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As a follow-up to earlier work which indicated that copper(II)-macrocyclic tetrathiaether complexes are stabilized by the presence
of anions normally considered to be noncomplexing, the dissociation kinetics of Cu(II) complexes with [12]aneS,, [13]aneS,, and
[14]aneS, have been investigated in aqueous solution at 25 °C as a function of perchlorate ion concentration using aquamercury(II)
ion as the scavenging species. For the Cul'({14)aneS,) complex, additional kinetic studies have been conducted in the presence
of tetrafluoroborate, trifluoromethanesulfonate, and nitrate ions. For all systems, the kinetic data are interpreted to represent
a combination of the direct Cul'L complex dissociation pathway plus a parallel pathway in which the Hg(II) actively displaces
the Cu(Il) from the ligand, presumably by forming coordinate bonds to the ligand before CullL is fully dissociated. Both the
direct CullL dissociation rate and the Hg(II) displacement rate decrease markedly upon increasing the concentration of the
perchlorate, tetrafluoroborate, and trifluoromethanesulfonate ions but show no dependence upon nitrate ion. For the studies
involving variable perchlorate ion concentration, two specific dissociation rate constants (k'L and k*LX) are resolved representing
the dissociation of CuL?* and the anion adduct CuLX* (where X~ represents ClO,); in addition, two specific mercury(II)
displacement rate constants (ky,®*" and ky,C*LX’, both expressed as first-order rate constants after correction for outer-sphere
complex formation) are resolved for these same two Cu(Il) complex species. The resultant values at 25 °C for all four specific
rate constants (s™), listed in the order KL, kCULX, ko, CuL' and ky CULX are as follows: Cu'({12]aneS,), 8 + 2, 1.3 % 0.4, (2.6
+0.3) X 10%, (9 % 6) X 10'; Cul’([13)aneS,), 95 = 11,9 % 2, (1.0 £ 0.1) X 10%, (4 % 1) X 10% Cul!([14])aneS,), 18 £ 2, 1.2
+0.3, (1.4 £ 0.3) X 103 (5.3 £ 0.6) X 102. The mechanistic implications of the observed kinetic effects for these “noncomplexing”

anions are discussed.

Introduction

In previous work in our laboratory,2? the stability constants
for the entire homologous series of Cu(II) complexes formed with
tetrathiacycloalkanes ranging from 12- to 16-membered macro-
cycles (e.g., see Figure 1) as well as the corresponding open-chain
species have been determined as a function of temperature in
aqueous solution:

Cu* + L= CulL? KCUL (1)

Since the polythiaether ligands do not protonate, the stability
constants of the Cu(II) complexes are independent of acidity over
the range of pH from 0 to >8.* In the process of making these
measurements, however, we noted an unusual enhancement in the
complex stability constants caused by the presence of anions
normally considered to be noncomplexing, including perchlorate,
trifluoromethanesulfonate, and tetrafluoroborate.>? This phe-
nomenon has been attributed to the formation of a ternary complex
between the Cul'L complexes and the anion X

CuL?* + X~ = CuLX*  Kix Q)

Since the visible absorption spectra of CuL?* and CuLX* appear
to be indistinguishable,” the net result of reactions 1 and 2 is that
an increase in [X~] results in an apparent increase in the spec-
trophotometrically observed overall stability constant of the
copper(1I) complex, designated as K¢,y

Cu*+L=Cul’ K¢ 3)
where
[CuL’] = [CulL?*] + [CuLX*] 4)

Corresponding stability constant measurements on the Cu(II)
complex formed with a closely related macrocyclic pentathiaether
ligand, [15]aneSs, revealed that no such anion effects were
present.> In the latter complex, Cu(II) is 5-coordinate with all
inner-sphere sites occupied by ligand donor atoms,® whereas the

Cu(II)-tetrathiaether complexes contain one or two coordinated
water molecules depending upon the ring size.> These consid-
erations led to the conclusion that the CuLX* adduct formed with
tetrathiaether ligand complexes involves an inner-sphere interaction
between Cu(II) and X~.* That interactions of this type have rarely
been reported is presumably due to the fact that such interactions
are not generally investigated.” Moreover, most ligands are
protonatable and/or charged, and any alterations in the observed
Cul'L properties with changing concentrations of “inert” salt would
generally be attributed simply to ionic strength effects. Although
the formation of anion adducts may be unique to polythiaether
complexes, the possibility that many Cu(II)-ligand systems may
contain a mixture of CullL and CullLX species in solution, com-
bined with the possibility that these two species may exhibit
different chemical and physical properties, suggests that the
characterization of these ternary interactions may be of general
significance. Therefore, it was deemed highly desirable to obtain
additional insight into the nature of these anion interactions with
the copper—tetrathiaether complexes. Accordingly, we have now
undertaken an investigation of the effect of such anions upon the
complexation kinetics of these Cu(II) systems.

The limited solubility of the polythiaether ligands hampers direct
measurement of the Cu(II) complex formation kinetics in aqueous
solution. To circumvent this problem, extensive kinetic investi-
gations of the formation and dissociation of the copper(1I)-
polythiaether complexes were conducted in our laboratory several
years ago, in the presence of 0.10 M perchlorate ion, using a wide
range of methanol-water solvent mixtures:?

k
Cu?* + L == Cul’ (5)

d
From the trends observed as a function of solvent composition,

it proved possible to extrapolate the apparent k; and k4 values for
all ligand systems to aqueous conditions.
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Figure 2. Dependence of the formation and dissociation rate constants
for the Cu"({12]aneS,) complex on perchlorate ion in 80% methanol at
25 °C.

Prior to undertaking the current studies, we conducted a series
of similar kinetic measurements in which the perchlorate ion
concentration was varied in a single solvent composition, 80%
methanol~20% water (by weight).® The results revealed that k;
increases linearly with increasing C10,” concentration while the
dissociation rate constant decreases rapidly as the concentration
level of ClO, increases, after which these rate constants appear
to level off. The trends for both rate constants are illustrated in
Figure 2 for the reaction of solvated Cu(II) ion with [12]aneS,.
Unfortunately, the large number of solvated species of the metal
ion {e.g., Cu(H,0)s**, Cu(H,0)s(CH;0H)*, Cu(H,0),
(CH,0H),**, etc.}, the copper complex {CuL(H,0),?*, CuL-
(H,0)(CH;0H)?*, CuL(CH;OH),?*}, and the ternary complex
{CuLX(H,0)*, CuLX(CH;OH)*} existing in mixed methanol-
water solvents makes it impossible to assign specific trends in
kinetic behavior to individual solvated Cu(Il), Cu''L, or CullLX
species. Moreover, in order to extrapolate to aqueous conditions,
it would be necessary to conduct an inordinately large number
of kinetic measurements in which [ClO47] is varied in a wide range
of solvent mixtures.

Attempts to obtain complex formation rate data directly in
aqueous solution continue to be thwarted by the limited solubility
of the free ligands in water (except in the case of recently studied
alcoholic derivatives).! However, since the Cu(II) complexes
formed with the polythiaether ligands are much more soluble in
water than are the free ligands, it was concluded that it should
be possible to determine the dissociation rate constants directly
in aqueous solution provided that some means were available to
promote complex dissociation. In the current study we have used
the aquated Hg(II) ion as a scavenger for the ligand according
to the overall reaction

Cul’ + Hg,g** = Cu,2* + HgL?* (6)
As a scavenging ion, Hg(II) has the double advantage of reacting

(9) Diaddario, L. L., Jr. Ph.D. Dissertation, Wayne State University, De-
troit, M1, 1979.
(10) Pett, V. B,; Leggett, G. H.; Cooper, T. H.; Reed, P. R.; Situmeang, D.;
Ochrymowycz, L. A.; Rorabacher, D. B. Inorg. Chem. 1988, 27,
2164-2169.
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very quickly in forming metal-ligand complexes!! as well as
forming very stable complexes with the cyclic polythiaether lig-
ands,'? thereby driving reaction 6 to the right. Not surprisingly,
however, two competitive mechanistic pathways exist. The first
pathway involves the direct dissociation of the Cul'L complex
followed by rapid scavenging of the dissociated ligand by Hg(II),
while the second involves a direct attack by Hg(II) on the Cul'L
complex to form a mixed CuLHg species which then promotes
the displacement of Cu(II) from the ligand:

direct dissociation pathway

K
Cul’ == Cu™ + L (5"
f
kgt
Hg?* + L —= HgL** (rapid) )
mercury(II) displacement pathway
k
Cul’ + Hg* = CuLHg’ (8)
-
k
CuLHg' —> Cu?* + HgL?* (rapid) ©9)

Since the latter pathway is dependent upon the concentration of
Hg?* whereas the former pathway is not, the relative contributions
of the two pathways to the overall kinetics can be determined by
varying [Hg?*].

For the current study, we have examined the overall
Hg(II)-Cu'lL. exchange kinetics in aqueous solution for the
copper(II) complexes formed with the three macrocyclic tetra-
thiaether ligands depicted in Figure 1: 1,4,7,10-tetrathiacyclo-
dodecane ([12]aneS,), 1,4,7,10-tetrathiacyclotridecane ([13]-
aneS,), and 1,4,8,11-tetrathiacyclotetradecane ([14]aneS,). Rate
constants representing both the direct dissociation and mercury(II)
ion displacement pathways have been resolved for all systems as
a function of anion concentration.

Experimental Section

Copper(II) perchlorate was prepared by the dropwise addition of 70%
HCIO, (G. F. Smith Chemical Co.) to a stirred slurry of reagent grade
CuCO; (Mallinckrodt Inc.), followed by evaporation, crystallization, and
filtration. [WARNING! Copper(II) perchlorate may be explosive if
heated to remove waters of crystallization!] This material was then
recrystallized twice from water. Copper(II) tetrafluoroborate and tri-
fluoromethanesulfonate solutions were prepared directly by the reaction
of reagent grade CuCO; with stoichiometric amounts of HBF, (Aldrich
Chemical Co.) and CF,SO;H (3M Corp.), respectively, the latter acid
being purified by vacuum distillation immediately before use. Reagent
grade copper(II) nitrate (Fisher Scientific) was used without further
purification in the preparation of all copper nitrate solutions. Copper(II)
solutions were standardized by EDTA titration using murexide indicator.
Mercury(II) solutions were prepared by dissolving weighed amounts of
reagent grade HgO (Fisher Scientific) in the appropriate acid solutions
and diluting to volume. The resulting mercury(II) concentrations were
determined by potentiometric titration with EDTA using a Reilley
mercury pool sensing electrode. Copper(1I)-tetrathiaether solutions were
prepared by adding a weighed portion of the tetrathiaether ligand to a
solution containing excess Cu(II) salt and stirring overnight. Undissolved
ligand was then filtered off. Since all kinetic measurements were made
under conditions where the Hg(II) ion was in large excess, determination
of the exact Cu(II) complex concentration was unnecessary. Conduc-
tivity grade deionized—distilled water was used in the preparation of all
solutions.

Kinetic studies were carried out using a Durrum Model D-110 stop-
ped-flow spectrophotometer equipped with glass and Kel-F tubing and
fittings, the temperature being controlled at 25.0 + 0.2 °C with a For-
ma-Scientific circulating water bath. The instrumental response was
recorded on a Biomation Model 802 transient recorder from which the

(11) Margerum, D. W ; Cayley, G. R.; Weatherburn, D. C.; Pagenkopf, G.
K. In Coordination Chemistry; Martell, A. E., Ed.; ACS Monograph
174; American Chemical Society: Washington, DC, 1978; Vol. 2, pp
1-220.

(12) The Hg''L stability constants for the tetrathiaether complexes have been
shown to be approximately 10° larger than the corresponding Cu''L
values: Jones, T. E.; Sokol, L. S. W. L.; Rorabacher, D. B.; Glick, M.
D. J. Chem. Soc., Chem. Commun. 1979, 140141,
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Table I. Resolved Dissociation and Mercury(II) Displacement Rate Constants for Copper(II) Macrocyclic Tetrathiaether Complexes as a
Function of Perchlorate Ion Concentration in Aqueous Solution at 25 °C?

[12]aneS,? [13]aneS,? [14]aneS,?
[CI0,], ke, %, X 107 ka %, X 107, ke k; X 107,
M s7! Mgt 7! Mgl s7! Mgt
0.05 4.2 (4) 2.1(2) 43 (1) 12.8 (5) 11.1 (4) 1.0 (1)
62 (3) 14.6 (9) 11.7 (2) 1.17 (5)
0.10 3.7(5) 3.04 (7) 56 (1) 10.5 (2) 7() 2.5(D)
53(3) 1.72 (6) 56 (2) 11.9 (4) 11.4 (5) 1.61 (6)
4.8 (4) 1.59 ()
0.25 3.7(4) 1.75 (6) 36 (2) 154 (3) 4.8 (4) 2.25 (3)
0.50 3.2(3) 1.48 (5) 22 (3) 18.7 (5) 4.1 (D 237 4)
0.75 1.9 (4) 1.30 (6) 23 (1) 18.8 (3)
1.00 0.6 3) 1.21 (5) 14.1 (4) 19.99 (9) 2.4 (6) 2.44 (4)

“For this and all subsequent tables, values in parentheses represent the standard deviations in terms of the last significant figure listed; e.g., 4.2 (4)
represents 4.2 = 0.4. > Analytical concentrations used: [12]aneS,, Cyg = 0.5-10 mM, C¢, = 0.55 or 1.1 mM, C, = 0.042 or 0.084 mM; [13]aneS,,

Cyg ~ 0.5-10 mM, C¢, ~ 0.92 mM, Ci =~ 0.044 mM; [14]aneS,, Cyy ~ 1.5-15 mM, Cc, ~ 0.55 mM, C; ~ 0.021 or 0.041 mM.

Table II. Resolved Dissociation and Mercury(II) Displacement Rate Constants for the Cu''([14]aneS,) Complex as a Function of the
Concentration of Tetrafluoroborate, Trifluoromethanesulfonate, and Nitrate Ion in Aqueous Solution at 25 °C

BF, CF;S0, ¢ NO;“

[X1, ks, k, X 1073, ks, k; X 1073, kg, ky X 1073,
M s7! M1st s Mgt s M1l
0.05 8.4 (4) 40 (1)
0.10 11.7 3) 1.46 (4) 19.1 (8)¢ 1.1 (2)% 13.7 (6) 4.0 (1)
0.25 7.5 (4) 1.96 (9)

0.50 43 (5 236 (9) 14 (2) 9.0 (3)
1.00 1.9 (3) 2.72 (6) 2.6 (3) 2.34 (6) 9 (2) 11.5 (3)

¢ Analytical concentrations used: BF,”, Cy; = 0.9-9 mM, C¢, = 0.98 mM, C_ =~ 0.024 or 0.038 mM; CF;SOy", Cyy =~ 0.7-7 mM, C¢, = 0.93 or
1.85 mM, C = 0.028 or 0.078 mM; NO;~, Cy; =~ 1-10 mM, C¢, = 1.0 mM, C; ~ 0.038 mM. ?Data are somewhat scattered as indicated by the

low value of the squared correlation coefficient (»2 = 0.79).

data were subsequently plotted on a Hewlett-Packard Model 7047A X-Y
recorder for analysis. Reactions were monitored by measuring the ab-
sorbance changes in the region of 387-390 nm, taking advantage of the
intense absorption of the Cu''L complexes in this region (¢ ~ 6000-8000
M- cm—l)_z..‘!

For each series of measurements, the concentration of Hg(II) ion was
varied by at least 10-fold, generally within the range of 0.5-20 mM, while
the total concentration of Cu(II) was held at about 0.5-1.0 mM, both
being in excess over the total ligand concentration which was in the range
0.02-0.09 mM. Due to the relatively small values for the Cu''L stability
constants (K, = 103-10° M™1),23 some dissociated ligand was initially
present in all cases despite the addition of excess Cu(II). However, this
free ligand reacted rapidly with the added Hg(II) according to reaction
7 and did not influence the pseudo-first-order kinetics as measured from
the changes in the CullL absorbance. All reactions were conducted in
acid solution (pH < 2.0) to prevent the formation of hydroxymercury(II)
species. As previously noted, the formation and dissociation rates are
independent of acid concentration since the ligands do not protonate.1°

Results

The kinetics for the overall exchange process (reaction 6) in-
volved measurable contributions from both the dissociation and
Hg(II) displacement pathways (reactions 5’ and 7-9). Since Hg-S
bonds are much stronger than Cu-S bonds,!? it is presumed that,
in the Hg(II) displacement pathway, the binuclear species, once
formed, tends to proceed to products so that the rate of disap-
pearance of CuL’ by this pathway is directly related to the k, term.
This yields the following overall rate equation:

—d[CuL’] /dt = k4[Cul’] - k[Cu?*][L] + k,[Hg?*][CuL’]
(10)
Application of the steady-state approximation to [L] yields the
following expression:
d[CuL’]
dr
{kug"ka[Hg?*] + k[Hg*](k([Cu?*] + kyg"[Hg?*1)}{CuL]

k([Cu®*] + ky,-[Hg?]

11)

In comparing the relative magnitude of the two terms in the

denominator, we note that both aquated Hg?* and Cu?* generally
undergo ligand complexation extremely rapidly.!! For the for-
mation of copper(II)-polythiaether complexes, however, the
rate-determining step appears to be shifted to the point of second
bond formation (chelate ring closure), due to the relative weakness
of the first Cu~S bond, resulting in k; values which are smaller
than normal for Cu(II).%!> By contrast, Hg(II) forms very strong
bonds to thiaether sulfur donor atoms!? so that the rate-deter-
mining step is expected to be at the point of first bond formation.
Under the conditions used in this study, where the total concen-
tration of Hg?* was about equal to or greater than that of Cu?*,
we conclude that ky X[Hg?*] » k[Cu?*], resulting in the fol-
lowing simplified expression:

—d[CuL’]/dt = {kq + k,[Hg**]}[CuL’] (12)
Furthermore, in this study [Hg?*] > [CuL’], yielding the pseu-
do-first-order relationship

~d[CuL’] /dt = kyp,[CuL’] (13)

where

kapp = kd + kl[H82+] (14)

For each of the three ligand systems studied, the kinetic data
were treated using eq 13 and the resulting k,,, values exhibited
excellent linearity when plotted according to eq 14 to yield k4 as
the intercept and k, as the slope (Figure 3). The values for these
rate constants are listed in Table I for all three ligand systems
as a function of perchlorate ion concentration (0.05-1.0 M).

For Cull([14]aneS,), additional (but more limited) studies were
carried out in which ClO,~ was replaced by BF,~, CF,SO,", or
NO;". The results are given in Table II. In the presence of
CF,SO;" there was evidence of a second very fast reaction, of
undetermined origin, and a similar phenomenon was apparent in
the studies involving 0.10 M BF,~ (but not with higher concen-

(13) Westerby, B. C.; Juntunen, K. L.; Leggett, G. H.; Pett, V. B.; Koe-
nigbauer, M. J.; Purgett, M. D.; Taschner, M. J.; Ochrymowycz, L. A.;
Rorabacher, D. B. Inorg. Chem. 1991, 30, 2109-2120.
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Figure 3. Typical plot of eq 14 for the apparent rate constant, kg, for
aquamercury(II) exchange with the Cu''([14]aneS,) complex as a

function of Hg(II) concentration in aqueous solution at 25.0 °C: C¢, =
0.551 mM, C, ~ 0.040 mM, Cy, = 1.5-30 mM, [C10,] = 0.50 M.

trations). This faster reaction was too rapid to be studied accu-
rately, and no attempt was made to obtain rate constants.
Discussion

For all systems studied, the precision of kg is limited by the
fact that a predominant percentage of the overall reaction rate
was carried by the mercury displacement pathway (reactions 8
and 9), particularly at higher concentrations of Hg?* (see Figure
3). Nonetheless, the trends are sufficiently well established to
allow reasonably quantitative conclusions to be reached concerning
the nature of the anion effect upon both k4 and k;.

Resolution of Specific Dissociation Rate Constants. Comparison
of the data in Tables I and II shows a general decrease in k4 as
the anion concentration is increased. The lone exception involves
Cul([14]aneS,) in the presence of NO,™ (Table II) for which no
significant trend is observed. This latter observation is consistent
with our previous thermodynamic studies on the copper(II)-
polythiaether complexes in which it was observed that NO;™ has
no effect upon the conditional stability constants whereas ClO,",
BF,, and CF,80; cause a dramatic increase in K¢ ;> Thus,
we conclude that NO;™ either does not form an adduct with
Cu''([14]aneS,) or has no influence on the Cu-S bonding in-
teractions and that the k4 values observed for the solutions con-
taining NO,™ represent the pure dissociation rate constant for
CulL?*, designated as kCuL,

The decrease in k4 with increasing anion concentration for each
of the other series of kinetic measurements indicates that the
CuLX* adducts are slower to dissociate than are the corresponding
aquated complex species CuL?*. Therefore, the limiting value
of k, for each system at low anion concentration should be virtually
identical to the value of k4 obtained in the presence of NO;~. From
a qualitative standpoint, the kg values for Cu'l([14]aneS,) in the
presence of ClO,, BF,", and CF,SO;,™ appear to extrapolate to
the upper range of k, values observed in the studies using NO;".

In quantitatively resolving the dissociation rate constant trends,
we have assumed that the observed kg values can be factored into
two contributing terms:

ky[CuL’] = k®L[CuL?*] + kCULX[CuLX*] (15)

This expression can then be rearranged to the form
kgagy = kL + kOLXK [X7] (16)
where ac,; (as defined in accordance with Ringbom’s conven-

tion)'4 is the reciprocal mole fraction of the CuL’ species which
is not coordinated to the anion??

acy, = [Cul’]/[CuL*] = 1 + K\x{X] an
and Ky is the equilibrium constant for the formation of the anion

adduct as defined by reaction 2.2 Although the ionic strength
varies with anion concentration, the ligand is uncharged and the

Diaddario et al.
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Figure 4. Typical plot of eq 16 showing the resolution of the direct
dissociation rate constants for the Cu([13]aneS,)** complex and the
Cu([13]aneS,)X* adduct formed with perchlorate ion. In this plot, KL
is determined from the intercept and k“*'X is determined from the slope.

Table III. Resolved Dissociation and Mercury(II) Displacement
Rate Constant Values Obtained from Linear Regression Analysis for
the CuL?* and CuLX* (Perchlorate Adduct) Species of the
Copper(II)-Tetrathiaether Complexes in Aqueous Solution at 25 °C

complexed kCuL’ kCuLX, ngC"L' X 10—3’ ngC"Lx' X 10-3’
ligand st st st 5!
[12]aneS, 8 (2) 13(4) 2.6 (3) 0.09 (6)
[13]aneS, 95 (11) 9 (2) 10 (1) 4(1)
[14]aneS, 18 (2) 1.2 (3) 1.4 (3) 0.53 (6)

pure dissociation process involves only the solvent and the complex.
Thus, the influence of electrostatic effects upon the dissociation
rate constants should be insignificant. As has been previously
noted, however, the magnitude of Ky (in concentration terms)
does depend upon the ionic strength.’ Values of K,y appropriate
to each ionic strength studied were calculated using the rela-
tionship?

Kix = Kix*(feuSx/feux) (18)

where Kx° represents the adduct stability constant corrected to
zero ionic strength and fo,1, fx, and fc, x are the activity coef-
ficients for the respective subscripted species as calculated by
utilizing the empirically extended form of the Debye—Hiickel
equation.!® In the case of ClO,", we have utilized our previously
determined value of K,x° ~ 24 M™! (aqueous solution, 25 °C)?
in calculating appropriate values of K,y prior to plotting the k,
data using eq 16 (see Figure 4). For all three complexes studied,
the resulting plots show considerable scatter, indicating that the
trends are not large compared to the precision of the ky data.
Nonetheless, the intercepts and slopes are statistically significant,
and the resultant values of kKL and k™LX, a5 determined by linear
regression analysis, are given in Table III along with their cal-
culated standard deviations.

From Table III, two general observations can be made. The
resolved k“UL value obtained from the ClO, data for the Cull-
([14)aneS,) complex (18 % 2 s7!) is within experimental error
of the upper range of k4 obtained directly in the presence of NO,~
(14 £ 2571). It is also apparent that the resolved k“*LX values
for the ClO, adducts with all three complexes are about an order
of magnitude smaller than the corresponding k<" values.

As noted from Table II, the trends in k4 for Cu'l([14]aneS,)
as a function of [BF,7] and [CF;SO;"] are similar to that observed
for C10,", implying that the degree of CuLX™* adduct formation
is simnilar for these three anions. Unfortunately, K;x° has not been
determined for these other anions so that eqs 18 and 16 cannot
be applied rigorously.

Aqueous Formation Rate Constants. In view of the difficulty
of determining the formation rate constants for the copper(II)
complexes formed with the macrocyclic polythiaether ligands
directly in aqueous solution, these values were previously deter-

(14) Ringbom, A. Complexation in Analytical Chemistry, Wiley: New
York, 1963.

(15) For specific values of the parenthetical term in eq 18, see Table V in
ref 3.
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Table IV. Comparison of Formation Rate Constant Values for the
Copper(1I)-Tetrathiaether Complexes As Calculated from the
Dissociation Rate Constants and Stability Constants at Zero Anion
Concentration in Aqueous Solution at 25 °C, and Previously
Determined Formation Rate Constant Values in 0.10 M Perchlorate
As Extrapolated to Aqueous Conditions

complexed K ® X 10732 kel X 107%% kol x 1074
ligand Mt Mgl M5l
[12]aneS, 1.6 2) 13 3) 0.65
[13]aneS, 1.44 (9) 14 (2) 7.4
[14]aneS, 10.8 (2) 19 (2) 13

aReference 3; [C10,7] — 0. ?Calculated from the direct dissociation
rate constant, k'L, in aqueous solution using eq 19 (this work); [Cl-
0O, ] — 0. “Extrapolated to aqueous conditions from complex forma-
tion kinetic studies conducted in methanol-water mixtures (ref 8);
[ClIO ] =01 M.

mined indirectly by measuring the formation kinetics in a wide
range of methanol-water solvent mixtures and then rigorously
extrapolating the resulting formation rate constants to pure water.?
The present results provide an alternative method for calculating
the formation rate constants for aquacopper(II) ion reacting with
the polythiaether ligands, k¢,L, by multiplying the resolved kC:t
values in Table III by the complex stability constants:

kCuL = KCuLokCUL (19)

Since the k€L values determined in this work are presumed to
apply to conditions of infinite dilution (i.e., zero concentration
of anions), it is appropriate to utilize the activity stability constants,
Kc,1% as previously determined in our laboratory.? These con-
stants are given in Table IV along with the calculated anion-in-
dependent k¢, values (u = 0). Also listed in the far right column
for comparison are aqueous k¢, values (x = 0.10 M ClO,)
previously extrapolated from measurements in methanol-water
mixtures. The fact that the two sets of k¢, values are reasonably
similar would appear to uphold the validity of the data in the
current study. The actual difference in the two sets of formation
rate constants appears to be about 2-fold for all three systems.
This difference may be fortuitous, or it may actually represent
a slight retardation in the formation rate constants in the presence
of ClO4~.

Correlation of Complexation Kinetics in 80% Methanol and in
Water. In our earlier analysis of the effect of C1O,” upon the
CullL stability constants, we did not presume the formation of
ClO,~ adducts with the solvated copper(II) ion since there was
no direct evidence for a CuX* species. However, the increase in
k¢ with increasing [ClO,7] observed in 80% methanol (Figure 2)
indicates that such adducts are significant, and although the k;
trend in water, if real, appears to be in the opposite direction, a
consistent phenomenon may account for both trends.

It is generally recognized that Cu(H,0)¢* is extremely rapid
in its substitution reactions due to the lability of the axially co-
ordinated water molecules as a result of Jahn-Teller distortion,!!!s
The introduction of a single unique inner-sphere donor atom would
remove the degeneracy of the d-orbitals and should result in much
slower substitution kinetics for mixed donor species. In fact, in
the case of solvated Cu?* reacting with NH,, we have previously
attributed the marked decrease in formation rate constant values
with increasing methanolic content to the more sluggish inner-
sphere substitution kinetics of Cu(H,0)s(CH;OH)?* for the very
reason that CH,OH decreases the Jahn—Teller distortion which
normally labilizes the axial water molecules in Cu(H,0)¢2*.8 The
formation of Cu(H,0)s;X™* (if such a species exists to any ap-
preciable extent) should have the same effect in influencing
complex formation in aqueous solution. In 80% methanol, how-
ever, Cu(H,0)s(CH;OH)?"* is already the predominant form of
solvated Cu(II)® and the observed kinetics of solvated Cu(II) with
simple ligands appears to be carried exclusively by the small
amount of Cu(H,0),2* present due to the decreased substitutional

(16) Sokol, L.S. W.L,; Fink, T. D.; Rorabacher, D. B. Inorg. Chem. 1980,
19, 1263-1266.
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lability of Cu(H,0)s(CH;OH)?*.® The introduction of an in-
ner-sphere anion into this latter species (to form Cu(H,0),-
(CH,0H)X") might then result in substitutional labilization,
causing this latter species to contribute significantly to the for-
mation kinetics in this solvent mixture.

In apparent corroboration of the foregoing rationale, we note
that a recent study by Izatt, Gellman, and co-workers on related
Cu(II)-tetrathiaether complexes has revealed that the effect of
ClO, on stabilizing the CullL stability constants is magnified in
80% methanol relative to water.” This observation indicates that
ClO," either increases the formation rate constants in the meth-
anolic solvents or causes a greater decrease in the dissociation rate
constants than is the case in water, or both (as suggested by Figure
2).

Resolution of Specific Mercury(II) Displacement Rate Con-
stants. The mercury(II) ion displacement kinetics provide in-
dependent evidence for the effects caused by the formation of anion
adducts. Since we have already concluded that NO;~ does not
form anion adducts (or, at any rate, does not influence inner-sphere
substitution rates), the significant increase in k; observed for the
Cul!([14]aneS,) system as [NO,] is increased (Table IT) must
be attributed to the influence of increasing ionic strength upon
the displacement pathway in facilitating the approach of the two
positively charged reactants. The failure of k, to show similar
increasing trends in the presence of Cl0,-, CF,S0;, and BF,~
(Tables I and IT) must then be attributable to a counterbalancing
trend such as the slower displacement of Hg,g** with the CuLX*
species compared to the CuL?* species.

The observed displacement rate constants can presumably be
expressed in a form parallel to that shown for the direct disso-
ciation in eq 15, viz.

ki[Hg**][CuL’] =
kL [Hg?*] [CuL?*] + ky,©LX[Hg?*][CuLX*] (20)

or
kjacyr = kyg®t + ky S LXK x([X7] (21)

Despite the linear appearance of eq 21, ky,“° and ky;,©*LX are
not expected to be constant with changing 1onic strength due to
the electrostatic interactions between the Hg(II) ion and the Cu(II)
complex. Moreover, since the charges associated with CuL?* and
CuLX* are not identical, the value for the formation of the
precursor outer-sphere complex, K, will differ for the two specific
rate constants. This can be factored out of each term in the
following manner:

kiacur = Kosicunykug®™t + KoscuLxokug "M Kix[X7)
or, upon rearranging

kijocu KocuyKoix[X7]

= ky OOl +
s Kooy

k Cul’ 22
Kos(CuL) He ( )

where K cury and Kcurx) represent the outer-sphere equilibrium
constants involving Hg(II; interacting with CuL?* and CuLX",
respectively, and the primed rate constants represent the subse-
quent first-order displacement reactions following the formation
of the bimolecular outer-sphere complexes (e.g., ky,“*L' =
kgt Kesicury)-

&alculation of Ksccury and KycuLx) can be made using the
general expression!’

zAzBeOZ(I K )

-3 - -

10 exp[ 5T \a~ T+ + 2.303bu
(23)

where NV, represents Avogadro’s number, a is the reaction
cross-section (cm) (i.e., the sum of the effective collisional radii

08

4/31|'NAa3

(17) Lin, C.-T.; Rorabacher, D. B. Inorg. Chem. 1973, 12, 2402-2410.
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Figure 5. Example plot of eq 22 showing the resolution of the mercu-
ry(II) displacement rate constants with the Cu({13]aneS,)** complex and
the Cu({13]aneS,)X* adduct formed with perchlorate ion. In this plot,
kyg™ is determined from the intercept and ky,®*L*’ is determined from
the slope.

Kix [X7]

of the two reactant species Hg,,** and CuL?* or CuLX*), Z, and
Zy are the formal charges on the two reactants, e, is the electronic
charge (esu), D is the solvent dielectric constant, kg is the
Boltzmann constant (erg K-! mol™!), a’is the distance between
the charge centers in the reactive outer-sphere complex (cm), «
is the reciprocal radius of the ionic atmosphere as calculated from
the relationship

k = (87N e,%u/1000DkgT) /2 (24)

u is the ionic strength of the solution, and the parameter b in eq
23 is an empirical correction term which becomes significant at
higher ionic strength (u > ~0.2).

Application of the foregoing calculations is impeded in the case
of the displacement reaction data both by uncertainties in the
nature of the CullL complex at the time of the formation of the
effective outer-sphere complex and by the relatively large ionic
strengths involved in this study. The choice of the appropriate
a and a’values is somewhat arbitrary. On the basis of molecular
models, it appears that a’is in the range of 10-12 A and, to a
first approximation, the same value can be utilized for a.'®

The best experimentally determined value for & is ~0.089, as
measured for HCI in aqueous solution at 25 °C.!° Although this
empirical parameter is expected to depend upon the charges of
the interacting species, the specific dependence has never been
definitively established. Davies has suggested that this parameter
varies as the charge product,2’ which would yield a value of b =
~0.36 for Hg?* reacting with CuL?*. On the basis of this value
and a = a’ = 10 A, the ratio k,/Kc,) Was found to decrease
steadily from 7.8 X 10% to 3.6 X 10° s7! for Cu'l([14]aneS,) as
[NO;] increased—whereas eq 22 predicts that this ratio should
be a constant (representing ky, L) in the absence of CuLX*
adduct formation. The k;/KcyuL, ratio can be made constant
(within experimental error), however, either by maintaining a’
= 10 A and decreasing b to zero (yielding ky, L' ~ 8 X 10°s)
or by increasing a’to 12 A (still considered to be a reasonable
value on the basis of molecular models)'? and setting b = 0.18
(yielding ky;,®'L" = 3 X 103 s7!). The latter set of parameters is
much more acceptable, and we have utilized these values (i.e.,

(18) If two Cu-S bonds are ruptured at the point of outer-sphere complex
formation, molecular models suggest that the value of @’ may be ap-
proximately 10~12 A. By contrast, the value of a may be considered
to have a substantially smaller value if one views the Cu'lL unit as a
“donor atom with an appended tail” (see, e.g., ref 17), but this latter
consideration is presumably offset by the fact that only a fraction of the
partially dissociated Cul'L species may be in a conformation suitable
to promote further reaction. It should be noted that the a® term and
any statistical correction terms will affect only the preexponential factor
in eq 23 and, thus, will be uniform for all conditions studied, affecting
both Ko cur) and Koycurxy €qually. Only the exponential term in eq 23
affects the trends in k, as a function of ionic strength.

(19) See Table IV in ref 17.

(20) Davies, C. W. J. Chem. Soc. 1938, 2093-2098.
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Figure 6. Schematic mechanism showing the proposed stepwise disso-
ciation pathway of the CuLX* complex (designated by rate constants k,,
kg, kc, kp, and kg) and the displacement pathway involving the attach-
ment of the Hg(II) ion to the partially dissociated Cu(II) complex (kp,
kg, ky, and k;). For both pathways, it is suggested that the major
influence of the coordinated anion X~ may be in reducing the magnitude
of the rate constants for Cu-S bond rupture (kg, k¢, kp, kg, Ky, and k;),
the first two of these being common to both reaction pathways.

a=a’=12 X 10" cm with b = 0.18 for K yc,) and b = 0.09
for K cuLxy) in treating the displacement kinetic data in the
presence of the other anions.

Using the parameters noted above, we have plotted the k, values
for all three perchlorate studies according to eq 22. This treatment
yields good linearity as illustrated by the plot of the Cuil([13]-
aneS,) data as shown in Figure 5. The resolved values for the
first-order displacement rate constants (following the formation
of the outer-sphere complex) for both the CuL?* and CuLX*
species for all three systems are included in Table III. Due to
the uncertainties in the computation of the X values, the absolute
magnitudes of the resolved ky,“'L" and ky,**LX’ constants may
be in error, and caution should be exerciseds in drawing rigorous
conclusions regarding these values. However, the relative mag-
nitudes of these rate constants (which could also be generated by
dividing the NO;™ k, values into the k, values obtained in the
presence of the other anions) should have significance. It is noted
for all three ligand systems that the values of ky, 'L are larger
than those of ki~ indicating once again that the anion adduct
retards dissociation. For the Cu'l([12]aneS,) system, the ratio
of these two resolved rate constants is especially large, suggesting
that it is difficult for the Cul!([12)aneS,) complex to incorporate
simultaneously both the anion and the Hg(II) ion in a mixed
complex. In view of the apparent rigidity of the [12]aneS, ligand,®
this behavior is not surprising.

For all three ligand systems, the ky,©L values listed in Table
I11 are approximately 2 orders of magnitude larger than the
corresponding kUL values. Since both sets of values represent
first-order rate constants, this comparison is a valid one and
represents the degree to which Hg(IT) promotes the dissociation
process.

Proposed Mechanistic Role of Anions. The proposed stepwise
mechanism for CuLX* reacting by both pathways is illustrated
in Figure 6. In our earlier analysis of the mechanism for Cu-
(ID-macrocyclic tetrathiaether complex formation,® it was con-
cluded that the formation of the second Cu-S bond (i.e., closure
of the first chelate ring) represents the rate-determining step.
Thus, it follows that the rupture of the next to last Cu-S bond
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(represented by rate constant kp in Figure 6) represents the
rate-determining step in the direct dissociation process. For
Cu([14]aneS,), the ligand must first invert a sulfur donor atom
and rearrange into a folded complex (species II),%2! following
which the Cu-S bonds must be ruptured sequentially (steps kg,
ke, kp, and kg). Although the role of the anion in retarding the
dissociation process is not entirely clear, two possibilities would
appear to exist: (i) an axially coordinated anion may affect the
strength of the Cu~S bonds through inner-sphere effects, slowing
the Cu—S bond ruptures, or (ii) the rearrangement required to
place one of the macrocyclic ligand donor atoms into an axial site
(species 1I in Figure 6) may be impeded by an interacting co-
ordinated anion. However, we note that both Cu'l([12]aneS,)
and Cu'([13]aneS,) are initially square pyramidal® and should
not require the “folding” step prior to commencing Cu-S bond
rupture. (Moreover, in our earlier stability constant studies,? C10,
also stabilized an acyclic Cu(II)-tetrathiaether complex in which
no folding is required.) On the basis of the similar kinetic behavior
observed for all three systems included in this study, we conclude
that the anion effect is most probably manifested as an inner-
sphere effect upon the Cu-S bond rupture rates.

In considering the general mechanism of metal displacement
reactions,'! it is probable that two Cu-S bonds must rupture before
an effective mixed metal complex can be formed (species VII in
Figure 6). Since it is unlikely that both bond ruptures will occur
within the lifetime of an outer-sphere complex, the effective re-
action pathway is believed to involve the collision of the Hg,**
species with a partially dissociated CuL?* complex to form the
reactive outer-sphere complex. The intermediate CulHg’ species
which must then be formed is expected to involve each metal ion
bonded to two adjacent S donor atoms (species VIII), analogous
to the structure observed crystallographically by Moore and co-
workers?? for the binuclear complex Hg,({14]aneS,)Cl,. The
sequential rupture of Hg(II)~OH, bonds and formation of Hg-
(IT)-S bonds (steps kr and kg) to generate species VIII should
be extremely rapid, and it is likely that the rate-determining step
for this pathway is again represented by the rupture of the next
to last Cu~S bond (step ky;). Thus, the Hg(II) ion undoubtedly
facilitates displacement of the Cu(II) ion by blocking the re-
formation of the Cu~S bonds which have undergone dissociation
prior to the mercury attachment. The role of the anion in in-
fluencing the dissociation of the first two Cu—S bonds could then
be essentially the same for the mercury displacement pathway
and for the unaided dissociation pathway.

In the current work we have confirmed the fact that nitrate
is the only anion, of those tested, which does not interact with the
CuL?* complexes. We note two distinct differences between this
anion and the other anions tested: (i) NO,™ is a planar species
whereas ClO,~, CF;S0;", and BF, are essentially tetrahedral,
and (i) NO;™ is the only species to involve resonance which may
result in a “softening” of the oxygen donor atoms. Since it is
difficult to conceive of a process whereby the differences in anion

(21) Crystal structures for Cull([12)aneS,) and Cu'}([13]aneS,) indicate
that, due to the smaller cavity size, the Cu(II) atom sits above the plane
of the four sulfur donor atoms, resulting in a square-pyramidal complex
(ref 6). As a result, prior folding may not be essential in the dissociation
of these two complexes.

(22) Alcock, N. W.; Herron, N.; Moore, P. J. Chem. Soc., Dalton Trans.
1978, 394-399.
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geometry could account for the observed contrast in kinetic be-
havior, we conclude that the differing effect of NO, is attributable
to the difference in the relative electronic interactions of the oxygen
donor atoms with either the solvent (in increasing the strength
of anion solvation and, thereby, decreasing CuX* formation) or
with the Cu(II) ion once it is coordinated.

Conclusions

The similar behavior of ClO,~, CF,SO;", and BF, in decreasing
the rate constants of both the unaided Cul'L dissociation and the
mercury(1I) displacement pathways is consistent with the sup-
position that the anion is interacting directly with the Cu(II) ion
and that this interaction, in turn, decreases the rate of Cu-S bond
rupture. This latter phenomenon is then manifested as an increase
in the observed stability constants of the Cu([n]aneS,) species
as previously reported.?3’

The proposed influence of the coordinated anions upon the
properties of the Cu-S bonds further suggests that the subsequent
chemical and physical properties of the CuL?* and Cul.X* species
may differ in some aspects. Therefore, it is recommended that,
in probing the relative properties of Cu''L. complexes, investigators
should attempt to resolve the individual behavior attributable to
each of these two species. In the absence of such data, it should
be recognized that reported properties may represent the composite
behavior of the CuL?* and CuL.X* species and that the apparent
properties may change with changing anions.

On the basis of the observed results with NO;~, it is apparent
that NO;™ could be used to maintain a constant ionic strength
while the concentration of the adduct-forming anions is varied
in order to simplify the resolution of the two individual rate
constant terms in eq 22 (since this would eliminate the need to
make corrections for ionic strength effects). Moreover, the ex-
clusive use of nitrate salts may circumvent the problem associated
with the formation of anion adducts altogether. However, this
approach should be used with caution since, as we have noted
earlier,? the addition of large amounts of NO;™ results in the
apparent oxidation of the polythiaether ligands, particularly in
highly acidic media.

Note Added in Proof. It has come to our attention that Anderson and
Shain reported the reduction of hexaaquocopper(ll) ion at a mercury
electrode occurs much more rapidly in mixed nitrate-perchlorate solu-
tions than in solutions containing nitrate alone, a phenomenon which they
attributed to the effect of nitrate on the double-layer (Anderson, J. L.;
Shain, I. Anal. Chem. 1978, 50, 163-171). In light of the current work,
however, their experimental observations would appear to be more log-
ically interpreted in terms of perchlorate adduct formation with the
aquocopper(II) ion rather than any effect attributable to the nitrate ion.
If perchlorate does interact with aquocopper(11) ion, the value for per-
chlorate adduct formation with the CullL species must be even greater
than the values which we have previously assigned assuming no Cu-
(IT)(aq) adducts.>?

Acknowledgment. This work was supported, in part, by the
National Institute of General Medical Sciences.

Registry No. Cuf[l2]aneS,**, 57673-84-4; Cu[12]aneS,(Cl0O,)*,
140873-96-7; Cu[l3]aneS,**, 57673-85-5; Cu[l3]aneS,(Cl0,)*,
140873-97-8; Cu[l4]aneS,**, 57673-86-6; Cu{l4]aneS,(Cl0,)*,
140873-98-9; Hg(1I), 14302-87-5.

Supplementary Material Available: Tables of experimental rate con-

stants for 363 individual kinetic runs (9 pages). Ordering information
is given on any current masthead page.



