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agent used for plutonium decorporation. The difference in
specificity between DTPA and 3,4,3-LICAMS confirms that
catechoylamides may provide a promising alternative to DTPA
for chelation therapy of plutonium contamination.

An interesting correlation is observed if one compares the
pM value of each metal to its charge to ionic radius ratio.
Figure 6 is a graph of charge to ionic radius ratio vs. pM for
MECAMS. A similar correlation exists for 4-LICAMS and
3,4,3-LICAMS. The ionic radii used for Zn(II) and Cu(II)
were those listed by Shannon!! for four-coordinate species. The
other ions were assumed to be six-coordinate. Copper(II) is
the smallest of the divalent metals studied, and it demonstrates
the greatest affinity for the catechoylamide. Ferric ion, with
its high charge and small size, demonstrates the greatest
stability. Plutonium(IV) also exhibits a high charge to ionic
radius ratio, and this explains the qualitative observation of
its high affinity for poly(catechoylamide) ligands. Work in
progress includes titrations of trivalent lanthanides with
3,4,3-LICAMS to analyze the extent to which the correlation
mentioned above can be extended.

Summary

The synthetic poly(catechoylamide) ligands generally form
very stable complexes with ferric ion and other ions of high

charge to ionic radius ratios including Pu(IV) and Th(IV).!°
The common divalent metals that are present in the body, e.g.,
Mg(II) and Ca(II), are large enough and are of sufficiently
low charge not to be chelated effectively by the poly(cate-
choylamides). The effectiveness of the ligands as a whole can
be attributed not only to the intrinsic affinity of the phenolic
oxygens for ligation of highly charged ions but also can be
attributed to the structural design of the entire complex for
encapsulation of the desired ion. It is the combination of these
two factors which contributed to the excellent selectivity of
the poly(catechoylamides) to sequester Fe(III) or Pu(IV).
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Detailed rate studies have been made of the oxidation of hydroquinone (H,Q) and catechol (H,Cat) by Nill'eyclam, [Ni'L]**,
complexes. Over the pH range 0-2.9, the rate of loss of Ni(III) may be represented by the equation ~d[Ni(III)]/d¢ =
{2(k, + kK /[HY] + k:K K/ [HYD K [HY]INIIID] [HQld/{([H*] + Kp)([H*] + K;)}, where Kj, and K represent hydrolysis
and dissociation constants of [Nillcyclam]** and protonated dihydroxybenzene, respectively. The rate constants are k([Ni(III)]
+ [H,Q]) = 1.09 X 10° (H,Q) and 6.98 X 10% (H,Cat) M~! 571, respectively (7 = 25 °C), and other constants involving
[Ni(OH)L]?** + H,Q have been evaluated from hydrogen ion dependence measurements. There is also evidence for a pathway
involving H(Cat)™ as a reductant. Sulfate ion has a marked effect on the rates, showing pronounced retardation owing
to the formation of sulfate complexes with lower redox potentials. The data have been interpreted with a Marcus cross
correlation and are considered outer sphere in character. Self-exchange rates for Ni(II) /Ni(IIT) macrocycles are discussed.

Introduction

With recent observations?? that the nickel(III) state can be
stabilized with nitrogen-donor macrocyclic ligands, several
reports have been published*® describing various ligand types
and some chemical and physical properties of the nickel(III)
complexes. The broader aspects of the chemistry of this ox-

(1) Present address: Department of Chemistry, Simon Fraser University,
Burnaby, B.C., Canada.

(2) (a) C. F. Cook and N. F. Curtis, J. Chem. Soc., Chem. Commun., 962
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(5) L. Fabrizzi, J. Chem. Soc., Chem. Commun., 1063 (1979); E. Zeiger-
son, G. Ginsburg, N. Schwartz, Z. Luz, and D. Meyerstein, ibid., 241
(1979).
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idation state have also been the subject of a recent review.’

The nickel(III) species offer a wide range of oxidizing po-
tentials,'” but to date there have been relatively few data
describing the kinetics and mechanisms of reaction with re-
ducing substrates. In some systems where the transient
nickel(1IT) complexes were generated at relatively high pHs
(2-5) with pulse radiolysis'! or flash photolysis'? techniques,
the reactions with Br~, SCN-, and H,0, have been monitored.
In general, the rate data show a second-order dependence on
metal complex and first or second order on substrate, sug-
gesting the involvement of inner-sphere complexes. The rate,
however, varies with both pH and reductant concentration.

(9) R. L. Haines and A. McAuley, Coord. Chem. Rev., 39, 77 (1981).
(10) J. C. Brodovitch, R. 1. Haines, and A. McAuley, Can. J. Chem., 59,
1610 (1981).
(11} M. Jaacobi, D. Meyerstein, and J. Lilie, Inorg. Chem., 18, 429 (1979).
(12) K. D. Whitburn and G. S. Laurence, J. Chem. Soc., Dalton Trans., 139
(1979).

© 1982 American Chemical Society



[Nileyclam]3*

In contrast, although Ni'lleyclam ([NilL]**, L = cyclam =
1,4,8,11-tetraazacyclotetradecane) forms compiexes with CI-,
Br~, and NCS-, the redox reaction with I shows a first-order
dependence on reductant and on [Ni(III)].!* In the latter
case, the reaction rates were not markedly different from those
of formation of the complexes and no firm conclusion could
be inferred as to the mechanism although an outer-sphere
process was proposed. Very recently the reaction of I” by the
nickel(III) complex of tri-a-aminoisobutyric acid has been
investigated,!* and in the major reaction pathway two electrons
are transferred in one concerted reaction step which proceeds
via a transition state composed of two nickel centers and two
iodides.

In this paper we report the results of a kinetic study of the
oxidation of hydroquinone (1,4-dihydroxybenzene) and cate-
chol (1,2-dihydroxybenzene) by Nillcyclam. Unlike previous
data from these laboratories!® where the reaction conditions
were maintained at [H*] = 1.00 M, the dependence of rates
on pH has been monitored up to pH ~3. In this way the
pathways ascribed to the monohydroxy complex [NiL-
(OH)(OH,)]** may also be evaluated. Sulfate ions have been
shown to stabilize these macrocyclic complexes through in-
ner-sphere axial coordination. The effect of [SO,2"] present
in solution is to retard the rates owing to lower redox potentials
of the sulfato species.

Experimental Section

[NiL](Cl10,), and the corresponding nickel(III) complex were
prepared as described previously.'* Stock solutions of [NiTIL]** were
also prepared by electrolysis of ~10~% M solutions of [NiL]?* at 1.2
V (Pt electrodes) in 2 M HCIO,. Nickel(III) was determined
spectrophotometrically (esps = 11200 M™! ¢cm™) and [H*] of the
oxidant stock solutions by standard titration with base. Such stock
solutions were stable for several weeks if kept in the dark at 0 °C.
Another sample of [Ni'L]3* was obtained as a perchlorate salt.
Electrolysis at 1.5 V of a slurry of [NiL]?* in 4.0 M HCIO,, followed
by evaporation in vacuo of the dark green solution produced a red-
brown solution from which reddish crystals were obtained. On dis-
solution of such material in water or dilute perchloric acid, the
characteristic green solutions of [NillL]** were produced with
spectroscopic (UV-visible and ESR) and kinetic properties identical
with those of the samples used previously. This material has been
identified tentatively as [Ni"'L](ClO,), with no axially coordinated
solvent molecules. Further work is currently under way to characterize
these crystals.

Hydroquinone and catechol (Fisher Reagent) were recrystallized
from ethanol and washed with ether. Lithium perchlorate was pre-
pared by neutralization of Li,COj; with moderately concentrated (~5
M) HCIO, and further recrystallized three times from water. Special
care was taken to eliminate sulfate ions as shown by the absence of
cloudiness on addition of Ba(ClO,),.

The stopped-flow apparatus and data acquisition system used have
been described previously.!® Reactant solutions were prepared im-
mediately before use. Experiments were carried out in the presence
of excess reductant. The ionic strength was maintained at 1.00 M
with use of where appropriate, mixtures of HCIO,, LiCIO,, or Li,SO,.
The disappearance of [Ni'"L]** was monitored at 350 nm, and
pseudo-first-order plots from which least-squares slopes were derived
were linear for more than 3 half-lives.

Results

Comparison of UV-visible spectra taken before and after
mixing of nickel(III) and excess quinol showed that all the
metal ion oxidant was consumed, with the production of
[Ni"L]?*. The reaction stoichiometry was measured with a
spectrophotometric titration, and for each quinol, the Ni(III)
consumed per mole of reductant was found to be 2.0:1 within
experimental error (3%) consistent with reaction 1, where H,Q

(13) R. 1. Haines and A. McAuley, Inorg. Chem., 19, 719 (1980).

(14) J. M. T. Raycheba and D. W. Margerum, Inorg. Chem., 20, 1441
(1981).

(15) K. J.Ellis and A. McAuley, J. Chem. Soc., Dalton Trans., 1533 (1973).
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Table I. Rate Data for the Reaction of [Nilllcyclam]®* with
1,4-Dihydroxy- and 1,2-Dihydroxybenzene

1,2-Dihydroxybenzene Dependence: T=25.0 °C,
[Ni(II)} ~4 X 10°*M

pH 0.0
10%{H,Cat]/M  0.59 1.00 1.02 1.09 1.5 20
Kobsa/s! 068 1.13 1.14 130 1.68 225
ka=569+9M*s?
pH 2.74
10%[H,Cat] /M 0.578 1.035 2.59
Kobsa/s™ 3.14 6.10 14.8

ko= 2857 £ 93 M 5!

Dependence of Rate Constant on [H*]9

1,4-dihydroxybenzene

1,2-dihydroxybenzene

107k, /

104[H /M 107%,/M' s 104H']/M  Mtstd
537 12.64 (12.99) 3.09  22.0 (22.5)
12.4 5.44 (5.17) 1117 17.7(17.6)
18.2 2.86 (3.49) 2556 15.1 (14.7)
50.0 1.64 (1.55) 83.90 13.4(12.2)
83.9 1.19 (1.18) 90.60 13.3 (12.2)
419 0.769 (0.793) 107.5  13.0 (12.0)
1000 0.724 (0.736) 240 11.4 (11.4)
2100 0.710 (0.698) 419 10.2 (11.0)
10000 0.569 (0.559) 881 11.0 (10.9)
1000 11.3 (10.8)
4190 9.9 (10.0)

7970 9.1(9.1)

10000 9.0 (9.0)

@ [Ni(II)] = (1-5) x 1075 M;I = 1.0 M HCIO /LiClO,. b ko=
kobsd/2[H,Q], where [H,Q)] was in the range (5-8) X 107* M.
Numbers in parentheses are values calculated with use of (10) with
parameters presented in Table III (see text).
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Figure 1. Plots of kg ,./2[H,Q] against pH. T = 25.0 °C; [H,Q]
= (5-8) X 10 M; [Ni(III)] = (1-5) X 10 M. The dotted lines
are fitted values using eq 10 and 12 (see text): (a) [NilIL]** +
hydroquinone; (b) [Ni'lL]** + catechol.

and Q represent the quinol and the corresponding quinone,
respectively.

2[NiTIL]** + H,Q — 2[NillL]** + Q + 2H* (1)

At a constant hydrogen ion concentration, the reactions were
first order in both oxidant and reductant. Typical dependences
are shown in Table I for the reaction with catechol at pH 0
and pH 2.74. There was, however, a marked dependence on
[H*], with increasing acidity being accompanied by a decrease
in the observed rate constant. In Figure 1 is shown the pH
profiles of the second-order rate constant (7 = 25 °C) for the
two reductants. Over the range studied (0 < pH < 3.5) no
simple order in [H*] was found. The rate data at various
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Table II. Rate and Equilibrium Constants for Reactions of
Nilllcyclam Complexes with Hydroquinone and Catechol
=1.00M (LiC10,))

Hydroquinone
T/°C
10.1 15.5 20.5 25.0 30.8

107%,% 4.8+ 04 51:04 6907 11.0£0.5 20.0£1.5
AH¥=115+42 AS%¥=—11+7¢

+0.2 13 0.8:0.2 08:0.2 06
+04 10.8+0.8 21 £2 26+9 331

AH*=105+49A5¥=-316°
Kb 41:1257:1.7 451 45:08 22%1.2

10%k,? 1.0
10%2 8.0

101K, ¢ 0.45
10°%,8 6.6+1.2
(K% (1.7 X 109
10% 2 1.4+ 0.4
&pb) (300)
Catechol
T/°C
15.7 25.0 31.6
10°% ¢ 3.62 + 0.3 7.50£ 0.5 9.7+04
AHY=11:43 A5%=-10 1 9°
Kb (3.3) 3.3+ 0.7 (3.3)
101K b-¢ 1.4 1.4 1.4
1071%,9 1 6 6
10°% 2 1.05
107% 8 1.95

aInM'st bYInM, € Reference 27. ¢ Inkcal mol!. €In
cal K™ mol™*.

/2[H,Qul/M™'s™"

-4
10 x kobs,

o

10% (501 /M

Figure 2. (a) Plot of kgea/2[H,Q] against [SO*] T = 25.0 °C; pH
2.95; [NillL]**] = 5 X 10-5 M; [H,Q] = 5 X 10~ M. (b) Plot of
k7! against [SO,27] (eq 19).

temperatures are presented in Table II.

Meyerstein et al.>!6!” have shown that sulfate ions form
complexes with [Ni'L]** and related species and that the
stability of these species toward reduction is greatly increased.
Electrochemical measurements provide values of the redox
potentials E°([Ni'L]**/[Ni'L]**) = 0.75 V and E°-
(INi"'L(SO,),]"/NilL) = 0.46 V with respect to the Ag/AgCl
reference electrode used in ref 16. The corresponding values
with a standard hydrogen electrode are 0.97 and 0.69 V, re-
spectively.

In agreement with these observations, it was found that
addition of SO, (up to 2 X 1072 M) drastically slowed down
the reactions. A typical result is shown in Figure 2 for the

(16) H. Cohen, L. J. Kirschenbaum, E. Zeigerson, M. Jaacobi, E. Fuchs, G.
Ginsburg, and D. Meyerstein, Inorg. Chem., 18, 2763 (1979).

(17) E. Zeigerson, 1. Bar, J. Bernstein, L. J. Kirschenbaum, and D. Mey-
erstein, fnorg. Chem., in press; E. Zeigerson, G. Ginsburg, D. Meyer-
stein, and L. J. Kirschenbaum, J. Chem. Soc., Dalton Trans., 1243
(1980).

Brodovitch, McAuley, and Oswald
Table III. Dependence of Rates on Sulfate lon (7= 25 °C,
I'=1.00 M (LiC10,))
Hydroquinone

10",/ 10"%,/
10%(80,)/M  M7'st  10%[SO,.* /M Mgt

[H]=1.12% 10°M

0.0 1.73 (1.76) 1.012 0.19, (0.22)
0.0101 1.51 (1.57) 2.024 0.097 (0.15)
0.101 0.87, (0.92)
[H*] =8.93 X 107°M
0.0 1.34 (1.23) 2.05 0.064 (0.13)
1.025 0.13, (0.18)
[H'] =4.19x 1072 M
0.0 1.02 (1.10) 2.05 0.078, (0.17)
1.095 0.16 (0.24)
[H*] =0.214 M
0.0 (1.00) (1.08) 1.025 0.23, (0.31)
0.512 0.35 (0.44) 2.05 0.12, (0.23)
[H'} =0419M
0.0 0.99 (1.00) 1.01 0.27 (0.32)
0.505 0.40 (0.45)
Catechol
107%,/ 10 %,/
10%[S0O,* /M M ! 10%[{S0O,* /M M st
[H*] =8.39x 107*M
0.0 1.19 (1.19) 2.05 0.10, (0.16)
1.025 0.21 (0.21)
[H]=4.19 X 107*M
0.0 0.77 (0.77) 2.049 0.07 (0.17)
1.025 0.14, (0.20)
[H']=02M
0.0 0.71 (0.71) 2.05 0.13 (0.22)
1.025 0.23 (0.27)
[H] =1.00M
0.0 0.57 (0.56) 1.089 0.30, (0.24)
0.218 0.47 (0.39)

hydroquinone reaction at pH 2.95. Variations of the sec-
ond-order rate constants with pH at a constant [SO,?"] were
more complex. Increasing the pH from 0 to ~2 under these
conditions resulted first in a decrease in rate and then in an
increase up to the highest pH studied (ca. 3.4). The rate data
are presented in Table III.

Discussion

(a) Hydrogen Ion Dependences. As indicated earlier, the
rate variations were not a simple function of [H*]. Two
regions were therefore examined separately, namely, 0.1 <
{H*] < 1.0 M and [H*] < 0.05 M.

(i) 0.1 <[H*] < 1.0 M. Quinols have been used as re-
ductants for a wide variety of metal oxidants including Fe-
(phen),**,!® IrCl¢>,'° Mn(I11),202! V(V),2 Np(VI),2 Mo-
(CN)g*~,** and CoW,,04,°",% since, with various ring-sub-

(18) E. Pelizzetti and E. Mentasti, Z. Phys. Chem. (Wiesbaden), 105, 21
(1977); E. Mentasti and E. Pelizzetti, Int. J. Chem. Kinet., 9, 215
(1977).

(19) E. Pelizzetti, E. Mentasti, and C. Baiocchi, J. Phys. Chem., 80, 2979
(1976); J. Chem. Soc., Dalton Trans., 132 (1977); E. Pelizzetti, E.
Mentasti, and E. Pramauro, J. Chem. Soc., Perkin Trans. 2, 620 (1978).

(20) C. F. Wells and L. V. Kuritsyn, J. Chem. Soc. A, 676 (1970).

(21) E. Pelizzetti, E. Mentasti, and G. Giraudi, Inorg. Chim. Acta Lett., 15,
1 (1975).

(22) J. H. Ferguson and K. Kustin, Inorg. Chem., 18, 3349 (1979).

(23) K. Reinschmeidt, J. C. Sullivan, and M. Woods, Inorg. Chem., 12, 1639
(1973).

(24) E. Pelizzetti, E. Mentasti, and E. Pramauro, Inorg. Chem., 17, 1688
(1978).

(25) Z. Amjad, J. C. Brodovitch, and A. McAuley, Can. J. Chem., 55, 3581
(1977).
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stituted derivatives, they offer a series of reacting substrates
exhibiting a large range of redox potentials.

In the present study, at pH <1.0 there is a small but re-
producible retardation of the reaction rate on increasing [H*].
Two possibilities for this behavior were investigated. If a
protonated form of [Ni"L}** was prodiiced, one of the ring
nitrogens would be involved. This would be expected to result
in instability of the complexes with respect to further disso-
ciation and intramolecular redox of [Nill"L]3*. No spectro-
scopic changes (which would accompany such a process) were
observed in the range 0.1-4.0 M HC1Q,. The alternative, a
protonation of the quinol, is therefore preferred (eq 2).

H;Q*=H'+HNQ X, (2

The rate scheme for the oxidation may be written as shown
in eq 3 and 4, where SQ- represents the semiquinone radical

k
[NiL]* + H,Q —» [NiL]?* + SQ- 3)

[NITL]™ + SQ- —= [NiIL]* + Q )

with no assumption made as to the state of its protonation.
If (3) is rate-determining, the rate equation may be expressed

in the form shown in eq 5, consistent with a first-order de-
—d[Ni"lL**], 2k, [H,Q)[Ni(II])] K, s

dt - [H*] + K, )

pendence on [Ni(III)] and [H,Q] at constant [H*]. The

observed second-order rate constant, k, = kgu.q/2[H,Q], may

be written as k,K;/([H*] + K;). Rearranging yields eq 6, such

ks = k- k,[H*]/K, (6)

that a plot of k, against k,[H*] should be linear with intercept
k) and slope —1/K;. With use of the data in Table I, such plots
showed good linearity over the [H*] range under consideration,
providing values (T = 25°C) for k;(H,Q) = (1.1 £ 0.05) X
10°* M1 s7! and k;(H,Cat) = 730 £ 40 M' s T and K; = 4.5
£ 1.2 and 3.3 = 0.9 M for hydroquinone and catechol, re-
spectively. Although there are no previous data for these
systems, values of K for alcohols have been shown to lie in
the range 1-10 M, the value for phenol being 3.9 M. Also,
in an acid-dependence study with catechol similar to the
present investigation but with IrCl¢Z™ as oxidant,!® the retar-
dation was ascribed in part to a medium effect. The differ-
ences involved, however, are considered larger than that ex-
pected solely from this source. With use of the data in ref 19
and with incorporation of equilibrium 2, the results obtained
for the oxidation of catechol by Ir(IV) are K3 =53+ 2M
and k(H,Cat) = (3.1 £ 0.3) X 10> M™! 57! with no detectable
rate of reaction of H;Q*. Comparison of the equilibrium
constant with the present data is considered reasonable.
(ii) [H*] < 0.05 M. Hydroquinone. Since the pK, for
formation of the hydroquinone anion is 10.35,2” in the pH
range (1.5-3.2) studied, the substrate is present predominantly
as the undissociated species. The increase in rate on a decrease
of [H*] (Figure 2) may thus be attributed to reaction of a
second nickel(IIT) species with rate constant k, (eq 7 and 8).

[Ni"'L(OH,),}** =

[NiIL(OH)(OH,)]** + H* K, (7)
[Ni"'L(OH)(OH,)]** + H,Q =, [Ni'L]* +SQ-  (8)

Under these conditions, kK, may be written in the form shown
in eq 9, and a plot of k,(K}, + [H*]) should be linear with slope

ke = (ki[H*] + koKy) /(Ky + [H']) %)

(26) C. F. Wells, Trans. Faraday Soc., 62, 2815 (1966).
(27) R. C. Wiest, Ed., “Handbook of Chemistry and Physics”, 53rd ed.,
Chemical Rubber Publishing Co., Cleveland, Ohio, 1972.
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Figure 3. Plots of k,([H*] + K,) against [H] at various temperatures
(see text): (Q) T=10.1°C; (@) T=15.5°C;(AQ) T = 20.5°C;
() T=250°C; (A) T=318°C.

Figure 4. ESR spectra of (a) [Ni(cyclam)(OH,);]** (pH 0) and of
(b) the monohydroxo complex [Ni(cyclam)(OH)(OH,)]** (pH 3.5),
both at T = 77 K.

ky and intercept k,K,. From pulse radiolysis studies on
[Nil'Mecyclam]3* (Megeyclam = meso-5,7,7,12,14,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane) a pK, value
of 3.7 has been reported,' and a similar value has been in-
dicated for the [Ni"'L]** complex.!” A measure of pK} may
be obtained in the present study by plotting k(K + [H*])
against [H*] for differing values of K, until the best straight
line is produced. The data representing best fits at various
temperatures are presented for hydroquinone in Figure 3. The
values of k,, k,, and K|, derived are presented in Table II. At
25°C, K, = 8 X 10* M (pK, = 3.1), a value in reasonable
agreement with previous data which were obtained at lower
ionic strengths. Confirmation of the magnitude of K, comes
from the slopes of curves in Figure 3 (k;), which agree to
within 4-8% with the k, values obtained in the higher hydrogen
ion concentration studies (eq 6). An identical Kj, value has
been derived in this laboratory with use of a similar kinetic
analysis in the reaction of [Ni'"L]** with H,0,.%#® Further
evidence for the monohydroxy complex comes from ESR
measurements on frozen solutions at 77 K. At [H*] = 1.00
M, the spectrum of [Ni(L)(H,0),]3* shows the two lines g,
= 2.21 and g, = 2.024 characteristic of a low-spin d’ ion in

(28) J. C. Brodovitch and A. McAuley, unpublished results.
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a D,; symmetrical environment. Measurements on solutions
at [H*] = 1073 M show much greater fine structure in the g
region compatible with a loss of symmetry. A similar finding
has been proposed from photochemical measurements of these
nickel(III) complexes.?’ The spectra are shown in Figure 4.

Using the individual rate and equilibrium constants, it is
possible to calculate the rate constant for reaction over the
range [H*] = 3.5 X 107 to 1.00 M with the relationship

_at k,Ky/[H*)[H]K;
([H*]+ K3)([H'] + Ky)

a (10)
The data are presented in Table I, and excellent agreement
is observed with the experimental points.

Catechol. In the pH range 1.5-3.4, a more marked increase
in rate at higher pHs is observed than for the hydroquinone
system. In this case, however, the pK, for H(Cat)~ formation
is lower (9.85),” leading to the possibility of the reaction

[NiUL(OH)(OH,)]?* + H(Cat)” —> [NilL]?* + SQ-
(11)

at pH >2.7. With use of reactions 3, 8, and 11 the rate
expression is of the form

_ (ky + koKy/[H'] + k;KyK,/[H"1)K;[HY]
([H*] + Ky)([H] + Ky)

(12)

a

Rearrangement yields

k,([H*] + K3)([H*] + Ky) - &
f(k)=( (IH*] + K)([H'] + Ky) 1)[H+]=

K;[H*]
k.Ky, + k3KpK, /[H'] (13)

so that a plot of the function f(k) against [H*]~! should be
linear with intercept k,K, and slope k;K;K,. Good linearity
was observed at all temperatures studied, and individual rate
constants are presented in Table II. The calculation of the
rate profile against pH (Figure 1b) has been made, and the
comparison with experimental data over the range [H*] = 2.75
X 107 to 1.00 M (eq 12) is good.

(b) Sulfate Dependences. Nickel(III) species are known to
form complexes with anions such as SO,*

[Ni"IL]** + SO, = [Ni'lLSO,]* K; (14)

Also, under conditions of moderate hydrogen ion concentration,
the equilibrium

HSO, = H* + SO, K, (15)

exists with K, = 1.2 X 102 M.%®

Under conditions used in this study, at relatively low [SO,>]
(£2 X 102 M) equilibria involving only the monosulfate
complexes are considered significant. This is confirmed by
a reasonable linear slope of 1/k, against [SO,2] see (Figure
2). The dramatic decrease in rate (Figure 2) may be ascribed
to the sulfato complexes reacting more slowly than the aquo
ions. If, in the presence of sulfate, the kinetic pathways (16)
and (17) are present in addition to (3) and (8), then the rate

kq
[NiILSO,]* + H,Q —> [NillL]?* + SQ- + SO,> (16)

[NITIL(H)(SO,)]** + H,Q —»
[NiIL]2* + SQ- + HSO," (17)

(29) P. Maramathu, L. K. Patterson, and G. Ferraudi, Inorg. Chem., 17,
3157 (1978).

(30) G. H. Nancollas, “Interactions in Electrolyte Solutions”, Elsevier, Am-
sterdam, 1964,
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constant may be expressed in the form (18), where K, rep-
k. = Kif(k, + koKy/[HY] + kKK, /[H*]?) +
(kKiK; + ksKy[H*])[SO,>] /([H*] + K)i/{([H*] +
K3)(1 + Ky /[H*] + ([SO*],/([H*] + Ky)) X
(KK, + Ky[H*]))} (18)
resents the constant for association of a proton with the

nickel(III) species. Under conditions of low [SO,>7] (£0.01
M) and at [H*] < 0.4 M

(ky + koK /[H*] + k3K K /[H*]) (=a) >
(ksKiKy + k5K [H*])[SO.],/([H] + K)) (=8)
so that
1 ([H']+ K5)([H'] + Ky)
ky K;[H']a
([H*] + K3)(K:K, + K [H*][SO,*),)
([H*] + K)Kia

Plots of k,™! against [SO,>], showed linearity at constant [H*]
(see Figure 2). With use of (19) it may be seen that

(slope)([H*] + K,)([H*] + Ky)
(intercept)[H™]

(19)

= KK, + K,[H*]  (20)

Utilizing both the hydroquinone and the catechol data (T =
25 °C) plots according to (20) yielded a straight line of slope
K, =250 £ 100 and intercept (K;K,) = 18 £ 8. An iterative
analysis was then employed to obtain resolved values of rate
constants k, and ks in (18). The calculated data based on k,
= 600 + 50 M~! 57! and ks = 1420 + 120 M~! 57! (hydro-
quinone) and k, = 105 + 30 M™! sl and ks = 195 + 80 M™!
s~! (catechol) with KK, = 20 = 6 and K, = 300 = 130 M are
shown in Table II in reasonable agreement with the observed
data. Deviations at higher [SO,>"] may be due to further
complexing of sulfate. At high pH, there exists the possibility
of another [H*]™! pathway deriving from hydrolysis of the
aquo-sulfato complex. The value of K; = (1.7 £ 0.6) X 10°
M may be compared!” with that for [Ni'Mecyclam]®* (3
X 10° M) obtained from pulse radiolysis studies. An estimate
of K = 10° M? for the bis(sulfato) complex of [Nillcyclam]
has been made,?! suggesting a value of ~10% M for the second
complexation constant of [Ni'"L(SQ,)]* with sulfate ions. The
reduced values of k, and ks compared to k; and k, are con-
sistent with the diminished oxidative reactivity of the sulfate
species.

As has been observed for previous reactions with these
substrates,'>?* the reduction of hydroquinone is ~ 102 faster
than that for catechol. Also the rate constant (k,) for the
monohydroxynickel(I1I) complex ion is ~3 times greater (for
hydroquinone) than that (k) for the [Ni!L(OH,),]** ion.
In our treatment we have assigned reaction 8 exclusively to
that of the hydrolyzed cation with H,Q. A proton ambiguity
persists here in that an equivalent representation of (8) is via
reaction of [NilllL]3* + HQ~. There will probably be a
contribution from this source in the k,K; value derived for
catechol. The rapid reaction [Ni(L)(OH)]** + H(Cat)™ (k,
=~ 6 X 10" M1 s7!) is in keeping with the greatly increased
reduction potential of the anion. No similar reaction was
observed for HQ™ in the present pH range, probably owing
to the slightly greater pK, value (10.35 against 9.85 for cat-
echol). With the assumption of a similar value (ky =~ 6 X 10'°
M~ s7!) for the hydroquinone reaction, the term k;K,K|,
contributes less than 0.2% to the reaction rate at pH 2. We
feel therefore that the concentration of HQ™ is sufficiently low

(31) E. Zeigerson, G. Ginsburg, L. J. Kirschenbaum, and D. Meyerstein, to
be submitted for publication.
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Table IV. Comparison of the Kinetic Data and Evaluation of Free Energy Parameters for the Oxidation if 1,2- and 1,4-Benzenediol by

Varjous Substrates at 25 °C

AG*Iia k12b
oxidant AG®, g2 AG* 8 obsd caled obsd caled ref
Reductant: 1,2-Dihydroxybenzene
[IrCL)* 4.91 8.0 10.05 9.92 3.1x10%¢ 5.36 x 10° 19
[1rC1,(H,0)]” 1.89 8.0 8.47 8.22 6.2 x 10° 9.26 x 10° 18
IrCl,(H,0), 3.39 8.0 7.09 9.04 6.4 X 10° 2.33 x 10° 18
[1rBr,]*" 6.64 5.2 10.33 9.64 27 x10° 8.48 X 103 18
[Fe(phen),] " 2.54 3.0 6.11 6.10 1.65x 10° 4 3.33 x 10¢ 18
[Fe(5-mphen),]** 2.36 3.0 6.64 6.64 6.5x10%¢4 1.35x 10¢ 18
[Mo(CN),]*~ 8.53 4.0 12.31 10.38 9.5x 10 243 x 103 23
[Co(W,,0,0]°% 392 15.36 10.94 12.98 9.5 x 10? 3.03x 10 25
[NIL] 3+ 4.84 9.5 11.08 10 7.2 X 10? 2.17 x 102 f
[NiLSO,]"* 9.23 9.5 12.25 12,62 1.05 X 10°? 5.6 x 10 f
Reductant: 1,4-Dihydroxybenzene

[1rCL, 1 2.84 8.0 8.37 8.74 7.3%x 104 3.89 x 10* 19
[IrCl(H,0)]" -0.19 8.0 6.90 7.16 8.8 x 10° 5.65 x 10°% 19
[IrBr,)*" 4,57 5.2 8.36 8.36 7.4 x 10* 7.41 x 104 19
[Fe(CN)4]*” 8.53 8.0 13.64 12.14 10 1.2x 10 24
[Fe(phen)}3* 0.46 3.0 4.34 4.98 4.0x 1074 2.22x 107 18
[Fe(5-mphen)]>* 1.38 3.0 5.37 5.47 1.0x 107 ¢ 9.81 x 10°¢ 18
[Fe(dimphen)}3* 2.54 3.0 4.77 6.10 2.8x107¢ 3.33x 10° 18
[Mo(CN), 1>~ 6.46 4.0 9.49 8.98 1.1 x 104 4.3 x 103 24
[Co(W,,0,0)1% 1.85 15.36 9.34 11.86 1.43 x 104 1.45 x 102 25
Np(VD) —-1.38 14.85 8.66 10.00 4.52x 104 4.66 x 10° 23
[N} 3+ 2.77 9.5 9.50 9.39 1.09 x 10* 1.29 x 10* f
[NiLSO,]* 6.92 9.5 11.21 11.58 6.6 X 10? 3.24 x 10? f

% Inkcal mol". YInM™' s!. ¢ Reevaluated—see text. ¢ T'=6 °C.

to permit identification of (8) as shown.

The Marcus cross relationship has been used widely to
correlate the free energy of activation (AG*,,) with the free
energy of reaction (AG®,,) for outer-sphere electron-transfer
reactions.>3¢ The relationship may be expressed in the form

AG* |, = Wi, + M1 + AG®1,/N)?/4 (21)

where the observed rate constant k;, = Z exp(—~AG*,/RT).
(The collision number Z used was 10!! M1 s7}; X = 2(AG*,,
- Wpn + AG*y;, — W)y,).) The terms AG*;, and AG*,, refer
to the free energies of activation for the self-exchange reactions
of the oxidizing and reducing agents, respectively, and W,,
W,,, Wia, and W, to the various work terms arising from
Coulombic forces in bringing together the reactants and sep-
arating the products. Attempts have been made to include
the work terms?**? in the correlation. There is from this
source, however, only a small contribution to the rate at this
ionic strength, and work terms have been neglected here. A
value for quinols of AG*,, = 6.5 kcal mol™! has been proposed®
for a series of dihydroxybenzenes. This value has been used
in the present study. In the case of AG*,;, recent ESR and
kinetic studies using $'Ni"'L and reactions of [Fe™(phen);]*+3¢
are consistent with a value of 9.5 & 1.5 kcal mol™.. The E®
value for the couple [NiL(SO,)]*/[NiL]** (0.77 V) has been

(32) E. Pelizzetti, E. Mentasti, and E. Pramauro, Inorg. Chem., 17, 1181
(1978), and references therein.

(33) G. M. Brown and N. Sutin, J. Am. Chem. Soc., 101, 883 (1979).

(34) C. L. Wong and J. K. Kochi, J. Am. Chem. Soc., 101, 5593 (1979).

(35) M. J. Weaver and E. L. Yee, Inorg. Chem., 19, 1936 (1980).

(36) D. H. Macartney, T. Oswald, and A. McAuley, to be submitted for
publication.

€T=20°C. fPresent work.

calculated from the potential (0.97 V) of the [NiL-
(OH),]**/[NiL]** couple. For the SQ-/H,Q couples, the
corresponding values are 1.17 and 1.08 V for catechol and
hydroquinone, respectively.” Using the same AG*,; param-
eter for the reactions of aquo and sulfate species, we have
calculated with use of (21) the rate of oxidation of both
substrates. Comparison with observed values shows rates to
be in generally good agreement, confirming the outer-sphere
designation for these reactions (Table IV). The measure of
agreement is comparable with that obtained previously. It is
known from studies®® on cobalt macrocycles of this type
(CoNX,**/2*) (N, = trans-[14]diene) that self-exchange rates
are sensitive to the nature of group X. Further studies on
nickel(IIT) systems with various axial groups are required,
however, to confirm whether similar effects are present.

Acknowledgment. We thank Dr. D. H. Macartney for
helpful discussions. NSERC (Canada) and the University of
Victoria provided financial support, which is gratefully ac-
knowledged. We are indebted to Dr. D. Meyerstein for making
available to us data prior to publication.

Registry No. H,Q, 123-31-9; H,Cat, 120-80-9; [NilllL]3*,
66199-97-1; [NILSO,])*, 71603-84-4.

Supplementary Material Available: Listings of rate data, equilibrium
constants, dependence of rates on sulfate ion, and comparison of kinetic
data and evaluation of free energy parameters (7 pages). Ordering
information is given on any current masthead page.

(37) E. Pelizzetti and E. Mentasti, J. Chem. Soc., Dalton Trans., 2222
(1976).

(38) D.P. Rillema and J. F. Endicott, J. Am. Chem. Soc., 1972, 94, 8711
(1972).



