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Table I. Logarithmic Equilibrium Constants" of 
Transition-Metal-NTMP Complexes at I = 0.1 M (KNO,) 

Mn2+ Fez+ Coz+ Ni2+ cu2+ Zn2+ Cd2+ 
loa K M  10.9 13.5 14.0 11.7 17.2 16.9' 14.6 12.0 - ...- 
logKMHL 7.37 6.49 6.18 8.11 6.33 6.50b 6.34 7.14 
log K M H ~ L  5.93 5.41 5.09 5.56 4.53 4.69b 5.12 5.76 
log K M H +  4.7 4.2 3.6 3.5 3.5 3.6b 3.9 4.0 

'KML = [MLI/[MI[Ll,  KMH,,,L = [MH,Ll/[HlIMH,~Ll. Uncer- 
tainties of the constants are fO.l for log K M L  (*0.2 for log K c u ~  with 
pH titration), f0 .02  for log K M H L ,  f0.04 for K M H ~ L ,  and fO.l for 
KMHIL.  With pCu electrode. 
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Figure 1. Plot of logarithmic protonation constants, log KMH,,,L, as a 
function of logarithmic formation constants of NTMP complexes, log 
KML: 0, KMHL; 0, K M H ~ L ;  4 KMH,L. 

I I I I I 

0 1 2 3 L 

Proton number 
Figure 2. "P chemical shifts of NTMP (0) and Zn (O), Cd (0), and 
Sr complexes (A) as a function of the number of protons bound to the 
ligand (H,L), n, or metal complex (MH,L), m. 

of the  signal is not observed a t  any step of protonation. These 
results support  t he  conclusion tha t  t he  protonation of t he  tran- 
sition-metal complexes occurs on the  phosphonate groups 
(structure 111) throughout t he  protonation, from t h e  first t o  the 
third step. 

Experimental Section 
The purity of nitrilotris(methy1enephosphonic acid) (NTMP, H6L) 

(Dojin) purified by a method described elsewhere" was more than 99.8%. 
The pH titration and 3'P NMR measurements were carried out as re- 
ported in the previous paper." The copper ion selective electrode was 
calibrated with copper(I1) standard solutions. The chemical shifts of ,IP 
NMR spectra are reported as the values relative to the aqueous 85% 
H,PO, reference. The downfield shift is denoted by the positive sign of 
the chemical shift. 
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Much attention has been drawn to the mechanisms of the axial 
ligand substitution reactions of metalloporphyrins of various metal 

In order to  study the  mechanism on the  basis of the  
pressure effect, anation reactions of some water-soluble metal-  
loporphyrins in aqueous solution have been followed a t  high 
p r e s s ~ r e . ~ ~ ~ * ~ ~ ~  T h e  purpose of our present work is to  investigate 
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Figure 1. Dependence of the conditional first-order rate constant ko on 
the concentration of I-methylimidazole at various temperature under 
ambient pressure: (A) [CrTPP] = 4.98 X IO" M ((a) 15.0 "C, [py] = 
3.11 X IO-* M; (b) 25.0 OC, [py] = 3.00 X M; (c) 35.0 OC, [py] 
= 3.1 I X M); (B) [CrTPP] = 4.54 X IOd M, [Qui] = 0.101 M ((a) 
14.8 "C; (b) 25.2 OC; (c) 35.0 "C); (C) [CrTPP] = (3.85-4.74) X IO" 
M, [PPh,] = 9.06 X M ((a) 15.0 "C; (b) 25.0 O C ;  (c) 35.0 "C) .  The 
solid curves were calculated by using the activation parameters obtained. 

the transition state of the axial ligand substitution of metallo- 
porphyrins in terms of the  activation volume. 
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Figure 2. Dependence of the conditional first-order rate constant ko on 
the concentration of free L at 25.0 "C and 0.1 MPa: (A) L = py, 
[CrTPP] = 6.10 X 10" M, [I-MeIm] = 3.06 X M; (B) L = Qui, 
[CrTPP] = 6.63 X IO" M, [1-MeIm] = 1.76 X M; (C) L = PPh3, 
[CrTPP] = 3.91 X IO" M, [I-MeIm] = 1.79 X IO4 M. 

Reaction 1 has been studied in toluene with various types of 

Cr(TPP)(CI) (L)  + X + Cr(TPP) (Cl ) (X)  + L (1) 

where TPP is 5,10,15,20-tetraphenylporphine and  L and X a re  
leaving and entering ligands, respectively. Regretably, t he  ac- 
tivation parameters for these reactions are not available. Reaction 
1 is the  substitution reaction a t  only one axial position, and  the 
chloride ion is not displaced by nitrogen or phosphorus ligands. 
The axial substitution of Cr(TPP)(Cl) (L)  (eq 1) has been in- 
terpreted to proceed via a limiting dissociative mechanism. In 
this paper we will describe, in particular, the pressure effect on 
reaction 1,  where an entering ligand (X)  is 1-methylimidazole 
( I -MeIm)  and leaving ligands (L)  a re  rather bulky ligands such 
as pyridine (py), quinoline (Qui), and triphenylphosphine (PPh,). 

Experimental Section 
Reagents. TPP (Strem Chemicals, Inc.) was purified to remove any 

tetraphenylchlorin impurity by using the method of Barnett et aL20 The 
preparation and purification of Cr(TPP)CI were performed by the lit- 
erature method.21 Reagent grade toluene, 1 -methylimidazole, pyridine, 
and quinoline were dried and purified. Triphenylphosphine was recrys- 
tallized twice from ethanol. 

Measurements. The temperature of reaction solutions was controlled 
to within fO.l OC. Uncertainty of pressure was ca. 0.5 MPa. Kinetic 
measurements were performed with a Type RA 401 stopped-flow in- 
strument (Union Giken, Hirakata, Japan) at ambient pressure and a 
high-pressure stopped-flow apparatus (Type FIT-3) at elevated pres- 
sures.22 The concentrations of the leaving and entering ligands were kept 
in a large excess over that of chromium(II1) porphyrin to guarantee the 
pseudo-first-order conditions. Total concentration of Cr(TPP)CI was 
approximately (4-8) X IO" M (1 M = 1 mol dm-'). Conditional 
first-order rate constants were obtained from a nonlinear least-squares 
analysis of reaction curves with at least 3 half-lives and represent the 
average of five to eight runs. Reproducibilities of the values of ko were 
better than f3%. No effect of added water on both the visible absorption 
spectra and the reaction rates was confirmed up to [HZO] = 4 X M. 

ligands (L and X)  at ambient pressure a t  25 0C:3 
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Table I. Activation Parameters" for the Axial Substitution Reaction 
of the Cr(TPP)(CI)(L) ComDlex with 1-Methvlimidazole in  Toluene 

Notes 

L 
ov Oui PPh, 

8.0 f 0.3 
86.1 f 1.3 85.3 f 1.1 
61 f 5  57 f 4 
25.7 f 0.5 23.8 f 0.6 
(9.2 f 0.3) X (1.52 f 0.05) X 

7.0 f 0.2 

10-1 10-2 
-1.9 f 1.8 -3.1 f 1.5 
-7 f 6 -45 f 5 
1.3 f 1 .1  -1.9 f 1.6 

4.2 f 0.1 
78.2 f 1 .1  
29 f 4 
19.6 f 0.2 
(7.3 f 0.2) x 

10" 
4.3 f 2.0 
-45 f 7 
2.0 f 0.6 

(2.8 f 0.3) X (3.6 f 0.4) X 
10-2 10-2 10-2 

av (3.3 f 0.6) X 

(3.6 f 0.4) X 

"Units: AH'lkJ mol-l, As*/J K-' mol-', AV'/cm3 mol-'. Errors 
are one standard deviation. 

Results 

Values of the equilibrium constant (K = [Cr(TPP)(Cl)(l- 
MeIm)] [L] [Cr(TPP)(CI)(L)]-'[ l-MeIm]-') of reaction 1 were 
determined by a conventional spectrophotometric method. Values 
of log K a t  25 "C were determined to be 2.50 f 0.01 for py, 4.10 
f 0.02 for Qui, and 5.21 f 0.03 for PPh3. Errors quoted are 
standard deviations. Available values of log K are 2.5 f 0.1 for 
py and 4.8 f 0.3 for PPh,., The former agrees with ours. 

Reaction 1 was first order with respect to Cr(TPP)(CI)(L) (L 
= py, Qui, and PPh,): 

-d[Cr(TPP)(Cl)(L)]/dt = ko[Cr(TPP)(C1)(L)] (2)  

where ko is a conditional first-order rate constant involving rate 
constants and concentrations of ligands. Dependence of ko on the 
concentration of an entering ligand 1-MeIm at various temper- 
atures is shown in Figure 1, for pyridine, quinoline, and tri- 
phenylphosphine as leaving ligands. In Figure 2 is shown the 
contribution of free L in the bulk solution to rates as a function 
of the concentration of L. The increase of the concentration of 
L causes the decrease of ko value under the constant concentration 
of X. These features can be interpreted to imply a dissociative 
mechanism (eq 3 and 4). By applying the steady-state approx- 

(3) 
k 

Cr(TPP)(Cl)(L) & Cr(TPP)(Cl) + L 
kl 

k 
Cr(TPP)(Cl) + 1-MeIm & Cr(TPP)(Cl)(l-MeIm) (4) 

k4 

imation to the Cr(TPP)(CI) intermediate and knowing negligible 
k4 path from the values of K, we obtained eq 5 as the conditional 
first-order rate constant 

ko = kl[l-MeIm](k2[L]/k3 + [l-MeIm])-' (5 )  

Enthalpies AH* and entropies AS* of activation were estimated 
by fitting the variable-temperature data at ambient pressure to 
eq 5 and the Eyring equation simultaneously with a nonlinear 
least-squares program and are listed in Table I. 

Although we attempted to follow the reaction of five-coordi- 
nated Cr(TPP)(CI) with triphenylphosphine of 2 X lo-, M by 
monitoring the absorbance change after mixing the toluene so- 
lutions of Cr(TPP)(CI) and triphenylphosphine by using the 
stopped-flow apparatus, the reaction was too fast to be monitored. 
This result indicates that the second-order rate constant k, exceeds 

The pressure effect on the substitution reaction was measured 
under various pressures up to 100 MPa. Figure 3 shows the 
pressure dependence of ko for three reaction systems. Activation 
volumes AVt  were estimated by analyzing all variable-pressure 
data for each reaction system simultaneously with eq 5 and 6 ,  

I x 107 M-I s-1. 

k ,  = k," exp(-AV,*P/RT) (6) 
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Figure 3. Dependence of the conditional first-order rate constant k, on 
the concentration of 1-methylimidazole under various pressures at 25.0 
O C :  (A) [CrTPP] = (5.45-7.47) X 10" mol kg-I, [py] = 3.90 X 
mol kg-I; (B)  [CrTPP] = (7.86-9.10) X lod mol kg-', [Qui] = 0.119 
mol kg-I; (C) [CrTPP] = (3.46-5.85) X lod mol kg-I, [PPhS] = 0.1 19 
mol kg-I. Pressures (MPa): (a) 0.1; (b) 24.5; (c) 49.0 (d) 73.6; (e) 98.1. 
The solid curves were depicted by using the activation parameters ob- 
tained. 

where k," is the rate constant of ki at zero pressure ( i  = 1 ,  2, 3). 
Values of k,O and k?/k? were in close agreement with those 
obtained at ambient pressure. Obtained A v '  values are listed in 
Table I .  
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Figure 4. Correlation between pK, and equilibrium constants and rate 
constants. The dotted straight lines with the slope of negative unity in 
A and C and with the slope of zero in B were drawn through the data 
points for I-Melm. k4 for 1-MeIm corresponds to k ,  for the other 
systems. 

The rate constant ( k 4 )  of the dissociation of 1-MeIm from 
Cr(TPP)(Cl)( 1-MeIm) has not been measured directly in the 
present work, but the value can be estimated with the following 
relationship: K = klk3k2-lk<l. The k4 value at 25 OC is obtained 
as (2.8 f 0.3) X s-l, and (3.6 f 0.4) 
X s-l for the py, Qui, and PPh3 systems, respectively, giving 
the average value of (3.3 f 0.5) X 

Discussion 

In Figure 4 are plotted logarithmic values of k l ,  k2/k3, and K 
against the pKa value of the nucleophile conjugate acid (LH+) 
(pKa = 2.73 (PPh3H+),23 4.97 (QuiH+), 5.31 (pyH+), 7.06 (1- 
MeImH+)). The equilibrium constants ( K )  for substitution re- 
action of leaving ligands by 1-MeIm decrease in the order PPh3 
> Qui > py > 1 -MeIm. This is also the order of increase in the 
proton basicity of nucleophile L (see Figure 4A). Thus, the trend 

s-I, (3.6 f 0.4) X 

s-l. 

(23) Streuli, C. A. Anal. Chem. 1960, 32, 985-987. 

suggests that the Cr(II1) center is quite hard and that a-bonding 
involving the ligand L is probably predominant. 

The ligand uptake by the five-coordinate intermediate Cr(T- 
PP)(CI), which is represented as the k2 path for the py, Qui, and 
PPh3 systems and as the k3 path for the reaction with I-MeIm, 
is thought to be very fast (>lo7 M-' s-l). In the Qui and PPh3 
systems the rate constants of this process are smaller than those 
of the py and 1-MeIm systems (Figure 4B). The activation 
entropy of the k2 path of the Qui system, normalized by the value 
for 1-MeIm, is smaller than that of the py system by about 38 
J K-' mol-I, while the activation enthalpies are similar to each 
other for the two systems. Furthermore, the k2 process for PPh, 
is significantly slower: large entering ligands may not favor the 
bimolecular reaction due to the low probability of relative geo- 
metrical arrangement of the colliding molecules, and in addition 
the AH* value for PPh3 higher than that for 1-MeIm by about 
6 kJ mol-I implies that the five-coordinate intermediate Cr(TP- 
P)(Cl) energetically prefers 1-MeIm to PPh3. 

The k l  and k4 paths are for the cleavage of the axial bond 
between Cr and nitrogen or phosphorus atoms of the leaving ligand 
in Cr(TPP)(Cl)(L). The rate constant for axial ligand dissociation 
is parallel with pKa values of ligands (Qui, py, and 1-MeIm) that 
have nitrogen atom as a donor atom, while the PPh, system is 
an exception (see Figure 4C). Such a correlation is expected only 
among the similar ligands. The relative inertness of the Cr-P bond 
indicates not only a-bond but also a-bond character. 

Structural features of the transition state for the k l  path will 
be discussed on the basis of the activation volume. To a first 
approximation, the activation volume of the limiting dissociative 
reaction can be given as the product of the cross section of the 
leaving ligand (S) and the elongation of the bond in the course 
to the transition state (Ar t ) :  A V  = SAr*.24-27 Cross sections 
of ligands with respect to the axis of the bond to the central metal 
ion were estimated by using the molecular models using van der 
Waals radii. The cross sections have been evaluated as 21 A2 for 
pyridine, 30 A2 for quinoline, and 90 A2 for triphenylphosphine. 
If the axial ligands could rotate with respect to the bond axis 
between the central metal and the ligand, corresponding evaluated 
cross sections may increase to be 31 A2, 90 A2, and 130 A2, 
respectively. On the above assumptions, the extent of elongation 
of the bond of the leavin ligand in the transition state is calculated 
to be 2.0 A (1.4 A), 1.4 (0.5 A), and 0.4 A (0.3 A), respectively, 
where figures in parentheses correspond to Art' values for the 
situation of rotation of the axial ligands. However, since in the 
case of the quinoline complex a steric repulsion exists between 
the electron cloud of the porphyrin molecule and the 8-hydrogen 
atom of quinoline, the bond between the nitrogen atom of quinoline 
and the central chromium ion is bent and the quinoline does not 
rotate around the bond axis, while the pyridine at the axial site 
should easily rotate. Therefore, the elongation of the Cr-N bond 
in the transition state for both the py and Qui systems may be 
Art = ca. 1.4 A. On the other hand, in the case of PPh, the extent 
of elongation is much shorter (0.3-0.4 A). In fact, the different 
in the elongation may reflect the fact that the chromium-phos- 
phorus bond (ca. 2.4 A)28*29 is significantly longer than the 
chromium-nitrogen bond (ca. 2.1 A).30931 
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