the vanadium(V) centre. The three CH2 groups 
which are equivalent in the ligand spectra have 
become nonequivalent due to the considerable per- 
turbation which occurs upon complexation. Typi- 
cal proton N M R  spectra of the ligand (SALTRIS) 
and its complex (1) in this region are shown in Fig. 
3. While one of the C H  2 groups is found unper- 
turbed, the other two have shown a large downfield 
shift. The hydrogens of these two CH2 groups were 
observed as one multiplet accounting for three 
hydrogens and another doublet accounting for one 
hydrogen, where the centre of the multiplet and the 
doublet are separated by 0.574).69 ppm in com- 
plexes 1-5 depending upon the substitution on the 
salicylaldehyde. Thus the proton N M R  spectra are 
indicative of the involvement of only two CH2OH 
groups in metal binding while the third CH2OH 
group is free. This is further supported by the pres- 
ence of a triplet corresponding to a free CH2OH 
group in the spectra of complexes. The observed 
pattern of the perturbed CH2OH groups in the spec- 
tra may be attributed to the stereochemical orien- 
tation of these groups, with respect to the V---O 
group. 

The information obtained from 1H N M R  is fully 
supported by the 13C N M R  spectra of these com- 
plexes where the 6 of o n e  C H  2 carbon is unper- 
turbed and the other two have shown downfield 

(b) 

free CH20_H free  CH2OH 

bonded 

• - -  C H 2 0  .-~ 

5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 
ppm 

Fig. 3. A region of IH NMR spectra of (a) SALTRIS 
ligand and (b) complex 1. 

shifts of about 20 and 24 ppm respectively. Appro- 
priate downfield shifts were observed with imine, 
tertiary carbon and phenolic carbons indicating the 
binding of the Schiff base to the vanadium(V) 
centre. Assignment of  the tertiary carbon and the 
methylene carbon resonances was done based on a 
partially decoupled experiment. 

Electrochemical studies 

The electrochemical properties of oxovana- 
dium(V) complexes 1-5 were examined with cyclic 
voltammetry in D M F  solution at a Pt electrode. 
While complexes 1, 2, 4 and 5 showed reversible 
redox behaviour corresponding to a VV~ V TM 

couple, complex 3 showed an irreversible reduction. 
All the voltammograms and their peak potentials 
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are shown in Fig. 4. The reversible redox nature of 
l ,  2, 4 and 5 was also reflected in their ip/i~ ratios 
and from their AEp values when compared with 
the standard ferrocene measured under the same 
conditions. The calculated E1/2 values for these com- 
plexes are in the range - 4 7 0  to - 4 0 0  mV with 
respect to Ag/AgC1. It is noteworthy that the 
potentials of the Vv/v TM couple in these complexes 
are more negative than those observed for the other 
vanadium(V) complexes. 13 The stabilization of the 
higher oxidation state in these complexes may be 
attributed to strong 7t donation of the alkoxy 
groups to the vanadium centre. In the case of com- 
plex 4 the reduction of VO 3+ -~VO 2+ is easier than 
the unsubstituted complex 1. Based on model mol- 
ecules it has been understood that the easier the 
reduction of vanadium(V), the lower the energy of 
its LMCT band. 1° In fact the LMCT band in the 
absorption spectrum of 4 was found at the lowest 
energy of all reported in this paper. Molecular 
modelling experiments in the case of substituted 
SALOPHEN complexes have indicated that the 

-420 (e) 
-490 

-350 

E (Volt) 

Fig. 4. Cyclic voltammetry of complexes (a) 1 ; (b) 2 ; (c) 
3 ; (d) 4 ; and (e) 5. Working electrode : Pt ; scan speed : 
100 mV s -1 ; supporting electrolyte : 0.1 M Et4NBr ; Ref- 

erence electrode : Ag/AgC 1. 
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substituents in the 3-position brings crowding 
which might result in tilting of the aromatic ring 
out of the planar arrangement. 14 This results in a 
coordinatively less favoured orientation for phe- 
nolic oxygen atom and thus makes 3-OMe- 
SALTRIS a poorer donor overall than SALTRIS 
and hence its electrochemical and absorption 
behaviour. However, no such steric influence is 
possible for 5-substituted ones. Since the LMCT 
band was found as a shoulder around 315 nm in 
the native bromoperoxidase, it was suggested that 
it is difficult to reduce the vanadium(V) centre and 
the enzyme. ~0c 

Structures of these complexes have been pro- 
posed based on these studies and a representative 
one is shown in Fig. 5 along with the sketch of the 
ligand. 

Chemical redox in solution 

Solution redox reactivity of complexes 1 and 5 
was studied using L-ascorbic acid and L-cysteine 
ethyl ester as reducing agents at a 1 : 2 mole ratio 
and were monitored by absorption and EPR spec- 
tra. The absorption pattern for complex 1 using L- 
ascorbic acid as reductant is shown in Fig. 6. Upon 
reacting the complexes with the reducing agent in 
DMF, a gradual change of the colour from red to 
green was observed initially. This resulted in the 
decrease in intensity of the broad bands observed 
around 490 nm in parental complexes as a function 
of time and finally shifted to 540 nm after periods 
of 70 and 120 min in case of L-ascorbic acid (Fig. 
6a) and L-cysteine ethyl ester respectively for com- 
plex I. For  complex 5, these periods were 30 and 75 
min, respectively, for L-ascorbic acid and L-cysteine 
ethyl ester. During the same period a new band 

(a) 

OH ~H2OH 

(b) O 
~O H / 

o. e " L ' / %  
/ -- . . - I ~ ' ~  C ~ CH20H 

R ~ H  

R = H  
= 3-OMe 
= 5-Me 
= 5-OH 
= 5, 6-Benzo 

Fig. 5. Schematic representations of the ligand (a) and 
its proposed vanadium complex (b). 
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 orio   min, Period (rain) [ (b) 
1 15 [ I// \\ ',.~,// 9 135 

4 30 I /I // ~ 1 2 ~ \ \  12 191 5 42 " I/ / \  ~ \~\/ 13 196 
6 55 12 14 204 

, ~ ~ \  7 70 , "' \ ~'~\\~/~' 15 360 

t L  8 90 . 
1 1  

500 7;0 5()0 700 
h. (nm) h (nm) 

Fig. 6. Absorption spectra of complex 1 in the presence of L-ascorbic acid in 1 : 2 ratio : (a) during 
reduction and (b) during reoxidation of the reduced species. (A 5 cm cell was used for recording all 

the absorption spectra except for 15 where a 1 cm cell was used.) 

appeared at 660 nm whose intensity increases as a 
function of time and the spectra goes through an 
isosbestic point at 610 nm. These spectral changes 
are indicative of  the interconversion of  oxidized 
[vanadium(V)] and reduced vanadium(IV) species. 
This information is supported by the formation 
of  incremental amounts of  vanadium(IV) signal in 
EPR as a function of time. When the solutions 
were left in air for periods beyond the complete 
reduction, the colour changes back to the original 
indicating reoxidation of the reduced species. These 
changes were also monitored by both absorption 
and EPR spectra. Typical spectra for the reoxi- 
dation process for 1 with L-ascorbic acid are shown 
in Fig. 6b. The spectral changes are indicative of  a 
reversible redox reactivity of  complexes 1 and 5 in 
the presence of 1 : 2 ratio of  complex to the reducing 
agents. Use of excess reducing agent (more than 
1:6 ratio) delays the reoxidation. This solution 
behaviour indicates that the redox nature is of  sim- 
ple electron transfer type rather than forming any 
stable complexes with the reducing agents, L-asc- 
orbic acid and L-cysteine ethyl ester. Complex 1 was 
also found to be reduced in acidic D M F  solutions. 
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