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Figure 1. Plot of 7 vs. xpmp at 25 °C and [H¥] = 1073 M. The solid
line is the least-squares fit of the data.

0.069, respectively. The value of Q; for NCS™is.4.50 % 0.06.°
Unfortunately, no other values of Q have been measured

for cis-Cr(C,0,),(OH,),". Hence, comparisons and trends
cannot be discussed yet.
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The anations of Co(NH;);OH,** by CI~ and SO4*, Rh(NH;);OH,** by CI, and Cr(NH,)sOH,** by NCS~ were studied
in acidic aqueous solution as.a function of nucleophile concentration and pressure up to 1.5 kbar. No kinetic evidence
for the participation of ion pairs could be found. The volumes of activation for the anation reactions are +1.4 = 0.8 (u
=2M,60°C), +2.3 £ 1.8 (u=2M,60°C), +3.0+ 0.7 (=2 M, 60 °C), and —4.9 = 0.6 cm’ mol™* (u = 1 M, 50
°C), respectively. These values were used in conjunction with the volumes of activation for the corresponding aquation
reactions to estimate the overall volume changes incurred in the reactions. The latter could then be compared with independently
obtained values of AV, The results are discussed in terms of an interchange mechanism and compared with data reported

in the literature.

Introduction

The anation reactions of Co(III), Rh(III), and Cr(III)
pentaammine complexes have been extensively studied for a
wide range of organic and inorganic entering ligands in
aqueous medium.*?' During the anation process, the ammonia
ligands are tightly bound to the metal ion?? and, in most
cases, 0 are substitution inert. These reactions are generally
accepted® to proceed according to an interchange mecha-
nism:7?}

Ky
M(NH,);0H,** + X~ = {M(NH,);OH,**X} (1)

0020-1669/79/1318-1520$01.00/0

{M(NH,);0H3*, X} == M(NH;)sX** + H,0 (2)

k
ks
where M = Co(III), Rh(III), or Cr(III) and X = Cl, Br, NCS,
CH;COO, etc. Burnett'® suggested that ion triplets also
participate in the above mechanism at high concentrations of
X, although this suggestion was criticized in later work.?*

In many of these studies, K, k,, and k,, were estimated from
the dependence of k., (observed first-order rate constant)
on [X7]. Various independent methods have been used!®*>27
to estimate values for X,. These measurements were usually
restricted to low ionic strengths, whereas the kinetic studies

© 1979 American Chemical Society
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Table I. Kinetic Data for Anation Reactions of M(NH,); OH, ** Ion in Aqueous Acidic Solution

entering temp, koK y,®
M ligand ° u M kg, 87! Ky, M™! M5t ref
Co(lll) NCS~ 25 0.5 2.9 x 1077 4.5 1.3x 10°¢ 4
45 0.5 1.6 x 1078 0.43 6.8 x 10°¢ 7
cr 45 0.5 2.1'x 1075 3.1 6.5x%x 10°® 7
45 1.0 3.5%x 1078 1.21 4.2 x 1078 24
CH,COO" 70 1.0 1.6 x 1074 5.2 8.7 x 107* 12,37
C,0,%* 70 1.0 4.0x 104 9.2 3.7 x 1073 11
Rh(1II) Ccr 65 1.5 34 x 1072 0.18 6.2x 10" 17
65 4.0 3.6 x 1073 0.25 9.0x 10* 15
CH,COO" 65 1.0 1.5 x 1073 0.35 52x 10 38
70 1.0 1.5 x 1074 6.4 9.5 x 107 39
C,0,* 69 1.0 2.6 x 1074 6.5 S 1L7x10? 34
Cr(1ID) NCS§~ 45 0.1 3.1x 1078 10.1 3.1x 107 36
‘ 50 1.0 6.1 x 1074 0.68 4.2x 1074 21
cr 45 0.1 2.2 1078 2.8 6.3 x 1078 36
50 1.0 7.0 x 1078 21
HC,0, 50 1.0 6.2 x 10* 1.2 7.2 X 10°¢ 20
C,0,* 50 1.0 6.2 x 107 4.5 2.8 x 1073 20

@ Calculated second-order rate constant, valid at low values of [entering ligand] only when significant ion pairing occurs.

were generally conducted at higher, constant ionic strengths
due to the necessity of providing a sufficiently high [X™]. As
both K, and the rate constants are particularly sensitive to ionic
strength, equating these values can lead to substantial errors.

The trends in k, and its activation parameters for various
X~ have frequently been used to distinguish between I, and
I3 mechanisms.>#? On the basis of this and other arguments,
an Iy mechanism was assigned to anation reactions of Co-
(NH,);OH,3*,771L132430-32 a5 1. mechanism to most of the
anation reactions of Rh(NH,);OH,3*,1014-17.19.33.3¢ 5 both
I, and I mechanisms to anation reactions of Cr-
(NH3)50H23+.5’21'35'36

A weakness of this discrimination procedure is that the
calculation of k, depends on knowing the value of K|, which
varies substantially for similarly charged species, as illustrated
by the examples quoted in Table I. For example, the values
of K, for ion pairing with chloride ion vary from 0.18 to 3.1
M- Although differences in experimental conditions may
partially account for these fluctuations, they do lead to large
variations in the values of k, and subsequently make the
differentiation between I, and Iy mechanisms extremely
difficult. Swaddle et al.?® recently proposed that the enthalpies
of activation for k, provide better criteria to distinguish be-
tween the associative and dissociative characters of interchange
reactions. Unfortunately, large fluctuations in the reported
values of k, are naturally reflected in the values of the ac-
tivation parameters*®*! and make quantitative comparisons
almost impossible. Although it should be mentioned that in
many nonaqueous solvents where ion pairing is readily ob-
servable, this method of distinguishing between mechanisms
is very effective.

Pavelich and co-workers!® recently pointed out the serious
shortcomings of using kinetic data for anation reactions of
octahedral transition-metal complexes, obtained at high
constant ionic strength, to elucidate mechanistic informa-
tion.1#? Evidence exists'®?* that a component of the inert salt
(generally perchlorate ion), used to maintain the high constant
ionic strength, is capable of forming ion pairs with the complex
ion to such an extent that the observed values of k, and K,
are actually composite quantities (eq 3-5). Pavelich et al.!?

K,
M(NH;)sOH,* + ClO,” == {M(NH,);0H,**,C10,}

(3)
(ka)obsd = kaKx/(Kx - Kp) (4)
(Kx)obsd = (K, - Kp)/(l + Kpu) &)

developed a low, variable ionic strength approach, involving

considerable computer-assisted data fitting, to determine the
values of the activity coefficients and ion-pairing constants for
the anation of Rh(NH,);OH,** by chloride ion.

We have adopted a different approach to the problem. A
recent investigation in this laboratory®® illustrated how the use
of a volume profile diagram can lead to a better understanding
of the intimate mechanism for the aquation reactions of
Co(III) and Cr(III) pentaammine complexes. The results of
such an investigation for a series of anation reactions at high,
constant ionic strength are now reported.

Experimental Section

Material. The following complexes were prepared, recrystallized,
and converted to perchlorate salts according to standard procedures:
[Co(NH,)sC1](Cl0y),,* [Co(NH;)s80,]C10,,* [Rh(NH;);0-
H,](ClO,)3, %4 [Rh(NH;)sCI}(CIO,),,* [Cr(NH,)s0H,](ClO,)5,%*
[Cr(NH;)sNCS](ClOy),.° [Co(NH,)sOH,](ClO,); was prepared
by treating {Co(NH;)sCO,;]NO;*! with concentrated HCIO, and
recrystallizing from 0.1 M HCIO,. Chemical analyses (Hoechst AG,
Analytical Laboratory, Frankfurt) and visibile-UV spectra were in
agreement with the theoretical values and with those reported in
literature, respectively. Chemicals were of reagent grade, and doubly
distilled water was used throughout the investigation.

Kinetic Measurements. The reactions were followed “in situ” in
two different Zeiss PMQ 1I spectrophotometers equipped with a
thermostated (£0.1 °C) high-pressure cell*? and a thermostated (£0.05
°C) normal, commercial cell holder, respectively. The kinetics were
studied at wavelengths corresponding to the maximum absorbance
changes and were monitored for at least 10 half-lives. The observed
first-order rate constants, kqug, Were calculated from plots of In (4,
— A.) vs. t, where 4, and A., are the absorbances at time ¢ and infinity,
respectively. These plots proved to be linear for at least 2 or 3 half-lives.

Results and Discussion

The rates of equilibration of Co(NH;)sOH,** with chloride
ion are summarized in Table II as a function of [CI] and
pressure. Significantly, plots of k. vs. [Cl7] are linear within
experimental error limits. In other words, these results, es-
pecially the more accurate data at atmospheric pressure, enable
us to establish a maximum value for (K,),yq Of less than 0.1
M-, otherwise meaningful curvature would have been observed
in the plots. This is in contrast to the results reported in earlier
studies™?* (see Table I) but is in agreement with other data
reported recently for a similar system.!® The values of k, and
k, included in Table II were estimated by using a linear
least-squares treatment according to the equation kg = k;
+ k,[ClI] and represent the (reverse) aquation and (forward)
anation reactions, respectively. The values of k; at 60 and 70
°C (P = 1 bar), calculated in this manner, are in good
agreement with the rate constants for aquation determined
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Table I1. Rate Data for the Reaction k
Co(NH,),OH,% + CI" == Co(NH,),CI** + H,0°

kl
10%kobsq, 87
[Cr}, M
temp, pressure,
°C  bar 0.0¢ 0.25% 05b 0.75% 1.00 1252 15 1.75% 10%, 8" 10%,,M'st 10%, 57!
70 I 18 337 525 563 7.96 837 10.6 11.5 1.97 021 552:022 1.87+0.04
1.91
60 1 066 098 158 190 238 283 3.13 3.55  0.65:0.03 1.70:0.03  0.65#0.02
0.63
500 072 0.67 150 176 263 2.84 3.04 3.87 0.60:0.10 1.80:0.08 0.72%0.01
0.71 0.68 2.42 3.24 3.40
1000 0.96 085 1.12 1.53 2.06 2.71 3.35 370 0.62:0.16 1.68:0.14 09431 0.02
0.92
1500  0.90 1.07 1.28 226 242 291 3.14 3.69  0.83:0.09 1.61+0.08 0.98 +0.08
1.05 1.82 3.16 3.47

@ Data obtained by using [Co(NH,)Cl] (ClO,), as starting material. b Data obtained by using [Co(NH,),OH, ] (C10,), as starting material.
¢ Calculated from kgpgq at [CI7] = 0.0 M (i.e., aquation rate data). 4 [H*] =0.01 M. ¢ [Co(IIl)] =7.5 X 10~> M, [H*] = 0.1 M, ionic
strength = 2.0 M (LiClOQ, ), wavelength = 555 nm; chloride added as LiClL

Table III. Rate Data for the Reaction k
Co(NH,),0OH, * + S0O,?" =& Co(NH,),$0.* + H,0%b:f
1

10%k opsqs 5 (60 °C)

loskobsd’ g7!
[SO,*], M 0.1 MH* ¢ 0.1MH*® 0.01 M H* 0.001 M H* (25°C, 0.1 M HY

0.0 0.62¢

0.05 0.91

0.10 1.08 1.08¢ 0.86 0.91 2.43

0.15 1.46

0.20 1.66 1.58¢ 1.44 1.39 2.89

0.25 1.94

0.30 2.26 2.12¢ 1.79 1.98 2.99

0.35 2.42

0.40 2.71 2.66¢ 2.30 2.53 3.62

0.45 2.84

0.50 3.13 3.13¢ 2.95 2.96 4.30

0.55 3.46

0.60 3.62 3.67¢ 3.44 4.73
10%k,, 7! 0.64 + 0.03 0.36 £ 0.09 0.41 = 0.05 0.018 + 0.001
10%k,, M ¢ 5.04 + 0.07 5.04 + 0.27 5.11+0.12 0.046 + 0.004

@ A sampling technique was used for these reactions, and each aliquot analyzed spectrophotometrically. b Data obtained by using [Co-
(NH,);OH, ] (CIO,), as starting material. € Data presented in Figure 1. ¢ Data obtained by using [Co(NH,),SO,1CIO, as starting material.
€ See ref 82. [ At atmospheric pressure, [Co(Ill)] =1 X 107% M, ionic strength = 2.0 M (NaClQ,), wavelength = 540 nm; sulfate added as,
Na, SO, .

directly in the absence of added chloride ion and also with the 4.0
corresponding rate data reported elsewhere.*® At higher

pressures, the larger experimental errors in kg are magnified 30
in the k, values. Thus, only the directly determined, more '
accurate aquation rate data will be considered later in the 10" K
discussion. 2.0

As a result of our inability to find any kinetic evidence for

sec”
ion-pair formation in the chloride anation of Co(NH,);OH,**, ( 1 z)
we investigated the corresponding reaction with sulfate ion for ’
which ion-pair formation constants of 10.6 M~ (31.1 °C)™*
and 11.2 M™! (24.5 °C),% at 1 M ionic strength, were reported. 0 o 53 E n B e

The rate data are summarized as a function of [SO,%7], [H*], (SOF1, M

and temperature at atmospheric pressure in Figure 1 and Table
III and as a function of [SO,*] at various pressures in Table
IV. Within experimental errors, plots of kqueg vs. [SO.2] (viz.
Figure 1) are again linear under all conditions. The intercept,
calculated from a least-squares fit of the data in Figure 1 over
the range 0.05 < [SO,*] < 0.60 M (60 °C and [H*] = 0.1
M), is (0.64 + 0.03) X 107* 57! which is in good agreement
with the directly determined aquation value at zero [SO,>]
of 0.62 X 10™*s71, For the calculations of k; and k, at higher
pressures (see Table IV), the values of kg at [SO,27] = 0.1
M were taken from data in which [Co(NH;)sSO4]CIO, was
used as starting material. Larger absorption changes are
involved under such conditions, which makes the determination

Figure 1. kg vs. [SO,27] for the reaction Co(NH,);0H,** + SO,*
= Co(NH;)sSO,* + H,0 (temperature 60 °C; ionic strength = 2.0
M; wavelength = 540 nm; [Co(III)] = 0.01 M; [H*] = 0.1 M): e,
[Co(INH,)sOH,](ClOy); as starting material; O, [Co(NH,)sS0,]Cl0,4
as starting material.

of kgoueq, especially at higher pressures, more accurate. As
shown in Table IV, the k; values so obtained are in reasonable
agreement with those measured directly at [SO,>] = 0.0 M.

The absence of any kinetic evidence for the participation
of an ion-pair intermediate in the above reaction encourged
us to have a closer look at the data in Figure 1. The value
of the rate constant for the aquation of Co(NH;)sSO,* was
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k
Co(NH,),0H, ™" + $0,*" = Co(NH,),80," + H,09
1

10%k obsd, s*
: [SO,*" 1, M
temp, pressure,
°C bar 0.0°  0.1° 0.2° 0.3% 0.4% 0.5% 0.6 -~ 10%,,s'  10%,,M7's'  10%,°s
30 0.104
0.100
0.090°
0.0919
1500 0.101
0.103¢9
60 10 081  1.38 1.90 270 362  3.69  4.13 0.88+0.10  5.66=0.32  0.88  0.06
0.90 2.88
0.92
500 113 1.54 2.06 272 353 376  4.87 094010 6.07:027  1.04:0.12
1.10 1.792 417  4.40
0.90
1000 116 173 2.27 2.87 3.68  4.16  4.49 1.19£0.06 5.76+0.18  1.19: 0.04
1.21 2.42 .
1500  1.31  1.89 2.16 2.63 354  3.89  4.68 1.34£0.10 5.01:029  1.36+0.04
1.39 2.35 3.99  3.85
1.38

@ Data obtained by using [Co(NH,),S0,]ClO, as starting material. ® Data obtained by using {Co(NH,);OH,](ClO,), as starting material.

¢ Calculated from k gpeq at {S0O,%] = 0.0 M (i.e., aquation rate data).

d At elevated pressures; [Co(IlI)] =1 X 10* M, {H*] = 0.1 M, ionic

strength = 2.0 M (NaCl0,), wavelength = 540 nm; sulfate added as Na, SO, .

subtracted from all the other kg values to obtain the
“forward” anation rate constant. The resulting values were
submitted to the usual inverse plot of k™! vs. [SO.]™! and
yielded an ion-pair formation constant of 0.33 M™! and an
interchange rate constant of 16.6 X 10757, With these values,
a theoretical curve for kg vs. [SO,2] could be calculated
and is represented by the dashed line in Figure 1. At low
[SO,*] the plot is almost linear in good agreement with the
experimental data. However, at higher [SO,2"] the curve
deviates significantly from the data points so that it must be
concluded that if ion pairing does occur, then the formation
constant must be substantially smaller than 0.33 M1, Despite
an unusual [SO,*] dependence of the rate of aquation of
Rh(NH;);SO,*, Monacelli*’ used part of his kinetic data to
derive an ion-pair formation constant for {Rh(NH;);OH,**,
SO,%*} of 0.65 M at 65 °C and 4 M ionic strength. This value
helps to confirm that the formation constant for 3+/2- ion
pairs at high ionic strength could indeed be small.

Nevertheless, this surprisingly low (k). value could result
from the partial protonation of SO,2 in 0.1 M acid (pK of
HSO, is 1.57 (u = 1.0) and 1.30 (u = 4.0) at 65 °C).%7
However, as shown in Table III, kg, remains a strictly linear
function of {SO,>7] at 0.01 and 0.001 M acid concentrations,
such that the k, values are independent of [H*]. The decrease
in k; with decreasing acidity is consistent with the known
enhancement of the aquation process at lower pH.>” Tem-
perature is a further variable which may affect the value of
(Ky)opsas bUt once again our data at 25 °C in Table TII confirm
the linearity of the kg vs. [SO,2] plot. A change in reaction
medium from perchlorate to nitrate ions, in which significant
ion-pair formation has been reported for a similar system,
did not have any measurable influence on the kg, values and
the [SO4*] dependence of kg at 60 °C and 0.1 M acid. All
these results underline our inability to detect any kinetic
evidence for the formation of ion pairs during the anation of
Co(NH,;)sOH,3* by sulfate ion.

Another representative system involves the chloride anation
of Rh(NH;)sOH,**, for which the data at 50 °C and normal
pressure are presented in Figure 2. This figure is included
to illustrate the type of experimental scatter obtained in such
measurements. The reaction is extremely slow, especially at
50 °C, and absorbance changes were monitored for periods
of 13-90 h by using an “in situ” spectrophotometric procedure.

20 T T T .

10 Kyps
(sec™)

10

0.5}

05 10 15 20
(-1, M

Figure 2. K,y vs. [Cl7] for the reaction Rh(NH;);OH,** + ClI- —
Rh(NH;)sCI** + H,0 (temperature 50 °C; ionic strength = 2.0 M;
wavelength = 360 nm; [H*] = 0.1 M; [Rh(III)] = 5 X 107> M).

A least-squares analysis of these data resulted in an intercept
of (1.2 £ 0.4) X 107 571 and a slope of (6.5 £ 0.3) X 1075 M~!
s~ at 50 °C. The former can only be ascribed to the aquation
of Rh(NH;)sCI1?*, but it is larger than the extrapolated value
obtained under other experimental conditions from direct
studies of this reaction.!#**-% The difference may be largely
due to experimental errors in kg and possibly to a nonlinear
relation between kqq and [Cl7]. For examination of the latter,
an inverse plot of kg™ vs. [CI']™! was constructed from which
an ion-pair formation constant of 0.15 = 0.5 M™! and an
interchange rate constant of (6.3 £ 2.1) X 10™* 57! were es-
timated; see the calculated (dashed) curve in Figure 2. These
values are in close agreement with previously reported data,!>!
and the error limits are symptomatic of such studies (viz., Poé
and co-workers!” report an ion-pair formation constant of 0.09
+ 0.04 M! and an interchange rate constant of (7.0 = 3.0)
% 1073 57! for this reaction at 35 °C and an ionic strength of
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Table V. Rate Data for the Anation of Rh(NH,),OH,** by Chloride Ion®

van Eldik, Palmer, and Kelm

104kobsd5 s”
[CI], M
pressure,
bar 0.1 0.25 0.5 0.75 1.0 1.25 1.5 1.75 10%k,, 57! 104k, , M !
1 0.29 0.63 1.26 1.96 2.45 2.96 3.48 4.21 0.11 + 0.05 2.31+0.05
1.35

500 0.23 0.70 1.08 1.42 2.40 2,67 3.33 391 0.13+ 0.09 2.07 = 0.09

0.91 2.59 3.63
1000 0.26 0.59 1.16 1.69 2.27 2.94 3.28 3.85 0.14 = 0.09 2.04 = 0.09

0.32 1.21 3.29
1500 0.46 0.68 1.16 1.87 2.04 2.91 3.00 3.50 0.26 £ 0.10 1.93 £ 0.09

2,13 3.33

¢ Data obtained by using [Rh(NH,),0H,](Cl0,), as startmg material:

(LiCl10,), wavelength = 360 nm; chloride added as LiCl; 60 °C.

[Rh(II)] =5 x 10"*M, [H*] = 0.1 M, ionic strength = 2.0 M

Table VI. Rate Data for the Anation of Cr(NH,),OH,** by Thiocyanate Ion®
IOAkObSd, s”
[NCS™],'M
pressure,
bar 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 109k, , Mt 5!
10 0.36 0.58 0.96 1.11 1.48 1.92 2.18 2.31 2.68 3.18 £ 0.19
0.47 0.47 0.96 2.03 2.06 2.51 2.36 3.12
500 0.28 0.72 0.69 1.13 1.28 2.14 2.35 2,57 2,78 3.31:0.22
1.23
1000 0.41 0.85 0.78 1.75 1.50 2.04 2.66 2.92 3.50 378 + 0.28
1.34
1500 0.28 0.85 1.01 1.60 1.83 2.62 2.82 3.50 3.30 4.13+0.18
0.77 1.09 3.66

@ Data obtained by using [Cr(NH,),OH, ] (ClO,); as starting material.

thiocyanate.**
50 °C.

[CrAID]=5 x 107° M, [H] =

1.5 M). Both lines in Figure 2 describe the data satisfactorily
so that it is difficult to decide which treatment is preferable.
As the application of pressure invariably reduces the value of
the association constants®' % and because there are larger
experimental errors involved in the measurements of kg at
elevated pressures, the results at 60 °C (Table V) are more
convemently described by the linear function kg = k; +
k,{CI7]. Itis important to mention that regardless of which
treatment is used in such cases, the same volume of activation
will emerge.

The anation of Cr(NH,);OH,** by thiocyanate ion was
chosen as it is one of the few known examples of such reactions
for which a kinetically determined ion-pair formation constant
has been reported.?’*® The kinetic data are summarized in
Table VI as a function of [NCS™] and pressure. However,
plots of kg vs. [NCS™] were again linear within experimental
error, and no meaningful intercept was obtained. The value
of k, at ca. 1 bar is close to that found in the literature?!-*
(see Table I). Experiments conducted at a lower ionic strength
(see Table VII) indicated that a linear [NCS™] dependence
of kg still exists under these conditions and that k, decreases
with decreasing ionic strength.

At this stage in the discussion it is clear that in none of the
systems investigated were we able to detect ion-pair formation
in the anation rate data at high ionic strength. The overall
rate expression for reactions 1 and 2 is given by eq 6. If K,

konsa = ko + kK([X7T /(1 + K[X7]) (6)

is sufficiently small (<0.1 M), then 1 + K,[X] = 1, so that
eq 6 takes the form of the linear empirical equation used to
fit all the data in this investigation (i.e., kgpeq = k1 + £3[X7])
and k; = ky, while k, = k,K,. However, if reaction 3 is
included in the reaction scheme, the overall rate expression
is given by eq 7. A combination of eq 6 and 7 leads to the

kKX
1 + K,[X] + K,[ClO,]

kgpsa = ky + (7

Acid was added at zero time to minimize the decomposition of

0.1 M, ionic strength= 1.0 M (NaClO,), wavelength = 485 nm; thiocyanate added as NaSCN;

Table VIL. Rate Data for the Anation of Cr(NH,),OH,%* by
Thiocyanate Ion at Low Ionic Strength®

pressure,

bar 10%k opsgs 8 10%,, M s!

10 5.59 2.96 £ 0.23
6.26

500 6.56 3.21+0.09
6.28

1000 6.79 3.53+0.19
7.34

1500 6.44 3.32+0.15
6.87

@ Data obtained by using [Cr(NH,), OH,](ClO,), as starting ma-
terial. Acid was added at zero time to minimize the decomposi-
tion of thiocyanate.® [CrdI)] =5 X 1073M, [H*] =0.1 M,
ionic strength = 0.3 M (NaClO,), wavelength = 485 nm, [NaSCN]
=0.2M; 50°C.

expressions given for (k,)qpsq and (Ky)owsg in €q 4 and 5, re-
spectively. Since the observed values for K, in this investigation
are approximately zero, it follows from eq 5 that K, =~ K.
This is in agreement with the results reported by Pavelich et
al.’® (Keo, =~ Ko = 26.5 M) for the anation of Rh-
(NH3)50H243+ by chloride ion at low ionic strength (<0.3 M).
Ton association constants at zero ionic strength for ion pairs
of the type {Rh(en),LX3*,Y"} have been calculated by using
the Fuoss equation® to be K¢io, = K¢ = 17 M, which is
comparable to the experimental values quoted above.!?
However, the Fuoss treatment predicts a value of 340 M™! for
ion-pair formation with sulfate ion. This then rules out the
possibility that K, ~ k, for the anation by sulfate ion, and,
according to eq 5 K, must be very small but considerably
larger than K, By analogy, we would have to conclude that
if the same ratlo exists between the K, values at u = 2 M, then
with (K,) s for the {Co(NH3)50H23+ SO,%} ion pair estimated
at <0.33 M~ -1 KCI' 2 KSCN' ~ KCIO <0.02 M~ 1 Itis perhaps
worth commenting that formation constants of this order of
magnitude are more in line with encounter complex formation
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Table VIII. Activation Volumes for the Anation and Aquation Reactions of Co(III), Rh(III), and Cr(III) Pentaammine Complexes
ionic AV exptls
reaction temp, °C (H], M strength, M cm?® mol™! remark
Co(NH,),OH, % + CI 60 0.1 2.0 +1.41:0.8 caled from k, in Table I1
Co(NH,),CI** + H,0 60 0.1 2.0 -8.2+1.6 caled from &k, € for kopsa
at [C1'] = 0.0 M in Table II
25 5% 10°% 0.1 ~-10.6 + 0.4 from ref 45
60 0.1 0.1 -7.5+1.0 from ref 53
Co(NH,),0H, ** + SO,*" 60 0.1 2.0 +2.3+1.8 calcd from k, in Table IV
Co(NH,);80," + H,0 60 0.1 2.0 ~8.2+1.2 caled from k, in Table IV
60 0.1 2.0 -7.9+0.3: caled from &, € for kopga
at {SO,?"] =0.0 M in Table IV
25 5x 107 0.1 —18.5+ 0.7 from ref 45
Rh(NH,),0H, ** + CI 60 0.1 2.0 +3.0z 0.7 caled from k, in Table V
Rh(NH,),CI** + H,0 60 0.1 2.0 —-14.5+ 4.6 caled from &, in Table V
Cr(NH,),OH,*" + NC§~ 50 0.1 1.0 -4.9: 0.6 caled from k, in Table VI
50 0.1 0.3 -2.4z:1.3 caled from k in Table VII
Cr(NH,) NCS** + H,0 80 0.1 0.1 ~8.6x1.0 from ref 53

than ion-pair formation., We thus tend to favor a scheme in
which ion-pair formation with ClOf has no kinetic conse-
quences at high ionic strength. This is in agreement with the
insensitivity of the water-exchange rate constant® of Rh-
(NH,)s;OH,** for an increase in [ClO47] from 0.12 to 0.52
M and with arguments reported elsewhere.®’

Since K, is not known for the investigated systems, a direct
comparison of the interchange rate constants (k,) with the

water exchange rate data3%3® for M(NH;);OH,** complexes -

(M = Co(III), Rh(III), Cr(III)) is not possible. To illustrate
this important point, the anation of Co(NH,);OH,* by sulfate
ion should be considered. If the curve in Figure 1 is a true
description of the experimental data, then the interchange rate
constant (16.6 X 10 s7! at 60 °C) would be larger than the
water-exchange rate constant (7.02 X 10 s at 60 °C). Thus
on the basis of the arguments outlined before,’ it must be
concluded that the mechanism is of the I, type in contrast to
the generally accepted” notion of an Iy mechanism for such
reactions. It follows that this comparison cannot reliably
distinguish between an I, and an I; mechanism under such
circumstances. Nevertheless, a comparison of the k, values
for the anation of Co(NH;)sOH,*" and Rh(NH,);OH,** by
¢hloride ion (Tables.II and V) indicates that they are very
similar but considerably smaller than those reported for the
anation of Co(NH;)sOH,** by sulfate ion in Table IV. This
tendency does emphasize the role played by ion-pair, or en-
counter-type, intermediates and the importance of the in-
terchange mechanism. It should be kept in mind that even
for very small ion-pair formation constants (i.e., <0.1 M),

. ion pairs can still be present in sufficient quantities to provide
the principal reaction route.

We now turn to the pressure dependence of the various rate
constants in Tables IT and IV-VII. Considering the exper-
imental uncertainties in the values of k, and k,, the plots of
In k vs. pressure are all linear, and the values of AV,
summarized in Table VIII, are independent of pressure. The
values of k, and k, were not corrected for the compressibility
of the solvent, since such corrections can only be made when
the exact nature of the intimate mechanism is known. Our
AV*ou value for the aquation of Co(NH;)sCI** is in close
agreement with those reported elsewhere.4>** The drscrepancy
between our value for the aquation of Co(NH;)sSO4* and that
reported by Swaddle and co-workers* is ascribed to differences
in experimental conditions. Kinetic measurements were also
performed under pressure at a lower ionic strength and at a
lower acidity. AV*expt, at 60 °C was found to be —8.1 £ 0.6
(0.1 M acid and ionic strength 0.1 M) and -8.0 £ 0.4 ¢cm?
mol™! (pH 4.5 and ionic strength 0.1 M), respectively (cf.
corresponding values in Table VIII) implying that the re-
maining variable, temperature is responsible. for these de-

"viations.

In general, AV*.,, consists of two components:**"$% an
intrinisic part, AV*,,, due to alterations in bond lengths and
angles during the formation of the transition state, and a
solvation part, AV*,, resulting from variations in solvation,
mainly due to electrostriction. For the anation (“an”) re-
actions, a further complication arises in that AV*,, is
generally a composite quantity consisting of a volume change,
AV, incurred upon ion-pair formation and AV* ¢, the volume
of activation for the rate-determining interchange step. Thus

(AV*exptl)an=AI7IP + AV‘IC
=AVE + (AV' i + (A awic

It follows that a detailed discussion of these terms is necessary
in order to deduce the sign and magnitude of the mecha-
nistically indicative term (AV*,)ic.

Since under our experimental conditions we were unable
to determine AVjp from the pressure dependence of Kjp, as-
sumptions must be made as to the significance of this value.
Numerous examples in the literature®—* illustrate that AV
is positive and decreases with increasing temperature. . For
instance, in the formation of the ion pair {Co(NH,;)¢**,S0,%1,
AVp decreases from +10.8 to +4.5 ¢cm? mol™ on increasing
the temperature from 15 to 40 °C.%° The positive sign of AV;p
is generally attributed to a reduction in the extent of elec-
trostriction resulting from a partial neutralization of charges.
An increase in ionic strength also decreases’® the value of AVp.
The anation of Co(NH;);OH,’* by SO, was investigated
at 60 °C and 2 M ionic strength so that AVp is expected to
be virtually zero or, at most, a very small positive quantity.
In the other three systems studied, the anating nucleophile was
a singly charged anion, viz., C1” and NCS~, and the values of
AVip are expected to be even smaller”® than for the anation
by sulfate ion under the prevailing experimental conditions.
Analogously, AV}p for ion-pair formation with perchlorate ion
must also be equally small. Therefore it may be concluded
that the contribution of A¥jp toward (AW e)an (an = anation)
is very small and probably negligible.

For the interchange step, (AV*,)ic is expected to be small
since no significant changes in the overall charge are involved
after ion pairing. (AV*y,)ic Will become even smaller at higher

temperatures and ionic strengths for the same reasons outlined

above, such that this term should also be of little significance
here. It follows that (AV*,)ic is the dominant term in the
expression for (AV*p1)a. Furthermore, it is known to be
virtually insensitive to temperature and ionic strength.

The values of (AV* ) an, summarized in Table IX, seem
to be in accord with the above mentioned arguments. Their
absolute values are small, consistent with the generally ac-
cepted interchange mechanism.>$” For this type of mechanism,
it-is inappropriate to make allowances for the compressibility
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Table IX. Summary of Volume Data for the Systems M(NH,),OH, ** + X" = M(NH,), XC="* + H,0°

M b (a v exptlan (a I exptlaq AV? ) aye

Co cr +1.420.8 ~82:1.6 +9.6x 2.4 +11.6 (45)
Co 50, +2.321.8 ~7.9+0.3 +10.2 2.1 +19.2 (45)
Rh cr +3.0: 0.7 -14.5+ 4.6 +17.5+5.3 +18.3(71)
Cr NCS” ~4.9 + 0.69 '
Cr NCS” —2.4+1.3¢ —-8.6 + 1.07 +6.2+2.3 +9.8 (43)

@ Data taken from Table VIIL; {HT] = 0.1 M; 60 °C; ionic strength = 2.0 M; volumes quoted in cm® mol™*. YAV =(a er,(pﬂ)an -
(A 14 Jaq. ¢ Data reported in literature: references quoted in parentheses. d 50 °C; ionic strength = 1.0 M. € 50 °C; ionic strength =
exptl/aq

0.3 M. f80°C;ionic strength=0.1 M.

of the ionic medium. The similarity between the values of
AV for the anation of Co(NH,)sOH,** by Cl™ and SO,
seems to verify that AVjp and (AV?,)(c are indeed very small.
In addition, the increase in AV*.,y for the anation of Cr-
(NH3)sOH,** by NCS™ on decreasing the ionic strength from
1.0 to 0.3 M is also in accord with the outlined arguments.
The few high-pressure experiments performed at 30 °C (see
Table IV) illustrate the insensitivity of (AV* )., to tem-
perature, in line with the above arguments. The values of
(AV*expn)an at high jonic strength (i.e., first four entries in Table
IX) are therefore considered to represent (AV*)ic. A direct
comparison with the values of AV, for the water-exchange
reactions of these complexes is now possible. Stranks et al.®”’?
recently made use of similar comparisons’® to determine the
nature of the interchange process involved in the anation of
cis-Co(en),(OH,),** by oxalate.

Hunt and Taube® reported a AV*py = 1.2 £ 0.2 cm® mol™
at 25 and 35 °C for the water-exchange reaction of Co-
(NH,);OH,** and interpreted* this as evidence for an I,
mechanism. This value is very close to that reported here for
the interchange steps in the anation reactions of Co-
(NH;);OH,** with CI" and SO,* (see Table IX) and em-
phasizes the I, character of these reactions. This complies with
earlier findings”® and recently reported results.!%172 A similar
agreement exists between the AV*,,., values for the water-
exchange reaction of Cr(NH;)sOH,** (viz.; -5.8 £ 0.2 cm?®
mol™! at 25 °C%) and the anation by NCS™ (Table IX), such
that an I, mechanism>3% can also be assigned to the latter
reaction. Sykes and co-workers?' recently presented arguments
in favor of an Iy mechanism for the Cr(III) reactions based
on the magnitude of the interchange rate constant which could
be successfully determined from the observed curvature in the
kopsa V8. [NCST] plot. However, as we were unable to observe
this phenomenon, our arguments must be based on the value
of AV*eyp. AV for the interchange step of the anation of
Rh(NH;);OH,>* by CI", quoted in Table IX, is not in
agreement with the value reported for the corresponding
water-exchange reaction of 4.1 & 0.4 cm® mol™* at 35 °C,
which was considered as evidence for an I, mechanism. Our
result is more in line with those for the anation of Co-
(NH;);OH,**, indicating that a dissociatively activated
transition state is involved. In other words, bond stretching
must play a significant role, which is in keeping with the
conclusions of other investigations.>**>7* Furthermore, the
ratio (interchange rate constant/solvent-exchange rate con-
stant) determined at low ionic strength!® also suggests an Iy
mechanism is operative, although this evidence alone was not
considered conclusive.

It must be emphasized that the values of (AV*),n in Table
IX are rather small and subject to considerable errors, so that
the above conclusions should only be regarded as limited
evidence for the suggested mechanisms. Some examples’>7>~7
are available in which similar arguments have been used to
elucidate intimate reaction mechanisms.

The AV, values for the aquation reactions are presented
merely to underline earlier work on these systems*>* and are
therefore not discussed in any further detail. By combination
of (AV*eepu)an and (AV* 1) (aq = aquation), the overall
volume change (A¥) can be calculated. With the exception
of the sulfate reaction, these values shown in Table IX correlate
well with those measured by dilatometry**’ or those calculated
from the partial molar volumes*’! of the participating species
at lower ionic strengths and temperatures.

To conclude, we feel obliged to make some comments
concerning the validity of differentiating between 1, and I4
interchange mechanisms for anation reactions on the basis of
interchange rate constants. In this respect, our results em-
phasize the importance of estimating the ion-pair formation
constant under the same experimental conditions as were
employed in the kinetic study.” Tt is known that ion-pair
formation constants decrease substantially on increasing the
ionic strength (see eq 5), so that investigations carried out at
lower ionic strength would improve the probability of detecting
and accurately determining the value of K, kinetically.!
However, this places an upper limit on the concentration of
the anating nucleophile and subsequently makes it virtually
impossible to perform kinetic experiments, especially under
high pressure. For systems in which only very small ion-pair
formation constants can be derived, it would be safer not to
try to distinguish between I, and I mechanisms only on the
basis of the interchange rate constant. On the other hand,
more meaningful ion-pair formation constants have been
reported for other systems'>’2 involving weak acids as ligands
where H bonding can account for the strength of these in-
teractions which are, in fact, not so sensitive to the charges
involved. In such cases, distinctions could be made between
I, and I mechanisms on the basis of a comparison of the
interchange rate constant with the solvent-exchange rate
constant. The implication that ion-pair formation originates
from dominant electrostatic interactions seems to be an ov-
ersimplification in these type of systems, and one surely has
to think in terms of more specific interactions®®3! to account
for ion-pair formation. Although high ionic strengths (~2
M) are unfavorable in the kinetic determination of ion-pair
formation constants, it has the advantage of reducing solvation
contributions toward AF*,q and so simplifies its interpretation.
Our results once again emphasize the efficacy of high-pressure
kinetics for the elucidation of intimate mechanisms in cases
where the results of normal pressure kinetic studies are
somewhat ambiguous.
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The formation constants have been measured for the mixed-ligand complexes MLA and MLA,, where M = Cu(Il), A
= imidazole, and L = bipyridyl, histamine, glycine, aspartic acid, malonic acid, and 5-sulfosalicylic acid. The lower stability
of the MLA,, complexes as compared to that of MLA is attributed to the loss of 7 bonding resulting from the two cis-coordinated
imidazoles being out of plane. Imidazole, unlike bipyridyl, does not enhance the affinity of Cu(II) for the oxygen donor
sites of anionic ligands. In the series of mixed complexes studied the order of stability for the ligand L is glycine > aspartic
acid > bipyridyl > malonic acid > 5-sulfosalicylic acid > histamine.

Introduction

The imidazole group of histidine is one of the 1mportant
binding sites for Cu(II) in biological systems. X-ray, spec-
troscopy, and various other techniques show that the imidazole
moiety binds Cu(II) in sperm whale myoglobin,!? bovine serum
albumin,’® human albumin,!¢ hemocyanin,'d ceruloplasmin,
and ribonuclease as well as in a number of other bimolecules. '
The effectiveness of the imidazole group to act as a metal

binding site has been attributed to its great flexibility (the
metal-N bond can lie up to 30° from the imidazole plane),
its availability at physiological pH (pK ca. 7.0), and its capacity
to form both ¢ and = bonds with metal ions.?

In recent years considerable research has been carried out
on model mixed-ligand complexes in an effort to understand
the nature of metal-ion complexation in biological systems.
Studies on mixed-ligand complexes containing bipyridy!l® and
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