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Abstract: Electronic spectra and the equilibria for formation of the V(III, III) dimers of HEDTA3- and EDTA4"" are reported. 
The pA"a's and dimerization constants (pA'o, dimerization from two aquo monomers; pÂ d, dimerization from two hydroxy mo
nomers) have been determined at n = 0.20 and 1.00 NaOC>4, 25.0 0C, for species at equilibrium with VL(HjO)1-" 
(L = HEDTA3-, n = 1; L = EDTA4-, n = 2): pA"a = 6.59 ± 0.05; 9.57 ± 0.05, pKD = 9.16 ± 0.02; 15.99 ± 0.02, pKd = -4.01 
± 0.07; —3.14 ± 0.07 at M = 1.00. [enH2] [(HEDTA)VOV(HEDTA)]-H20 was isolated. The salt exhibits no antiferromagne-
tic coupling (S = 2) in the solid state (Faraday method) or in solution (NMR method) where between pH 3 and 10 the effec
tive moment was 2.75-2.82 /ZB/V(III). Equilibria between the oxo-bridged structure, LVOVL"- (I), a dihydroxy structure 
LV(OH)2VL"- (II), and hydroxy-aquo bridged moiety LV(OH)(OH2)VL(I""> (VI) are required for the kinetic parameters 
determined for formation of the V(III, IH)(HEDTA) dimer and for its monomerization by a preequilibrium hydrogen ion 
pathway (type 1). A kinetically indistinguishable hydrogen ion assisted rupture of strained structures of equivalent composi
tion (type 2) is possible. Monomerization OfV(III, III) (HEDTA) proceeds at M = 0.20, 25.0 0C, with k\ Afhyd = 4.0 s-1 and 
kiKKtyd = 2.51 X 103 M-1 s-1 (type 1) with a preassociation constant for HsO+, K = 7.8 M-1. The acid-catalyzed path ex
hibits activation parameters of AH* = 14.5 ± 0.1 kcal/mol, AS* = -11.3 ± 3 eu, ,u = 0.20. Formation of the V(III, 111)-
(HEDTA) dimer occurs with k-\ = 360 ± 10 M-1 s-1 via hydroxy monomers and k~2 = 428 ± 30 M-1 s-1 via a hydroxy and 
an aquo monomer and 25 M-1 s-1 through a separate diaquo path. The kinetics and solution structure of V(III, III) ions are 
discussed with respect to the [Fe(HEDTA)J2O

2- complex. 

A considerable interest exists in inorganic, geochemical, 
and biochemical disciplines for the /i-oxo-bridged polymeric 
clusters and hydroxy polymers of tripositive ions. Examples 
of the simple aquo ion species include the Al2(OH)2

4+, 
CrOCr4+, VOV4+, and Fe2(OH)2

4+ cations. We recently 
communicated the observation of a V(III) binuclear complex 
formed either by the inner-sphere electron transfer reaction 
between V(HEDTA)- and VO(HEDTA)- or by a slower 
association of 2 mol of V(HEDTA) formed by the outer-sphere 
component of the same cross-reaction.' -2 The inner-sphere path 
has allowed detection of a precursor complex of transitory 
existence having the oxidation state assignment (II, IV). In
tramolecular electron transfer within the precursor complex 
produces a (III, III) dimer, (HEDTA)VOV(HEDTA)2-. 
Analogous Fe(III) binuclear ions of the EDTA family 
(EDTA4-, HEDTA3-, CyDTA4-) have been characterized 
by the studies of Walling and Gray,3 Schugar, Anson, and 
Gray,4 and the early explorations of Gustafson and Mar-
tell.5 

The (HEDTA)FeOFe(HEDTA)2- complex is antifer-
romagnetically coupled with 5 = I.3 The formation and dis
sociation of these binuclear complexes are important as models 
for inorganic polymerization processes. The association and 
monomerization steps for the [Fe(EDTA)]204- and [Fe-
(HEDTA)]2O2- dimers have been studied by Wilkins and 
Yellin6 and by Martell's group.7 The dominant kinetic pathway 
for the Fe(III) dimers appears to involve dehydration of an 
intermediate formed by the combination of aquo and mon-
ohydroxy monomer complexes. 

No oxo or dihydroxy binuclear complexes of the EDTA 
family of ligands have been detected for Cr(III) in spite of the 
well-known tendency of the simple ammine complexes of 
Co(IIl) and Cr(III) to form bridged binuclear structures.11'12 

Dihydroxy structures are common for the Co(III) ammines. 
A binuclear NTA complex K.2[Co2(NTA)2(OH)2] is known 
and the acid-dependent monomerization has been stud
ied.39-40 

The Fe(III) EDTA series of complexes were considered as 
early models for ferritin and as excellent spectral models for 
hemerythrin.8 Hemerythrin is a binuclear iron O2 carrier that 

uses only protein side-chain residues for binding two Fe(II) 
centers in close proximity. The biological function of the re
lated hemovanadin is less certain.9 A complex of the formula 
V(Ci6Hi7NsOi |)(S04)23- can be isolated from cytolysis of 
vanadocytes. The low molecular weight organic ligand binds 
four of the coordination sites on the V(III) center.10 Swinehart 
et al. have characterized the oxidation state of vanadium found 
in tunicates from California coastal waters. The oxidation state 
in the cells of Ascidia ceratodes is V(III).43 Members of the 
order of Aplousobranchia have predominantly V(IV) in the 
intact cells.43 Kustin et al. have found that the cellular blood 
of Ascidia nigra collected in Bermuda waters has vanadium 
in the III oxidation state.44 Attempts to isolate the V(III) 
protein are frequently accompanied with production of EPR-
active VO2+. Ehrenberg and Boeri obtained a yellow-brown 
lysate solution from tunicate cell; the absorbing material is 
most likely to be a hydrolytic dimer of V(III).45 Kustin's blood 
spectrum from Ascidia exhibits maxima at about 280 and 335 
nm.44 The spectrum is not similar to that of the known V(III) 
complexes and it would be useful to have spectra of V(III) 
complexes in various ligand fields, particularly the N2O4 and 
N3O3 donor atom set, for comparison. Swinehart has observed 
a nonprotein fraction from chromatographed Ascidia certodes 
plasma which reduces V(V) to V(III). Because tunicates must 
convert vanadates from sea water to its usable V(III) form, the 
interconversion of various oxidation states of vanadium at
tached to chelating ligands is of interest. The (III, III) dimer 
of this report may be generated by a redox path and the 
vanadium(III) monomers may be obtained by acid-catalyzed 
cleavage of the dimers. The issue is germane since the cellular 
organelles which have the highest concentration of V(III) also 
contain high levels of H3O+ (~0.10 M). These findings from 
the vanadocyte chemistry stimulate an interest in the binding 
of V(III) to polydentate ligands, particularly those which leave 
one or two readily exchangeable coordination positions for 
solvent or other small molecule donors. 

The similarities of the Fe(III) and V(III) systems and the 
novelty that the V(III) dimer may be formed by a redox path 
has prompted us to characterize the monomeric and dimeric 
species of the general formulas VL(H2O)1-", VL(OH)"--
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Figure 1. Titration OfV(HEDTA)(H2O) with NaOH, [V(III)]tot = 2.00 
X 10-3 M, M = 0.20, T = 25.0 0C, [NaOH] = 0.0486 M. 

Table I. Wavelength Maxima and Molar Absorptivity Data for 
VL(H2O)1-" and LVOVL2"- Species 

L 

HEDTA3-

EDTA4-

DTPA5-

HEDTA3-

EDTA4-

Species 

Monomer 
Monomer 
Monomer 
Dimer 
Dimer 

Amax* 

454(21.8) 
454(27.8) 
460 (27.4) 
469(28.1) 
406 (30.5) 

nm (e, M ' cm"1)" 

530(12.6) 
535(10.0) 
533(17.7) 
559 (27.4) 760 (20.3) 
492(41.1) 708(16.5) 

"(/V(III). 

LVOVL2"-, and VL(OH)2
(n+1)- (L = EDTA4-, n = 2; L = 

HEDTA3-, n = 1). These species have been prepared in so
lution from VCl3 as an authentic source of V(III) rather than 
by the indirect redox route.1 The hydrogen ion dependencies 
for dimer association and dissociation are presented in this 
report. The (III, III) dimer has been isolated as a solid of the 
formulation [enH2] [(HEDTA) VOV(HEDTA)J-H2O. The 
solid exhibits no antiferromagnetic coupling as determined by 
the Faraday method. The Evan's NMR method shows that the 
dimer is also paramagnetic with S = 2 in solution. The mag
netic properties of the weakly coupled V(III) centers of the 
(III, III) dimer are likely to be of theoretical interest.462 The 
low-temperature moments and the structural arrangement of 
the (III, III) complex will be the subject of a separate re
port.4615 

Results 
Dimer Equilibria and Spectra. The equilibria shown in eq 

1-6 are observed when stoichiometric amounts of VCl3 and 
H3HEDTA or Na2H2EDTA are titrated under an inert at
mosphere. Similar equilibria occur for the corresponding 
Fe(III) complexes.3,5 The oxo-bridged formulation has been 
selected for the reasons cited in the Discussion section and 
because of the existence of the analogous (H2O)5-
VOV(H2O)5

4+ ion. 
Kf 

V(H2O)6
3+ + L<2+")- ^ = i VL(H2O) (D 

VL(H2O)1"" + H2O ^ ^ VL(OH)"- + H3O+ (2) 

KD 
2VL(H2O)1-" + 2H2O ^ ^ = LVOVL2"- + 2H3O+ (3) 

Ki 
2VL(OH)"- ^ ^ LVOVL2"- + H2O (4) 

^ d ^ a 
VL(H2O)1-" + VL(OH)"- ^==i LVOVL2"- -I- H3O+ (5) 

VL(OH)"- + 2H2O ^ VL(OH)2*"+1)- + H3O+ (6) 

80 

60 
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20 
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Figure 2. Ultraviolet-visible absorption spectra: (A) [(HEDTA)V]2O
2 , 

pH 5.97; (B) [(HEDTA)V(H2O)], pH 2.34; (C) [(DTPA)V]2", pH 6.62 
(M = 0.11 NaClO4, T = 25.0 0C). 

Figure 3. Ultraviolet-visible absorption spectra: (A) [(EDTA)V]2O
4 

pH 10.96; (B) [(EDTA)V(H2O)-], pH 3.40 (M = 0.10, T = 25.0 0C). 

A typical titration curve obtained as described in the Experi
mental Section is shown in Figure 1. Initially only the dark 
yellow monomeric complexes, VL(H2O)1-" and VL(OH)"-, 
species are detected. With increasing pH the magenta 
LVOVL2"- species is formed. The dimer equilibria shift in 
favor of VL(OH)2*"+')- only at high pH; the solution returns 
to a yellow brown hue as equilibrium 6 predominates at high 
pH. The spectra of the monomeric VL(H2O)' -" and the cor
responding LVOVL2"- species (Table I) are shown in Figures 
2 and 3 for L = HEDTA3- and L = EDTA4-, respectively. 
Spectra are recorded in the pH domain where either the mo
nomer or dimer is the only species of appreciable concentration 
in solution. The monomer complexes have very approximate 
octahedral ligand fields. The 454-nm band of the monomer 
appears to be split by the lowered symmetry in the LVOVL2"-

dimer. The «'s per V(III) of the dimer species do not exceed a 
factor of 2 for those of the monomer species. Transitions in 
[V(HEDTA)]202- occur shifted by about 65 nm to lower 
energy from those of the same bands in [V(EDTA)J2O4-. It 
may be inferred that the higher electrostatic field of EDTA4-

relative to HEDTA3- causes a larger ligand field for EDTA4-. 
The Fe(III) dimers have electronic spectra which have been 
interpreted as two high-spin Fe(III) centers in approximately 
octahedral coordination.13 

Kristine, Shepherd / N-Hydroxyethylethylenediaminetriacetatovanadium(III) 
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Figure 4. Titration data from V(HEDTA) system: M = 1.00, T = 25.0 0C, 
• and O represent separate experiments. 

Figure 5. Acid monomerization rate data treated by eq 11. 

Combination of the equilibria 1-6 together with mass bal
ance and charge balance expressions provides 

[VL(H 2O)'-"] = TM - TQH ~ [H3O+] + [0H~] (7) 

[ H 3 O + ] ( T Q H + [ H 3 O + ] - [ Q H - ] ) 

[VL(H 2O)'-"] 

2ZfD[VL(H2O)'-"1 

= K,+-
[H3O+] 

log Kd = 2pK& - p/CD 

(8) 

(9) 

where TM represents the total V(III) concentration in all 
forms, and Ton is the concentration of NaOH added beyond 
the formation of the VL(H 2 O) ' - " monomeric complex.5 A plot 
of 

[ H 3 0 + ] ( 7 Q H + [H3O+] - [ Q H - ] ) 2[VL(H 2O)'-"] 

[VL(H 2O)'-"] VS' [H3O+] 

will yield a straight line of slope A^D and intercept Ka. Poten-
tiometric titration data at 25.0 0 C, n = 0.20 and 1.00, were 
obtained for HEDTA3- and EDTA4" systems of V(III) under 
N2 . Representative data for the V(HEDTA) system are shown 
in Figure 4 at n = 1.00. The accumulated equilibrium con
stants that have been determined by this technique are listed 
in Table II with the existing data for Fe(III) dimers. Values 
for the pKa of reaction 2 where the V(III) is replaced by other 
tripositive cations are given in Table III. 

Kinetics of the Monomerization Process. Dissociation of 
[V(HEDTA)] 2 0 2 _ was induced by mixing solutions of the 
fully formed dimer with solutions of varying hydrogen ion at 
constant ionic strength Gu = 0.20, T = 25.0 0 C) . The disap-

Table H." Hydrolytic Equilibrium Constants for V(III) and 
Fe(IlI) Complexes of HEDTA3~ and EDTA4" 

pK, 

pKo 

P^rt 

V(HEDTA) 

6.59 ±0.05 
6.39 ±0.10* 
9.16 ±0.02 
9.05 ±0.02* 

-4.01 ± 0.07 
-3.74 ±0.10* 

V(EDTA)- Fe(HEDTA) Fe(EDTA)" 

9.57 ±0.05 4.11 ± 0.07<-
10.16 ± 0.01* 
15.99 ±0.02 5.84 ±0.01 
16.71 ±0.01* 

-3.14 ±0.07 -2.38 ±0.08 
-3.62 ±0.02* 

7.58rf 

12.21 

-2.53 

"M= 1.00, 7 = 25.0 0C. 
5. d Reference 4. 

' n = 0.20, T = 25.0 0 C . c References 3, 

Table III. Acid Dissociation Constants for Monomeric Complexes 
OfM(IIl)L(H2O)1-" 

M(III) 

Ru 
V 

Rh 
Cr 

Mn 
Fe 

Co 
Al 

Ionic radii 

Pauling 

0.74 

0.68 
0.63 

0.66 
0.64 

0.63 
0.51 

Prewitt 

0.70 
0.64 

0.67 
0.62 

0.65 
0.65 

0.53 
0.53 

HEDTA 

6.59 ± 
0.10 

6.13 ± 
0.10 

3.7" 
4.11 ± 

0.07 

P^a 

EDTA 

7.63 
10.2 

9.2 
7.39± 

0.03 
5.5" 
7.58 

~8 
5.92 

Ref 

42 
This work 

14 
15 

16 
4,5 

17 
18 

" May be coordination number 7. 

Table IV. Data from the Hydrogen Ion Induced Monomerization 
of (HEDTA)VOV(HEDTA)2-" 

[H3O+] 

0.115 
0.102 
0.0951 
0.0820 
0.0690 
0.0620 
0.0520 
0.0436 
0.0321 
0.0229 

" M = 0.20 N 
K2 = 7.79 M-' 

*obsd 

158 
144 
126 
135 
121 
107 
98.8 
84.7 
69.0 
50.8 

aC104, T = 

1 Aobsd 
X 103 

6.33 
6.94 
7.94 
7.41 
8.26 
7.94 

10.0 
11.8 
14.5 
19.7 

25.O0C; 

1/[H3O
+] 

8.70 
9.80 

10.5 
12.2 
14.5 
16.1 
19.2 
22.9 
31.1 
43.7 

^obsd(l + 
K2[H3O+]) 

300. 
259. 
219. 
221. 
186. 
159. 
139. 
114. 

86.3 
59.8 

average of three or more runs, 

pearance of the dimer absorbance at 557 nm was monitored 
in a stopped-flow spectrophotometer. The decrease in ab
sorbance obeys first-order kinetics in [dimer] tot and an ap
parent saturation effect in [H 3 O + ] . The data for the mono
merization reaction are given in Table IV. These data conform 
to a 1/[H3O+] vs. l/&0bsd linear dependence as shown in 
Figure 5. The general mathematical form for A:0bsd that is 
implied by this relationship is given by 

^obsd — 
_a + 6[H 3 O + ] 

1 +C[H 3 O + ] 
(10) 

The solution structure of the (III, III) dimer is still uncertain 
as to whether the V(III) centers are joined by an oxo ligand or 
by dihydroxy bridging ligands (see the Discussion section). 
Since (III, III) is produced by the intramolecular electron 
transfer bleaching of (II, IV), the oxo structure must exist at 
least as a kinetic transient. The reverse reaction of (III, III) 
monomerization exhibits a rate term dependent on two mole
cules of the hydroxy monomer and it is certain that the dihy-
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2LMOH-

I 2H+, fast 

2LM(H2O) 

LMOH" + LM(H2O) 

IH+ , fast 

2LM(H2O) 

Scheme II 
H H 

/ O s k" / O s 
LM ML2" >*"•=*= LM ML2" 

\ / fc-° ^ / 
xr 'o 
H H Figure 6. Acid monomerization rate data treated by eq 12. fc2'[H3O

+] 

droxy structure also exists at least as a kinetic transient. The 
two species differ only by the components of a solvent molecule 
and the hydration equilibrium 11 accounts for the intercon-

H 
9- ^hyd / 0 \ 9-

LMOML + H2O *=*= LM ML (11) 
I \ / 

H 
II 

version. Two kinetic pathways are compatible with the general 
law of eq 10. These include the following: (1) preequilibrium 
protonation catalysis (eq 12-14) and (2) proton-assisted 
rupture of a strained system (eq 15-17).47 In these general 
schemes D represents the (III, III) either as structure I or II 
and D* represents a strained bond structure of the (III, III) 
dimer. Structures III, IV, and V readily come to mind as 

LM--OML2" 

III 

r / 
H H 

L M ; ;ML 2 ~ LM: "ML2" 

H H 

rv 
strained structures which would be susceptible to 
sisted rupture. 
Type 1 

Type 2 

D + H3O+ ^ t DH+ + H2O 

D —*• monomers 

k\4 

DH+ —*• monomers 

*15 

D ; F = ^ D * 
* - 1 5 

*16 

D* —*- monomers 

proton-as-

(12) 

(13) 

(14) 

(15) 

(16) 

H3O+ + D* —*- monomers (17) 

The protonation preequilibrium path is shown in Scheme 
I for the dihydroxy structure (II); for an oxo bridged species 

2LMOH- LMOH" + LM(H2O) 
[ 2H+, fast J H+, fast 

(I) addition OfH2O may occur concerted with k\ or k2 steps 
which break the dimer structure. Similarly, the proton-assisted 
rupture of a strained system is shown in Scheme II with 
structure V with the potentially concerted hydration of III as 
an equivalent path. 

Application of the usual mass balance and equilibrium 
equations to Scheme I (type 1) yields expression 18. Applica
tion of mass balance equations, the steady-state approximation 
on the concentration of D*, and the assumption that the 
pseudoequilibrium constant (ko/k-o) favors structure D yields 
eq 19 for Scheme II (type 2). The steady-state and (ko/k-o) 
« 1 is essential to provide a first-power dependence in [H3O

+] 
in the denominator of eq 19 with K' = ko/(k-o + k\'). 

d[LMOML] kx + Jt2K[H3O
+] 

[LMOML]10, At 1 + K[H3O+] 
_ J d[LMOML] _ K'(k\' + ArZ[H3O

+]) 
[LMOML]101 At 

1+ K' ( ^ ) [H3O+] 

(18) 

(19) 

The implication of coefficients a, b, and c from eq 10 is easily 
seen by inspection of eq 18 and 19 for the respective general 
mechanisms of type 1 and type 2. The linear fit of the data in 
Figure 5 implies that a/ [H3O+] < 6 in eq 20 for [H3O+] > 
0.02 M. 

1 1 
(BiSFI + ' ) -[H3O+] A:obsd V[H3O

+] ' "7 v ( 2 0 ) 

The intercept, c, is determined as 7.8 M - 1 from Figure 5. The 
slope, 2.64 X 103 M - 1 s~', serves as an initial estimate of b 
although a refinement is obtained from eq 21 with c taken to 
be 7.8 M - 1 . 

fcobsd (1 + 4H3O+]) = a + 6[H3O+] (21) 

The monomerization data in the form of eq 21 are shown in 
Figure 6. The values of a and b are established as 4.0 s_ l and 
2.51 X 1O3M-1 s-1, respectively. The validity of the statement 
0/[H3O+] « b for [H3O+] > 0.02 M is established; a/ 
[H30+]max < 200 M - 1 s - 1 or <8% of b. The relative ef
ficiencies of the acid-catalyzed path to the uncatalyzed dis
sociation are given by (b/a) = 628 for the type 2 systems and 
(b/Ka) = 81 for type 1 systems. 

Kristine, Shepherd / N-Hydroxyethylethylenediaminetriacetatovanadium(IH) 
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Table V. Dimer Formation in the Presence of Buffers at 11 = 0.20, 
T = 25.O0C 

*obsd 

78.8 
194 
199 
111 
271 
310 
339 
315 
347 
373 
384 
311 
345 
348 
366 
393 

PH 

5.35 
6.53 
6.84 
7.21 
7.23 
7.49 
7.77 
7.80 
7.96 
8.28 
8.31 
8.78 
8.80 
8.90 
9.01 
9.03 

Buffer system 

a 
a 
b 
C 

C 

b 
b 
C 

C 

C 

C 

C 

C 

C 

C 

C 

10'1^bSd(Ka2 + 
2/Ta(H3O+) + (H3O+)2) 

172.7 
5.92 
3.21 
2.81 
2.70 
2.60 
2.54 
2.42 
2.49 
2.57 
2.54 
2.08 
2.31 
2.32 
2.44 
2.62 

" HP04
2-/H2P04- buffer. * 2,6-Lutidine/2,6-lutidinium ion 

buffer. c Tris(hydroxymethyl)aminomethane buffer. 

4UU 
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Figure 7. pH profile of V(HEDTA) dimer formation: • , phosphate buffer; 
A, 2,6-lutidine buffer; O, Tris buffer (M = 0.20, T = 25.0 0C). 

Kinetics of Dimer Formation. Formation of the dimer from 
V(HEDTA)(H20) monomer solutions was monitored in the 
stopped-flow device by means of the pH-jump method at 557 
nm. V(HEDTA)(H2O) was rapidly mixed with appropriate 
buffers at n = 0.20, T = 25.0 0C. The pH domain of 5.35-9.03 
was covered with phosphate, 2,6-lutidine, and tris(hydroxy-
methyl)aminomethane buffers. The data obtained under 
various conditions are given in Table V and a pH profile of 
fcobsd from the second-order reaction in [V(III)monomer]tot 
appears in Figure 7. 

Overlapping buffer regions were used to show that no spe
cific buffer effects were noticed in the value of &0bSd for 2,6-
lutidine, phosphate, or Tris buffers. The lutidine buffer runs 
were affected in the initial part of the reaction by the heat of 
dilution of the buffer. A specific buffer effect in the pH range 
of 8-9 was observed for borate or mannitol-borate buffers. The 
rates were very slow in the presence of the borate systems. The 
value of fcobsd remained nearly constant at 23 ± 1 M - 1 s - 1 

from pH 8.3 to 8.9. Comparison to the Tris buffer data reveals 
a larger rate suppression in mannitol-borate buffer. It seems 
likely that borate ion complexes with V(HEDTA) and that 
removal of B(OH)4

- or a carboxylate chelate ring opening 
becomes rate determining. The rate constant for dimer for
mation in the presence of the other buffer systems reaches a 
limiting value under hydrogen ion conditions which exceed by 
more than 2 pK units the pKa of V(HEDTA)(H2O) (see 

s.o 
t> 

*Q. 
4.0 

20 

100 200 
1O9X[H3O+] 

300 400 

Figure 8. V(HEDTA) dimer formation data treated by eq 16. 

Figure 7 and Table II). The law of microscopic reversibility 
would require the reverse reaction of Schemes I or II for re
formation of the dimer complex to proceed via the dihydroxy 
bridged intermediate (II) and the hydroxy-aquo intermediate 
(VI) or through distorted structures III, IV, or V. Assuming 
that the formation of intermediates by either scheme are rate 
limiting from two hydroxy monomers or an aquo and a hydroxy 
monomer, respectively, the sequence for dimer formation given 
by eq 22 and 23 is most likely. 

VL(OH)- + VL(OH)- - ^ i - LVOVL2" + H2O (22) 

VL(OH)- + VL(H2O) —>- LVOVL2" + H3O+ (23) 

Equation 24 may be derived from the mass balance expression, 
Ka, and Scheme II. 

d[LVOVL2-
d? 

^obsd — 

/C 2 ^[H 3 O + ] + k^K2 

(K3
2 + 2K3[H3O+] + [H3O+]2) 

X (VL(H2O)] 
monomer) 

k-2Ka[H3Q
+] + k-jK,2 

{K2 + 2K2[H3O+] + [H3O+]2) 

(24) 

(25) 

Equation 25 may be rearranged in a linear form having a slope 
of &-2Ka and intercept k-\KSL

2 illustrated by Figure 8. The 
values obtained by this method are fc_2 = 428 M - 1 s - 1 and k-\ 
= 345 M - 1 s-1. The solid line shown in the pH profile of Figure 
7 is obtained by using pKa = 6.59, A:-, = 360 ± 10 M-' s_ l , 
and k-2 = 428 ± 30 M - 1 s -1. These values provide the best 
agreement for eq 25 in the pH range above 6.0. Only the data 
point at pH 5.35 is substantially deviant from the theoretical 
curve (solid line). This is anticipated because the hydroxy 
monomer is only 0.05% of the total monomer concentration. 
The mechanism shifts to the association of two aquo mono
mers. This path is represented by eq 26 with /c-3 =* 25 M - 1 

s-'. 

VL(H2O) + VL(H2O) LVOVL2-+ 2H3O+ (26) 

Monomerization Activation Parameters. The temperature 
dependence was studied at 0.0436 M in H3O+ from 11.0 to 
29.8 0C (n = 0.20). The data are presented in Table VI. The 
fit of the data to the Eyring rate expression is shown in Figure 
9. Under these conditions the acid-independent path (a) con
tributes only 4% of the observed rate. The activation param
eters are found to be AH* = 14.5 ± 0.1 kcal/mol and AS* = 
- 11.3 ± 3 cal/mol K and these are taken to be the activation 
parameters of the acid-catalyzed path (b). 
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Table VI. Temperature Dependence of Acid-Catalyzed 
Monomerization" 

40p0cm1 3000 2500 

Temp, 0C ^obsd> S l / r x io3 -In(WD 
284.2 
286.6 
288.2 
291.5 
296.6 
298.4 
301.6 
302.8 
303.0 

<• n = 0.20 NaClO4 

30.3 
34.7 
38.5 
50.7 
76.2 
84.7 
97.0 
113. 
110. 

3.519 
3.489 
3.470 
3.431 
3.372 
3.351 
3.316 
3.303 
3.300 

2.289 
2.111 
2.013 
1.749 
1.359 
1.260 
1.134 
0.986 
1.013 

-2.50 
330 3.35 3.40 

( 1 0 3 Z T ) 

3.45 350 

Figure 9. Temperature dependence of acid-catalyzed monomerization. 

Magnetic Studies Of(HEDTA)VOV(HEDTA)2". The solu
tion magnetic moment was determined by dissolving [enH2]-
[(HEDTA)VOV(HEDTA)].H20 in 2% tert-butyl alcohol-
H2O solution. The pH was 6.5 in the domain where the dimer 
is fully formed (see Figure 1). The solution gram susceptibility 
was determined vs. an internal capillary butanol reference at 
313 K by the Evans' NMR method.19 Diamagnetic corrections 
were calculated using Pascal's constants.20 The corrected 
molar magnetic susceptibility, XMCOIT> was found to be 3.03 X 
10-3 cgs units per V(III). The effective magnetic moment was 
calculated from the Curie law (eq 27) to be 2.75 /*B/V(III). 
Similar experiments from pH 3 to 10 gave values in the range 
of 2.75-2.82 us- The spin-only value for a d2 V(III) center is 
2.83. The monomelic V(HEDTA)(H2O) complex gave a value 
of 2.82 us for Meff at 296 K by the same procedures. 

HeU ~ 2.828 y/xcortT (27) 

The solid [enH2] [(HEDTA)VOV(HEDTA)I-H2O was 
examined by the Faraday method with Hg[Co(SCN)4] as the 
reference compound. A corrected molar magnetic suscepti
bility Xmcorr of 3.18 X IO"3 cgs units/V(III) was found at 297 
K. The Curie law evaluates iieff as 2.75 MB/V(III) for the dimer 
in the solid state. These studies indicate that 5 = 2 for the (III, 
III) dimer both in solution and the solid state. 

Infrared Vibrational Spectra. Nujol mull spectra were ob
tained for [enH2][(HEDTA)VOV(HEDTA)J-H2O and 
Na[V(EDTA)(H2O)]. The vibration at about 850 cm - 1 

usually attributed to the M-O-M stretching frequency is 
virtually absent. 

Hendrickson reports the absence of any strong band in the 
800-900 cm"1 region for an Fe(III)-Fe(IV) oxo-bridged 
porphyrin4815 and Gray has reported the absence of this band 
in a Mn-O-Mn porphyrin of Mn(III).48a Meyer et al. could 
find no IR-active bands in this region for Cl(bipy)2RuORu-

100" 

2000 1750 1500 1300 1100 
I l I I I I I 

5 0 -

4000cm1 3000 250C 
100- ' 

50-

2000 1750 1500 1300 1100 

/11OO 1000 900 8OO 

700 S50 §25 

Figure 10. Infrared spectra in KBr pellets: (A) [enH2] [(HEDTA)-
VOV(HEDTA)I-H2O, (B) Na[V(EDTA)(H2O)]. 

(bipy)2Cl"+ complexes.480 Other IR-active bands for the va
nadium complexes are shown in Figure 10. 

Conclusions 

Nature of the Dimer Species. The existence of monomer-
dimer equilibria for V(III)(HEDTA) and V(III)(EDTA)-
is confirmed by the titration data, electronic spectra, and iso
lation of the dimer as [enH2] [(HEDTA)VOV(HEDTA)]-
H2O. Magnetic studies on the dimer in solution and in the solid 
state show the dimer to have four unpaired electrons (S = 2). 
The V(III) dimer does not show antiferromagnetic coupling 
as is present in the Fe(III) dimer. There is no strong IR band 
near 850 cm -1 which is usually assigned to the M-O-M 
stretching frequency. However, this frequency can no longer 
be accepted as proof of the absence of this structure.48 The 
medium band at 880 ± 10 cm -1 is also detected for the Na-
[V(EDTA)(H2O)] monomer salt. The absence of any free 
carboxylate functionalities with a different vibration from 
those of coordinated groups supports structure I. The aquo 
V(III) dimer has been attributed to be the dihydroxy bridged 
structure21 although the cation is generally considered to be 
the oxo-bridged VOV4+ ion.22 Dimeric complexes of V(III) 
in solution for the o-phenanthroline23 and terpyridine24 have 
been postulated as (phen)2V(OH)2V(phen)2

4+ and (trpy)-
V(OH)2V(trpy)4+. The magnetic moment data for 
(HEDTA)VOV(HEDTA)2- are consistent with either 
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structure I or II. A molecular orbital description similar to ones 
already attributed325 to CI5RuORuCl5

4-, (NH3J5-
CrOCr(NHj)5

4+, and (HEDTA)FeOFe(HEDTA)2- would 
assign four electrons from the oxo bridge and four electrons 
from the two V(III) centers to populate two bonding and three 
effectively degenerate nonbonding orbitals: (Eu

b)4 

[Eg2B2g,B2U
1]Eu*. The dihydroxy structure is also consistent 

with the absence of superexchange which would lower the ef
fective moment below 2.8 ^ B / V ( I H ) . 

A species of at least transitory existence having a composi
tion with the oxo-bridged structure I may be inferred from the 
formulation of the highly absorbing V(II, IV) dimer.2 If 
structure II is the dominant solution form of the (III, HI) 
dimer, then hydration must be rapid relative to intramolecular 
electron transfer. From the collected data it would appear that 
only a x-ray diffraction study can answer whether structure 
I or II is the dominant species in the solid state. 

The value found for c (7.8 M - 1) is in reasonable agreement 
for a preequilibrium protonation of the dihydroxy structure 
II based on the value of 42.8 ± 2.7 M - 1 reported by Meloon 
and Harris40 for the ( N T A ) C O ( O H ) 2 C O ( N T A ) 2 - complex. 
In Scheme I the constant c equals the protonation constant, 
K. For Scheme II the constant, c, equals K'(k2'/ko) = (k^/k-o 
+ k\). The ratio (A^'/^i') = 628; if competition occurs for the 
strained intermediate D* for conversion to monomers and 
reversion to the D structure, /c-o must be competitive with 
fc2'[H30

+] within a factor of 10-100. Under this assumption 
{k-o + k[') ai k-Q. Therefore c ^ (k^/k-o)- If type 2 
mechanisms are involved and an estimate of Zc2' is taken as the 
diffusion limited rate of—101' M - 1 s~' for proton scavenging 
of D*, the value of c = 7.8 M - 1 would require k_o to be ~8 X 
10" s -1. It follows that /co < 1O10S-' from the approximation 
(ko/k-o) « 1. Any lower value of k-/ will produce the same 
relative decrease in k$. This calculated value of ko is much less 
than a vibrational frequency which suggests that partial bond 
rupture is present in D* as shown by structures HI-V. The 
values obtained with c = 7.8 M _ l are within the realm of 
possibility. Therefore type 2 behavior cannot be ruled out in 
preference to type 1 on this basis. 

The electrostatically similar V(HEDTA)(H2O) and 
Co(NTA)(H2O)2 species have pA:as of 5.56 and 6.71,40 re
spectively. Therefore, V(III) is about 12-fold more acidic than 
Co(III). An estimate of K of 3.6 M - 1 is obtained from cor
recting Harris's equilibrium constant by a factor of 12 for 
Scheme I. The estimated value is within a factor of 2 of the 
kinetically determined value of 7.8 M - ' . 

The protonation effect does not seem to be explained by 
protonation of a pendant carboxylate group (eq 28). 
Cr(EDTA)(H2O)" has a pKa for the pendant carboxylate arm 
of 1.8 ± 0.2.15 The HEDTA complexes of M(III) species 
should be more acidic owing to a lower net electrostatic charge. 
The aquo ligand in M(III)HEDTA complexes is more acidic 
by 2-4 p*: units than in M(III)EDTA(H2O). A pendant arm 
should reduce the electrostatic difference. The observed value 
for p-K of 0.8 seems too high for a pendant carboxylate pro
tonation equilibrium involving V(HEDTA)(H2O) or the (III, 
III) dimer.41 

LMOML2- + H3O+ ^ ^ H O ~* LMOML~ (28) 

The p/iTaS for V(H2O)6
3+ and Fe(H2O)6

3+ are 2.92 and 
2.19, respectively.26 It is anticipated that Fe(III) complexes 
are more acidic than their V(III) analogues. This fact is il
lustrated by the data in Table II. The pKas of V(HEDTA)-
(H2O) and V(EDTA)(H2O)- are nearly a constant of 2.5 log 
units higher than the Fe(III) complexes of the same ligands. 
The equilibrium of the dimer complex with the aquo monomers 
(eq 3) is less favorable by nearly 3.5 log units for the V(III) 
system relative to Fe(III); however, the equilibrium involving 

Table VII. Kinetic Data for V(III) and Fe(III) Formation and 
Monomerization 

k-\, k-2, k\Khyi, kiKhyiK, 
M-'s- ' M- 's- ' s-' s-' 

V(HEDTA) 3.60 XlO2 4.3 X 102 4.0 2.51 X 103 

Fe(HEDTA) 9.0 XlO2 6.0 XlO4 4.0 3.0 XlO6 

Fe(EDTA) 6.0 X IQ2 2.0 X IQ4 1.2 5.0 X IQ8 

hydroxy monomers (eq 4) is more favorable for the V(III) 
system. In each case the dimer formation is more favorable for 
the HEDTA3- system relative to EDTA4-. This is reasonable 
because charge repulsions for the monomer fragments within 
the dimer will be larger in the (EDTA)MOM(EDTA)4-

species than in the (HEDTA)MOM(HEDTA)2- complex. 
Charge repulsions dominate acidities of the monomeric 
M(HEDTA)(H2O) and M(EDTA)(H2O)- complexes. The 
p£as for all of the complexes listed in Table III follow the ef
fective ionic radii assigned to the ion with the exception of 
Mn(III). Mn(III) may be seven coordinate in its EDTA family 
complexes16 which would account for its anomaly in this series. 
The presence of Al(III) in the proper order and magnitude of 
its pATa for the Al(EDTA)- system shows that the hydrolysis 
of the transition metal monomers is dominated by the elec
trostatic component; the pKa of the EDTA complexes obey a 
reasonably linear dependence on \/r using the Pauling ionic 
radii. 

Mechanism of Dimer Formation and Dissociation. A com
parison of equivalent kinetic pathways for dimer association 
and dissociation is given in Table VII for V(III) and Fe(III) 
complexes assuming the mechanism in Scheme I and the 
prehydration equilibrium of eq 11. The Fe(III) rate constants 
are those of Wilkins and Yellin determined in 1.0 M NaNO3 
medium by the temperature-jump method. Forward and re
verse rates for the V(III) system were carried out at /x = 0.20, 
T= 25.0 0C. The buffer media and acid media for the pH 
jump procedure are not equivalent and the ratio of the rate 
constants differs by 90-fold from the static method for the 
equilibrium constant given in Table III. For the uncatalyzed 
pathways for both the V(III) and Fe(III) complexes the rate 
constants are remarkably similar. However, the acid-catalyzed 
paths (k-2 and kiKK^yi) are slower by about 102 for the 
V(III) system relative to Fe(III) which is approximated by the 
ratio of the water exchange rates of V(III) and Fe(III) aquo 
complexes.27 

Newton and Baker report AH* = 9.4 kcal/mol and AS* = 
—26.1 eu for the VOV4+ acid-catalyzed monomerization.28 

The values found for the (HEDTA)VOV(HEDTA)2-

monomerization (AH* = 14.5 kcal/mol, AS* = —11.3 eu) 
show that the more negatively charged environment for either 
the oxo or dihydroxy portion of the HEDTA dimer costs less 
in entropy terms for protonation than for the VOV4+ cation. 
The activation enthalpies differ by 5 kcal/mol for protonation. 
Both values are in the range of AH* of the acid-promoted path 
for the monomerization of Fe2(OH)2

4+ where reported values 
of 10.5 ± 0.5,29a 11.2 ± 0.1,29b and 6 ± 2 kcal/molMc at 25 0C, 
H = 3.0 NaC104, are found. That the activation entropy is 
negative is supportive of structure I as the true solution species. 
The AS* values for disruption of Fe2(OH)2

4+ and (Cr(o-
phen)2(OH)]2

4+ are +329c and +0.5 eu,30 respectively. The 
negative activation entropies for VOV4+ and (HEDTA)-
VOV(HEDTA)2- support a greater degree of ordering for the 
activated complex. This would suggest that the (III, III) dimer 
of V(HEDTA) is likely to be oxo bridged in solution similar 
to its aquo ion analogue. 

The value of 14.5 kcal/mol and the rate constant at 25 0C 
associated with rupture of structure VI is also close to the rate 
1.14 X 102 M - 1 s - 1 and AH* for solvent exchange (13.5 ± 
0.8) as deduced by substitution of NCS - on V(H2O)6

3+ 30 The 
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values shown by k2KKhyd (3.51 X 1 0 3 M - 1 s - 1 ) are modestly 
larger, consistent with the labelization of coordinated water 
by ligands such as HEDTA 3 - . The relative assistance of the 
H+-promoted path to the unassisted path for monomeriza-
tion—628 for V(III) and 7.5 X 105 for Fe(III)-reveals that 
the V(III) system is less sensitive to H + catalysis by 1000-fold. 
This result is consistent with greater charge repulsion for the 
protons of coordinated H2O molecules in the Fe(III) complex 
which is also displayed by the greater acidity of the monomeric 
Fe(III) complexes (Table III). 

Medium effects obscure the exact relative magnitude of the 
differences for the V(III) vs. Fe(III) complexes. However, the 
formation rate constants also follow the trends shown by the 
monomerization paths. The formation of structure III from 
two hydroxy monomers is nearly the same for V(III) and 
Fe(III) (k-\ path). The "acid-assisted" formation pathway 
via intermediate IV is more efficient for the Fe(III) complex 
by about 100-fold. 

The study of the V(III) and Fe(III) dimers with HEDTA 3 -

raises the question as to why the Cr(HEDTA)(OH) - complex 
fails to form a similar dimer.31 Charge factors would seem to 
be favorable. The monomeric Cr(III) complex is known to be 
anomalously labile for Cr(III) complexes15,31 and the reactivity 
has been attributed to the transitory expansion of the coordi
nation number of Cr(III) to 7 by attack of the pendant hy-
droxyethyl or acetato arms of H E D T A 3 - and EDTA 4 - , re
spectively.15 It seems likely that the lability of the 
Cr(HEDTA)(H20) complex contributes to the instability of 
the dimer complex of Cr(III). The slow substitution rate for 
the Co(III) complex and the preference for ring closure to form 
the sexidentate monomer complex17 would seem to be the or
igin of the lack of the dimeric species for Co(III)(HEDTA). 
Work is in progress on the Mn(III)HEDTA complex to ex
amine the effect of 7 coordination on potential dimer equilibria 
for the Mn(III) system.32 

The spectra obtained for the monomer and dimer complexes 
of EDTA 4 - and H E D T A 3 - for V(III) show little similarity 
to the plasma spectrum of the tunicates as found by Kustin. 
The DTPA 5 - complex shows only slight differences from the 
HEDTA 3 - spectrum. Its coordination for the 1:1 V(III): 
DTPA 5 - would appear to involve only the terminal and middle 
N donors with their respective acetato groups as ligands for 
V(III). The iminodiacetate fragment would appear to remain 
uncoordinated; a similar result is observed for the 1:1 spectrum 
of VO(DTPA) 3 - which is essentially unchanged from that of 
VO(HEDTA) - . The N2O4 and N3O3 donor series appear to 
be unrelated to the tunicate spectrum. It is possible that the 
small extinction coefficients of V(III) octahedral complexes 
could be masked by other components in the Ascidia blood. 
Given the opportunity, V(III) would seem to prefer N2O4 
rather than N3O3 based on the DTPA 5 - monomer complex 
spectrum. It is quite possible that the V(III) complex in tuni
cate cells is bound in a site with fewer than six ligand donors; 
a series of five coordinate complexes with N2O3 and N3O2 
environments is under study in our laboratory as potential 
binding analogues of the Ascidia V(III) complex. 

Experimental Section 

The stopped-flow experiments were conducted on a Durrum D-110 
spectrophotometer. V(III) solutions were manipulated under N2 
which was purified through Cr(II) bubblers and supplied to glass 
vessels via an all-glass manifold. Solutions were manipulated by sy
ringe techniques using gas-tight syringes. Titration data were obtained 
in an N2 purged cell with a thermostated jacket at 25.0 0C. Poten-
tiometric data were monitored on an Orion 601 digital pH meter 
standardized with appropriate buffers. N2-purged NaOH was added 
with a Gilmont microburet. All spectra were recorded on a Varian-
Cary 118C spectrophotometer. IR data were recorded in KBr or Nujol 
mulls with a Beckman IR8 or Beckman IR Acculab 4 instrument. 

VCl3. VCl3 was prepared by reduction of V2O5 with S2Cl2.
34 

Workup procedures were carried out in anhydrous conditions within 
glove bags. Purity of samples was checked for V(IV) by means of the 
presence or absence of the EPR eight-line VO2+ spectrum on a Varian 
E-4 EPR at room temperature. 

[enH2][(HEDTA)VOV(HEDTA)]-H20. Equal molar amounts (0.02 
mol) of VCl3 and Hs(HEDTA) were placed in a three-necked flask 
and purged with N2. 02-free solvent water was added with magnetic 
stirring to dissolve the VCI3. Ethylenediamine was added until the pH 
probe in one of the necks indicated pH neutrality. The solution was 
combined by dropwise addition of dimethylformamide until the so
lution appeared cloudy. The preparation was flushed with N2 and 
stored in a refrigerator overnight. The crystalline powder which was 
obtained was filtered and washed with dimethylformamide and ether 
before drying in a vacuum desiccator with pumping. The formulation 
[enH2] [(HEDTA)VOV(HEDTA)]-H20 is implied. Anal. Calcd: C, 
33.90; H, 5.57; N, 11.07. Found: C, 33.66; H, 5.97; N, 11.84." The 
solution spectrum was identical with that of the species formed by the 
titration experiments in situ with NaOH. 

Na[V(EDTAXH2O)]. VCl3 and Na2H2EDTA (0.02 mol each) were 
combined under N2 with H2O. NaOH pellets were added to raise the 
pH to 6.0. Light brown crystals formed upon cooling in ice. The solid 
was filtered, washed with cold methanol and cold ether, and dried in 
a desiccator.34 Analysis of a weighed sample by means of its electronic 
spectrum and the known solution c's indicated the formula weight 
corresponding to only one coordinated H2O molecule. The sodium 
salt of VO(EDTA)2- was also isolated from the mother liquor after 
air oxidation. 

Magnetic Data. The Evan s NMR method was used to obtain so
lution magnetic moment data in H2O.35 The probe temperature of 
the Varian EM360 device was measured by the separation of the CH3 
and OH resonances of methanol.36 (CH3)3COH was used as the 
reference resonance; it was present in both the (III, III) dimer solution 
and in an internal capillary. The solid state magnetic data were ob
tained on a Faraday balance apparatus,36 using standard tech
niques. 

Reagents. Commercial buffers and ligands were used as supplied. 
NaC104 was prepared as a stock solution from a salt recrystallized 
three times and analyzed by the tetraphenylarsonium perchlorate 
gravimetric method.37 
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Abstract: The synthesis of a series of complexes of the general formula CapCo(dmg)3Cap"+, where dmg is dimethylglyoxima-
to and Cap is diethylenetriaminechromium(III); diethylenetriaminecobalt(III); l,r,l"-tris(aminomethyl)ethanecobalt(lll); 
triaquonickel(ll), diethylenetriaminenickel(II); triaquozinc(II) and diethylenetriaminezinc(Il). The proposed structures are 
supported by elemental analyses, NMR, and conductivity experiments. Magnetic susceptibility studies to 4.2 K indicate little 
interaction between the unpaired electrons of the paramagnetic capping groups. Electrochemical studies indicate that in con
trast to stabilization of the II oxidation state by the BF cap of the clathrochelate FB[Co(dmg)3]BF the metal caps stabilize 
the III oxidation state. The cobalt center of the metal capped complexes are even more difficult to reduce than the cobalt in 
K3Co(CN)6.59Co NMR spectra are reported and discussed. 

Current interest in heterogeneous and biological catalytic 
systems which involve the action of more than one metal center 
has stimulated the synthesis and study of materials containing 
more than one metal in the ion or molecule. For ease of dis
cussion, such molecules or ions will be referred to as metal-
lomers and the standard prefixes (di-, tri-, etc.) used to indicate 
the number of metal ions in the species. Before any generali
zations can be established regarding the influences that one 
metal center in a molecule can have on the chemistry at another 
metal center, a wide variety of soluble materials will have to 
be prepared in which the factors influencing metal-metal 
synergism can be varied in a systematic way. This is a report 
of the synthesis and characterization of a series of complexes 
that contain three metal ions in the same molecule. The ma
terials are novel in that soluble species can be synthesized in 
which two of the metals are different from the third. 

The trimetallomers in this system are derived from the salt 
t<3Co(dmg)3 (where dmg represents the dimethylglyoximato 
anion). The synthesis of this material in the required "anti" 
configuration,1 i.e., with all six nitrogen atoms of.the three 
dmg 2 - ligands coordinated to Co(III), was reported by Boston 
and Rose. la These authors also reported the reaction of 

I<3[Co(dmg)3] with 2 equiv of the Lewis acid boron trifluoride 
to produce [Co(dmg)3(BF)2]BF4, in which the tricyclic ligand 
cage is joined together at both ends by the formation of 
boron-oxygen bonds to form the clathrochelate shown 
below: 

+ 
C H - C H -

c — -C 

- O - f B 

Co 
3 

Of particular interest to this work was the fact that this low-
spin, diamagnetic Co(III) complex could be readily reduced 
under mild conditions to the low-spin, paramagnetic Co(II) 
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