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Discrete variational Xa (DVXa) calculations have been carried out for the eight-co-ordinated vanadium- ( iv) 
and - (v) complexes [V(hida)2]z--11- (H,hida = N- hydroxyiminodiacetic acid). These complexes are 
minimal models for the corresponding oxidation states of amavadin from Amanita muscaria which, as 
isolated, consists of an approximately equimolar mixture of the anions [A-V{(S,S) -hidpa},]' and [A- 
V{ (S,S) - hidpa},I2- (H,hidpa = N- hydroxy-2,2'-iminodipropionic acid). The electronic structure and the 
nature of the metal-ligand bonding of these vanadium-(iv) and -(v) centres is described. The ordering of 
the d orbitals and their composition is closely related to that established for the oxovanadium(iv) moiety 
which demonstrates why, for many years, amavadin was mistakenly thought to contain a V 0 2 +  centre. 

Vanadium is concentrated by fungi of the Amanita genus to 
remarkably high levels, with the highest concentrations (up 
to 400 ppm dry weight) being generally found in Amanita 
muscaria. The low molecular weight, blue, vanadium(1v) 
complex amavadin is readily isolated from Amanita mmcuria2 
and is constituted as a 1 : 2 complex of the metal with the pro 
ligand (S,S)-N-hydroxy-2,2'-iminodipropionic acid (H,hidpa). 
Initially, amavadin was formulated 3 3 4  as the five-co-ordinated 
vanadyl complex PO(H,hidpa),], based on electronic absorp- 
tion (UV/VIS), electron spin resonance (ESR) and infrared 
spectroscopic data. 3-8 Amavadin is reversibly oxidized to the 
vanadium(v) l e ~ e l . ~ ? ' ~  

An alternative structure for amavadin was proposed, 
following the synthesis and crystallographic characterisation of 
~H, ]~Me, ]w(h ida ) , ]  (H,hida = N-hydroxyiminodiacetic 
acid). The w(hida),12- anion involves an eight-co-ordinated 
vanadium(rv) centre bound by two hida3- ligands, each bonded 
uia an q2-N-0 group and two unidentate carboxylato-groups. 
This arrangement was suggested to apply to amavadin. Our 
studies have shown that this is indeed the case. 

Cyclic voltammetric studies of amavadin and its chemical 
analogues W(hida),l2- and [V(hidpa),12- demonstrate that 
each of the V"-V'" pairs possesses a common geometry in 
solution. O-' We have crystallographically characterised six 
p(hidpa),]"- (n = 1 or 2) complexes and [V(hida),]-;12 
Frausto da Silva and co-workers l1  have reported the structure 
of [V(hida),12-. All of these anions have the co-ordination 
sphere shown in Fig. 1; the only significant variation within 
this series of structurally congruent complexes is that the 
V-Ocarboxylate bonds are (on average) 0.1 A shorter for the 
vanadium(v) than the vanadium(1v) centres. 

We have accomplished ' an extensive series of spectroscopic 
studies [X-ray absorption (V'" and V"); ESR (V'"); 'H, ' and 
"V NMR (V"); circular dichroism (V'" and V")] for amavadin 
in its V'" and V" oxidation states, [V(hida),12-and [V(hida),] -, 
and several variants of w(hidpa),12- and [V(hidpa),] - with 
different chiralities at the C 2  carbon and vanadium centres. 

* Supplementary data available (No. SUP 57049, 7 pp.): Molecular 
orbital energies and compositions for m(hida),]"- (n = 1 or 2). See 
Instructions for Authors, J. Chem. SOC., Dalton Trans., 1995, Issue 1 ,  
pp. xxv-xxx. 
Non-SZ unit employed: au z 5.29 x lo-' ' m. 

Fig. 1 Structure of the anion of [PPh4][A-V((S,S)-hidpa),l.H,O l 2  

These studies showed that amavadin, as isolated, consists of an 
approximately equal mixture of [A-V{(S,S)-hidpa},]'- and 
[A-V{ (S,S)-hidpa) 2] 2-, each of these anions involving eight- 
co-ordinated V'" but no V=O group (see Fig. 1). The metal- 
ligand atom distances of amavadin, obtained from an analysis 
of the vanadium K-edge EXAFS (extended X-ray absorption 
fine structure) recorded for Amanita m u ~ c a r i a , ' ~ , ~ ~  are in good 
agreement with the dimensions obtained from the X-ray 
crystallographic determinations of the structures of p- 
(hida),I2- ' and p(hidpa)J2-. 1 2 7 1 3  The initial 3*4 assignment 
of the IR band at 980 cm-' in amavadin to a v(V=O) stretch was 
erroneous, rather this band is due to v(C-Me) stretching." 
However, amavadin, [V(hidpa),12- and P(hida),l2- do 
have visible and ESR spectra which resemble those typical of 
{VO}2+ complexes. Thus, these anions are blue with three 
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visible absorption bands [typically, h,,,/cm-' (&/dm3 mol-' 
cm-') 12 900(23), 14 300(22), 17 700(25)] and ESR spectra at 
both X- and Q-band frequencies which are approximately axial 
(typical parameters gll = 1.925, g, = 1.987, Al l  = 154 x 
lo4 cm-', A ,  = 47 x lo4 cm-'). Therefore, it is necessary to 
address the question why these eight-co-ordinated non-oxo 
vanadium@) complexes have electronic properties, and 
presumably an electronic structure, similar to those of vanadyl, 
V02+ ,  complexes. We have examined this by performing 
discrete variational (DV) Xa calculations l4 for n(hida),I2-''-. 
This is a method of calculation which has proved successful 
in describing the electronic structure of a range of oxo- 
vanadium(rv) complexes ' and related oxochromium(v) and 
oxomolybdenum(v)' species. 

Experimental 
Electronic spectra were recorded on a Shimadzu UV-3101 PC 
UV/VIS/NIR scanning spectrometer. 

Structural Details.-The dimensions of [V(hida),12- and 
[V(hida),]- have been determined.' ' ,12 In the solid state, 
neither of these anions has any point symmetry beyond C,. 
However, one bisector of the Ocarboxylate-V-Ocarboxylate interbond 
angles closely approximates to a C2 axis and the atomic 
positions chosen for the calculations used slightly displaced 
atomic coordinates to yield idealised (C,) symmetry. Thus, in 
Fig. 1, the operation C,' interchanges the 'top' and 'bottom' 
ligands and hence the two V-0-N triangles. 

Computational Details.-The density functional theorem 
provides a rigorous basis for the exact calculation of the 
ground-state electron density of any molecule.' Such a 
treatment would include all possible electron exchange/correl- 
ation interactions. Unfortunately, the theorem merely proves 
that such an exact functional exists, not how to generate it. 
Practical computational procedures therefore employ approxi- 
mations to this hypothetical exact functional. One such scheme 
is the DVXa model. The Xu methods employ only the exchange 
part of the full local density approximation (LDA) functional. 
The absence of a correlation term is partially compensated by 
using an a factor of 0.7 rather than the formal LDA value of 2/3. 
The discrete variational implementation is the forerunner of the 
DMol program system.".? It is a numerical scheme which we 
have shown on several occasions 15-17920,21 to give accurate 
electronic spectral properties for a range of d' and d9 metal 
complexes. The method has been described in detail else- 
where 14*20 although some relevant points are repeated here. 

(SCC) DVXa calculations have 
been carried out for [V(hida),l2-/'- within a spin-restricted 
formalism. Near-minimal single site orbital (SSO) basis sets 23 

(or numerical atomic orbitals, NAOs) were employed (up to 4p 
on V, up to 2p on 0, N and C and 1s on H) with the core 
functions (up to 3p on V, 1s on 0, C and N) frozen24 and 
orthogonalised against the valence orbitals. The SSO basis sets, 
which are of approximately double-6 were further 
constrained by applying an external potential well of depth - 2 
au, with inner and outer radii of 4 and 6 au for V and 2 and 4 au, 
respectively, for 0, C, N and H. The basis sets were optimised as 
previously described. 2o 

Sampling points were distributed such that ca. 1100 points 
were associated with V, 500-600 points with C, N and 0 and 
300 points with H. This distribution scheme ensures a numerical 
error of approximately k 0.02 eV (ca. 3.20 x lo-,' J) in molec- 
ular orbital energies and k 0.002 in atomic orbital populations, 
relative to the limit of a very large number of sampling points. 

All charge densities and orbital populations are based on 
Mulliken analyses.26 Estimates of both d-d and charge 

Self-consistent charge 

t DMol is available from Biosym Technologies, San Diego, CA. 

transfer (c. t.) transition energies were computed using Slater's 
transition-state formalism.27 In this latter procedure, a 
calculation is performed using molecular-orbital (MO) 
occupations corresponding to the halfway point in the 
transition. Transition-state data are generally in better 
agreement with experiment than Xa MO energy differences, 
particularly if significant electronic relaxation accompanies 
the excitation. Full listings of MO energies and compositions 
for [V(hida),]"-, where n = 1 or 2, are available as SUP 
57049. 

Results and Discussion 
The sequence of '3d orbital' energies calculated for p(hida),] 2- 

is d,z-,Z < d,, < d,, < d,, < dZZ, see Fig. 2 and Table 1 
which also lists the percentage d character of these levels. Thus, 
the singly occupied molecular orbital (SOMO) of [V(hida),12- 
has substantial (82%) d character, is metal-ligand non-bonding, 
and is directed between the carboxylate oxygen atoms along 
the x- and y-axes (Fig. 2). The V-Ocarboxylate cr* orbital is 
predominantly d,, in character. The dyz, d,, and dZ2 orbitals are 
used to form bonds to the two 'axial' q2-N-0 groups. Fig. 3 
shows the distribution contours for the x* MO involving 3d,, 
and Fig. 4 the distribution contours for the cr* MO involving 
3d,z. The d,, and d,, orbitals are not degenerate, but are split 
by some 900 cm-' since the Ocar,,,,xylate-V-Ocarboxylate in-plane 
interbond angles are not exactly 90" and the two q2-N-0 
groups are not perfectly staggered in projection down the z 
axis. 1*12 The overall relative ordering of the d orbitals (Table 1, 
Fig. 2) shows that the d,,, d,, 'pair' are ca. 4000 cm-' to lower 
energy than d,, which, in turn, is only ca. 1000 cm-' below the 
energy of the dZZ orbital. The computed d-d band energies are in 
good agreement with the observed values for w(hida),l2-, 

E 

dx?y2 

Fig. 2 
splitting diagram for [V(hida),]'-, [V(hidpa),12- and amavadin 

Ideaiised co-ordination geometry and qualitative d-orbital 

http://dx.doi.org/10.1039/DT9950000191


J. CHEM. soc. DALTON TRANS. 1995 193 

Table 1 
character 

DVXa computed d-orbital sequences and percentage d 1.01 
Complex d-Orbital sequence 

~~ 

[V0Cl4]2-* 

[V(hlda),] - 

[V(hida),]- 

dX2-,2 < d,, < d,,,dy, < 

d,2-,2 < d,, < d,, < d, < d,l 

d,2cy2 < d,, < d,, < dZ2 < d,, 

%d 88.6 72.7 72.0 57.5 

%d 81.6 66.9 63.4 75.4 66.7 

%d 74.6 62.1 58.7 73.6 72.7 

* From ref. 15 with the x- and y-axes rotated by 45”. 

Fig. 3 Distribution contours for the n* MO (31a) with predominant 
d,, N, 0 character in [V(hida),]2-, viewed perpendicular to one V-NO 
plane with only the -z portion shown 

Fig. 4 Distribution contours for the cr* MO (32a) with predominant 
d,Z N, 0 character in ~(hida),12-, viewed perpendicular to one V-NO 
plane with only the -z portion shown 

0.2 1 ,.: I I ,- ;\.. \ \ \ 

/ \ .  
/ \ .  

\ - ...... 

600 800 1000 0 

Wavele ngt hln m 

Fig. 5 Electronic spectra of [NH,][NMe,]~(hida),] (26.7 mmol 
dm-3) in H,O (* .); amavadin (29.3 mmol dm-3) in aqueous 0.2 mol 
dm-3 phosphate buffer, pH 5.8 (- - -); and Hz~(hidpa),]*3H20 (14.4 
mmol dm-j) in H,O (-) 

P(hidpa),I2- and amavadin (Table 2). The prediction of four 
d t l  transitions in the region 11 500-18 000 cm-’ is consistent 
with the three I,,, observed (Fig. 5) in this region, since the 
dX2-y2 --+ d,, and d,, transitions are predicted to be 
close (< 1000 cm-’) in energy and would not be expected to 
be resolved by these measurements. The largest discrepancy 
is ca. 1700 cm-’ for the d,2~~2 --+ d,, transition, the I,,, of 
which is the most difficult to define (Fig. 5). The onset of charge- 
transfer (c.t.) bands observed at ca. 22 500 cm-’ agrees well 
with the calculated value at ca. 24 000 cm-’ (Table 3). 

Oxidation from P(hida),12- to P(hida),] - results in the 
calculated d-orbital sequence changing only in that the two 
highest energy orbitals, d,, and d,Z, are reversed. Thus for 
vanadium(v) the o-bonding effect of the four carboxylate 
oxygens on the ‘in-plane’ orbital is dominant. This is expected, 
as the removal of the single (unpaired) electron from this plane 
on oxidation leads to a concomitant reduction of ca. 0.1 A in 
V-Ocarboxylate bond lengths. The electronic absorption spectrum 
of P(hida),]- is dominated by a band at 20 800 an-’; the 
computed transition energies show that this band may arise 
from carboxylate - vanadium and/or ON, __* vanadium 
transitions. These c.t. transitions are cu. 4500 cn-’ lower in 
energy for [V(hida),] - as compared with [V(hida),12- (Table 
3). The electronic absorption spectra of P(hidpa),] - and 
oxidised amavadin are essentially the same and very similar to 
that of P(hida),] - . 

Thus, the electronic structure of all members of this family of 
eight-co-ordinated vanadium complexes can be described by 
the basis derived for the [V(hida),12-”- derivatives. 

The d-orbital sequences given in Table 1 show that there is 
a considerable similarity between w(hida),]’- and ~ 0 C l 4 I 2 - .  
The SOMO in both cases ’’ has substantial d-electron character 
and is predominantly located in a ‘non-bonding’ orbital 
pointing between the ‘in-plane’ ligands. The axial bonding in 
both cases involves dyz, d,, (n) and dZ2 (a) interactions, with the 
former two d orbitals being at a lower energy than the last. 
The ‘in-plane’ o-antibonding orbital is predominantly d,, in 
character and is at a higher energy relative to the SOMO for 
P(hida),12- than P0Cl,I2-,  as would be expected when the 
relative interactions (ligand-field strengths) of 0- and C1-donor 
ligands are compared. 

The nature of the metal-ligand bonding in P(hida),l2- and 
POCl4l2- can be probed via a Mulliken analysis of the ground 
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Table 2 Comparison of the d-d band energies (cm-’) calculated for [V(hida),]’- with those observed for F(hida),]’-, [V(hidpa)J2- and amavadin 

w(hida),] 
W(hidpa),]’- Amavadin ‘ 

Observed Observed Observed 
Calculated (&/drn3 mol-’ cm-’) (&/dm3 mol-’ cm-’) (&/dm3 mol-‘ cm-’) 

dX2-yZ - dYz  :: :if} 12 500 (25.1) 13 175 (22.1) 12 950 (21.3) dX2-,2 - d,, 
dX2-,2 - d,, 16 002 14 170 (25.5) 14 330 (21.6) 14 470 (19.5) 
d,2-,2 - d,2 17 085 17 760 (31.7) 17 760 (23.4) 17 670 (20.5) 

a ~H,]~Me,][V(hida) , ]  in H20.  H,[V(hidpa),] in H 2 0 .  Aqueous 0.2 mol dm-3 phosphate buffer (pH 5.8). 

Table 3 Computed metal-to-ligand (m.1.) and ligand-to-metal(1.m.) charge-transfer (c.t.) transition energies (cm-’) * 

[Vtv(hida),] 2- 

m.1.c.t. 
W”(hida),]- 
1.m.c.t. 

30a - 32b (V - C02- )  23 866 
30a - 33a (V - CO, -) 25 132 
30a - 33b (V - COz-) 25 504 
30a --+ 34a (V - CO, -) 27 691 28b - 30a (C0,- V) 26 769 

27 531 
28 160 

24 313 
24 775 
27 691 

29b --+ 30a (C0,- - V) 
29a --+ 30a (C0,- - V) 
28a - 30a (ON,o __* V) 

27b - 30a ( 0 N . O  - V) 
27a - 30a (C0,- - V) 

1.m.c.t. 
29a - 30a (ON,o -+ V) 
29b --+ 30a (C0,- - V) 

29 976 
29 517 

* All other c.t. band energies > 30 000 cm-’. 

Table 4 DVXa calculated atomic charges and overlap populations per 
ligand for W(hida),]’- and wOC1,I2- 

Atomic charges 

V 1.01 1 0.977 

Le, 

Overlap populations per ligand 

V-(NO) 0.644 V=O 0.913 
V-Oeq 0.325 V-CI 0.346 

F(hida),lz- poCl4]2- 

La* -0.374 - 0.483 
- 0.603 - 0.624 

W(hida),] ’- ~OC1,]2- 

and V-C1 overlap populations are similar (Table 4), being 0.325 
and 0.346, respectively. The large overlap population for the 
vanadyl species (0.9 13) is consistent with considerable covalent 
bonding. The equivalent value for each q2-N-0 group is 
0.644, which is larger than any overlap population computed 
previously’5 for a ligand other than an 0x0 group to 
vanadium(rv), uiz. equatorial CN in [VO(CN),]3- is 0.628. 
Since there is a pair of trans-q2-N-0 groups, the overlap 
population is consistent with a very strong axial ligand field 
in [V(hida),12- and related complexes. 

state and the calculated charge density and the atomic charges 
are listed in Table 4. For [V(hida),12-, the calculated atomic 
charge for the metal, 1.01 1, is significantly lower than the 
formal oxidation state of IV. This effect was also observed for 
oxovanadium(1v) complexes ’ and the value for [V(hida),12- 
is between the values calculated for [VOC14]2- (0.977) and 
p0(NCS),(H,O)l2- (1.042). The calculated atomic charge on 
the carboxylate ligand atoms of [V(hida),12- of -0.603 is 
comparable to that calculated for chloride ( - 0.624) and 
thiocyanate ( - 0.688) in the above oxovanadium(1v) complexes. 
For [V(hida),12-, the charge associated with each ‘axial’ q2-N- 
0 ligand is -0.374, as compared with -0.483 for the total 
charge on the 0x0-group in p0Cl4I2-.  Previous studies 15*28*29 

have shown that the large donation from a vanadyl oxygen 
atom is consistent with strong, formally multiple V=O bonding. 
Whilst each ‘axial’ component in p(hida),12- is not quite 
as strong a donor as 02-, there are two q2-N-0 moieties 
compared to one 0x0 group. Although total charge and spin 
densities allow for some comparison between complexes, the 
use of these quantities is not completely satisfactory. A 
comparison of the bonding properties of disparate ligands 
can be more effectively achieved through the use of overlap 
populations. 5-1 Although it has been clearly demonstrated 
that the bonding in vanadium(1v) complexes must be dealt with 
on an individual basis,’ the comparison between [V(hida),12- 
and pOC14]2- is, nonetheless, informative. The V-Ocarboxylate 

Conclusion 
Discrete variational Xa calculations on p(hida),12-”- 
have demonstrated that the energies and compositions of the 
orbitals with a predominant d character are very similar to 
those found for oxovanadium(1v) complexes and this is in 
accordance with the qualitative considerations of crystal-field 
theory.30 This observation demonstrates how amavadin 
could have been mistaken for a vanadyl, {VO}2+, species on 
the basis of electronic absorption and ESR spectroscopy. The 
similarity of bonding of one 0x0-group to two trans q2-N-0 
groups has also been observed in respect to the redox sequences 
[Mo(hidpa),I2- +-+ [Mo(hidpa)J - [Mo(hidpa),] and 
{MOO),+ - (MOO)+ t--)  MOO).^' 

The results reported herein further demonstrate that the 
DVXa method is sufficiently accurate to provide useful 
information concerning the electronic structure of complex 
molecules. 
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