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Ion Binding by X-537A. Rates of Complexation of

Ni2* and Mn2* in Methanolf

Hadassa Degani? and Harold L. Friedman*

ABSTRACT: The rates of complexation are studied through
the effects of the paramagnetic ions upon the magnetic res-
onances of three of the proton species in X-537A = XH.
For the dissociation of the complex MX* — M?* + X~ at
25° the rate is (2.4 £+ 0.4) X 102 sec™! for Ni%* and in the

The work reported here is a continuation of an earlier
study (Degani and Friedman, 1974) in which the sto-
ichiometries, thermodynamics, and spectra of various com-
plexes of M* and M?* ions with the ionophorous antibiotic
X-537A (Lasol acid) (Figure 1) were determined. For the
reasons discussed in our previous study, the homogeneous
solution chemistry of the antibiotic is of basic interest for
the interpretation of the membrane phenomena in which
the ionophore plays a role. This is as true for rates as for the
properties already studied; however, very few rates of com-
plexation of metal ions in solution have been determined for
the cyclic ionophores (Diebler et al., 1969; Chock, 1972;
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range from 2 X 10% to 1 X 10% sec™! for Mn2*. For the
Ni2* complex the activation parameters are also deter-
mined and discussed in terms of the details of the process.
The difference in rate constants found here is much greater
than the difference in the dissociation constants.

Funck et al., 1972) and, until now, none at all for the car-
boxylic ionophores.

Here the kinetics of the Mn?* and Ni?* complexes in
methanol are reported as determined by the effect of the
complexation process upon the magnetic resonance of vari-
ous protons in the antibiotic. While the use of paramagnetic
metal ions is dictated by the method chosen here, one’s in-
terest in the interaction of X-537A with these ions may be
enhanced by the report that in the presence of X-537A the
M?2* jons all have similar effects upon nerve synapses (Kita
and Van Der Kloot, 1974).

As in our previous report (Degani and Friedman, 1974)
we write XH for X-537A and XH — X~ + H* for the re-
action in which it jonizes. Reference may be made to the
earlier study for the determination of the ionization con-
stant of XH in methanol as well as for the equilibrium con-
stants of the reactions:

M2+ + X~ — MX*

which are required in the present study. The latter results
are summarized in Table I. They were determined from ex-
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FIGURE 1: X-537A. The special notation for the hydrogens attached
to C-4, -5, and -29 is used in the text.

periments in the range of 1076 to 107* M X-537A, but in
the present studies a higher concentration, near 1072 M, is
needed. However, the circular dichroic (CD) spectra of so-
lutions containing MnX™* and X~ in the range 102 to 10
M, measured in cells with path lengths of 0.1-10 mm, can
be accounted for on the basis of the spectra and formation
constants reported in our previous study (Degani and Fried-
man, 1974). Thus, there is no evidence for the formation of
complexes of different formulas than MX™* in methanol.
Moreover, the composition dependence studies of the rate
processes reported below give no evidence that additional
complexes are required to account for the data either for
Mn?* or for Ni?+,

Experimental Section

Methanol-ds (99% D) from Stohler Isotope Chemicals
was used as solvent. Anhydrous LiOH, MnCl,, and NiCl,
from Alfa Inorganics were dried in a vacuum oven for 24
hr. Solutions were prepared with care to minimize contami-
nation with water from the air. Solutions with compositions
in the range studied here stored in a refrigerator were found
to be stable for at least 3 months. The concentration of XH
was in the range 9 X 1073 to 4 X 1072 M and was deter-
mined by ultraviolet (uv) absorption. The metal chloride
concentrations were low enough to avoid significant forma-
tion of the chloro-metal complexes [M(MeOH);sCl]* (Luz,
1969; Levanon and Luz, 1968). Solution pH, measured as
described earlier (Degani and Friedman, 1974), was adjust-
ed by adding LiOH in amounts small enough so that appre-
ciable concentrations of LiX were not formed.

Proton relaxation measurements were made at 100 MHz
with a Jeolco MN-100 by the usual continuous wave meth-
od and at 220 MHz with a Varian HR-220, by a pulse Fou-
rier transform technique.

Longitudinal relaxation times (77) in degassed solutions
were determined by the Fourier transformed inversion-re-
covery pulsed sequence (w-7-m/2-)n. The effective spin-
lattice relaxation rate constants (k) defined in the fol-
lowing section are accurate within 50%.

Transverse relaxation times (75) were determined by as-
suming a lorentzian shape for the resonance lines, and are
given by:

Ty~ = 2rAH

where AH,,; is the half-width at half-height of the corre-
sponding resonance lines. In cases where, due to broaden-
ing, two lines overlap, the T, for each line was determined
by a computer line-shape simulation program. For a dou-
blet resonance line due to dipolar proton-proton interaction
the coupling constants Jy.y were determined from nonov-
erlapping data under similar conditions (Figures 2 and 3).
We assumed that AH,,; is the same for the two lines in
the doublet. Figure 2 gives an example of the recorded spec-
trum and the corresponding computer-simulated spectrur,
3756 BIOCHEMISTRY. 14 17,197
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Table I: Formation Constants of MnX* and NiX™* in Methanol and
the Enthalpy and Entropy of NiX* Complexation.@

AH AS [calf
Complex Temp (°C) pK (kcal/mol) (mol deg)]
MnX* 25 ~4.40
NiX* 2 -4.10
25 ~-3.96 2.3 26
46 -3.85

4 Data from Degani and Friedman, 1974.

The reduced transverse relaxation rate constants, k5, de-
fined in the following section are accurate within 20%.

Theory of Interpretation of NMR Relaxation Times and
Shifts

We define effective nuclear magnetic resonance (NMR)
relaxation rate constants (k; ») and molar shifts (s) which
are related to the measured coefficients T, T, and w (res-
onance frequency in radians/second) in solutions in which
the concentration of the complex is (MX*) and which are
related to the corresponding coefficients Ty, T30, and wp in
solutions with the same stoichiometric concentrations
{{XH]) of X-537A and the same pH but without the transi-
tion metal ion.

- (L L) IXH]
ki= <T1 Tm)(Mx+) (12)

- (L - Ly IXH]
k2= <T2 Tzo)(MX+) (1)
s = (0 ~ wo)([XH]/(MX*)) (1c)

In general the nine coefficients appearing in eq la-c de-
pend on the magnetic field B of the NMR resonance experi-
ment. The ratio [XH]/(MX?%) is determined from the
known concentrations of M2* and XH and the MX* for-
mation constant. As noted by Eisenstadt and Friedman
(1968) the stoichiometric association constant K. deter-
mined by classical methods might differ from the mean sta-
bility constants K; and K; associated with, respectively, the
7'y and T, processes. In general, K, ~ K| < K.. We have
assumed throughout that K> = K; = K numerically; this
assumption is discussed later in the Discussion section.

As reported in the following section the coefficients k;,
k2, and s have been determined for three proton species in
X-537A. Next we summarize the theory needed to extract
the desired kinetic information from NMR measurements
while neglecting certain relatively small proton-proton in-
teractions (Frankel, 1969; Johnson, 1965).

If ki1 is T, for an X-537A proton in the actual MX*
complex and kg~! is the mean lifetime of the complex then
we have:

kyt=kim Tt + kgT! (2)

which was derived for a “two-state” model for the relaxing
spins (Bloembergen and Morgan, 1961). The corresponding
equations for the transverse magnetization and the molar
shift are in general much more complicated. We may use
the Swift-Connick equations (Swift and Connick, 1962},
which are, in our notation:

kZm(kZm + kd) + A“')mz
(kom + kd)2 + Ame

ky = kg (3a)
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FIGURE 2: (A) Spectra of H, and Hy, in NiX* methanol solution at
100 MHz; solution composition: 4 X 1072 M X-537A,3.7 X 1073 M
NiCly, at pH 6.5; (B) simulated NiX* spectrum at 30°.

_ ka?Awn
(kam + kd)2 + Awp?

where ko is 72! for the proton species in the actual MX*
complex, and Awy, is given by:

Awm = w(in MX™*) — w(in uncomplexed X-537A) (4)

(3b)

Equations 3a and 3b may be obtained by specializing the
result of a more complete theory (Eisenstadt and Friedman,
1968) to the case in which:

kqTi1e < 1 (5)

where T’ is the electron (electron spin resonance, ESR) T
in the MX* complex. It is fortunate that eq 5 apparently is
satisfied in the present case because the theory which allows
for kaT1e 2 1 has only been worked out for spin % para-
magnetic ions.
Here we also note three limiting cases of eq 3a and 3b:

fast exchange limit; kq > kom, | Awn:

k2 = k2m + kd—lAme (68.)
(6b)

s = Awn

slow exchange, large shift limit; | Awy| > kam, ka:

ky = kq (7a)
s = kg2/ Awm (7b)

slow exchange, large kom limit; kom > kg, | Awg:
ka = kq (82)

(8b)

Finally, we remark that the “intrinsic” relaxation times k
and kam of the protons in the MX complex are given by the
Solomon-Bloembergen equations (Solomon and Bloember-
gen, 1956):

s= kdzAw.—n/kzl-n2

BIOCHEMISTRY, VOL.
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FIGURE 3: (A) NMR spectrum of the salicylic group protons (Hp,
Hm, and Hym) of X-537A; (B) of MnX* methanol solution, at 23°, at

220 MHz. Solution composition: (A) 2.1 X 1072 M X-537A at pH 7.4;
(B) the same as A + 4.2 X 10~* M MnCl,.

4

Kim = %S(S + 1)A4a2 X

[ Ta + 31, 671, ] +
1+ (w1 — ws)?ra2 1+ wi2ra?2 1+ (w1 — ws)?ra?

) ©a)

Ti

2
-S(S+1 Ai2<——
3 ( ) 1 + (w1 = ws)?7i?

1
kam = = S(S + 1) A2 X

3r T 67
4r, + 2 —+ 2 + :
[ T+ w2r,? (w1 — wg)27a2 1+ wg?r,?

__6_7__] +

1+ (wp + ws)?7,2
1 T
-S(S+1 Ai2< i+—‘——> 9b
3 ( ) T 1 + wg?7i? (9b)

where S is the magnitude of the electron spin in the com-
plex (S = 1 for NiX*, S = %, for MnX"), w; and ws are the
precession frequencies of the protons and electrons, respec-
tively, in MX™, 4; is the magnitude of the isotropic (scalar)
part of the proton-electron hyperfine interaction tensor,
and A, is the magnitude of the corresponding anisotropic
(dipolar) part, and 7; and 7, are the corresponding correla-
tion times. They are given by:

il =kq+ Tie! (102)
T l=g 4 7! (10b)
where 7, is the correlation time for the rotation of the com-

plex.
For a molecule as big as NiX* or MnX* one quite gener-
ally finds that 7, is adequately given by the Debye equation:
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Table II: Reduced Transverse Relaxation Rate Constants for H

m in
Methanol Solutions Containing NiCl, at 25°.

Table I1I: Formation and Dissociation Rate Data (Eq 13a) for
NiX* in Methanol at 25°.

10%(H*) (M) 10%(XH) (M) 10-%, (sec™")

32 19 1.9+ 04
32 36 2.5+04
3.2 4.9 23:04
7 = (47 /3kT)r¥y (11a)
= 1.0(r/A)3(n/cP) psec at 25° (11b)

where 7 is the mean radius of the complex. It is estimated to
be about 8 A. The units in eq 11b signify that the equation
gives 7, in picoseconds (10712 sec) if r is in angstroms and
the viscosity # is in centipoise (for MeOH at 25°, = 0.55
cP). Finally, we note that when the Swift-Connick equation
is applicable, i.e. when eq 5 is satisfied, then we have (for
the usual case hws < kT) eq 12.

Awm = (1/3)S(S + 1)(hws/kT)A; (12)

The frequencies ws, wi, and Awp, and the interactions A4;
and A, are all expressed in radians/second. Also, it must be
remarked that ws and w are proportional to the magnetic
field By which is 3 kG in usual (X-band) ESR experiments,
23.5 kG in 100-MHz 'H NMR, and 52 kG in 220-MHz 'H
NMR. As a result k1, and k3, as given by the Solomon-
Bloembergen equations, are in general field dependent.
Moreover, T1.™! is given by an equation similar to eq 9a so
it too is in general field dependent.

We consider the following reactions as possibly determin-
ing the lifetime of the MX* complex in the solution:

ka
MX* — X~ + M2+

(13a)
kb

MX?* + H* — XH + M+ (13b)
kx

MX?* + X~ — X~ + MX* (13¢)
ky

MX* 4+ XH — XH + MX+ (13d)

Then the lifetime k4! of the complex is given by the equa-
tion:

(14)

The dominant contributions to kg4 can be determined by
studying the variation of k4 when the composition of the so-
lution is changed.

General Features of the NMR Spectra of X-537A

The proton resonance spectra of XH, X~, MnX*, and
NiX?* in methanol are very complicated, but one can easily
study the protons of the salicylate ring, namely the meta
proton (Hy,), the para proton (H,), and the three equivalent
meta methyl protons (Hnm) (Figure 1) which are shifted by
the ring current to lower fields than the other protons. The
Hmm line can be identified by its threefold greater ampli-
tude than the other two.

The mutual interaction of Hn, and H, gives a splitting
Jm-p = 7.6 &£ 0.1 Hz which is measurable in the spectra
given in Figures 2 and 3. Even in the absence of Ni2* and
Mn2* the shifts are pH dependent, apparently due to the
shift in the XH — X~ + H* equilibrium. Changes in pH
do not broaden these lines measurably: the exchange of the

ka = ka + ko(H*) + kx(X™) + ky(XH)

3758 BIOCHEMISTRY, VOL. 14, NO. 17,
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Dissociation kg (2.4 £ 0.4) X 10% sec™!
AHgt 4.5 % 1.5 kcal/mol
aSyt —32 £ 6 cal/(mol deg)
Formation kg (2.2 £0.4) X 10° sec™! M-!
AHgE 6.8 + 1.5 Kcal/mol
aSet —8 + 7 cal/(mol deg)

carboxylic acid proton is fast on the 'H NMR time scale so
that the proton line width, whether for Hp, Hp, or Him, is
the average of the natural widths for XH and X~ and the
line center is at the mean frequency:

@ = awx- + (1 — a)wxn (15)
where « is the fraction of XH ionized. Measurements in the
absence of paramagnetic ions show that 79 >» T20 and
that different protons have different 7o values. For H,,
Hpm, and Hy, the rates 1/T)o were found to be much
smaller than the experimental error of 1/T; measured in
the presence of Mn?*. Therefore, they were neglected in
calculating the k; coefficients. In the presence of NiCl, or
MnCl; the gross features of the spectrum are little changed
but there are obvious broadenings and shifts (Figures 2 and
3).

The NiX* Complex in Methanol

The ratio of stoichiometric concentrations [Ni%*]/[XH]
was in the range 0.1 to 0.03, The electronic relaxation times
Tie and T of Ni(aq)?* are 50 and 9 psec, respectively, at
a field of 52 kG (Hwang, 1973). The fast electron relaxa-
tion is due to the very large zero-field splitting in Ni?*, It is
expected that the zero-field splitting (zfs) also is large in
methanol solution and therefore that 7. and T are again
very short, so it is assumed that eq 3a and 3b are applicable
to the data of NiX* data in methanol at 23.5 and 52 kG,
provided only that k4~! exceeds 100 psec.

Measurements at 100 and 220 MHz below 0° show no
measurable field dependence of T, this requires that below
0° we are in one of the slow exchange limits described by eq
7a or 8a. This conclusion is consistent with data for the
temperature dependence at 100 MHz (Figure 3). As we see,
the lines broaden (k, increases) with increasing tempera-
ture as expected if the temperature dependence of the equi-
librium constant is small (Table I), while k4 has the usual
Arrhenius form with an appreciable activation energy.
Studies at different pH values and XH concentrations are
summarized in Table II. The results show that eq 13a gov-
erns the line width and other reactions can be neglected.

The resulting kinetic coefficients are given in Table III.
At a field of 23.5 kG both Hp and Hpyy reached the slow
exchange limit below 0°, while Hy, at the same field was
found to be still in this limit up to 30° (Figure 2). Also, the
measurements at 52 kG for the three lines were found to be
in the slow exchange limit in the range from —10 to +23°.
Together with the conditions for the fast exchange and slow
exchange, these data enable us to calculate the following
limits for 4; of each line: 20 < |A4;(Hp)| < 30, 40 <
IAi(Hm)l <50,50 < 'Ai(Hmm)"

The MnX* Complex in Methanol

In these experiments the ratio of stoichiometric concen-
trations [Mn2+]/{XH] was in the range 0.02 to 0.006. The
52-kG data for ki, ka, and s together with k, data at 23.5
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Table IV: Reduced Relaxation Rate Constants and Molar Shifts for MnX* in Methanol.

Conditions
100 (MnX*)/

Temp (°C) B, kG) [XH] pH4 Coefficients Hp Hm Hmm
23 52 1.5 7.0 k,, msec™! 0.7+0.3 1.0+ 0.3 1.0+ 0.3
23 52 1.7 6.3 k,, msec! 1.3
23 52 2.0 7.4 k,, msec™! 1.2 2.2 1.5
23 52 33 7.0 k,, msec™! 1.2 2.6 1.3
23 52 3.8 7.75 k,, msec™! 1.7 2.8 1.5

—-40 52 2.0 7.4 k,, msec™! 3.3 5.1 4.6
23 23.5 2.0 7.4 k,, msec™! 1.4 2.4 1.4
23 52 2.0 7.4 s, rad/mse¢ -39 +5.6 —1.3b
-40 52 2.0 7.4 s, rad/msec -1.0
Aj, rad/msec 57 _82 +19
23 52 bT e + kg™, nsec 35+ 25 40+ 15 100 = 100
k, (23.5 kG)¢
—— 0.75 0.60 0.90

k, (52 kG)

a At 25°. b Estimated from results at —40°. ¢ Calculated as described in the text.

kG are given in Table IV.

To find whether eq 5 applies to this system reference may
be made to the Mn(aq)?* octahedral complex. It is general-
ly agreed that the dominant relaxation mechanism in this
case also depends on the zfs which comes from fluctuating
distortions of the Mn(H,0)e>* from octahedral symmetry
with a correlation time 7, = 1.9 psec at 30° (Bloembergen
and Morgan, 1961). At a field of about 3 kG one has 7T ~
3 X 107° sec (Bloembergen and Morgan, 1961), from
which the relevant theory (Rubinstein et al., 1971; Luck-
hurst, 1972; Hwang, 1973) enables one to estimate 79, =~
108 sec and T, = 3 X 10~8 sec at 52 kG. For the MnX™*
complex in methanol, the effect upon the relaxation is ex-
pected to be larger than in Mn(aq)?* owing to the lower
symmetry. Similar larger effects were reported for other
Mn2* complexes with lower symmetry (Levanon and Luz,
1968; Reed et al,, 1971; Grant et al., 1971). In addition,
modulation of the zfs in MnX" is no doubt mainly due to
the rotational diffusion of the complex with correlation
time, 7 ~ 280 psec (see below), which is much longer than
7,. Thus, it seems safe to assume that for MnX™* in metha-
nol at 52 kG one has:

Ti1e<3X 10 8sec (16)

since even for Mn(aq)?* this condition is met. Consistent
with eq 16 is the report (Hamilton et al., 1974) that the
electron paramagnetic resonance (EPR) spectrum of
MnX* in methanol cannot be observed. The results to be
described provide additional confirmation.

The rate constant for association of Mn?* and X~ in
methanol at 25° is not more than 3 X 10! M~! sec™!, the
estimate for diffusion-controlled association (Diebler et al.,
1969). Thus, in view of the pK value in Table I, one has:

kg <1 X 10%sec™!, 25° amn

and eq 5 is satisfied at 25° and 52 kG and at lower temper-
atures and fields.

It is concluded that the Swift-Connick equations apply.
The next step is to see whether any of the limiting forms (eq
6-8) apply.

In the case that ki, > kg, eq 2 reduces to ky = kq and,
since kam Z k1m, one also has ko > k4 and either eq 7 or 8
applies. Then k; = kq would be the same for all three pro-
ton species. The data in Table IV are not consistent with

BIOCHEMISTRY, VOL. 14, No. 17,

this hypothesis. The k; values depend on proton species and
differ from the k; values. Furthermore, the observed nega-
tive temperature dependence of k; of a given proton species
is contrary to what one expects for kq.

In the case that k1, << kg, eq 2 reduces to:

ki=kim (18)

and, if eq 6 applies, then k; < k,. Moreover, the tempera-
ture coefficients of ky and k, are now characteristic of
magnetic relaxation processes rather than chemical pro-
cesses and need not be given by an Arrhenius equation with
positive activation energy. So this case seems consistent
with the data in Table IV and will be further explored. The
first step is to specialize the Solomon-Bloembergen equa-
tions to this case.

Estimating 8 A as the radius of MnX* one has, from eq
11:

7 = 280 psec 19)

and in this case 7, =~ 7,; also one has kg < 1 X 108 sec™! <
1 X 107 sec™! < T}, and then 7; >~ Ti.. At By = 52 kG
one also has: wg = 9.1 X 10!! rad/sec; wy = 1.4 X 10° rad/
sec; witr = 0.39; wsTie < 105 Tio/(1 + ws?Tie2) < 5 X
10~13 sec. Now eq 6 and 9 may be combined to get:

ki = (2/5)S(S + DAa2 [re/(1 + w2r2)]  (20)
ky= 127k + s2(bT e + ka™") 1)

b= (1/3)S(S + 1)(42/s2) = 600 (22)

So for this case we may use these equations to calculate
bTe + k4~! from the data for each proton species, with the
results given in Table IV. Since k for Hpnp, is mostly deter-
mined by the k; term, the error in the calculation of 567 +
kq~! is very large. Based upon the data for Hy and Hp, it
can be concluded that at Bg = 52 kG one has:

60071 + kg~ ! = 40 £ 30 usec (23)

This equation fixes an upper bound for 1/kg, i.e. for Ty =
0. This bound together with eq 17 gives the result:

1.4 X 10*sec™! < kg <1 X 106 sec™! (24)
Equations 23 and 24 also determine bounds for T, at 52
kG, namely:

1975 3759



1.6 X 108 sec < Ty, < 2.5 X 1077 sec (25)

which is consistent with eq 17.

According to a more detailed analysis of the theory, if
(k1/s)? were not small compared to the fractional experi-
mental uncertainties in k;, k2, and s for each proton
species, one could determine both k4 and T, from the trend
in values of bT . + kq~! in Table IV. However, since, in
fact, the trend is nil within experimental error, the data
only serve to give the combination in eq 23.

Some confirmation of these results is provided by less
complete data at Bg = 23.5 kG. Considering the right side
of eq 21 term by term, in passing from 52 to 23.5 kG, the k;
term is expected to increase by 10% and the s2kq™! term is
expected to decrease by a factor of 4.84. The remaining
term is more complicated. It is:

T, 47,
+
1 + ws?r,?2 1 + 4wg?r,?

where the theory (Bloembergen and Morgan, 1961) for T,
has been introduced with the suppression of various field-
independent factors. Similar results come from the more re-
cent theories of T, referred to above. For wgr, << 1, we
have C.(52 kG) = C.(23.5 kG), while for wsr, > 1, Ce(52
kG)/Ce(23.5 kG) = 4.84. Assuming the latter case, which
would give the greatest dependence of k; upon the field, we
obtain the calculated ratios k2(23.5 kG)/k2(52 kG), given
in the bottom row of Table IV. The ratios indicate that
within the experimental error we cannot distinguish conclu-
sively between the two cases.

-1
szz,r,e«( ) =C. (26)

Discussion

The rate constants found for the formation and dissocia-
tion of NiX* are two to four orders of magnitude smaller
than for MnX*, Usually rates of solvent exchange on Ni?*
are much slower than on Mn2* (Swift and Connick, 1972;
Luz and Meiboom, 1964; Levanon and Luz, 1968; Pearson
and Lanier, 1964; Pearson et al., 1960). Rates of substitu-
tion of solvent on Ni2* and Mn?* by other ligands differ in
the same order (Melson and Wilkins, 1963; Holyer et al.,
1965, 1966). This is in agreement with the crystal-field
theory applied to d%(Mn?*) and d8(Ni?*) weak field sys-
tems (Basolo and Pearson, 1967).

It is sometimes possible to suggest a mechanism for a li-
gand replacement reaction by analyzing the overall forma-
tion and dissociation rate parameters. (For examples for oc-
tahedral Ni2* complexes, see: Wilkins, 1970; Kustin and
Swinehart, 1970; Coetzee and Hsu, 1975.) The similarity in
the rate constants and in the enthalpy and entropy of acti-
vation (AH = 9-12 kecal/mol and AS¢# =~ 0 cal/(mol
deg)) for the formation of Ni?* complexes in water by a va-
riety of ligands of the same charge tends to discount an as-
sociative (SN2) mechanism and supports a dissociative one
(SN1). An interchange dissociative mechanism (/g) in
which the rate-determining step is the interchange of ligand
and solvent in an initially outer sphere complex resulting in
an inner sphere complex is often accepted as a mechanism
for ligand substitution reactions for Ni2* octahedral com-
plexes (Eigen, 1960, 1962; Eigen and Tamm, 1962). Calcu-
lations of formation rate constants based on this mecha-
nism, on the Fuoss equation for outer sphere ion pair forma-
tion constants (Fuoss, 1958), and the experimental water
exchange rate constant (Swift and Connick, 1962) gave
usually satisfactory agreement with the measured forma-
tion rates. A similar calculation for the NiX* formation
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rate constant using the known methanol exchange rate for
Ni2* (1 X 103 sec™!; Luz and Meiboom, 1964) and the
Fuoss equation for ion pair formation in methanol is easily
made; it leads to a calculated rate constant that is about
two orders of magnitude smaller than the measured one.
This striking disagreement may indicate that the /4 mecha-
nism does not apply to the Ni?*-X~ association but it may
equally likely indicate that the Fuoss equation is not ade-
quate for estimating the formation constant of the outer
sphere complex of Ni%* with a very large and complicated
structure such as X~ (Evans and Matesich, 1973); there-
fore, we cannot suggest a definite mechanism for the inter-
action between solvated ions and X-537A. The relaxation
studies of complex formation between monovalent cations
and valinomycin (Funck et al., 1972) and dibenzo-30-crown
10 (Chock, 1972) in methanol indicated that a slow confor-
mational change occurs in the ionophore as it replaces sol-
vent molecules on the cation. For valinomycin the rate-lim-
iting step is believed to be a conformational change in the
cation-valinomycin ion pair, while a fast conformational
change is suggested for the free crown ether, prior to the
final step of complex formation. In the case of X-537A and
its complexes, it has been already shown in an earlier study
(Degani and Friedman, 1974) that in solution there are at
least three different conformational tautomers in equilibri-
um. The large difference between the formation rate con-
stants of NiX* and MnX™* rules out the possibility of a
rate-limiting conformational change of X~ prior to the
complexation process, but leaves undecided the possibility
for a conformational change in a transient complex to be
the rate-limiting step.

As mentioned in the theory section, we have assumed
that K, = K| = K.. K. for the formation of the NiX* and
MnX* complexes in methanol is the average value for the
formation of all the three tautomers present. It is possible
that different tautomers have different formation constants,
and one of them with a formation constant different than
the average K. causes the broadening of the proton reso-
nance lines. If the exchange rate between the different tau-
tomers is faster than the dissociation rate kg4, then our as-
sumption is still valid. If, on the other hand, the exchange
rate between the tautomers is slower than kg4, this assump-
tion may increase the uncertainty of our kinetic results.
However, the large ratio between the formation rate con-
stant for MnX* and NiX* would be only slightly affected,
since the average K. and the concentration ratios between
the tautomers are very similar for both complexes. There-
fore, the kinetic data reported here can be used in mem-
brane transport studies with X-537A and Ni?* and Mn?*
to determine whether the process is kinetically controlled by
a reaction like 13a, or by diffusion of the free or ion-bound
ionophore in the membrane.
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Relation between Redox Potentials and Rate Constants
in Reactions Coupled with the System Oxygen-Superoxide®

Yukiharu Sawada, Takashi Iyanagi,f and Isao Yamazaki*

ABSTRACT: Univalent oxidation-reduction reactions cou-
pled with the oxygen-superoxide system were investigated
in the reactions shown in eq 3 and 8, where Q and Q-~ stand
for p-benzoquinone and p-benzosemiquinone, respectively.
From kinetic experiments the following rate constants were

The formation of superoxide radical was suggested in re-
actions of xanthine oxidase (Fridovich and Handler, 1958)
and of peroxidase-oxidase (Yamazaki and Piette, 1963).
Accumulation of the radical during the above reactions has
been confirmed by means of electron spin resonance (ESR)
spectroscopy (Knowles et al., 1969; Nilsson et al., 1969).
Since the previously known copper proteins, erythrocuprein
and hemocuprein, were found to have a catalytic function
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obtained at pH 7.0: k3 = 4.5 X 10* M~ sec! and kg = 3
X 1072 M~! sec™!. With known values of k_3 and k_g,
and of Ey’ for the systems Q-Q-~ (0.10 V) and Cyt ¢3*-
Cyt ¢2* (0.255 V), the calculated values of Ep(02-O2")
were found to lie in the range between —0.27 and —0.33 V.

accelerating dismutation of superoxide anion radicals
(McCord and Fridovich, 1969) a large number of papers
have been devoted to the study of the formation and reactiv-
ity of the superoxide radical. Stepwise oxidation, as formu-
lated by Michaelis (1951), becomes of fundamental signifi-
cance in the kinetic analysis of reactions involving the su-
peroxide radical. Experimental evidence which shows the
relation between one-electron redox potentials in a bivalent
system and rate constants has been reported by Yamazaki
and Ohnishi (1966).

A reliable value for the O2-03-~ redox potential is need-
ed in order to analyze reactions coupled with its redox sys-
tem. By thermodynamic calculation the redox potential was
reported as being —0.56 V by Latimer (1952). The similar-
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