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The pressure dependence of the second-order rate constant for the substitution by pyridine in trans- [Pt(py),(C1)(N02)] 
was measured in the solvents nitromethane, methanol, ethanol, and dichloromethane. The respective AVexptl values were 
calculated to be -6.2 f 0.4 a t  10 OC, -8.8 f 0.6 a t  25 OC, -13.1 & 0.8 at 25 O C ,  and -19.8 A 1.7 cm3 mol-' a t  25 OC. 
The AVexptl values for the corresponding reactions of cis-[Pt(py)2(CI) (NO,)] and trans-[Pt(PEt&C12] in methanol a t  
25 "C are -5.5 f 0.5 and -13.6 f 0.8 cm3 mol-', respectively. These AVerptl)s were found to be only slightly temperature 
dependent. The activation parameters u 2  and AS'*, were also determined for each reaction. The volume change associated 
with the partial formation of the Pt-py bond was estimated to be -4 * 1 cm3 mol-l. A qualitative explanation of the solvent 
dependence of AVexptI is also given. 

Introduction 

known to obey a two-term rate law:2-6 
The rate of substitution in d8 square-planar complexes is 

rate = kl  [complex] + k2[complex] [nucleophile] 

The relative importance of the two terms is governed by 
various factors such as the nucleophilicity of the nucleophile 
and solvent, the degree of steric crowding within the substrate, 
the size of the nucleophile and solvent molecules, and the 
solvation of the reactants and transition states. Naturally some 
of these properties are interrelated. However, in the title 
reactions the k ,  term is virtually negligible in the solvents 
chosen so that only the kz path will be discussed here in detail. 
The mechanism of substitution is generally acknowledged2-6 
as being associative, with both the entering nucleophile and 
leaving ligand tightly bound in the transition state. 

The volume of activation, AVexptl, provides a very effective 
criterion for characterizing reaction mechanisms, especially 
when the possibility exists to extract the volume changes, 
AV,ntr, arising from the variations in bond lengths and  angle^.^ 
In the majority of cases this requires a knowledge of the origin 
and nature of solute-solvent interactions involved in the 
development of the transition state and their respective volume 
contributions to A Vexptl. 

The intimate reaction mechanism, operating in the present 
system, implies that only one bond is formed (viz., that between 
the nucleophile and the platinum center) in the rate-deter- 
mining step. Thus the basic concept of AVexpt1 dictates that 
AVlntr must be negative for this p r o c e ~ s . ~ , ~  However, it would 
be extremely valuable to determine the absolute value asso- 
ciated with bond formation. 

which is perhaps the most 
studied reaction in the field of high-pressure kinetics, provides 
a good precedent for investigating the solvent dependence of 
substitution into transition-metal complexes. 
Experimental Section 

Materials. tr~ns-[Pt(py)~(CI)(NO~)] was prepared by dissolving 
equimolar quantities (10 mmol) of t r ~ n s - [ P t ( p y ) ~ C l ~ ] ' ~  and 
AgC104.H20 in a minimum amount of Me,SO. The mixture was 
stirred for 1 h a t  40 OC and then cooled to room temperature and 
filtered. After p-toluenesulfonic acid was dissolved ifi the filtrate (1 

The Menschu tk in  

0020-1669/79/1318-2555$01 .OO/O 

mmol), 10 mmol of N a N 0 2  was added. Crystallization of the white 
trans- [Pt(py)2(C1)(NOz)] product occurred immediately. The 
precipitate was washed with water and ethanol and repeatedly re- 
crystallized from boiling chloroform. Anal. Calcd for 
CI,HloC1N3O2Pt: C,  26.6; H,  2.3; N ,  9.7; C1, 8.8. Found: C, 27.5; 
H, 2.4; N,  9.7; C1, 7.7. 

cis-[Pt(py),(Cl)(NO,)] was prepared from the cis-dichloro- 
compound by the same procedure. Anal. Found: C, 26.3; H, 2.2; 
N, 9.5. 

[Pt(py)3N02]C104 was prepared from trans- [Pt(py)2(Cl)(NOz)] 
in methanol by a similar method. After the AgCl was filtered off, 
an excess of pyridine was added, and the resulting solution was stirred 
at 30 O C  for 2 days. The solution was then evaporated to dryness 
on a rotary evaporator. The solid residue was dissolved in water and 
the solution filtered and again evaporated to dryness. The white 
precipitate was recrystallized twice from methanol. Anal. Calcd for 
CI5Hl5C1N4O6Pt: C, 31.7; H ,  2.6; N, 9.9. Found: C, 29.9; H, 2.7; 
N, 9.8. 

t r~ns - [P t (PEt~)~Cl , ]  was prepared according to the method of 
Jensen. ' 

Pyridine was distilled a number of times as described previou~ly. '~ 
All other salts used were of reagent grade. 

The solvents (reagent grade or Uvasol product) used in the 
conductivity measurements were purified and dried according to 
standard  procedure^.'^.'^ Purification was repeated until a constant, 
minimum conductivity was reached. The purity of each solvent was 
also monitored by density measurements. 

Kinetic Measurements. Most of the reactions were followed 
conductometrically with a B-642 Autobalance Universal Bridge. A 
standard Pyrex-glass cell fitted with platinum electrodes was used 
for the kinetic runs a t  normal pressure. For measurements a t  higher 
pressures the conductivity cell shown in Figure 1 was constructed. 
Basically it consists of a Kel-F body, F, into which a flexible Teflon 
tube, H,  is screwed. The cell is sealed a t  this joint, as well as a t  the 
remote end of the Teflon t u b e w h e r e  the cell can be filled by removing 
the Teflon screw, I- with Viton O-rings, G. The platinum electrodes, 
E, are fixed to the body of the cell by means of Teflon cones, C, through 
which tight-fitting platinum wire (0.8 mm) leads, D, pass; the Teflon 
cones are pressed in place by hollow cylindrical Kel-F screws, B. The 
cell itself fits into an aluminum holder, J, which in turn can be attached 
to the "plug", A, of the high-pressure bomb. The electrical leads 
consist of insulated copper wires which are sealed into the plug by 
a steel cone, K, seated in an epoxy-resin glue.I6 The plug is also fitted 
with a Viton O-ring. The bomb is enclosed in a cylindrical copper 
tubing jacket through which water is pumped from an external 
thermostat. The temperature inside the bomb can be controlled by 
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Table I. Rate Constants for the Substitution Reactions of [PtL,(CI)X] with Pyridine as Function of Pyridine Concentration, Solvent, 
and Temperature 

solvent T, “C [PY], M 1o3kobsd9 S-’ 1o?k,, s-l 103k,, M-’ S-1 

trans-lPt(py),(Cl)(NO,)] + PY-+ [Pt(py),NO,]+ + C1- 
0.703 6 r  1 5.8 i 0.3 
0.832 

nitromethane 25.0 
25.0 

. - -  
0.62 
0.05 

methanol 

ethanol 

ethanol 

acetone 

25.0 
25.0 
25.0 
25.0 
25.0 
33.6 
33.6 
33.6 
33.6 
33.6 
33.6 
40.0 
40.0 
40.0 
40.0 
40.0 
44.6 
44.6 
44.6 
44.6 
44.6 
29.8 
29.8 
29.8 
29.8 
29.8 
29.8 
35.0 
35.0 
35.0 
35.0 
35.0 
40.0 
40.0 
40.0 
40.0 
40.0 
20.6 
20.6 
20.6 
20.6 
20.6 
30.2 
30.2 
30.2 
30.2 
30.2 
40.1 
40.1 
40.1 
40.1 
40.1 
40.1 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
15.5 
15.5 
15.5 
15.5 
15.5 
20.6 
20.6 
20.6 
20.6 
20.6 

0.10 
0.20 
0.30 
0.40 
0.50 
0.05 
0.10 
0.18 
0.25 
0.40 
0.50 
0.05 
0.10 
0.20 
0.30 
0.38 
0.05 
0.10 
0.15 
0.20 
0.30 
0.01 
0.025 
0.10 
0.15 
0.25 
0.32 
0.01 
0.05 
0.10 
0.16 
0.25 
0.025 
0.05 
0.10 
0.15 
0.20 
0.10 
0.20 
0.30 
0.40 
0.50 
0.01 
0.10 
0.20 
0.28 
0.35 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.005 
0.015 
0.020 
0.025 
0.030 
0.035 
0.0025 
0.010 
0.015 
0.020 
0.025 
0.001 
0.005 
0.010 
0.015 
0.020 

1.35 
1.86 
2.20 
2.96 
3.60 
1.44 9 3  1 
1.82 
2.62 
3.78 
4.91 
6.08 
1.83 
2.57 
4.52 
6.24 
7.75 
2.36 
3.30 
5.02 
6.48 
9.63 
0.132 
0.268 
0.826 
1.18 
1.86 
2.45 
0.257 
0.696 

9 i  1 

612 

0.7 i 0.6 

1.31 
1.83 
2.96 
0.476 
0.497 
1.54 
2.27 
3.00 
0.404 
0.759 
1.20 
1.65 
2.01 
0.100 
0.885 
1.65 
2.36 
2.88 
0.990 
1.85 
2.68 
3.50 
4.20 
5.15 
0.64 1 
1.48 
2.10 

1.4 i 0.5 

1.4 r 0.3 

-0.3 i 0.3 

10.4 i 0.5 

18.1 i 0.3 

29.7 i 1.2 

7.35 * 0.09 

11.1 i 0.3 

14.2 i 0.2 

4.1 f 0.1 

0.4 i 0.3 8.18 i 0.02 

1.95 i 0.05 16.4 i 0.2 

90 f 70 99 5 3 

2.50 
3.04 
3.61 
0.578 160 i 20 170 I 1 
1.89 
2.75 
3.61 
4.44 
0.481 3100 i 100 240 i 4 
1.58 
2.68 
3.58 
5.05 



AV for Reactions of PtL,(Cl)X with Pyridine 

Table I (Continued) 

Inorganic Chemistry, Vol. 18, No. 9, 1979 2557 

solvent T, "C [ P Y I ,  M 1o3kObsd. S-1 104k,, S-1 103k,, ~ - 1 s - 1  

dichloromethane 29.8 
29.8 
29.8 
29.8 
29.8 
36.9 
36.9 
36.9 
36.9 
36.9 
39.8 
39.8 
39.8 
39.8 
39.8 
39.8 

0.10 
1.00 
2.00 
3.00 
4.00 
1.07 
2.00 
3.00 
4.00 
5.00 
0.50 
1.00 
2.00 
3.00 
4.00 
5.00 

0.036 0.06 I 0.01 0.150 r 0.004 
0.131 
0.313 
0.45 3 
0.060 
0.435 
0.435 
0.710 
0.947 
1.20 
0.122 
0.296 
0.580 
0.909 
1.24 
1.54 

0.3 t 0.2 

0.3 i: 0.1 * 

0.244 k 0.007 

0.315 I 0.003 

methanol 

methanol 

cis~[Pt(p~),(Cl)(NO,)I + PY -+ [Pt(py),NO,]+ + C1- 
0.12 IO.05  25.0 0.05 0.017 

25.0 0.20 0.045 
25.0 0.50 0.110 
25.0 0.75 0.154 
25.0 1.00 0.186 
25.0 1.25 0.241 
25.0 1.50 0.281 
30.1 1.00 0.283 
35.0 1.00 0.385 
40.0 1.00 0.482 

trans-[Pt(PEt,),CI,] + py +. trans-[Pt(PEt,),(Cl)(py)]++ CI- 
25.0 1 .oo 0.260 
30.0 0.05 0.029 -0.1 i: 0.1 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
35.0 
40.0 

0.07 
0.10 
0.30 
0.50 
0.75 
1 .oo 
1 .oo 
1.00 

0.040 
0.053 
0.126 
0.222 
0.402 
0.529 
0.624 
0.825 

0.181 I 0.005 

0.53 i: 0.02 

Table 11. Pressure Dependencies of the Pseudo-First-Order Rate Constants and'volumes of Activation for the Substitution Reactions 
[PtL,(Cl)X] + py + [PtL,(py)X] + + c1- 

~~ ~ 

1O4k,bsd, s-' 

pressure, bar 

substrate solvent T, "C [ p y ] , M  1 250 500 750 1000 1250 1500 cm3mol- 
trans- [Pt(py),(Cl)(NO,)] methanol 

methanol 
methanol 
methanol 
methanol 
nitrome thane 
nitromethane 
ethanol 
ethanol 
dichlorome thane 
dichloromethane 

cis- [ Pt(py),(CI)(NO,)] methanol 
methanol 

trans- [ Pt(PEt,),Cl,] methanol 
methanol 
methanol 

10 0.30 7.06 
25 0.05 2.98 
25 0.10 6.42 
40 0.02 4.72 
40 0.03 6.12 
10 0.05 3.26 
10 0.10 5.36 
25 0.01 1.36 
25 0.02 2.02 
25 1.00 1.21 
25 3.00 3.81 
25 0.50 1.10 
25 1.00 1.86 
25 0.50 1.54 
25 1.00 2.44 
30 0.2OU 1.59 

a Bi was used as a nucleophile instead of py. 

this means to within fO.l OC. n-Heptane was used as the pres- 
sure-transmitting liquid. The conductivity cell" proved to be leak 
resistant up to 1.5 kbar, and no attempt was made to extend the 
pressure range further. 

The reaction of trans-[Pt(PEt,),Cl,] with bromide in methanol was 
followed on a Cary 15 spectrophotometer equipped with a high-pressure 
cell, the detailed design of which has been described previously.Is 

Pseudo-first-order conditions were maintained for each system by 
using at least a tenfold excess of nucleophile (within the concentration 
range 1 X 10-3-5.0 M) compared to a complex concentration range 

7.73 8.88 10.1 
3,32 3.80 4.31 
7.19 7.94 8.63 
5.31 5.78 7.22 
6.90 7.50 8.88 
3.52 3.94 4.09 
6.04 6.50 7.43 
1.78 2.00 2.42 
2.46 2.87 3.55 
1.63 1.93 2.44 
5.20 7.32 9.25 
1.20 1.32 1.40 
2.12 2.21 2.61 
1.93 2.31 2.72 
3.04 3.37 3.83 
2.26 2.84 4.16 

11.7 
5.19 
9.92 
7.93 

4.53 
8.25 . 
2.63 
3.92 
3.09 

1.57 
2.64 
3.30 
5.03 
5.72 

10.6 

12.8 

12.9 

11.7 

12.1 

5.60 

8.88 

5.11 
8.81 
3.25 
5.02 
3.85 

1.70 
3.10 
3.72 
5.77 
7.05 

13.7 

6.08 
12.8 

5.63 

4.95 
4.62 

1.80 
3.21 
4.62 

8.25 

-1 i .6  r 0.3 
-12.2 * 0.6 
-11.6 i. 0.6 
-12.0 i: 0.5 
-13.1 ?r 0.6 

-8.3 i: 0.4 
-8.7 f. 0.3 

-16.3 i: 0.8 
-15.4 i: 0.7 
-20.5 i: 0.4 
-23.9 i: 1.1 

-8.3 I 0.2 
-8.9 i: 0.5 

-16.6 f 0.7 
-16.8 i: 0.8 
-28.4 i: 1.0 

of 5 X 10% X M. The pseudo-first-order rate constants kobsd 
were calculated from the slopes of plots of In ( A ,  - A,) vs. time, where 
A, and A ,  represent the conductivities (absorbances) at time t and 
infinity, respectively. Except for the results for acetone, these plots 
were linear for a t  least 3 half-lives over a pressure range of 1-1500 
bar. The values of kobsd are given in Tables I and 11 as a function 
of temperature and pressure, respectively. 

The volumes of activation were derived from a linear least-squares 
treatment of the In kobsd vs. pressure data. 

Density Measurements. Density measurements of the pure solvents 
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Table 111. Rates and Activation Parameters for the Substitution Reactions of [PtL,(Cl)X] with Pyridine in Different Solvents at 30 "C 

Kotowski, Palmer, and Kelm 

AS, *: A J f L p t 1 ;  f 
substrate solvent 103k,, M-' S-1 AH*:, , kJ mol-' J K'' mol-' cm3 mol- 

trans- [P~(PY),(C~)(NO,)I CH,NO, 7.38 ?: 0.08 55.6 f 5.0 -75 i 12 -6.2 i 0.4' 
CH,OH 7.35 ?: 0.09 49.3 i: 0.8 -94 I 3  -8.8 i 0.6' 
C,H,OH 8.18 f 0.02 51.8 i 0.4 -88 ? 3 -13.1 i 0.8' 

CH,Cl, 0.150 i: 0.001 55.2 i 3.8 -110 i. 10 -19.8 i 1.7b 
cis- [ P~(PY)  ,(CI)(NOz) I CH,OH 0.28 t 0.01 46.8 i 3.8 -129 i 10 -5.5 i 0.5b 
trans- [Pt(PEt,),Cl,] CH,OH 0.53 c 0.02 53.9 i 8.4 -100 i 31 -13.6 i 0.8' 

(CHJzCO 457 i 4c 54.8 ?: 7.8 -43 i 15 

CH  OH^ 0.16 i 0.01 -25.3 i 0.8 

' At 10 "C. ' At 25 "C. This value has been extrapolated to 30 "C. In this reaction Br- was the nucleophile rather than py.  e These 
These values have been corrected for the compressi- values were calculated from the corresponding k ,  values converted into mole fractions. 

bilities of the solvents. 

J 

Figure 1. Exploded view of the high-pressure conductivity cell. 

and their solutions were made with a digital densitometer DMA 02C, 
Anton Paar K.G. The temperature was controlled to within f0.002 
O C .  The apparent molar volumes, $i, were determined from the 
well-known equation 

M 103(d, - 4) $ . = - -  
' do c,do 

where M is the molecular weight of the solute, do and di are the 
densities of the solvent and solution, respectively, and ci is the molar 
concentration of the solute. As $i did not appear to be concentration 
dependent within experimental error, the partial molar volume, Vi, 
was assumed to be equal to the average value of cD:. 

Results and Discussion 
Chemical analysis of the products and potentiometric ti- 

tration of the liberated chloride ion established that, with the 
pyridine concentrations used in this research, the title reaction 
proceeds to completion and may be written as 

cis- or trans-[PtL2(C1)X] + py - 
cis- or trans-[PtL2(py)X]+ + C1- 

This applies to L = py or PEt, and X- = C1- or NOz- for the 
solvents nitromethane, methanol, ethanol, and dichloro- 
methane. 

In acetone, however, the reaction of trans-[Pt(py),(CI)- 
(NO2)] with pyridine reaches an equilibrium. From poten- 
tiometric titrations of the equilibrated reaction solutions a t  
various [py], an equilibrium constant of (7.6 f 0.8) X 
was derived. This value was found to be independent of 
temperature within the range 10-25 OC. Comparable 
equilibria have also been reported for reactions involving 
trans- [Pt(PEt3)2R(C1)] and pyridine in ethanolI9 and 
methanol,20 where R = phenyl, o-tolyl, and mesityl. The rate 
constants listed in Table I for acetone are, therefore, composite 
values of the forward and reverse rate constants. Furthermore, 
Ricevuto et a1.20 reported a nonlinearity of the pseudo-first- 
order kinetic plots for these reactions when followed con- 
ductometrically. We observed a similar behavior for the above 
reaction in acetone and conclude that this is the result of 
ion-pair formation between the product ions. It is well 
documented that most electrolytes are generally highly as- 
sociated in acetone.21s22 As a consequence, we believe that both 
equlibrium and ion-pairing effects are operative in acetone, 
and, therefore, no attempt was made to investigate the pressure 
dependence of the rate constants in this solvent. Ion-pair 
formation between [Pt(py),NOzlC and C1- was not detected 
in CH2CI2, despite its lou dielectric constant. 

From the data given in Table I1 it can be seen that the same 
volumes of activation are obtained, within experimental error, 
for a given reaction in the same solvent at different [py]. This 
substantiates earlier findings2s3 on similar systems where k2[Y]  
was found to far exceed k , .  In addition, the AV.",,,,, values 
are insensitive to temperature within the limits shown in Table 
I1 so that all these values may be freely compared. 

The rate constants and averaged activation parameters for 
all the reactions studied here are summarized in Table 111. 
The rate constants for the reaction of trans-[Pt(py),(Cl)- 
(NO2)] in the dipolar aprotic solvent CH3N02 and the protic 
solvents C H 3 0 H  and C2H50H are similar, which is consistent 
with the findings of Parker,23 who suggested that due to the 
basicity of the transition state in platinum chemistry, the 
various solvent effects tend to counteract each other. Nev- 
ertheless, in the remaining two dipolar aprotic solvents the 
reaction rate varies significantly, indicating that specific 
solute-solvent interactions are also important. 

The conventional activation parameters, A p 2  and AS*2, 
show no marked variation with solvent or with the character 
of the substrate. The AH$, values are relatively small, 
compensating for the highly negative ASt2 values, both of 
which have been considered in the past as characteristic of an 
associative reaction.24 The negative entropies of activation 
were qualitatively ascribed to an increase in coordination 
number in the transition state, rather than being due to 
solvation effects.24 However, no quantitative explanation of 
the magnitude of these values could be made; Le., no cor- 
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Figure 2. Plot of APelptl (cm3 mol-I) vs. the solvent electrostriction 
parameter, qp (bar-I). 

relation between AS* and the nature of the reactants, their 
charges, or the nature of the medium appears to exist. The 
trends shown in AV,,,,, (Table 111) are, on the other hand, 
clear and very significant, especially when the greater ex- 
perimental certainty of these values, as compared to the 
corresponding aStZ values, is taken into account. It is therefore 
apparent that the type of linear relationship between AV and 
AS* p~stulated,~ for various reactions of octahedral complexes 
does not exist here and that, potentially, AVeXptl contains more 
explicit information as to the intimate nature of the reaction 
mechanism and the associated interactions than does AStZ. 

The AV,,,,, values for the reaction of trans- [Pt(py),- 
(C1)(NOz)] with pyridine were measured in four solvents: 
CH3N02, CH30H, C,H50H, and CH2ClZ. It should be noted 
that the range of solvents amenable to this study was restricted 
mainly by the poor solubility of the complex in the more 
nonpolar solvents and in HzO and by the occurrence of a stable 
solvent-containing complex in many of the polar solvents, such 
as Me2S0 and DMF. The difficulties encountered with 
acetone as the reaction medium have already been outlined. 
These restrictions notwithstanding, the data may be treated 
within the concept’ that AVe,,,l = AV,,,, + AVsOlv, where 
AV,,,, represents the mechanistically diagnostic term involving 
changes in bond lengths and angles (in this case, the formation 
of the Pt-py bond) during the activation step, while AV,,,, 
results from the concurrent changes in solvation. Given a 
parameter, f(solv), which successfully describes AVsolv, a 
simple plot of AVexPtl vs. f(s01v) will yield an intercept of 
AVlntrr Le., the volume change in a hypothetical nonsolvating 
medium. The solvent parameter most widely used in organic 
chernistryl0J1 is obtained from the pressure derivative of the 
Kirkwood equation,26 in other words, the parameter qp which 
basically describes the solvent in terms of the pressure de- 
pendence of its dielectric constant (bt/bP). Although another 
“empirical” parameter-the pressure derivative of the sol- 
vatochromic shift of various zwitterions-has been used on 
several occasions,z7~z8 this treatment was recently c r i t i c i ~ e d . ~ ~  

The plot of AVexpt1 vs. qp (=(3/(2e + l)z)(Se/SP)T) is il- 
lustrated in Figure 2. The relationship is indeed linear with 
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an intercept, AV,,,,, of -4 f 1 cm3 mol-’ which, from the 
standpoint of the sign alone, is indicative of an associative 
process. The absolute value, corresponding to Pt-py bond 
formation, is slightly less than the general order of magnitude 
anticipated for bond formation of -5 to -10 cm3 mol-’ for this 
type of reaction.’ 

An oversimplified way of calculating AVlntr is to consider 
the volume swept out by the Pt(I1) metal center and the 
nitrogen of the pyridine as they approach one another from 
a distance corresponding to the sum of their van der Waals 
radii3] to a distance of closest approach, namely, the sum of 
their covalent radii.3z This rather crude model results in a 
AVint, of -6.8 cm3 mol-’ for complete bond formation in the 
transition state. Although it may be argued that the volume 
swept out should also include carbon atoms 2 and 6, this 
treatment at  least provides a minimum value for AVlnw. Thus 
the Pt-py bond appears to be partially formed in these re- 
actions, corresponding to an asynchronous process with the 
transition state lying between the reactants and the five-co- 
ordinate intermediate having the highest energy. 

In the analogous reaction or [Pt(dien)Br]+ with pyridine 
in water,30 where the ordered structure of water and the effect 
of electrostriction exerted by the complex may be expected 
to minimize the solvation contributions, AVexptl was found to 
be -7.7 f 0.5 cm3 mol-‘, which is in keeping with the above 
value of AV,,,,. 

The values of AVsolv can now be estimated to be -2, -5, -9, 
and -16 cm3 mol-’ for the reaction of trans-[Pt(py),(Cl)- 
(NO,)] with pyridine in CH3N02,  C H 3 0 H ,  CzHSOH, and 
CHZCl2, respectively. Thus, contrary to the conclusions drawn 
from the ASS2 values, solvation does play an important role 
in these reactions. The compliance of these AVsolv contri- 
butions with the Kirkwood correlation establishes that either 
a large change in polarity or charge formation occurs during 
the activation step. However, as both reactant species are 
uncharged and because the dipole moment of the trans 
complex must be small, possibly 2-3 D, it must be concluded 
that the transition state is highly polar. Consequently, as- 
suming that the solvation effects stem from an increase in 
dipole-solvent interaction, the five-coordinate transition state 
must be a distorted trigonal bipyramid with the direction of 
dipole corresponding to the resultant of the NOz-Pt-C1 angle 
within the trigonal plane. 

The slope of the line in Figurk 2 is given by - ( N L C p f z /  
Crf3),  where firL is Loschmidt’s number, Cpi is the sum of 
the dipole moments of the transition state and reactants, and 
Cr, is the sum of the corresponding radii. As a first ap- 
proximation the bulk volume of the species [Pt(py)3(C1)(N02)] 
can be estimated from molecular models to be 212 A3, for 
which an average radius of 3.7 A for a spherical body can be 
calculated. From the given slope and radius the dipole moment 
of the transition state can be determined at  ca. 11 D. In 
keeping with this concept of the origin of AV.”,,,,, the cis- 
[Pt(py),(Cl)(NO,)] complex can be expected to possess a large 
dipole moment (cf. dipole moment for ~ is - [P t (PEt~)~Cl , ]  is 
10.7 DI3) so that the change in this property should be 
minimal. AV,,~, must, therefore, be small and certainly far 
less negative than that which was observed for the corre- 
sponding trans isomer. As shown in Table 111, Av‘,,,,, in 
methanol is -5.5 f 0.5 cm3 mol-’, whereby the AV,,lv con- 
tribution is only 1.5 f 1.5 cm3 mol-’. The trans-[Pt(PEt3)2C1,] 
complex, on the other hand, has no dipole moment,13 implying 
that A ~ , , , ,  for the reaction with pyridine would be more 
negative than that for the reaction involving trans- [Pt- 
(py),(Cl)(NO,)]. AVexpt1 for the former is -13.6 f 0.8 cm3 
mol-’; Le., Av‘,,,, = -9.6 f 1.8 cm3 mol-]. 

Perhaps the most surprising result listed in Table I11 is the 
value of AVeXptl of -25.3 f 1.0 cm3 mol-’ for the reaction of 
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trans- [Pt(PEt3)2C12] with Br- in methanol. This particular 
reaction was studied earlier by Taylor and H a t h a ~ a y ~ ~  in 
absolute methanol and methanol-water (60% water) for which 
AVexptl values of -27 f 3 and -28 f 3 cm3 mol-’, respectively, 
were reported, in obvious agreement with our datum. Al- 
though AVintr for this reaction may be somewhat more 
negative than -4 cm3 mol-’ because of the larger radius of the 
bromide ion, it must be assumed that AV,,,, is mainly re- 
sponsible for such a large negative AV‘,,,,~ value. We must 
conclude that in the partially formed Pt-Br bond the bulk of 
the negative charge resides on the bromide ligand thereby 
considerably enhancing the dipole moment of the activated 
species giving rise to a large negative AVsolv term. The loosely 
bound bromide presumably exerts an electrostrictive influence 
on the solvent comparable to that of the free ion. Otherwise, 
a reduction in the degree of electrostriction around the bromide 
would offset the large increase in the solvation of the substrate. 
This explanation of Av‘,,,,, is preferred over the proposed 
argument33 that the reaction mechanism involves simultaneous 
Pt-Br bond formation and strengthening of a Pt-MeOH bond. 
The latter postulate involves a six-coordinate transition state 
which, among other properties, would not show the same 
correlation with the Kirkwood treatment as was observed here; 
i.e., the formation of a Pt-py bond to give a six-coordinate 
transition state would not lead to a significant change in the 
dipole moment of the substrate or in any other property which 
could account for the solvent dependence of Av‘,,,,,. 

A general feature of all these reactions is that Av‘,,,,, is 
pressure independent at  least up to 1.5 kbar. This is consistent 
with a process involving merely a contraction of the existing 
solvation layers rather than a complete rearrangement of the 
solvent as was the case in the Menschutkin reaction for ex- 
ample.’0,’ ’ 

Finally, although these Pt( 11) complexes and their reaction 
products were generally too insoluble to allow accurate 
measurements of their partial molar volumes to be made, a 
value could be obtained for trans-[Pt(py),(C1)(NO2)] in 
dichloromethane of 196.8 f 1.2 cm3 mol-’ at  25 “C. Thus, 
with the measured partial molar volume of pyridine in CH2C12 
a t  25 “C of 80.8 f 1.1 cm3 mol-’ and the appropriate AV‘exptl 
value, the partial molar volume of the transition state, [Pt- 
(py)3(C1)(N0,)], can be calculated30 to be 255.4 f 4.0 cm3 
mol-’. Naturally it would be of considerable interest to obtain 
the partial molar volume of the transition state in the re- 
maining solvents as we have proposed that the solvation effects 
are virtually all to be seen in the transition state. At the 
present time, it can only be stated that the partial molar 
volume of pyridine varies only slightly with the solvent; e.g., 
in CH3N02,  C H 3 0 H ,  C2H,0H, and CH2Cl, the respective 
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volumes are 78.0 f 0.5, 78.6 f 0.5, 79.0 f 0.5, and 80.8 f 
1.1 cm3 mol-’. 
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Core- and valence-level X-ray photoemission spectra of three iron phthalocyanines (monomer, dimer, and polymer) are  
interpreted and related with the catalytic activity of these compounds in the electrochemical reduction of oxygen. EPR 
data  a re  also reported for the three species. The  iron spin and oxidation state, the electron delocalization in the organic 
ligand, and the covalent character of the Fe-02 bond are  found to be important factors in the catalytic proces.  

I. Introduction 
The questions raised by the reactivity with oxygen of 

phthalocyanine or hemoglobin structures are of interest to 

biochemistry as well as to electrochemistry concerned with air 
cathodes. In this way, Collmanl reported that the free enthalpy 
change during oxygen adsorption on hemoglobin was 16 kcal 
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