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the a-acceptor power of the ring. However, the pyridine N-  
heterocycles are legitimately aromatic in character, while the 
imidazole rings are quasi-aromatic. The results here show that 
a sufficiently conjugated chromophore induces the same MLCT 
behavior and increase in the a-acceptor capacity as related 
chromophores in the pyridine N-heterocycles. The band positions 
for the cases R = COT, CHO, and N O z  are in the proper order 
with respect to their up constants (60.13, 0.22, 0.78).' Electro- 
chemistry of the (NH3)5Ru(2CHOimH)2+ complex supports 
2CHOimH as intermediate between pyridine and pyrazine as a 
a acceptor.l2 

The imidazolato forms of all of the RimH ligands are superior 
as a donors due to the additional anionic charge density within 
the five-membered ring. This is borne out by the LMCT r2," band 
positions of the (CN),Fe"'(R-imidazolate) series: 

H-C=O CH3 
I I 

428 nm 438 nm 448 n m  \ 
NO2 

412 nm 

The order is inverted as the best a-donor occurs with the best 
releasing R group, which is R = CH3 in this series. Although 
the very rapid dissociation of (CN)5Fe(2C02im)4- has prevented 
the observation of its a2," LMCT band in this study, one would 
anticipate a value intermediate between those for R = C H O  and 
R = H. Therefore, if the (CN)5Fe(2C02im)4- complex were 
observed in a rapid flow study, for example, the estimated position 
of the band maximum should be -433 nm. 

The steric influence plus the anionic charge of 2C02imH- 
significantly reduces the affinity of this imidazole toward 
(CN)5Fez- by about 5 X lo3 in equilibrium c~ns tan t . ' , '~  This does 
not appear to be caused by a reduction in the u donation of the 
pyridine nitrogen of this ring because the pKa = 7.2 is close to 
the parent imidazole pKa of 7.0; we note here that the a-withdrawal 
influence of R = COY is compensated by an additional electro- 
static attraction for cationic species including H+, R u ( N H ~ ) ~ ~ + ,  

Notes 

and R u ( N H ~ ) ~ ~ + . ~ ~  The cations are not anomalously low in their 
affinities for 2C02imH-. In fact the more withdrawing group R 
= C H O  produces stable complexes for both Fe(I1) and Fe(II1) 
in the (CN),FeL" series. Therefore, a neutral ligand that will 
be a slightly poorer u base than 2COzimH- still produces a more 
stable net interaction with (CN),Fe2-; the influence is clearly even 
more important for the Fe(I1) system, where (CN)5Fe3- shows 
no measurable affinity at all for 2C02imH- (cf. 13C N M R  results, 
Figure 7). 

A number of observations relevant to the ligand substitution 
processes involving the Fe(CN)52- moiety have been observed. The 
dissociation of the 2-methylimidazolato ligand is reasonably 
representative and worthy of some detailed consideration. 

The current assessment of the dissociation of 2-methyl- 
imidazolato ligand from Fe(CN)5z- is as follows: 

(1) The approach to equilibrium rate constant does not have 
a significant term due to the back-reaction (kobsd appears to be 
independent of [L]), in contrast to the imidazolato case where 
kobsd increases linearly with [L]. This is readily interpreted as 
a steric inhibition to the rate of substitution of 2-methylimidazole 
that is absent for the unhindered imidazole. 

(2) The presence of the CH3 group accelerates the ko path about 
8.9 times at 25.0 'C relative to that for R = H, consistent with 
a steric effect of ca. 1.3 kcal/mol as observed 
Strained coordination is substantially more prone to redox catalysis 
for ligand displacement, which causes complications in the study 
of the 2CH3imH complex. 

(3) An oxidation product of 2CH3imH, 2COzimH-, undergoes 
a similar, but very rapid, ligand dissociation reaction for the 
imidazolato form of the complex, (CN)5Fe(2C02im)4-. 
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In general, high-pressure kinetic studies and the associated 
construction of reaction volume profiles can assist the assignment 
of the intimate nature of the mechanism for a wide range of 
thermal and photochemical reactions in solution." These include 
substitution, isomerization, addition/elimination, and electron- 
transfer processes. 

*To whom correspondence should be addressed at the University of 
Witten/Herdecke. 

Our interest in recent years in the mechanism of base hydrolysis 
reactions of Co(II1) c ~ m p l e x e s ~ - ~  has led to a series of detailed 
studies of an unusual, reversible hydrolysis reaction of Co(en),- 
(hfac)2+ (en = ethylenediamine, hfac = hexafluoroacetylacetonato) 
in aqueous solution.'.* During this reaction, addition of OH- to 
the carbonyl carbon atom of the hfac ligand occurs, as indicated 
in reaction 1. The structure of the hydrolysis product was recently 
confirmed by a crystal structure determinations9 A kinetic study6 
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Table I. Pressure Dependence of kobd as a Function of pH" 
. .  

uH' 
kabsdrP S-' 

P = 2 M P a  P = 50 MPa P = 100 MPa P = 150 MPa P = 190 MPa 
5.92 193 148 106 76 86 
6.1 1 111 132 87 82 57 
6.28 66.9 57.5 56.0 48.6 50.0 
6.41 50.5 50.6 47.1 41.5 40.3 
6.65 36.0 30.2 28.3 23.2 20.5 
6.86 30.3 26.6 25.2 25.2 25.0 
10-8dk,bS~/dflH.d M-l S-l 1.55 f 0.12 1.38 f 0.20 0.94 f 0.08 0.71 f 0.17 0.78 f 0.07 
9.08 20.6 27.0 33.6 43.3 54.1 
9.18 24.6 30.0 37.6 44.8 63.6 
9.24 26.1 34.4 44.8 70.3 
9.50 45.2 56.1 84.8 93.4 

10"dk,bld/dUoH,d M-l S-I 1.27 f 0.05 0.92 f 0.04 1.03 f 0.06 0.64 f 0.17 0.55 

[Co(III)] = 25 mM, T = 25 OC, ionic strength = 1.07 M, wavelength = 550 (pH <7) and 470 nm (pH >9). *Mean value of four runs with an 
average standard deviation of 5%. CpH value at ambient pressure. dCalculated by using the corrected pH values in Table 11 (see text). 

of the hydrolysis process a t  ambient pressure led to the suggested 
mechanism in (1) and (2), for which the empirical rate law is given 
in (3). Analysis of the data resulted in the following values at 

\ 
CF3 

\ 
CF3 

k 
(en)2Co(hfac)2+ + H 2 0  & (en)2Co(hfacOH)+ + H+ 

k4 
(2) 

(3 1 kohd = k, + kb[H+] -4- k,[OH-] 

25 OC and 1 M ionic strength (Tris buffer): k, (=k2  + k,) = 5.9 

The last two rate constants can be determined accurately via 
T-jump measurements a t  pH <7 and pH >9, respectively. 

We have now studied the pressure dependencies of k l  and k4, 
which along with the overall reaction volumelo enable us to 
construct volume profiles for both processes. The results are 
discussed in reference to activation volume data for related addition 
and elimination reactions and volume profiles for base-catalyzed 
substitution reactions. 
Experimental Section 

[C~(en)~hfac] (C104)2 was prepared and characterized as described 
previously.' Chemicals of analytical grade and doubly distilled water 
were used throughout this study. The pH of the test solutions was 
measured at ambient pressure by using a Radiometer pHM 64 instru- 
ment equipped with a reference electrode filled with a saturated NaCl 
solution to prevent the precipitation of KC104. Kinetic measurements 
at elevated pressures were performed on a Joule-heating T-jump instru- 
ment" thermostated at 22.0 f 0.1 OC. Under the selected experimental 
conditions, a dischange of 25 kV results in a temperature-jump of ca. 3 
O C  at an ionic strength of 1 M,* so that the relaxation temperature is in 
fact 25 O C .  Buffer solutions were prepared by adding appropriate 
quantities of 1 M HC104 or 1 M NaOH to 2 cm3 of a 2 M Tris-2M 
MES12 solution and diluting to 10 cm3, during which NaC104 was added 
to adjust the ionic strength to 1 M. Reaction volumes were determined 
with the aid of a Carlsberg dilatometer as described previously,13 for 
which the temperature was controlled at 25.0 * 0.002 OC. 
Results and Discussion 

Kinetic measurements were performed in two acidity ranges 
as a function of pH and pressure. These conditions were selected 
on the basis of our earlier work a t  ambient pressure,* and the 
first-order rate constants were determined in a similar way using 

s-'; kb (=k4)  = 9.9 X lo7 M-' S-'; k,  ( = k , )  = 2.9 X lo6 M-' S-I. 
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Table 11. Estimated Pressure Dependence of pH and pOH 
(PW, - (POW, - (PW, - (POWP - 

P, MPa (PWO I (POWO p, MPa (PWO I (POW, I 

50 0.034 -0.219 150 0.095 -0.604 
100 0.066 -0.420 190 0.116 -0.742 

the high-pressure modification." The observed rate constants at 
the lowest pressure (2 MPa) are in close agreement with those 
reported a t  ambient pressure (0.1 MPa)8 (see Table I) .  
Throughout the series of data, koM increases with increasing [H'] 
in the low-pH region and increases with increasing [OH-] in the 
high pH region. The slopes of vs. [H'], Le. k4, and [OH-], 
i.e. k l ,  decrease with increasing pressure, indicating that the volume 
of activation is positive in both cases. However, in order to 
determine its exact value, one must consider the pressure de- 
pendencies of the acid dissociation constants of the buffer em- 
ployed, the ion product of water, and the activity coefficients of 
the ionic species. This is done in the following sections. 

For the buffer system used in this study, the pH of a particular 
solution can be expressed as in eq 4,14 where [TI, [TH'], [MI, 

pH = 0.5(pKM + pKT) + 0.5 log([T][M-H-]/[M][TH+]] (4) 

and [M-H-] represent the molar concentrations of Tris, protonated 
Tris, MES, and deprotonated MES, respectively. KM and KT are 
the acid dissociation constants of MES and TrisH', respectively. 
Since [TI, [TH'], [MI, and [M-H-] can be assumed to be in- 
dependent of pressure,I5 the pressure dependence of pH and pOH 
can be expressed as in (5) (with P in units of MPa),14 and the 

(PH), - (PH), , = 7 . 1 8  x 10-4~/ (1  + 9.2 x 10-4~)  

(POHI, - (POH),~  = -45.8 x 10-4~/(1 + 9.2 x 10-4~)  (5) 

corresponding values are summarized in Table 11. These corrected 
(pH), and (p0H)p values were used to estimate dkobsd/daOH and 
dkobsd/duH from the data in Table I .  

In the basic region (pH 9), rate law 3, reduces to (6). Since 
we are dealing with an ionic process, k ,  is expected to depend on 

kobsd = ka -!- kl[OH-l = ka + klaOH/yOH (6) 
the ionic composition of the medium according to eq 7 ,  where yc 

k t  = k loYcYOH/? t  ( 7 )  
and y t  are the activity coefficients of the complex and transition 

(14) Kitamura, Y . ;  Itoh, T. J. Solutton Chem., in press. 
(15) The following relationships hold at each pressure: [TH+][M-H']/ 

M; [TH+] = [M-H-] + [HC104]. In these expressions [HCI04] rep- 
resents the added concentration of HC104, and y+ and y- represent the 
activity coefficients of TH+ and M-H-, respectively. The pressure 
dependencies of KM and KT are quite similar,I4 viz. -RT d In KM/dP 
= 3.9 and -RTd In KT/dP = 4.3 cm3 mol-', such that when one neglects 
the rather trivial pressure dependence of y+y-. the above relationships 
are all independent of pressure. 

[TI MI = KM/KTy+y-; [TI + [TH'] = 0.4 M; [MI + [M-H-] = 0.4 
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Table 111. A V  and APData for Reactions 1 and 2 as a Function of 
Ionic Strength at 25 O C '  

vol 
param p = o  p = 1.1 M 

AV*(ki) +14.5 f 2.3 +9.2 * 2.3 
AV*(kz) +3.8 f 2.4 +2.9 * 2.3 
Av(reacn 1) +10.7 f 0.1 +6.3 * 0.0 
AV(k3) -4.1 f 2.2 -4.2 * 2.1 

AP(reacn 2) -11.4 i 0.1 -13.6 f 0.0 
AV*(k4) +6.1 f 2.1 +9.4 * 2.1 

a All volume quantities quoted in cm3 molP 

states, respectively, and kI0 is the rate constant at infinite dilution. 
It follows that the volume of activation for k l  can be given as 
expressed in (8). Furthermore, differentiation of (6) with respect 

d 
AV(kl)  = AV(kI0) - RTdp In (YcYOH/YI) (8) 

to aOH results in (9), which along with the expression in (8) results 
in (10). It was recently pointed out by Hamann that the pressure 

dkobsd/daos = kl /YOH (9) 

In YOH 
A V ( k , )  = -RT- In - - RT- 

ddP( :::) d P  

A V ( k l o )  = -RT- dip( In - duo,) + RT$( In z) dkobsd 
( lo )  

dependence of an activity coefficient can be predicted by the 
limiting Debye-Huckel relationship even a t  high ionic strength.I6 
It  follows that the pressure dependence of the activity coefficient 
of an ion with charge Zi is given by eq 11, where p and t are the 

density and dielectric constant of water, respectively, and d(p/ 
e3)'l2/dP = -6.6 X lo-' MPa-' a t  25 O C . I 7  With Z ,  = 2 and 
ZI = 1 eq 10 can now be modified to (12). 

A V ( k l )  = -RT- ddP( In - 2::) - 1.3 cm3 mol-' 

A V ( k I 0 )  = -RT- ddp( In - 2::) + 4.0 cm3 mol-' (12) 

The kinetic data in the acidic region (pH <7) can be treated 
in a similar way, for which the rate law (3) reduces to (1 3) and 
the corresponding expressions for the volumes of activation are 
given in (14). The values of dkow/daoH and dkow/daH in Table 

kobsd = ka + k4[H+1 = ka + k4aH/YH (13) 

AVt(k4) = -RT- In - - 1.3 cm3 mol-' ddP( d:;;) 

Av'(k40) = -RT- In - - 4.0 cm3 mol-' (14) ddP( d::;) 

I were used to calculate the volumes of activation for k, and k4 
with the aid of eq 12 and 14, respectively, and the results are 
summarized in Table 111. Before we turn to a discussion of these 
data, it is important to indicate how the volumes of activation for 
the reverse reactions (k2  and k,) were obtained. The reaction 
volume for reaction 1 was measured dilatometrically at 1 M ionic 
strength (Table 111) and found to be smaller than the corre- 
sponding value measured a t  infinite dilution previously.'0 Com- 
bining this value with the ionization volume of water, which was 
found to be -19.9 cm3 mol-I a t  1 M ionic strength compared to 
-22.1 cm3 mol-' at infinite dilution,I3 results in the reaction volume 

1 

I 
I 

+ 6.7 
I 
I 
I 

1 +3.* 

I c 
m I  

I I I 

Reaction coordinate 
Figure 1. Volume profiles for reactions 1 and 2 at infinite dilution and 
25 OC: reaction 1, solid lines; reaction 2, dashed lines. 

for reaction 2. The values for AV(k2)  and A V ( k 3 )  were sub- 
sequently estimated from the general expression given in (15). 

A 7  = AV(forward reaction) - Apfreverse  reaction) (15) 
According to the results in Table 111, the volume data for 

reactions 1 and 2 exhibit very similar trends at zero and 1 M ionic 
strength. This means that the mechanistic interpretation will be 
very similar, and therefore the corresponding volume profiles are 
only presented for the data at zero ionic strength in Figure 1. A 
relative volume scale was adopted in the latter on the basis of the 
sum of the partial molar volumes of the reactants in reaction 1 
set equal to zero. Quite surprising is the observation that the 
partial molar volume of the transition state in reaction 2 is very 
similar to that of reaction 1 (only 1.6 cm3 mol-' smaller), not- 
withstanding the fact that the attacking species differ significantly, 
viz. H 2 0  as compared to OH-. This similarity indicates that the 
geometries of the transition states for the coordination of H 2 0  
and OH- to the hfac ligand must be very similar in both cases. 
The value of AV(k3)  is within the range of values usually found 
for the associative binding of a water molecule to various tran- 
sition-metal complexesIs and represents the bond formation 
component. The large difference between A V ( k l )  and A V ( k 3 )  
can be ascribed to the overruling decrease in electrostriction due 
to charge neutralization when OH- binds to C~(en) , (hfac)~+ in 
reaction 1. Very large and positive AV values were also found 
for closely related hydrolysis reactions involving the attack by 
OH-.596 Furthermore, the significance of the overall effect is also 
demonstrated by the significantly positive reaction volume for 
reaction 1. The value of A v ( k 2 )  can be interpreted in terms of 
an increase in volume due to bond cleavage accompanied by some 
volume decrease due to an increase in electrostriction. The larger 
volume of activation for the reverse step in reaction 2 indicates 
that bond cleavage is presumably not accompanied by an increase 
in electrostriction since the dissociation of OH- involves a pro- 
tonation preequilibrium followed by the release of H 2 0 .  

The important role played by electrostriction in the forward 
step of reaction 1 also accounts for the particularly large ionic 
strength dependence of AV(k]) .  Significantly smaller effects are 
observed for the remaining AV values. 
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