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Potassium tris(dimethylglyoximato)nickelate(iv), K2[Ni(dmg),], has been prepared in aqueous alkaline 
medium from nickel(i1) and dimethylglyoximate (dmg2-) in the presence of an excess of two-electron 
oxidant. Electronic, i.r., and 1 H n.m.r. spectra are in conformity with an octahedral (D3) geometry for 
this compound, with dmg2- units bonded through nitrogen donors. The lack of any significant em.  
signal establishes that the central nickel is in the oxidation state IV. The formation of [Ni(dmg),12-, 
from Nil1 and dmg2- in the presence of hypoiodite generated in situ from tri-iodide and hydroxide, 
exhibits pseudo-first-order kinetics. The rate constants of formation, kobs., show linear dependence on 
[oxidantlo in the concentration range employed. At [OH - J = 4.8 x 1 0-2 rnol dm-3, the kobs. values 
show a linear increase with increasing [dmg2- lo, tending to limiting values at higher relative [dmg2- lo. 
The kobs. values remain almost constant with decreasing [OH-] in the range 0.105 2 [OH-] 2 1.1 x 
rnol dm-3, but exhibit a significant decrease with decrease in [OH -3  in the range 1.1 x 1 0-2 > 
[OH -1 2 6 x 1 0-4 rnol drn-,. The kinetic results are interpreted in mechanistic terms. 

Dioximes are good ligands for stabilization of higher oxidation 
states of transition metals, e.g. nickel(~v),'-~ because of their 
rr-donor character. Simek reported that a solution of nickel(n) 
dimethylglyoximate in 1-2 rnol dm-' KOH was easily oxidized 
by oxidants like hypoiodite, hypobromite, and peroxodi- 
sulphate, resulting in a red solution of a diamagnetic Nil" com- 
plex. Use of lead dioxide in oxidizing a mixture of nickel@) 
sulphate and dimethylglyoximate in 1.5 mol dm-j NaOH 
also yielded a red solution, which was shown from reversible 
polarographic studies to be a NilV complex.6 On the other 
hand, the product of pulse-radiolytic treatment of an N,O- 
saturated solution of nickel(11) sulphate and dimethylglyoxi- 
mate, in 0.5 mol dm-j NaOH or 4 mol dm-j NH40H, displayed 
an intense band at ca. 450 nm; the reaction showed pseudo- 
first-order kinetics, and the product was assumed to be a Ni"' 
species since the oxidation was brought about by one-electron 
oxidants such as OH or NH2 radicals.' The reaction of [Ni- 
(Hdmg)2] with bromine or iodine in pyridine was reported to 
give a compound originally believed a to contain nickel(Iv), 
but later shown to be a nickel(n1) species.' On the basis of 
e.s.r. studies of the red solution, Marov et al.1° suggested that 
whereas peroxodisulphate exclusively oxidized a mixture of 
Ni" and dmg2- to a NilV complex, some Ni"' species was ob- 
tained in solution on oxidation o f  a mixture of Nil1 and dmg2- 
by OX- (X = C1, Br, or I) or H202 in 3 mol dm-j OH-; when 
the oxidizing agent was hypoiodite, the maximum accumu- 
lation of the Nil1' species (20-30%) in solution was observed 
with a reactant ratio (Ni" : dmg2- : 01-) of 1 : 6 : 1.8. The 
stoicheiometry, structure, and metal oxidation state of the red 
solution were the subjects of many investigations, the distri- 
bution of Ni"' and/or NilV being strongly dependent on the 
experimental  condition^.^^'^ In view of these conflicting re- 
ports, we were interested in the preparation, characterization, 
and unambiguous establishment of the oxidation state of the 
central metal of this complex of higher-valent nickel. 

Simek reported a qualitative mechanism for the formation 
of tris(dimethylglyoximato)nickelate(iv), envisaging an initial 
inner-sphere substitution of a dimethylglyoximato ligand by 

t Presented in part at the All India Symposium on Recent De- 
velopments in Chemical Kinetics, Waltair, India, 1981. 
Non-S.I. Unit employed: 1 G = lo-* T. 

a hydroxo ligand in the covalent bis(dimethy1glyoximato)- 
nickel(@, [Ni(Hdmg)2], which was followed by attachment of 
two other ligands and subsequent two-electron transfer. In 
view of the known reluctance of [Ni(Hd~ng)~] to undergo 
exchange with a hydroxo ligand, we thought it worthwhile to 
investigate the kinetics of formation of the NilV species, in 
order to elucidate the mechanism. 

Experimental 
Materials.-The reagents used were of analytical grade. All 

the solutions were freshly prepared before use by dilution 
exclusively with doubly distilled water. Solutions of nickel(i1) 
sulphate or chloride (B.D.H.) were standardized by the stand- 
ard edta method.12 Fresh stock solutions of dimethylglyoxi- 
mate (dmg2-) were prepared by dissolving dimethylglyoxime 
(Poole, England; m.p. 241 "C) in carbonate-free potassium 
hydroxide solution; requisite amounts of these were used 
within 3 h of preparation. The estimations of OH- and oxid- 
ants were performed by standard procedures.12 The con- 
centrations of hydroxide in kinetic runs were determined both 
before and after the reactions and the results were found to be 
reproducible. In  experiments with lower concentrations of 
hydroxide, theconcentrations werecalculated from the average 
pH values (fO.O1 units) after correction for the ionic strength 
effect. I3 

Preparation of Potassium Tris(dimethy1glyoximato)nic kelate- 
(iv), K2[Ni(dmg)3].-Simek's method was modified, yielding 
better results. 

(a) With chlorine gas as oxidant. To a cold solution of nickel- 
(11) chloride (0.1 mol) in water (10 cm3), KOH (2 mol dm3, 10 
cm3) was added. The resulting suspension of Ni(OH)2 was 
stirred well and a stream of purechlorinegas was passed slowly 
(1 cm3 min-I) until a permanent shining greyish black mass was 
obtained. Pure nitrogen was then bubbled through the suspen- 
sion for about half an hour, after which a calculated amount 
of a cold alkaline (ca. 0.1 mol dm-j OH-) dimethylglyoximate 
solution (such as to obtain a concentration of dmg*- slightly 
greater than 0.3 rnol dm-j in the final solution) was added with 
vigorous stirring. The mixture was kept stirred for about I h ,  
after which the resulting deep reddish brown solution was 
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filtered. The filtrate was repeatedly washed with diethyl ether 
and the final aqueous solution was run through a column 
(1.5 x 12.5 cm) of anion-exchange resin (Dowex 1 - X8; 
200-400 mesh) in CI-/OH- form and eluted (0.5 cm3 min-I; 
0-5 "C) with 0.02 rnol dm-' KCl adjusted to pH ca. 1 1.6. Only 
one coloured band appeared, the middle portion of which was 
collected. The solution was vacuum-dried to yield red needle- 
like crystals (decomp. 82 "C; 70% yield) (Found: C, 24.3; H, 
4.9; N, 14.2; Ni, 10.0. Calc. for C8H,,K2N4Ni04*6H20: C, 
24.5; H, 5.1; N, 14.3; Ni, 10.0%). 

Prolonged drying of these crystals in uacuo furnished a red 
powdery mass (Found: C, 29.4; H, 4.0; N, 17.0; Ni, 11.9. 
Calc. for CBHl2K2N4NiO4: C, 30.0; H, 3.8; N, 17.5; Ni, 
12.2%). 

(b) With other oxidants. Alternative methods involved use of 
standard hypohalogenite (OX- ; X = C1, Br, or I) or peroxo- 
disulphate solutions as oxidant. The suspension of nickel(n) 
hydroxide was treated with a known excess of the oxidant 
solution, and dimethylglyoximate solution was then added, 
producing the characteristic red solution. Purification and 
subsequent isolation of the crystals were performed as 
described in (a). 

(c) Using higher-valent oxidesof nickel. In a slightly modified 
procedure, the black higher-valent oxide l4 of nickel was em- 
ployed to yield red solutions of the complex. Treatment 
of an alkaline solution of Nil1 sulphate with an excess of 
standard peroxodisulphate solution produced a black mass 
which was filtered and air-dried over several days. A suspen- 
sion of the black solid in water was treated with a calculated 
excess of an alkaline solution of dimethylglyoximate with 
constant stirring. The deep red colour was found to develop 
slowly. The best results were obtained when a slight excess of 
dmg2- (over the [dmg2-] : [Nil'] ratio of 3 : 1) was used. The 
crystals were obtained after purification by anion exchange 
and vacuum drying. 

The crystals obtained in (b) and (c) analysed satisfactorily 
for the formulation K2[Ni(dmg),].6H2O, showed identical 
electronic spectra (in aqueous solution), i.r. spectra, and 'H 
n.m.r. spectra, and did not display any significant e.s.r. 
signal. 

(d) Preparation of aqueous solutions of the complex. The 
aqueous solutions of the complex were made by dissolving 
freshly prepared crystals in water. The crystals and their 
aqueous solutions were stable at lower temperatures (0-5 "C), 
but on being warmed to ca. 80 "C they decomposed slowly to 
give nickel(n) dimethylglyoximate. The aqueous solutions in 
the presence of alkali (pH 2 11.5) when stored at 0 "C were 
stable for months. However, aqueous solutions were freshly 
prepared before use. 

Elemental Analyses.-Total nickel was estimated by the 
edta method l2 after decomposing the NilV complex in ca. 
1 rnol dm-' H +  and adjusting the pH to ca. 7. Analyses for C, 
H, and N were performed at the Organic Chemistry Labora- 
tory, Madras University. Elemental analyses were carried out 
on the crystals and on the powdery solid. 

Magnetic Susceptibility and Conductance Data.-Room 
temperature (27 "C) magnetic susceptibility data of the crys- 
talline samples were obtained by the Faraday method using an 
electronic vacuum microbalance (Cahn R. G.) in conjunction 
with an electromagnet (Brucker, Stuttgart) with H~[CO(SCN)~] 
as calibration standard. The molar conductance data of an 
aqueous solution of the complex ( 5  x rnol dm-') were 
measured on a Mullard Conductivity Bridge. 

Spectra.-Electronic spectra (in the 210-750 nm region) 
were recorded on a Pye Unicam SP 1 800 spectrophotometer. 

1.r. spectra of H,dmg, [Ni(Hdmg),], and K2[Ni(dmg)'] were 
obtained for KBr discs using a Perkin-Elmer IR-337 grating 
instrument. 'H N.m.r. spectra of H2dmg and [Ni(Hdmg)2] in 
CDCb sohition and K2[Ni(dmg),] in (CD3)2S0 were run on a 
Varian T 60 spectrometer with %Me4 as internal reference. 
E.s.r. spectra of the (powdered) crystalline complex at 300 and 
123 K and of a solution of the complex (1 x mol dm-') 
in aqueous glass at 123 K were taken on a Varian E4 X-band 
instrument (using quartz e.s.r. tubes and flat cells). The e.s.r. 
spectra of solution mixtures of [Ni(dmg)J2- (1 x mol 
dm-3) and L-ascorbic acid (1 x mol dm-3) were 
recorded by mixing equal volumes of the solutions at 61-2 "C 
(pH 9.2 or 3) and immediately quenching in liquid nitrogen. 

to 3 x 

Potentiometric Measurements.-The first and second pro- 
ton-dissociation constants (Ka1 and &) of Hzdmg were de- 
termined by potentiometric pH titrations in an atmosphere of 
nitrogen, using a Systronics 335 digital pH meter equipped 
with glass and saturated calomel electrodes. The pH meter 
was standardised before use. The concentrations of H + were 
calculated from measured pH (kO.01 units), with due cor- 
rection for the ionic strength effect." The average values of 
K,, and Ka2 were, respectively, 7 x lo-' and 4.4 x 10-lo rnol 
dm-' at 30 "C [ I  = 0.14 mol dm-' (KCI)]. 

Oxidation Equivalence.-Measured samples of aqueous sol- 
utions of the Ni1vcomplex(2 x 10" rnol dm-') weremixed with 
equal portions of standard VOz+ solutions of various concen- 
trations (2 x lo-' to 5 x mol dm-9 at pH 4-5 in citrate 
buffer. The complex remaining was estimated by recording 
the absorbance at 460 nm in an Aminco stopped-flow spectro- 
photometer. It was found that 2.05 f 0.03 rnol of V02* re- 
acted with 1 rnol equiv. of the complex. 

Potentiometric redox titrations (using platinum foil and 
saturated calomel electrodes) were also utilised to show that 
the NilV complex behaved as an effective two-electron oxidant. 
A known volume of the complex solution of known strength 
was titrated potentiometrically with a standard As"' solution 
at pH 4-5. One rnol of the former was found to react quantit- 
atively with 1.03 f 0.03 rnol equiv. of As"'. 

Spectrophotometric Titrations.-Measured samples of 
nickel(i1) chloride and dmg2- solutions were mixed in the 
presence of a known fixed excess of the oxidant solution (OX-) 
at pH 12.4 ( I  = 0.14 mol dm-7 and 30 "C. The spectra were 
recorded in the 210-380 and 380-650 nm regions. 

From the absorbance noted at 460 nm, it was observed that 
1 rnol of Nil*, in the presence of the oxidant, reacted with 
3.01 f 0.03 rnol of dmg2- for the formation of [Ni(dmg)J2- 
[equation (i)]. The formation constant of [Ni(dmg)Jz- was 

Ni2+ + 3 dmg2- - 2 e ---t [Ni(dmg)J2- (i) 

determined using earlier reported  procedure^.'^ (Nickel(i1) was 
transparent at 460 nm; [Ni(dmg)J2- was the only detectable 
species formed under these conditions.) The log p3 value was 
10.6 f 0.3 (pH range 11.7-12.4, aqueous medium, 30 "C, 
Z = 0.14 rnol dm-9. 

Kinetics.-Kinetics were followed for the formation of 
[Ni(dmg)J2- at 460 nm (AA/At  > 0) in an Aminco stopped- 
flow spectrophotometer assembly with quartz windows and 
10-mm light path, comprising a Beckman DU monochrom- 
ator, an R-136 Hamamatsu photomultiplier, an Aminco 
linear log photometer, and a Tektronix 564 B storage oscillo- 
scope. The nominal mixing time for this instrument is 2 ms. 
The temperature of the mixing cell was maintained (10.1 "C) 
by water circulation through the cell holder. In a typical 

http://dx.doi.org/10.1039/DT9830001225


J.  CHEM. soc. DALTON TRANS. 1983 1227 

experiment, an aqueous solution of Nil1 chloride, iodine, and 
potassium iodide was mixed with an aqueous alkaline solution 
of dmg2- at the appropriate temperature and ionic strength 
(I, adjusted by the supporting electrolyte, KCl). The change in 
absorbance at 460 nm (the absorbance maximum of [Ni- 
(dmg)3]2- in the visible region) was traced as a function of 
time. The rate constants calculated were reproducible to f 5%. 
For every entry, at least seven to ten replicates were performed. 
Under the conditions employed, the direct oxidation of dmg2- 
by the oxidant was negligibly small. Computations were per- 
formed with a DCM Data Products minicomputer, Micro- 
system 1121. 

Results and Discussion 
Under the experimental conditions employed ([oxidant] $ 
[Nil1]) and in the presence of an appreciable concentration of 
OH-, the ion-exchange chromatographic and spectral data 
showed that [Ni(dmg),]'- was the only product. The elemental 
analytical data for the crystalline and powder samples satis- 
factorily agreed with the formulations K2[Ni(dmg),]-6HZO 
and K,[Ni(drng)J, respectively. The molar conductance data 
of an aqueous solution ( 5  x mol dm-3) at 27 "C showed 
the complex to be a 1 : 2 electrolyte. The room temperature 
magnetic susceptibility data after diamagnetic corrections 
yielded a zero effective magneticmoment showing thecomplex 
to be diamagnetic. That the complex was an effective two- 
electron oxidant was seen from the oxidation equivalence data. 

The u.v.-visible spectrum (in the 210-380 and 380-650 
nm ranges) of an aqueous solution of the complex in alkaline 
medium (pH 11.6-12.4) exhibited absorption maxima at 
265 (&265 = 15.1 x lo4 dm3 mol-' cm-') and 460 nm (&460 = 
9.6 x lo3 dm3 mol-' cm-'). The former was assigned to n-n* 
transitions due to the co-ordinated dmg2- ligand; 16*17 the 
latter might be due to ligand-to-metal charge transfer (1.m.c.t.) 
contributions (see later). The n-n* band at 265 nm was ob- 
scured by a band at 278 nm produced when the aqueous 
solution was warmed or the pH was lowered (<9). The new 
band might be due to n-n* transitions of the oxidised form 
of the ligand or to an N-protonated species.18 

The results of the spectrophotometric titrations (210-380 
nm range) suggested that at a 3 : 1 molar ratio of dmg2- to 
Nil1, in the presence of an excess of oxidant and an appreci- 
able concentration of OH- ([Ni"l0 4 [oxidantlo 5 [dmg2-Io), 
[Ni(dmg)3]Z- was the only detectable product formed with 
dmg2- as the ligand. The 265 nm band, characteristic of 
n-n* transitions due to co-ordinated dmg2-, did not undergo 
much change even when [dmg2-]/[Ni"] > 3. However, at 
[ligand]/[Ni"] < 3, the original band at 265 nm was reduced 
in intensity, with a shift towards the lower energy region, 
while a concomitant appearance of a new band at 225 nm was 
observed. Clear isosbestic points were noticed at 244 and 276 
nm (Figure 1). Since the 225 nm band is assignable to n-n* 
transitions of the protonated forms of dimethylgly~xime,*~*~~ 
these results (in conjunction with other spectral evidence) 
might be taken to indicate that under conditions where [oxid- 
antlo 9 [Ni1'Io, [Ni(drng)J2- was the only species formed 
when [dmg2-]/[Ni1'] 2 3, and that this species underwent a 
change when [drng2-]/[Ni"] < 3, leading to a new species 
which displayed the characteristics of the 225 nm band. 

The i.r. spectrum of the powdery sample of K,[Ni(dmg),] 
exhibited, in addition to the metal-nitrogen (ligand) absorp- 
tions around 500cm-', significant absorptionsat 1 5 6 0 ( ~ ~ = ~ ) , ' ~  
and 1 240 and 1 093 cm-' (vN-&16 but no bands around 2 300, 
1 750, and 3 500  cm-', indicating the absence of intramolecu- 
lar hydrogen bonding (as in [Ni(Hdmg)z]} l6 and oxime 
hydroxy group {as in [Cu(Hzdmg),]} l6 respectively. It is 
pertinent to compare here the i.r. spectra of K2[Ni(dmg),] with 

220 250 300 
h/nm 

350 

Figure 1. Spectrophotometric titrations; mixtures containing 
[dmg2-Jo = 6 x lo-', [OI-1, = 10 x and l@[Ni"], = 0 (l), 
7 (2), 14 (3), 20 (4), 25 (9, and 30 mol dm-' (6); pH = 12.4, I = 
0.14 mol dm-3, 30 "C 

those of the isoelectronic [Fe(Hdmg)2] and [Co(Hdmg),]. 
While the NilV complex did not show any absorptions due to 
hydrogen bonding, [Co(Hdmg),] showed a significant and 
broad absorption due to OH stretching at ca. 3 500-3 OOO 
cm-', assigned l6 to a much weaker hydrogen bridge, funda- 
mentally different from the strong intramolecular hydrogen- 
bonding between dioximato oxygens of two ligands co-ordin- 
ated to the metal {as in Pd", Ni", Co", Cull, Fell, Fell', and 
[ C O ~ ~ ~ ( H ~ ~ ~ ) , L ' L ~ ] } .  The lower frequency corresponding to 
v ~ = ~  of [Fe(Hdmg)J and many such complexes of Fell has 
been assigned to metal -+ ligand (antibonding) charge- 
transfer contributions.16*20 We believe that the low value of 
v ~ = ~  in the NilV complex might be due to strong ligand 
(bonding) + metal charge The 460 nm (broad) 
visible absorption may, by analogy, be assigned to 1.m.c.t. in 
the NilV complex; when a c.t. state is close to the ground state, 
appreciable c.t. contributions may be expected. The con- 
clusions drawn from i.r. data and those from electronic 
spectral data appear to be in harmony. 

The 'H n.m.r. spectrum of the anhydrous sample of K2- 
[Ni(dmg)J in (CD3),S0 solution showed only a singlet at 
151.5 Hz (2.0 Hz half-width) downfield of SiMe,, due to 
equivalent methyl protons; this is consistent with that expec- 
ted from a complex with dimethylglyoximate units bonded 
symmetrically (cJ i.r. data) through nitrogen-donors on1y.16*22 
Thus [Ni(dmg),]'- has a pseudo-octahedral (D3) structure 
with three dmg2- units co-ordinated through nitrogens to the 
central metal. 

It has been stated that the stoicheiometry, structure, and 
true metal oxidation state (Nil1', Ni"'-ligand radical ion, 
Nil", or a mixture of Ni"' and Nil") are strongly dependent 
on the nature of the oxidant and the experimental condi- 
t ion~.~-*'  We have observed from the e.s.r. studies (see later) 
that [Ni(dmg)J2- (with the central nickel in oxidation state 
iv) is the only product when [ o ~ i d a n t ] ~ / [ N i ~ ~ ] ~  > 2 (oxidant 
= S2OaZ-, OC1-, OBr-, or Or-); but some Ni"' species was 
formed in the bulk of the NilV solution with [o~idant],,/[Ni~~], 
5 1 (oxidant = hypohalogenite). With peroxodisulphate as the 
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Figure 2. E.s.r. spectra at 123 K of (1 )  pure powdered KJNk 
(dmg),]-6Hz0 (signal due to marker); (2) pure aqueous [Ni- 
(dmg),]'- (1.2 x lo-' rnol dm-9 (signal due to marker); (3) NilV 
solution with Ni"' impurity ([OI-],/[Ni"], < 1); (4) Nil" solid with 
Nil11 impurity ([01-],/(Ni"], < 1); and ( 5 )  pure [Ni(drng)Jz- 
(1 x mol d m 3  (ca. 0 
"C, pH 9.2) 

rnol dm-7 + L-ascorbic acid (1 x 

oxidant, Ni"' was not formed, as was reported earlier.', For 
example, at [OX-], = 0.5 x to 0.8 x rnol dm-3, 
[Ni"Io = 1 x rnol dmW3, and [dmg2-], = 
6.0 x to 10 x 1O-j rnol dm-j in 0.1 mol dm-3 KOH, the 
formation of the Nil" species in the NilV solution was indicated 
by a weak e.s.r. signal for the former, but with [OX-], = 1 x 

to 2 x lo-' rnol dm-3, under the same conditions, the 
signal for the Nili' was much weaker. Use of higher values of 
[OX-],/[Ni"], 2 2 was found to render the formation of the 
Ni"' impurity almost insignificant (ca. < 1%). It is, therefore, 
inferred that the primary factor responsible for the formation 
of some Nil" impurity in the NilV solution is the use of small 
values of [OX-],/[Ni"], in the preparation, and that when 
[OX-]o/[NiL1]o > 2, the exclusive product is NilV, with an 
Ni"' impurity of less than 1%. The NilV solution or solid, pre- 
pared by employing a large excess of [oxidant] over [Ni"], 
did not show any indication of the Ni"' impurity. 

Nickel(m) is a d7 system, and a genuine low-spin Ni"' in a 
tetragonal field will have the ground state configuration 
(&)I (s = +).2*23 The g tensors are given by equation (ii), 

to 1.5 x 

where A = energy gap H(e,)3(~~,)2(a~g)Zl - [~(~g)4(~2g)2(a~g)Ll,  
and h = spin-orbit coupling constant (ca. -715 cm-' in the 
free whence g l  > gll. 

The e.s.r. spectra in aqueous glass of the red solution pre- 
pared using [OX-],/[Ni"], 1, or of the solid (after vacuum 
drying of the solution) at 123 K showed a signal at g,, ca. 2.12 
(Figure 2). The spectrum was, to a first approximation, axial, 
with gl = 2.17, gll = 2.03, All = 23.6 G, as might be expected 
for an Nil"  specie^.^^^^^ On the other hand, the e.s.r. spectra 
of a solid sample of K2[Ni(dmg)3]*6H20 at 123 K and of a 
solution of [Ni(dmg)J2- (1 x rnol dm-3) in aqueous glass 
were devoid of any significant signal showing that the Nil" 

impurity was not in detectable quantity under the conditions. 
Furthermore, the e.s.r. data enabled us to distinguish be- 
tween the diamagnetic NilV species and paramagnetic Ni"' 
species (with the unpaired electron belonging to the metal ion) 
or the Nil" radical ion. It is, therefore, concluded that the 
wi(dmg)3]2- complex prepared in this study is a genuine NilV 
complex. 

The intermediacy of the Nill' species in the overall two- 
electron reduction of [Ni(dmg),lz- to [Ni(Hdmg),] and/or 
Ni2+ (aq) by L-ascorbic acid has been established" from 
e.s.r. spectra of a solution mixture of [Ni(dmg),]'- and as- 
corbic acid. The formation of a paramagnetic Nil" inter- 
mediate is indicated by a signal at ga, ca. 2.12 (Figure 2), when 
solutions of Nil" and ascorbic acid are mixed at pH 9.2 (or 
PH 3). 

Kinetics.-In order to examine possible pathways for the 
formation of [Ni(dn~g)~]~- from Nil1 and dmg2-, in the pres- 
ence of an  excess of hypoiodite as oxidant (generated in situ 
from 13- and OH'), a series of experiments was designed. 
Under the conditions employed in kinetic runs (containing an 
excess of other reagents over Nil1 in most cases), [Ni(dn~g)~]~- 
was the only species formed and there was virtually no form- 
ation of [Ni(Hdrng),] or higher-valent oxides of nickel, as 
indicated by the perfect homogeneity of the reaction medium. 
In some experiments, however, instead of maintaining pseudo- 
first-order conditions, only a stoicheiometric excess of the 
reactants was used, to enable a study of the effect of variation 
of concentration on the reaction, Nil1 being the limiting reac- 
tant in all cases. 

As soon as the solution of Ni" containing I2 (or 13-) was 
mixed with a n  equal volume of alkaline dmg2- solution, the 
absorbance at 460 nm underwent a very rapid decrease due to 
the formation of 01- or HOI from I2 (or Ij-) and OH- [Lmx. of 
13- = 460 nm, E ~ ( I ~ - )  = 746 dm3 mol-l followed by 
an increase in absorbance because of the formation of [Ni- 
(dmg)3]2-. The initial decrease was, however, discernible on 
the stopped-flow time-scale only in the case of a few ' slow ' 
kinetic runs performed at low [OH-]. This portion of the 
curve when extrapolated met the time-axis at zero for all 
replicates in such cases. The pseudo-first-order rate constants 
of formation of [Ni(dmg)3]Z-, kobs., were computed by a least- 
squares analysis of log absorbance us. time data in accord- 
ance with equation (iii), where A,, A,, and A,, respectively, 

ln(A, - A,) = In(A, - A,) - kobs.t (iii) 

represent the absorbance at effective infinite time, the absorb- 
ance at time zero (an unknown), and the absorbance at time t. 
Equation (iii) was valid for more than three half-lives of the 
formation of NilV for most of the reactions. However, for a 
few experiments with higher [o~idant]~/[dmg~-]~ ( >0.7), the 
equation was satisfied up to only about 60% formation; the 
kobs. values were calculated accordingly. Since the deviations 
from first-order behaviour were small under the conditions 
employed, there was no difficulty in calculating kobs. values. 
(With [oxidant], 9 [dmg2-IO, there was a slow decomposition 
of the complex, probably due to oxidation of the ligand en- 
vironmen t .) 

The reaction conditions were maintained such that one 
reactant (OH-) and one product (I-) were normally present 
at relatively high concentrations. In that event the rate con- 
stant for the formation of HOI may be thought of as being 
higher than the reported equilibrium constant [equation (v)], 
i.e. >46 s-l, and as the dissociation constant 27 of HOI z 
10-10.64 rnol dm-3, the rate constant for formation of 01- 
[equation (vi)] would be >46 x s-l at 30 "C. Thus the 
assumption that the abrupt decrease in absorbance at 460 nm 
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(in some runs) of I2 (or 13-) due to its reaction with OH- 
to form 01- (or HOI) was too rapid to affect the main part 
of the reaction under study was not unjustified. 

The kobr. values were found to exhibit pesudo-first-order 

1 229 
dependenceon [Ni2+b in the range 0.5 x lo4 to 4 x lo-' rnol 
dm". The kinetics also showed first-order dependence on [I& 
over a 12-fold range (5.0 x lo4 to 6.3 x mol dm-j) (Table 
1, footnote a). (Throughout, [NilIL and [1210 represent the 
analytical initial concentrations.) The dependence of koh. on 
[drngl-b was found to be linear over a limited range (1.0 x 
1O-j to 7.5 x lo-) rnol dm-3 at [OH'] = 6 x lo-' mol dm-l, 
and 1.0 x 
rnol dm-9, beyond which it tended to non-linearity, indicating 
a complex dependence on [dmg2'L (TabIe 1). The [OH'] de- 
pendence of kobr. was complex (Table 2, Figure 3). The rate 
was almost constant when there was a ten-fold decrease in 
[OH-] in the range 0.105 2 [OH-] >, 1.1 x rnol dm-3, 
but below 1.1 x rnol dm-l OH-, it showed a significant 
decrease with decreasing [OH']. Kinetic data could not be 

to 8.0 x 1O-l rnol dm" at [OH-] = 4.8 x 

0.6 

Table 1. Observed first-order rate constants for the formation of 
[Ni(drng),lz- : aqueous medium, 30 "C, Z = 0.14 mol dm-3; [I-] = 
2.3 x IO-*. 
mol dm-3 

= (1.0-1.4) x lo-', [1210 = (2.5-2.9) x 

103[OH - I/ 1 o w m d -  I/ 
mol dm-3 rnol dm-3 b. Is-' 
48 1 .o 0.58 f 0.02 

2.0 1.17 f 0.06 
4.0 2.28 f 0.10 a 
4.2 2.38 f 0.09 
8 .O 4.40 f 0.11 
10 5.43 f 0.21 
20 10.1 f 0.26 
25 12.2 f 0.5 

1 .o 0.20 f 0.006 
2.5 0.49 f 0.02 
3.4 0.66 f 0.03 
4.2 0.80 f 0.03 

(0.78 f 0.03) 
5.6 1.06 f 0.04 

(1.10 f 0.05) 
6.4 1.19 f 0.04 

(1.18 f 0.05) 
7.5 1.40 f 0.05 

(1.52 f 0.07)' 
a Linear dependence on [12b is observed; kob. values range from 
0.42 f 0.02 to 5.3 f 0.2 s-' in the range 5 x to 6.3 x rnol 
dm-3 of [IZ]0 (seven entries). In the presence of 1 x lo-* mol 
dm-3 added D-mannitol. 

I~ + I- -4- 

I s +  OH--HOI+ I- 

HOI + OH- - 01- + H20 

Ni2+ + OH- Ni(OH)+ 

Ni(OH)+ + OH- Ni(OH)2 

2.51 

1.5 

1.0 

1 1 

0 50 100 
ld[OH- I I mol dm-3 

Figure 3. Plot of kQb. us. [OH-]; I = 0.14 rnol dm-3, 30 "C 

KT = 7.82 x l@ dm3 mo1-l (iv) a 

KI = 46 ( 4  

K2 = 101." (vi) 

Kh = 2.51 x 103 dm3 rnol-' (vii) ' 
K2b = 2.49 x 10" dm3 mo1-I (viii) 

H d m -  + H20 # H2dmg + OH- K1h = 1.4 x lo-' 
dmgz- + H20 = Hdmg- + OH- &h = 2.3 x lo-' 

(ix) 

(XI ' 
HOI, klr - products 

-* products 
or-. k2, 

HOI, 6 1  

KCI 
Ni(OH)2 + Hdmg- 4 [Ni(OH)2(Hdmg)]- - products - products 

01-* (intermediate) 
I Kc2 

Ni(0H)Z + dmgz- 4 [Ni(OH)2(dmg)]2- - 

2dmg2- lfast 
"i(dmsh12 - 

(xi) 

(xii) 

(xiii) 

(xiv) 

Scheme 1. Aqua ligands have been omitted for convenience. a L. I. Katzin and E. Geburt, J. Am. Chem. Soc., 1955,77,5814. Using Iz + 
HI0 + H +  + I -  and K,; G. Horiguchi and H. Hagisawa, BUN. Inst. Phys. Chem. Res. Jpn., 1943, 22, 661. HzO b 

Ref. 27. Using NiZ+ + HzO TT----D Ni(OH)+ + H+ and K,; J. Bjerrum, G. S. Schwarzenbach, and L. G. Sillen, ' Stability Con- 
stants,' Chem. SOC. Special Publ., 1957; L. G. Sillen and A. E. Martell, ibid., 1964. e && = (1.5 x W. M. Latimer, ' Oxi- 
dation Potentials,' 2nd edn., Englewood Cliffs, New Jersey, 1962, p. 200. Present work; calculated from the potentiometricatly deter- 
mined values of the first and second proton-dissociation constants of Hzdmg (at 30 "C and I = 0.14 rnol dm-'). 

4.6 x rnol dm-3 

10-10.6 
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obtained when [OH-] t6 x 
precipitation of [Ni(Hdmg),]. 

mol dm-3, owing to slow 

Rate Law and Mechanism.-Interpretation of the reaction 
pathways must take into account the above kinetic behaviour 
and the fact that the formation of [Ni(dmg)J2- from Nil1 
involves two basically different but important processes of 
ligation of the ding2- units to the central nickel and the oxi- 
dation of Nil1 to Nil". A scheme which can rationalise the 
observed kinetic data is presented in equations (iv)--(xv). 

The literature values of the constants, as defined by equa- 
tions (iv)-(viii), were used for calculations of rate data at 
30 "C and I = 0.14 mol dm-j, assuming the enthalpy variation 
with temperature to be negligible in the temperature range 
employed. The primary points concerning hydrolysis are that 
12-HOI (or 01-) equilibria are rapid and that the formation of 
1 0 3 -  is very slow compared with the time-scale of the experi- 
ments in the present study. 

Assuming that in the concentration ranges employed (a) 
almost all the [IzlO is present as 01- and HOI, (b) no other 
oxidising species makes any significant contribution to the 
formation rate, and (c) [Ni(OH),] = (Kz~Kz~[OH-]~[N~~+]) /  
(1 + Kza[OH-] + KzaK2b[OH-l2) x [Ni2+I0, the rate of 

Table 2. Observed first-order rate constants for the formation of 
[Ni(dmgh12- : aqueous medium, 30 "C, I = 0.14 mol dm-j; [I-] = 
2.3 x lo-*, [Niii]o = (1.0-1.4) x lo-', [I2I0 = (2.5-2.9) x 
[dmg2-] = (4 .14 .3)  x 1O-j rnol dm-j 

1 03[OH -I/ 
rnol dm-j 

0.6 
1 .o 
3.3 
6.7 

1 1  
21 
31 
46 
48 
50 
62 
80 

105 

kobs .Is-' 
0.80 f 0.03 
0.99 f 0.04 
1.80 f 0.06 
2.15 f 0.08 
2.27 f 0.09 
2.34 f 0.08 
2.37 f 0.08 
2.38 f 0.09 
2.38 f 0.09 
2.38 f 0.08 
2.39 f 0.07 
2.39 f 0.08 
2.40 f 0.1 

kca,c./s-' * 
0.82 
0.98 
1.80 
2.14 
2.27 
2.34 
2.36 
2.38 
2.38 
2.38 
2.38 
2.39 
2.39 

* Calculated (average) values from a least-squares fit of data to 
equation (xvi). 

-- - d[NiiV] 
dt 

where 

formation can be derived [from equations (iv)-(xv)] as in 
equation (xvi), which can be expressed in the form (xvia) by 
neglecting the Klh&h term in the denominator. 

The intercept and slope of the plot of 1 /kobs. us. 1 /[dmg2-] at 
constant OH-, I- ,  and Iz concentrations are related as in 
(xvib). From the values of (intercept/slope) (7.25 and 13.15 at 

[OH-] ~7 6 x to-' and 4.8 x 
the values of K, ,  and Kcz were calculated as 169 
0.4 dm3 mol-I. 

rnol dm-3, respectively), 
7 and 7.2 f 

Rearrangement of equation (xvia) gives (xvic) or (xvid) since 

= a + bCOH-1 + c[OH-I2 (xvic) kobs. yl y2 

[OH - 12CLl[dmg2- 1 

in the concentration ranges employed Y2 x [OH -12(1 + Kcz- 
[dmg2-l). 

At constant [I-] and limiting [Ni"], a least-squares fit of 
the data of Table 2 in accord with (xvid) [or (xvic)] furnished 
the values of a, 6, and c as (2.9 f 0.2) x lo4 dm3 mol-' s-', 

(5  f 0.3) x lo5 dm6 mo1-2 s-I, and (2.3 f 0.1) x 10" dm9 
~ O I - ~  s-I, respectively. The kcalc. values, as calculated using 
these values, agree well with the experimental kobs. values 
(Table 2). The unambiguous values of kl,  and kqX calculated 
were (1.62 f 0.08) x lo5 and (3.04 f 0.2) x lo4 dm3 mo1-l 
s-*, respectively, at 30 "C and I = 0.14 mol dm-3 

Simek's postulated mechanism appears untenable, as no 
[Ni(Hdmg)2] is formed. However, an alternative mechanism 
(Scheme 2) with some modifications to Simek's scheme can 
also explain the present data. Since almost no [Ni(Hdmg),] is 
formed under the conditions employed, it can be assumed that 
KzOINi(dmg)zz-][Hdmg'] < k-19[Ni(Hdmg)2][OH-]2 9 kI9- 
[Ni(dmg)z2-]. If the magnitude of the values reported for K17, 
KI8, and KI9 (K&8& 2 10t2.', K18 > K17, at 25 "C and in 
50% aqueous dioxan) 28 is any indication, under theconditions 
[Ni2+IO [dmg2-Io, the oscilloscopic response for tracing the 
absorbance increase (at 460 nm for [Ni(dmg)J2- formation) 
would miss the steps represented by equations (xvii) and (xviii). 
Then equation (xxii) applies. In this event, from equations 
(xvii)-(xx), a rate expression essentially similar to equation 
(xvi) is derivable. 

Schemes 1 and 2 basically differ only in the pattern of 

[Ni(dmg),lz- = 

- "?+I0 (xxii) KI7K1JNi2 + lo[dmg2- lo2 
1 + KI7[dmg2-lO + K17K18[dmg2-lo2 

http://dx.doi.org/10.1039/DT9830001225


J .  CIJEM. SOC. DALTON TRANS. 1983 

[Ni(dmg)J2- + 2 H20 [Ni(Hdmg)2] + 2 OH- KI9 = ki9/k+ 

HOI. kit 
____t products 

I-+ OI-. kzr products 

K20 
[Ni(dmg)t]z4 + Hdmg- 4 [Ni(dmg),(Hdmg)13- - 

HOI k3f 
products 

____+ products 
01-. k41 

I KZl 
[Ni(dmg),lz- + dmg2- -2, [Ni(drng)J4 - 

1231 

(xvii) 

(xviii) 

(xix) 

(xxi) 

(xxia) 

Scheme 2. Products include [Ni(dm&]'- 

ligation of two out of the three dmg2- units. In the former 
case, they are assumed to be ligated in very rapid steps after 
the rate-determining electron transfer has taken place with 
the one dmgZ- ligated Nil1 species; however, in the latter, the 
ligation of the third dmgZ- and the subsequent electron 
transfer are envisaged as important events. The present kinetic 
data are insufficient to differentiate between the two schemes, 
but as a means of distinguishing between possibilities, Scheme 
2 appears more likely since NilV complexes are relatively 
substitution inert (we thank a referee for this suggestion). 
However, further evidence appears necessary for an un- 
equivocal choice. 
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