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The values of the electron self-exchange rate constants, kl I ( ~ ~ ) ,  for the copper(II/I) complexes formed with the cyclic 
tetrathiaethers [ 131aneS4 and [ 1 51aneS4 have been determined using IH-NMR line-broadening measurements in 
D20 at  several different temperatures to yield the following results for 25 OC, corrected to p = 0.1 M (NO3-): for 
CuIV1([13]aneS4), kll(ex) = 3.2 X 105 M-1 s-1, AH* = 10 f 1 kJ mol-', AS* = -106 f 7 J K-1 mol-1; for CuII/1- 
([15]aneS,), kll(cx) = 1.2 X 104 M-1 s-1, AH* = 21 f 1 kJ mol-1, AS* = -97 f 7 J K-1 mol-'. The cross-reaction 
rate constants have also been determined in aqueous solution by means of stopped-flow methods for these complexes 
reacting with a series of selected oxidants and reductants: CoII(Med[ 141 tetraeneN4)(H20)2, Ru1I(NHs)4bpy, 
RuI1(NH3)5py, RuI1(NH3)6, CoI1l(Me4[ 141 tetraeneN4)( H20)2, Ru1I1(NHd4bpy, NilI1( [ 14]aneN4)(H20)2, 
Ru1lI(NH3)2(bpy)2, and FeI1I(4,7-Me2phen)3. The self-exchange rate constants calculated by applying the Marcus 
relationship to the rate constants for reactions involving CuIIL reduction (kl I ( R ~ ) )  are within experimental error 
of each other and agree with the kl values determined by NMR. However, as in earlier studies, the self-exchange 
rate constant values calculated from CuIL oxidation reactions (kl '(ox)) are generally smaller, except for very slow 
cross reactions. This pattern of behavior is in agreement with our previously proposed dual-pathway square scheme 
in which conformational change and the electron-transfer step occur in a sequential, rather than a concerted, manner. 
For the Cul1/1([ 131aneS4) system, a lower limit of k ~ p  1 200 s-I is estimated for the rate constant representing the 
conformational change from the ground state Cu(1) species to the metastable intermediate which precedes the 
electron transfer step via the preferred pathway. For the CuII/I( [ 1 51aneS4) system, a rough limit of k ~ p  I 5 s-I 
is suggested by the data. Moreover, for this latter system, the secondary pathway was found to be more competitive 
than is the case for either the CulI/I([l3]aneS4) system or the previously studied Cu1I/1( [ 14laneS4) system, so that 
gated behavior is anticipated to occur only within a very narrow set of conditions. 

Introduction 
Studies on CuII/IL systems (L = coordinated ligand) have often 

yielded inconsistent results for the kinetics of CuIIL reduction as 
compared to CuIL oxidation.2 In earlier work,3 we surveyed the 
electron-transfer kinetics for a variety of Cu(II/I)-polythiaether 
complexes reacting with both a selected oxidant (Aox) and a 
reductant ( A R ~ ) :  

The resultant k12 and k2l values were then inserted into the 
Marcus relationship4 to generate the apparent self-exchange rate 
constants, kll (as defined by reaction 2). On the basis of these 

calculations, we noted that the values obtained from Cu"L 
reduction ( k l l ( ~ d ) )  weregenerally 30- to lO7-fold larger than the 
corresponding values caiculated from CuIL oxidation (kl I(o~)). 
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To explain these discrepancies, we proposed that the CuI1/IL 
systems react by a dual-pathway square scheme mechanism in 
which conformationalchanges and the electron-transfer step occur 
in a sequential rather than a concerted manner. As depicted in 
Scheme I, this mechanism entails two metastable intermediate 
species, Q and P, which are presumed to differ conformationally 
(or configurationally) from the corresponding ground state species, 
designated as 0 and R. 

Both Hoffman and Ratner5 and Brunschwig and Sutin6 have 
described the theoretical behavior to be expected for square 

(5) (a) Hoffman, B. M.; Ratner, M. A. J .  Am. Chem. Soc. 1987, 109, 
6237-6243. Cf., correction: Ibid. 1988,110,8267. (b) Hoffman, B. M.; 
Ratner, M. A,; Wallin, S. A. In Electron Transfer in Biology and rhe 
Solid Srare; Advances in Chemistry Series Vol. 226; Johnson, M. K., 
King, R. B., Kurtz, D. M., Jr., Kutal, C., Norton, M. L., Scott, R. A,, 
Eds.; American Chemical Society: Washington, DC, 1990; pp 125- 
146. 

(6) (a) Brunschwig, B. S.; Sutin, N .  J .  Am. Chem. Soc. 1989,111,7454- 
7465. (b) Sutin, N.; Brunschwig, B. S. In Elecrron Transfer in Biology 
and rhe Solid Srare; Advances in Chemistry Series Vol. 226; Johnson, 
M. K., King, R. B., Kurtz, D. M., Jr., Kutal, C., Norton, M. L., Scott, 
R. A., Eds.; American Chemical Society: Washington, DC, 1990; pp 
65-88. 
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schemes of this type. They have specifically noted that, under 
appropriate conditions, the reaction may become rate limited by 
either of the conformational changes 0 + Q or P + R (but not 
both) depending upon the relative stabilities of the two inter- 
mediate species (P and Q). For thermodynamically favorable 
reactions, the theory predicts that such conformationally- 
controlled behavior will be manifested in only one direction.6a 
The onset of conformational control, a first-order process, has 
been termed "gated"5 or "directional"6 electron-transfer. 

For CulI/I( [ 14]aneS4), we have used l~w- tempera tu re~~  and 
r a p i d - ~ c a n ~ ~  cyclic voltammetry to demonstrate not only the 
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existence of both species P and Q, but also the fact that P is more 
stable than Q for this specific system. This implies that, under 
slow-exchange conditions, pathway A is preferred over pathway 
Band, as conditions are changed to accelerate the electron-transfer 
step, the conformational change R+ P should eventually become 
rate-limiting. The results of an extensive study on the cross- 
reaction electron-transfer kinetics of CulI/I( [ 14]aneS4), involving 
a total of eight counter reagents, made it possible to demonstrate 
the onset of conformationally-limited electron-transfer kinetics 
for the oxidation of the Cu(1) complex as predicted.6 Ultimately, 
a switch to pathway B occurred for the most rapid oxidation 
reactions studied. On the basis of both the electrochemical and 
cross-reaction studies, all of the stepwise rateconstants in Scheme 
I have now been estimated for the CulI/I( [ 141aneS4) ~ y s t e m . ~ ~ J  

To date, the presence of a dual-pathway square scheme 
mechanism has not been thoroughly demonstrated for any other 
Cu(II/I) system. Thus, it remains to be established whether 
Scheme I applies to other (perhaps all) Cu(II/I) systems as we 
have proposed. Moreover, for all systems for which Scheme I 
does apply, it has now become clear that the evaluation of the 
electron-transfer behavior requires thorough kinetic measurements 
on both the oxidation and reduction kinetics with several counter 
reagents exhibiting differing potentials and self-exchange rate 
constant values. 

In the current work, we have attempted to demonstrate the 
existence of a dual-pathway mechanism for two closely related 
systems, CuII/I( [ 1 3]aneS4) and CulI/I( [ 1 5]aneS4), by measuring 

n fi 

their electron-transfer kinetics with a variety of counter reductants 
and oxidants. We have also used 1H-NMR line-broadening 
measurements on each system to obtain direct values for the 
self-exchange rate constants. In this investigation, our major 
goals were to determine whether the patterns in the various 
calculated k l l  values were in conformance with Scheme I and to 
determine the effect of variable ring size upon the overall kinetic 
behavior. 

The two ligand systems selected for this study were chosen as 
representative of the two major types of Cu"L geometries which 
have been determined crystallographically for complexes with 

(7)  (a) Bernardo, M. M.; Robandt, P. V.; Schroeder, R. R.; Rorabacher, 
D. B. J. Am. Chem. SOC. 1989, 111, 1224-1231. (b) Robandt, P. V.; 
Schroeder, R. R.; Rorabacher, D. B. Inorg. Chem. 1993,32,3957-3963. 

(8) Meagher, N .  E.; Juntunen, K. L.; Salhi, C. A.; Ochrymowycz, L. A.; 
Rorabacher, D. B. J .  Am. Chem. SOC. 1992, 114, 10411-10420. 
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Figure 1. Proposed ground-state geometries for (A) Cull([ 15]aneS4), 
(B)Cu1([15]aneS4), (C)Cu~~([13]aneS4),and(D)Cu1([13]aneS4) based 
on knowncrystal structures for theseor relatedspecies (see text). Hydrogen 
atoms have been omitted for clarity. The solid and shaded spheres represent 
the copper atom and the sulfur donor atoms, respectively. The ligands 
on the vertical axes in species A, C, and D are presumed to be water 
molecules in aqueous solution. 

cyclic tetrathiaether~:~ (i) CulI( [ 15laneS4) is similar in structure 
to CulI( [ 14]aneS4), existing as a six-coordinate complex with the 
four sulfur donor atoms occupying the sites in the plane and two 
anions or solvent molecules occupying the two axial sites (Figure 
1A). (ii) By contrast, the Cu11([13]aneS4) complex exists as a 
five-coordinate square pyramidal complex with the four sulfur 
donor atoms occupying the sites in the basal plane and a solvent 
molecule or anion occupying the apical site (Figure 1C). To 
date, we have been unable to obtain satisfactory crystal structures 
for the Cu(1) species for these same two systems. However, these 
systems should also provide examples of the two coordination 
types which have been demonstrated to exist for CulL species 
with cyclic tetrathiaethers: (i) CUI([ lSlaneS4) is predicted to 
exist as a somewhat flattened tetrahedron in which all four 
thiaether sulfur donor atoms remain coordinated to the Cu(I1) 
ion (Figure 1 B)-as has been observed crystallographically for 
CUI( [ 14]aneNSs).lo (ii) CUI( [ 131aneS4) is expected to adopt an 
irregular tetrahedral arrangement in which one C u S  bond is 
ruptured such that the inner-coordination sphere consists of three 
thiaether sulfur donor atoms and a solvent molecule (Figure 1 D)." 
On the basis of the foregoing considerations, it was anticipated 

that a t  least one of the systems in the current study should involve 
a significantly different conformational change than that which 
exists for the [ 14laneS4 system. This presumption suggested 
that a comparison of the kinetic behavior for CulI/I([ 13]aneS4) 
and CulI/I( [ 15laneS4) with that reported for CuI1/I( [ 14laneS4) 
would provide further insight into the manifestations of structural 
constraints upon the overall electron-transfer behavior. 

For the purpose of these studies, the reductants selected as 
counter reagents were Co11(Me4[ 14]tetraeneN4)(H20)2, 
R U I I ( N H , ) ~ ~ ~ ~ ,  R U I I ( N H , ) ~ ~ ~ ,  and RuI1(NH3)6, while the 
oxidants included CoIII(Me4[ 141 tetraeneNd)(H20)2, RuII1(NH&- 
bpy, Nil1'( [ 14]aneN4)(H20)2, Ru111(NH3)2(bpy)2, and Fe111(4,7- 
Melphen)3 (where Me4[ 14ltetraeneN4 represents 2,3,9,10- 

(9) Pett, V. 8.; Diaddario, L. L., Jr.; Dockal, E. R.; Corfield, P. W. R.; 
Ceccarelli, C.; Glick, M. D.; Ochrymowycz, L. A.; Rorabacher, D. 8. 
Inorg. Chem. 1983, 22, 3661-3670. 

(10) Bernardo, M. M.; Hetg, M. J.; Schroeder, R. R.;Ochrymowycz, L. A.; 
Rorabacher, D. B. Inorg. Chem. 1992, 31, 191-198. 

(11) Molecular models indicate that the 13-membered ring is too small to 
permit tetrahedral coordination with all four ligand donor atoms. The 
proposed geometry involving three coordinated sulfur donor atoms and 
a solvent molecule is inferred from a polymericcrystal structureobtained 
for Cu1([14]aneS,): (a) Dockal. E. R.; Diaddario, L. L.; Glick, M. D.; 
Rorabacher, D. B. J.  Am. Chem. Soc. 1977, 99, 45304532. (b) 
Diaddario, L. L., Jr.; Dockal, E. R.; Glick, M. D.; Ochrymowycz, L. A.; 
Rorabacher, D. B. Inorg. Chem. 1985, 24, 356-363. 
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tetramethyl- 1,4,8,11-tetraazacyclotetradeca-l,3,8,10-tetraene, py 
and bpy represent pyridine and 2,2'-bipyridine, respectively, [ 141- 
aneN4represents 1,4,8,11-tetraazacyclotetradecane1 and 4,7-Me2- 
phen represents 4,7-dimethyl- 1 ,IO-phenanthroline). 

Experimental Section 
Reagents. The preparation and purification of all reagents, including 

Cu(CI04) j 6 H 2 0  and NaCl04,l2 [13]aneS4 and [1S]aneS4,13 and all 
counter reagents,3J have been previously described. Solutions of the 
CuIL species were prepared by reduction with copper shot carried out 
under a nitrogen atmosphere. Distilled4eionized water of conductivity 
grade was used for the preparation of all solutions used for cross-reaction 
kinetic measurements. Ionic strength was controlled by the addition of 
HCIO, or NaC104 except for the N M R  studies for which nitrate salts 
were used. Argon or nitrogen was bubbled through all solutions prior 
to each kinetic run in order to remove dissolved oxygen. All ruthenium 
solutions were protected from light. 

Instrumentation. Absorbance measurements were obtained using a 
Cary Model 17 dual-beam recording spectrophotometer equipped with 
a thermostated cell compartment. Kinetic measurements were made 
using a thermostated Durrum D-1 10 stopped-flow spectrophotometer 
equipped with 'airtight" syringes. Absorbance data were recorded in 
digital form and then treated using either of the methods previously 
d e ~ c r i b e d . ~ , ~  

All IH-NMRspectra for line-broadening experiments and TI relaxation 
measurements were recorded on a Nicolet N T  300-MHz spectrometer 
equipped with a variable temperature unit and a Nicolet N M C  1280 data 
system. For the free ligands, the 'H-NMR spectra were recorded in 
CDCl3 to circumvent the low solubility of these ligands in aqueous media. 
The spectra of the corresponding CulL species were recorded in D20 
using a one-pulse sequence. Selectivedecoupling experiments were used 
to assign the peaks. The specific methods used for obtaining the N M R  
relaxation data were identical to those described p r e v i ~ u s l y . ~ ~  Other 
N M R  measurements, such as homonuclear decoupling and I3C spectral 
determinations, were recorded on a GE QE 300-MHz spectrometer. 

Results 
NMR Spectra. The IH spectrum for uncomplexed [ l31aneSp 

is illustrated in Figure 2A. The peak integrations are in the ratio 
6:2:1 leading unequivocally to the assignments shown. For the 
CUI( [ 131aneS4) complex, the spectrum shows three sets of broad 
peaks. Thepeaksat 2.1 1 and2.25ppmareassignedtotheprotons 
on C-1 according to the possible structures of the complex as 
illustrated in Figure 2B. It is presumed that only three of the 
four sulfur donor atoms are coordinated to the copper ion since 
the ring would appear to be too small to accommodate tetrahedral 
coordination.Il The broadness of the peaks indicates that the 
bond-breaking and bond-forming processes between Cu(1) and 
the sulfur donor atoms fall into the slow-exchange regime. At 
higher temperatures, in fact, the C-1 peaks coalesce into a single 
peak. 

The observed IH spectrumof theuncomplexed [ 151aneS4 ligand 
is shown in Figure 3A. The spectrum consists of a singlet at  2.79 
ppm which is the resonance signal of the C-3 protons on the 
ethylene bridge, a double-triplet at  2.67 ppm assigned to the 
protons on the a-carbons ((2-2) of the trimethylene bridges, and 
a quintet at  1.93 ppm assigned to the protons on the central 
carbons (C-1) of the trimethylene bridges. Upon coordination 
to Cu(I), the environment of the C-1 and C-2 protons splits as 
illustrated in Figure 3B. The two quintets at  2.14 and 2.06 ppm 
exhibit a 1 :2 ratio and correspond to the protons bonded to carbons 
labeled C- 1 and C- l', respectively. The triplets on the C-2 protons 
are split into three groups designated as C-2, C-2' and C-2". The 
well-defined IH spectrum for CUI( [ 15laneS4) does suggest that 

A 

(12) Diaddario, L. L.; Zimmer, L. L.; Jones, T. E.;Sokol, L. S. W. L.;Cruz, 
R. B.; Yee, E. L.;Ochrymowycz, L. A.; Rorabacher, D. B.J. Am. Chem. 

(13) Ochrymowycz, L. A.; Mak, C. P.; Michna, J. D. J .  Org. Chem. 1974, 

(14) Vande Linde, A. M. Q.; Juntunen, K. L.; Mols, 0.; Ksebati, M. B.; 
Ochrymowycz, L. A.; Rorabacher, D. B. Inorg. Chem. 1991,30,5037- 
5042. 

SOC. 1979, 101, 3511-3520. 
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Figure 2. IH-NMR spectrum for (A) the [ 13IaneS4 ligand in CDCI3 and 
(B) the CUI( [ 131aneS4) complex in D20, showing the assignments of the 
various peaks. 

all four sulfur donor atoms are coordinated to the Cu(1) atom 
forming a symmetrical tetrahedral geometry. The average value 
of 3JH-H in the complex is 5.49 Hz. 

Self-Exchange Kinetic Studies. The determination of the self- 
exchange electron-transfer reaction kinetics for CuI1/I( [ 1 3]aneS4) 
and CuVI( [ 15laneS4) were carried out in the same manner as 
previously described for CuI1/I( [ 15]aneS~) ,~~  CuI1/I( [ 15]aneNS4),lS 
and CuII/I( [ 14]aneS4)8 by measuring the relaxation times for 
interconversion between diamagnetic (CuIL) and paramagnetic 
(CuIIL) species, based on the expression derived by McConnell 
and Bergerl6 as rearranged to the following form:I4 

In eq 3, WD represents the line width when only the diamagnetic 
species (CuIL) is present, WDP is the corresponding line width 
after the addition of the paramagnetic species (CuIIL), and the 
term Q. is inserted to correct for the extent of outer-sphere complex 
formation at  the specific ionic strength used to a common ionic 
strength value of 0.10 M.14 A large excess of aquacopper(I1) ion 
was added to all solutions to force the complexation of added 

~~ 

(15) Vande Linde, A. M. Q.; Westerby, B. C.; Ochrymowycz, L. A.; 
Rorabacher, D. B. Inorg. Chem. 1993, 32, 251-257. 

(16) McConnell, H. M.; Berger, S .  B. J.  Chem. Phys. 1957.27,230-234. The 
approach described in this paper is an extension of the method developed 
by Gutowsky et 01.: Gutowsky, H. S.; McCall, D. W.; Slichter, C. P. 
Ibid. 1953, 21, 279-292. 
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Figure3. IH-NMR spectrum for (A) the [ 151aneS4 ligand in CDC13 and 
(B) the CUI([ 1 51aneS4) complex in D20, showing the assignments of the 
various peaks. 

CuIIL toward completion. The resultant paramagnetic line 
broadening induced by the Cu,pZ+ ion was shown to be essentially 
constant for all measurements. 

For the Cu11/1( [ 131aneS4) system, the relative insolubility of 
the Cu(1) complex and the lack of a sharply defined peak were 
limiting factors in thedata resolution. The best data wereobtained 
by resolving the doublet at 2.1 ppm (Figure 2B). However, over 
the temperature range 5-35 OC, the spectrum was poorly resolved 
and it was not possible to obtain accurate deconvolution of the 
overlapping peaks in this region. Above 35 OC, however, these 
peaks coalesced as noted above. Thus, only line-width data 
obtained in the temperature  range 45-65 OC were used for data 
analysis. A single series of measurements was made at  pD 4.6 
using a CuIL concentration of 7.9 X 1V M, a constant excess 
concentration of Cullaq at  0.10 M, and a CuIIL concentration 
which was varied over the range 0-3.3 X 1 V  M. Plots of the 
resulting data for each temperature are shown in Figure 4. The 
resolved kll(cx) values are listed in Table I. 

For CU'I/~( [ 1 SIaneSs), the line-width measurements were made 
by deconvoluting the peaks in the region of 3.04 ppm (Figure 
3B). Two separateseries of solutions were prepared, bothcarried 
out at pD 4.6 under similar conditions but with a 10-fold change 
in the amount of aquacopper(I1) ion present: (a) The first series 
contained 9.1 X M CulL and 0.010 M excess CdI, with the 
CdIL concentration varied up to 2.4 X 10-5 M. (b) The second 

[CU~I([IS]~~S~)I x i o 4 ,  M 

Figure 4. Plot of eq 3 for the NMR line-width data for Cur([ 131aneS4) 
as a function of the concentration of added CuI1([ 131aneS4) for 45 (0), 
55  @),and 65 OC (A). The value of kllccx) at each temperature is obtained 
as the slope. 

Table I. Self-Exchange Rate Constant Values for CuI1l1( [ 131aneS4) 
and C U ~ ~ / ~ (  [ 15]ane!34) As Determined from NMR Line-Broadening 
Measurements as a Function of Temperature in Deuterium Oxide 
Solution, Corrected to = 0.10 M (NO,-) 

l P k l l ( c x ) ,  M-l S-' 

[15]aneS4 
T, OC [ 131aneS4 series I series I1 

5 0.63(8) 0.63( 1) 
15 0.90(2) 0.93( 1) 
25 32" 1.20(7) 1.23(5) 
35 1.71(9) 1.87(7) 
45 44(3) 2.05(5) 2.39(4) 
55 53(3) 
65 5 8 W  

Rate Constants 

Activation Parameters 
AH*, kJ mol-' lO(1) 20( 1) 22( 1) 
A S ,  J K-l mol-' -106(7) -101(5) -92(5) 

a Value of kllcex) for Cul'/I( [ 131aneS4) at 25 'C is calculated from the 
experimentally determined activation parameters. 

0- 1 2 3 4 5 

[cuI~([~~I~cs~)I x io4,  M 

Figure 5. Plot of eq 3 for the N M R  line-width data (series 11) for CUI- 
([ 1 51aneS4) as a function of the concentration of added Curl( [ 1 51aneS4) 
for 5 (O), 15 (O) ,  25 (A), 35 (0) and 45 OC (W). The value of at 
each temperature is obtained as the slope. 

series contained 5.6 X 10-3 M CuIL and 0.10 M excess Cu11, 
with the Cu"L concentration ranging up to 5.1 X M. (See 
Supplementary Material for the line-width data.) Under these 
conditions, the amount of line broadening observed was relatively 
small. Plots for the data from one of the series of measurements 
are illustrated in Figure 5 .  As listed in Table I, the two series 
yielded very similar resolved kll(ex) values and activation pa- 
rameters (as evaluated from the Eyring equation). 

Kinetic Treatment for Rapid Second-Order Reactiom. All cross 
reactions included in this study were of the general type 
represented in reaction 1 and were shown to exhibit second-order 
kinetic behavior in both directions as described by the following 
general expression: 
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% = k12 [AI PI - k21 [Cl PI (4) 

where X represents the increase in product concentration 
subsequent to the time chosen as the “initial” time, and \A], [B], 
[C!, and [D] represent the molar concentrations of CUI L, AR+, 
Cu L, and Aox, respectively (see eq 1). (Cross reactions run in 
the reverse direction require a change in sign for the terms on the 
right side of eq 4.) 

Most of the cross reactions involving Cu”L reduction were 
either extremely rapid or were limited in terms of the sensitivity 
of detection when operating under pseudo-first-order conditions. 
As a result, these reactions were run under second-order conditions. 
In analyzing the data, we have utilized a generalized second- 
order mathematical treatment which is applicable for reversible 
reactions where the second-order back-reaction may also con- 
tribute to the observed kinetics. Due to the configuration of the 
stopped-flow cell, a significant concentration gradient may also 
exist within the monitoring light path for very fast reactions 
immediately after mixing. The mathematical approach to this 
latter problem which we proposed earlier,” in which the reaction 
cell can be treated as a series of discrete segments, each containing 
different concentrations, was deemed unacceptable for reactions 
with free energies which are insufficient to drive the reactions to 
completion. Therefore, an alternative approach was taken in 
which the “initial” reaction time ( t  = 0) was selected at  some 
arbitrary time after mixing. Under these conditions, some product 
formation will have already occurred for which a correction must 
be made for reversible reaction systems.I8 

The integration of eq 4 under conditions where the reverse 
reaction is appreciable and initial concentrations of the products 
may exist at  the time selected as t = 0 has been presented 
p rev iou~ ly .~J~  The integrated expression can be rearranged to 
the following form? 

In eq 5, X, represents the change in molar concentration of each 
of the reactants and products a t  any time, t, relative to their 
values a t  the selected zero time and the combined constant terms 
are defined as follows: 

In these latter expressions, the subscripts e and 0 are used to 
designate the respective concentrations at  equilibrium and at  the 
selected zero time, respectively. 

Cross Reactions Studied. For each copper system studied, 
several different oxidizing and reducing reagents were chosen for 
the cross-reaction studies as previously noted. The criteria for 
selecting the specific reagents utilized in these studies have been 
previously described.8 Their pertinent physical properties are 
listed in Table 11. 

In the utilization of the second-order mathematical approach 
outlined above, the initial concentrations of the two reactant 
species were generally kept to within a ratio of 4:l to 1:4. For 

(17) Lin, C. T.; Rorabacher, D. B. J .  Phys. Chem. 1974, 78, 305-308. 
(18) In the preparation of reducing reagents, it was sometimes observed that 

the reagents were not completely r e d u d  or else were partially oxidized 
by exposure to air prior to initiating the mixing of the reactants. The 
mathematical approach described also makes allowance for the presence 
of product in the drive syringes. 

(19) Smith, J. M. Chemical Engineering Kinetics. 2nd ed.; McGraw-Hill: 
New York, 1970; pp 60-65. 
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Table 11. Physical Properties of Reagents Used in This Work for 
Electron-Transfer Kinetic Studies with CuI1/I( [ 131aneS4) and 
C~~~/~([ l5]aneS4)  in Aqueous Solutions at 25 OC, 1 = 0.10 M 
(clod-) 

10*r, log 4 2  (or &I)  
reagent I9, V k22, M-1 s-I cm’ Cu([13]) Cu([15]) 

Copper Complexes 
Cu([ 13]an~S4)~+/+ 0.56b 4.4d 0.00 
Cu([ 15]aneS4)2+/+ 0.64c 4.4d 0.0 

Reductants 
Co(Med[l4] 0.562c 5.0 X 4.7d -0.03 1.32 

tetraeneN4)2+ 
Ru(NH3)4bpy2+ 0.5268 2.2 X 106 4.4d 0.57 1.93 
Ru(NH3)spy2+ 0.328 1.1 X los 3Ah 4.06 5.41 
R u ( N H ~ ) ~ ~ +  0.051‘ 4.3 X l O 3 h  3.3h 8.60 9.96 

Cu(Me4[14] 0.562c 5.0 X 4.7d 0.03 -1.32 
Oxidants 

tetraeneN4)3+ 
Ru(NHs)dbpy’+ 0.52@ 2.2 X 106 4.4d -0.57 -1.93 
Ni([l4]aneN#+ 0.99 1.0 X 1031 3 . 4  6.59 5.24 
Ru(NH3)2(bpy)z3+ 0.889k 8.4 X lo7 5.6h 5.56 4.20 
Fe(4,7-Mezphen),’+ 0.939d 3.3 X lo* I 6.6d 6.41 5.05 

Effective radius in forming the outer-sphere complex preceding 
electron tran~fer.~ Value shown is estimated from value determined in 
80% methanol (see text). Reference 22. Reference 3. e Yee, E. L.; 
Cave, R. J.; Guyer, K. L.; Tyma, P. D.; Weaver, M. J. J .  Am. Chem. SOC. 
1979,101, 1131-1137. Cf.: Endicott, J. F.;Durham, B.;Glick, M. D.; 
Anderson, T. J.; Kuszaj, J. M.; Schmonsees, W. G.; Balakrishnan, K. P. 
J .  Am. Chem. SOC. 1981, 103, 1431-1440. /Corrected to p = 0.10 M 
from value determined in 1 .O M HC104: Durham, B. Ph.D. Dissertation, 
Wayne State University, 1977. 8 Yee, E. L.; Weaver, M. J. Inorg. Chem. 
1980, 19, 1077-1079. hBrown, G. M.; Sutin, N. J .  Am. Chem. SOC. 
1979, 101, 883-892. ‘For 0.1 M NaBF4: Lim, H. S.; Barclay, D. J.; 
Anson, F. C. Inorg. Chem. 1972,11,1460-1466. Haines,R. I.;McAuley, 
A. Coord. Chem. Rev. 1981,39,77-119.. McAuley, A.; Macartney, D. 
H.; Oswald, T. J .  Chem. Soc., Chem. Commun. 1982,274275. Fairbank, 
M. G.; Norman, P. R.; McAuley, A. Inorg. Chem. 1985,24,2639-2644. 

Seddon, E. A.; Seddon, K. R. The Chemistry of Ruthenium; Elsevier: 
New York, 1984; p 444. Ruff, I.; Zimonyi, M. Electrochim. Acta 1973, 
18, 515-516. 

the study of Cult( [ 13laneS4) reacting with RuI1(NHj)4bpy, where 
the resolved second-order rate constants varied widely, compar- 
ative kinetic studies were also carried out under pseudo-first- 
order conditions in which the concentration of each reagent, in 
turn, was maintained in large excess (up to 12- or 50-fold). 

The majority of the cross reactions involving CuIL oxidation 
exhibited second-order rateconstants below lo7 M-I s-1, and many 
of these reactions were studied under pseudo-first-order conditions 
(which are not susceptible to error from concentration inhomo- 
geneities). For thestudies involving N P (  [ 14]aneN4) as oxidizing 
agent, a wide range of oxidant concentrations was included in an 
attempt to identify the onset of limiting first-order kinetics 
representative of “gated” electron transfer. 

For all reactions, seven or more replicate runs were generally 
carried out for each set of concentration conditions with a total 
of four to eight different concentration levels used in most studies. 
The rate constant values for each of the individual runs (over 600 
total) and the mean values of the resolved second-order rate 
constants for each series of kinetic runs (Le., with differing reactant 
concentrations) are compiled in the supplementary material. The 
overall rate constant values, as determined for each system, are 
summarized in Table 111 including the evaluated standard 
deviations. 

Discussion 

Calculation of kll(Rd) and k11(0~) Values from Cross-Reaction 
Rate Constants. On the basis of the parameters listed for each 
of the counter reagents in Table I1 and the experimental cross- 
reaction rate constants in Table 111, the apparent self-exchange 
rate constant values can be calculated for each CuII/IL redox 
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Table 111. Summary of Electron-Transfer Cross-Reaction Rate 
Constants for Cul1/I( [ 131aneS4) and [ 1 SIaneSp) Reacting with 
Selected Oxidants and Reductants in Aqueous Solution at 25.0 OC, p 
= 0.1 M (HCIOd), with All Data from This Work Except As Noted 

Leggett et al. 

Table IV. Electron Self-Exchange Rate Constants for 
Cull/'([ 13]aneSp), Cu11/1([14]aneS4), and Cu11/1([lS]aneS4) As 
CAlculated from Cross-Reaction Rate Constants with Selected 
Oxidants and Reductants in Aqueous Solution at  25.0 OC, ~1 = 0.1 M 
(HC1011 

reductants 
CO"Z( H20)2b 5OC 2.2 x lO2C 

RU"(NH3)6 1.3(2) X lo8 3.3(5) x 107 

Ru1"(NH3)4bpy 2.6(3) x 105 7.8(7) x 103 

Fe111(4,7-Me2phen)3 >1 X lo8 4.5(7) x 107 
1.8 X loac 

Ru1'(NH3)4bpy i.8(6) x 107 1.2(4) X lo6 
R ~ " ( N H ~ P Y  2.8(6) x 107 9(2) X lo6 

oxidants 
C O " ' Z ( H ~ O ) ~ ~  55(7)d 1.36(8) 

NilI1([ 14laneN4) 4.92(3) X lo6 1.14(1) X lo5 
Ru111(NH3)2(bpy)2 2.3(8) X lo7 8.4(1) X lo6 

i s  x 1 0 7 ~  

In general, each rate constant value shown represents the median 
obtained from 3-8 different reagent concentrations with 7-8 repetitive 
runs for each set of conditions; numbers shown in parentheses represent 
standard deviations as calculated from the variation in mean values (for 
repetitive runs) and refer to the last digit shown leg. ,  4.93(3) X 106 
represents (4.92 0.03) X lo6). The ligand abbreviated as Z represents 
Mer[ 14]tetraeneN4(seetext). Datafromref3. Basedonaverylimited 
data set involving two runs at  slightly different concentrations. e Limiting 
value based on observance of rates outside the range of the stopped-flow 
instrument. 

couple from the cross-reaction kinetic data as previously de- 
scribed3.8 using the Marcus relati~nship:~ 

kii(~ed) = (W2 I (k22 K12 f12) (W12)~l (6a) 

where k22 is the self-exchange rate constant of the counter reagent, 
Kl2 = (K21)-I is the equilibrium constant for reaction l,fl2 and 

f z l  are nonlinear correction terms, and W12 and W Z ,  are 
electrostatic work terms involved in bringing the reactants into 
outer-sphere c o n t a ~ t . 3 ~ ~ ~ ~ ~  

In calculating the Kl2 and K21 values en route to the kll 
calculations, we have utilized a formal potential value of 0.56 V 
(vsNHE) for t h e C ~ ~ ~ / I ( [  13]aneS4) redoxcouple (TableII) rather 
than either of the previously reported values of 0.595 21 or 0.52 
VSz2 This adjustment was based on the observation that, whereas 
the potential for this couple has been difficult to establish 
accurately in aqueous solution, due to the tendency of the Cu1L 
species to precipitate on the electrode surface, the value obtained 
in 80% methanol-20% water (by weight), Ef = 0.67 V,23 is believed 
t o  be much more accurate; and, as a general trend, the Ef values 
of the Cu(II/I) systems with the macrocyclic tetrathiaethers in 
aqueous solution tend to be approximately 0.10-0.1 1 V smaller 
than the 80% methanol values.22 

The resulting calculated kl I ( R ~ )  or kl 1(oX) values from all cross- 
reaction studies are given in Table IV for both the CuII/I([13]- 
aneS4) and CuII/I( [ 1 51aneS4) couples along with the 25 OC k l l ( e x )  
values determined from NMR measurements. For purposes of 
comparison, the corresponding kl I values previously reported for 
Cd1l1( [ 141a11eS4)~ are also included in this latter table. 

(20) In response to a reviewer's query regarding the possible influence of 
stericeffects, it should be noted that theelectrostatic work term includes 
corrections for both the charge and size of the reactants. 

(21) Rorabacher, D. B.; Martin, M. J.; Koenigbauer, M. J.; Malik, M.; 
Schroeder, R. R.; Endicott, J. F.; Ochrymowycz, L. A. In Copper 
Coordination Chemistry: Biochemical and Inorganic Perspectives; 
Karlin, K. D., Zubieta, J., Eds.; Adenine: Guilderland, NY, 1983; pp 
167-202. 

(22) Bernardo, M. M.; Schroeder, R. R.; Rorabacher, D. B. Inorg. Chem. 
1991. 30. 1241-1247. 

(23) Dockal, E. R.; Jones, T. E.; Sokol, W. F.; Engerer, R. J.; Rorabacher, 
D. B.; Ochrymowycz, L. A. J. Am. Chem. SOC. 1976, 98,43224324, 

CU"/' CU"/' CU"/' 
reagent ( [ 131aneS4) ([ 141aneS1) ([ 1 SlaneS4) 

5.50 3.88' 
N M R  Method 

4.08 

reductants 
C O " Z ( H ~ O ) ~ ~  5.59' 3.42c 3.7w 
Ru"(NH3Mpy 5.87 3.79" 3.70 

4.02' 

oxidants 
C O " ' Z ( H ~ O ) ~ ~  5.52 3.76 
Ru1"(NH3)4bpy 4.87 2.58" 3.26 
Nil1'([ 14laneN4) 4.33 -0.1 to >3.2'vd 2.00 
R ~ " ' ( N H ~ M ~ P Y  )2 1.89 0.14 2.08 
Fe1I1(4,7-Mezphen)3 >2 z.0" 2.34 

-1.71' -0.38' 1.15c 

a Data from ref 8. The ligand abbreviated as Z represents 
M e 4  14ltetraeneN4; isn represents isonicotinamide. C Data from ref 3. 

Calculated value of k l l ( h )  was dependent upon concentration of the 
Ni(II1) reagent asa  result of theonset of gatedeltctron-transferconditions. 

I 

1 , , , , , , ,,il 
1 

10 15 - 5  0 S 

log K1zkzz (108 K21k2z) 

Figure 6. Plot of the logarithmetic values of the apparenr self-exchange 
rate constants for Cu11/1( [ 13]aneS.+), as calculated from the various cross 
reaction rate constants using the Marcus relationship, as a function of 
the "potential barrier parameter", log K ~ k 2 2  (or log K21k22). The open 
circles represent reactions involving CullL reduction, while the solid circles 
are calculated from reactions involving CulL oxidation. The numbered 
points correspond to reactions with the counter reagents in the order 
listed in the tables: (1) Co11(Me4[ 14]tetraeneN4), (2) R ~ ~ ~ ( N H 3 ) 4 b p y ,  
(3) Ru11(NH3)spy. (4) RulI(NH&, ( 5 )  Co1I1(Me4[ 14]tetraeneN4),(6) 
Ru1II(NH3)4bpy, (7) Nil1'([ I4]aneN4), (8) R~I~~(NH1)2(bpy)2, (9) 
Fe1I1(4,7-Me2phen)3. 

Comparison of kl~(~~), k l l ( ~ d ) ,  and kll(*) Values. As indicated 
in Table I V  for each of the three systems, the self-exchange rate 
constant values calculated from cross reactions involving the 
reduction of a specific Cul1L species ( k l l ( ~ d ) )  are all within the 
same order of magnitude as the corresponding kll(ex) value 
determined by N M R  line-broadening. For those CUI( [ 1 3]aneS4) 
a n d  CUI( [ 1 SIaneS4) oxidation cross reactions which are relatively 
slow (Le., those involving RuIII(NH3)4bpy and Co**I(Me4[ 141- 
tetraeneN4) as oxidants), the calculated kl l(oX) values alsoappear 
to be within experimental error of the corresponding kll(,,) and 
k l l ( ~ d )  values. However, as the product of Kzlk22 (the so-called 
"potential barrier parameter" from eq 6b)8 increases (see Table 
11), the calculated values of kll(ox) exhibit a significant decrease 
as illustrated in Figures 6 and 7. 

As we have noted in our earlier investigation! the generation 
of calculated kll(ox) values which are significantly smaller than 
thedirectly determined kllc,,) value (from N M R  line-broadening) 
is indicative of the onset of rate-limiting conformational control 
and, ultimately, of a change in the mechanistic pathway for the 
electron-transfer process. On the basis of the proposed mechanism 
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Figure 7. Plot of the logarithmetic values of the uppurenr self-exchange 
rate constants for CuW( [ 15]aneS4), as calculated from the various cross 
reaction rate constants using the Marcus relationship, as a function of 
the "potential barrier parameter", log Klzk22 (or log K21k22). The open 
circles represent reactions involving CuIIL reduction, while the solid circles 
are calculated from reactions involving CulL oxidation. The numbered 
points correspond to reactions with the counter reagents in the order 
listed in the tables and as identified in the caption to Figure 6.  

in Scheme I, the conditions required for such behavior can be 
derived from the overall kinetic expression for the oxidation of 
CuIL which is of the following form: 

where the first parenthetical term represents the contribution of 
pathway A and the second represents the contribution of pathway 
B. Four limiting expressions may be derived: 

In these expressions, KPR-' = kRp/kpR and Ke2-l = kze/kea. 
Theoretical considerations indicate that eq 7d will never apply 
to reactions which are thermodynamically favorable? Thus, we 
may limit our current discussion to the first three expressions. 

For the CuII/I([ 141aneS4) system, ancillary low-temperature78 
and rapid-~can~belectrochemical studies have established the fact 
that intermediate P is more stable than intermediate Q and, 
therefore, pathway A is intrinsically preferred. The observed 
trends in the calculated kr I values indicate that the same pathway 
preference applies to both the [ 131- and [ 1 SIaneS4 systems. Thus, 
if the rate of the cross reaction is sufficiently slow (Le., k2A [Aox] 
<< kpR), the species P and R will be equilibrated a t  all times, and 
eq 7a will apply. Under thesecircumstances, the calculated kll(ox) 
value should be consistent with the kl I ( ~ ~ )  value obtained from the 
NMR measurements-as is observed for the oxidation reactions 
involving RuIII(NH3)4bpy and CoIII(Me4[ 141 tetraeneN4) as the 
counter oxidizing agents in the current study. Thus, the kll(cx), 
kll(Rd), and the larger kllcox) values are representative of the 
self-exchange rate constant for Cu1I/1L proceeding by pathway 
A (i.e., kll(A)). 

I J  I 
0 L 

0 1 2 3 4 5  

[Ni"I([14JaneNq)J x lo4, M 

Figure 8. Plot of the observed pseudo-first-order rate constants for CUI- 
([ 151aneS4) reacting with Ni1I1( [ 14JaneN4) as a function of the 
concentration of the latter reagent. The error bars shown represent one 
standard deviation. The slope yields k21 = (1.14 f 0.01) X 105 M-I s-I. 
The excellent linearity of the plot indicates that the reaction conforms 
to second-order behavior over the entire 100-fold concentration range 
studied. 

As the product K21k22 increases, k 2 ~  also increases until k 2 ~ -  
[AoJ exceeds the value of kpR and the rate of conformational 
change R - P becomes the rate-determining step (eq 7b), 
representing the condition known as "gated" electron transfer. In 
our previous study on Cu11/I([14]aneS4),8 we were able to 
demonstrate the onset of gated behavior by varying the concen- 
tration of the Nil1'( [ 14]aneN4) reagent over a 1000-fold range 
and noting that the cross reaction was first-order over much of 
this range. In the current investigation, similar studies on the 
CUI( [ 13]aneS4) system resulted in cross reactions which were so 
rapid that the concentration of the NilI1 reagent was limited to 
a 5-fold range over which a seemingly consistent second-order 
rate constant value was obtained (see supplementary material). 
Although the apparent kl l(ox) value calculated from the NilI1- 
([ 14laneN4) cross reaction is more than 1 order of magnitude 
smaller than the klI(,,) and kll (Rd)  values for this system, it is 
closer to thesevalues (andalmost within thelimitsofthe presumed 
experimental error) than it is to the k l l (ox )  value obtained for the 
corresponding Cu*( [ 13laneS4) oxidation with Ru111(NH&(bpy)2, 
which we presume represents reaction via pathway B (eq 7c). 
Thus, we postulate that the CUI( [ 13laneS4) reaction with NilI1- 
([ 141aneN4) is predominantly following pathway A under the 
conditions utilized, although some contribution from conforma- 
tional 'gating" may be tending to slow down the reaction in the 
accessible concentration range. This observation permits us to 
set a lower limit on kRp of 2200 s-' since, at  the highest 
concentration level of N Y ( [  14IaneN4) for which viable kinetic 
data were obtained, the mean reaction lifetime was approximately 
4.7 ms (see supplementary material). Thus, the rate constant for 
conformational gating is at  least four times larger than the 
corresponding value for C~~~/ I ( [ l4 ]aneS4)  ( k ~ p  = 50 s-I). 

For the CUI( [ 15laneS4) system, the cross reactions with NiIII- 
([ 141aneN4) were significantly slower permitting kinetic mea- 
surements to be made over a 100-fold range of reagent 
concentration. As illustrated in Figure 8, this reaction appears 
to exhibit consistent second-order behavior throughout this 
extended concentration range. Moreover, the apparent kl l(oX) 
valueobtained by applying the Marcus relationship to the resolved 
k21 value for this cross reaction was about 2 orders of magnitude 
smaller than the corresponding kl and k l l ( ~ d )  values and 
appears to be in agreement with the kll(ox) values obtained for 
the cross reactions with Ru1I1(NH9)2(bpy)2 and Fe111(4,7-Me2- 
 hen)^. Therefore, it is likely that all three of the latter reactions 
represent pathway B. On the basis of the cumulative kinetic data 
(see supplementary material), we estimate that kRp may be 15 
s-1. As an important consequence of the fact that the two alternate 
pathways are energetically closer together for the [ 1 SIaneS4 
system, the range of conditions over which gated behavior will 
be manifested is severely limited. This fact is largely responsible 
for our inability to access the gated region during this study. 
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The cumulative results suggest that, for all three Cu(II/I) 
systems represented in Table IV, the reactions involving 
R~I1I(NH3)~(bpy)2 and FeII1(4,7-Mezphen)3 as oxidizing reagents 
are representative of a switch to pathway B as the dominant 
mechanistic pathway such that the calculated kll(ox) values are 
representative of kll(e).  For the [lS]aneS4 system, this switch 
has also already occurred with the Ni(II1) reagent whereas, for 
the [ 131aneS4 system, the kinetics for the Ni(II1) reaction may 
just be entering the gated regime under the conditions accessible 
in our study. By contrast, the cross reaction between CUI( [ 141- 
aneS4) and Ni111([14]aneN4) is in the transition range in which 
the reaction is gated by the rate constant for conformational 
change, kRp. 

Conclusions. From the foregoing observations, we conclude 
that the results for the two systems involved in the current study 
are consistent with those previously found for the CuI1/I( [ 141- 
aneS4) investigation with some interesting contrasts. Since the 
activation parameters are similar for the [14]aneS4 and [IS]- 
aneS4 systems (AH* = 24 f 1 .! and 21 f 1 kJ mol-', respectively; 
AS* = -92 f 3 8 and -97 f 7 J K-' mol-', respectively) it is 
presumed that pathway A is energetically equivalent for both 
systems. However, for the CulI/I([ lSIaneS4) system, the dif- 
ference in the Cu( 11/ I) self-exchange rate constants representative 
of the two pathways (Le., ktl(*) = 1 X lo4 M-l s-I and kll(e,  = 
1 X lo2 M-' s-l) is much smaller making it apparent that pathway 
B has become more available for the latter system. This implies 
that intermediate Q is more stable (i.e., less unstable) in this 
latter case. Since we have previously surmised that the coor- 
dination geometry of species Q is similar to that of R,.! this may 
be interpreted to indicate that the expanded ring in [ 1 SIaneS4 
can more easily undergo the distortions necessary to achieve a 
tetrahedral coordination sphere around the copper ion, a fact 
which is consistent with molecular models. 

It is especially interesting to note that the kll(ex) value for 
CuI1/I( [ 131aneS4) is one of the largest self-exchange rate constants 
reported to date in aqueous solution for a low molecular weight 
Cu(II/I) ~ystem.2~ This value is slightly larger than-though 
comparable to-the corresponding values recently determined 
for two quinquedentate ligand systems, CU"/'( [ 1 SlaneS~) (kl 
= 2 X lo5 M-' s-1)14 and the analogous Cun/I( [ 1 SIaneNS4) {kl 
= 1.4 X 10s M-' s-l).l5 Crystallographicstructural determinations 

Leggett et al. 

have shown that Cut1( [ 15janeS~) exhibits a square pyramidal 
geometry and that reduction to CUI( [ 1S]aneS5) involves the 
rupture of a C u S  bond to produce a distorted tetrahedral 
complex.25 As shown in Figure 1 C, CUI1( [ 131aneS4) has a similar 
structure to that of the CuI1([ 1 SIaneSs) complex except that a 
solvent molecule (or anion) occupies the apical position in the 
former species whereas the fifth sulfur donor atom occupies this 
site in Cull( [ 151aneSs). Reduction to CUI( [ 13]aneS4) is also 
presumed to involve the rupture of a C u S  bond (Figure 1D) so 
that the overall structural change upon reduction is apparently 
very similar for the [1S]aneS5 and [13]aneS4 systems. The 
consistency of the kl activation parameters for these two 
systems (AH* = 14 f 4 l4  and 10 f 1 kJ mol-', respectively; AS* 
= -103 f 11 l 4  and -106 f 7 J K-' mol-', respectively) strongly 
suggests that the dominant reaction pathway is similar for the 
two systems and implies that Cu-S bond rupture does not impose 
a high energy barrier on the overall kinetics. 
On the basis of the lower limit estimated for the rate constant 

representing conformational change in the oxidation of Cut( [ 131- 
aneS4) via pathway A (kRp L 200 s-I), this conformational change 
is rapid and gated behavior is, therefore, difficult to demonstrate 
using the stopped-flow technique. For CUI( [ 1 S]aneS4) oxidation 
via pathway A, conformational change is a much slower process 
but the reduced energy gap between the two pathways leads to 
a narrow band of conditions in which the gated region may be 
sampled directly, conditions which we were apparently unable to 
achieve with the reagents used in the current work. Thus, of the 
systems we have studied in depth, only Cu"/I([ 14]aneS4) has 
provided us with a direct demonstration of the gated region.* 
Further studies are currently underway to broaden our under- 
standing of the gated phenomenon itself and to establish the 
influence of specific structural parameters upon the magnitude 
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(24) A comparable self-exchange rate constant, 5.5 X 105 M-I s-l, has been 
reported in methanolic solution for the porphyrin-like system 
(tetrabenzo[bJj,.n] [ 1,5,9,13]tetraazacyclohexadecine)copper(II/I): hl- 
ham, E. J.; McMillan, D. R. Inorg. Chem. 1984, 23, 1172-1175. In 
addition, Swaddle and co-workers have reported a self-exchange rate 
constant of 5.0 X 105 M-1 s-I for bis(2.9-dimethvl-1 .lO-uhenanthrolineb 
copper(II/I) in D20: Doine, H.;Yano,Y.,Swahdle,T.'W.Inorg. Chem. 
1989, 28, 2319-2322. 

~ 

(25) Corfield, P. W. R.; Ceccarelli, C.; Glick, M. D.; Moy, I. W.-Y.; 
Ochrymowycz, L. A.; Rorabacher, D. B. J.  Am. Chem. Soc. 1985.107, 
2399-2404. 


