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At concentrations greater than 7 X M in carbon di- 
sulfide, new signals appear in the EPR spectrum of ((TPP)- 
Fe)2N at g = 2.12 and 2.04 (Figure 2). The g = 2.01 signal 
is more intense relative to the 2.15 signal than in the spectrum 
recorded on lower concentration samples. Also, a broad 
shoulder is observed on the low-field side of the g = 2.15 signal. 
The spectrum obtained for the new species by subtracting the 
powder pattern of the species observed at low concentrations 
(with the assumption that the g = 2.15 signal is entirely due 
to the latter species) is shown in Figure 3. The resulting 
powder pattern is similar to that expected for a simple rhombic 
(g = 2.12, g = 2.04, and g = 2.01) system, except for the broad 
shoulder near g = 2.20. These new signals which are observed 
at high concentrations are similar to (although not identical 
with) those reported in our preliminary EPR study of ((TP- 
P)Fe)2N.1*13 The details of the appearance of the EPR 
spectrum of ((TPP)Fe)2N at high cncentrations in carbon 
disulfide are quite sensitive to the exact concentration and rate 
of cooling. Some solute precipitation and aggregation are 
apparent upon freezing the nearly saturated solutions. In all 
of the preparations at high concentration, a signal is observed 
at g = 4.14. This signal is characteristic of a triplet species 
and suggests that the new signals which appear in the EPR 
spectrum are due to ((TPP)Fe)2N molecules which form ag- 
gregates in which first-order magnetic interactions occur be- 
tween two of the S = 1 /2  spin centers. 

We have attempted to determine the separation and relative 
orientation of the interacting molecules in the aggregate unit 
by performing computer simulations of the triplet EPR 
spectrum using the theoretical procedures developed by Smith 
and Pilbrow'"'* to describe two coupled S = 1 /2  spin centers. 
Unfortunately, the separation and relative orientation for the 
two spin centers cannot be determined unambiguously. The 
computer simulations do show, however, that the Am, = 2 
transition of the triplet species can only be calculated at the 
observed value of g = 4.14 if the g tensor of each of the 
interacting molecules is rhombic with the values g = 2.12, g 
= 2.04, and g = 2.01 (Figure 3). Interactions between two 
spin centers with axially symmetric g tensors (gl = 2.15 and 
g,, = 2.01) or between one molecule with the axially symmetric 
g tensor and another with the rhombic tensor result in cal- 
culated Ams = 2 transitions at g = 4.27 and g = 4.21, re- 
spectively. 

The lowering of the symmetry of the g tensor from axial 
to rhombic which occurs in the interacting ((TPP)Fe)2N 
molecules suggests that there is a weak electrostatic interaction 
between the molecules in the oligomeric unit, in addition to 
the magnetic dipole-dipole coupling which results in the triplet 
EPR signal. Although our computer simulations of the triplet 
spectrum do not allow the unambiguous determination of the 
relative orientation of the two molecules, certain geometries 
would seem to be more consistent with the rhombicity in the 
g tensor. For example, the interactions between the phenyl 
groups on neighboring molecules situated side-by-side or 
side-by-side and rotated 90' with respect to one another could 
result in a slight distortion of the Fe-N-Fe linkage from 
linearity. Such a distortion would break the degeneracy of 
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the el molecular orbitals' and mix d, (dYz) character into the 
al  (dz) orbital which contains the unpaired electron, resulting 
in a rhombic g tensor. A separation between the bridging 
nitrogen atoms on adjacent molecules in a side-by-side 
structure of -9 A would be close enough for substantial steric 
interactions to occur.4 A simple stacked structure would seem 
to be less likely since this structure would not maintain the 
symmetry between the halves of the unit were the constituents 
to have a rhombic g tensor. The fact that simple monomeric 
tetraphenylporphyrins do not form dimeric species in solution 
also suggests that a stacked structure is ~n l ike ly . '~ - '~  Pre- 
sumably, the bulky phenyl groups prevent the face-to-face 
approach of the porphyrin macrocycles. Thus, the structural 
features which are unique to the ((TPP)Fe)*N unit must be 
the dominant factor in the interaction rather than features 
which are common to both simple monomeric and dimeric 
tetraphenylporphyrins. 
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The earliest' kinetic measurements of the reactions of Co- 
(CN)50H2- with N3- or SCN- yielded pseudo-first-order rate 
constants, koM, that varied with the anion concentration, [X-1, 
according to eq 1 .  At 40.0 OC and ionic strength 1.0 M 

(1) 

(NaC104), values of kl and k2/k3 were 1.4 X s-' and 1.7 
M, respectively, for N3- (pH 6.4) and 2.0 X s-' and 3.9 
M, respectively, for SCN- (pH 3.4).* The functional de- 
pendence of koW with respect to [X-] and the reasonable 
agreement between the values of kl for the azide and thio- 
cyanate systems were interpreted on the basis of an SN1 
mechanism for the reactions under consideration.' 

kobsd = k,[X-I/((k2/k3) + IX-1) 

(1 )  Haim, A.; Wilmarth, W. K. Inorg. Chem. 1962, I ,  573. 
(2) The values of k ,  and k 2 / k 3  given in the present paper differ from those 

given in ref 1 .  The values reported in ref 1 had been obtained by a 
graphical procedure. The values reported in the present paper were 
obtained by nonlinear least-squares calculation. 
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More r e~en t ly ,~  in connection with some photosubstitution 
studies of CO(CN)~OH?-, the thermal reaction with N3- was 
briefly studied. The measurements, carried out at  25 OC, pH 
8, and ionic strength 1 .O M, yielded pseudo-first-order rate 
constants that exhibited the functional dependence of eq 1 with 
kl  = 3.5 X lo4 s-l and k21k3 = 3.0 M.3 

Very r e ~ e n t l y , ~  the reactions of C O ( C N ) ~ O H ~ ~ -  with N3- 
and SCN- were studied in detail. These studies yielded a 
functional dependence of kobad upon [SCN-] given by eq 1 with 
kl = 2.3 X s-l and k21k3 = 3.7 M. However, a first-order 
dependence of koM upon [N3-] was obtained, k d  = k[N3-], 
with k = (6.62 f 0.13) X lo4 M-' s-l at  40.0 OC, ionic 
strength 1.0 M, and pH 6.4 (0.01 M phosphate). Since the 
mechanistic interpretation of the original data' depends 
critically on a less than a first-order dependence with respect 
to [N3-], new kinetic measurements of the CO(CN)~OH~--N~-  
reaction have been carried out and are reported herein. 
Experimental Section 

Materials. Sodium perchlorate (G. F. Smith) and sodium azide 
(Fisher) were recrystallized twice from water. The house-distilled 
water was deionized and then distilled in a modified (all-glass) Corning 
Model AGlB apparatus. KJCO(CN)~CI] was prepared by reaction 
of [ C O ( N H ~ ) ~ C I ] C ~ ~  with the stoichiometric amount of potassium 
cyanide. Aquation of Co(CN)&13 yielded a solution of CO- 
(CN)50H2- with a molar absorbance of 279 M-' cm-l at 380 nm. 
K ~ [ C O ~ O ~ ( C N ) ~ ~ ] ~ H ~ O  was prepared as de~cribed.~ Aquation of 
Co202(CN)lo6 in the presence of the theoretical amount of HCl 
followed by decomposition of the Hz02 produced by heating at 50 
OC for -3 h' yielded a solution of CO(CN)~OH?- with a molar 
absorbance of 260 M-' cm-l at 380 nm. 

Kinetic Measurements. Solutions containing the desired amounts 
of pH 6.86 phosphate buffer, sodium perchlorate, and sodium azide 
were placed in a constant-temperature bath at 40.0 "C. After tem- 
perature equilibration, the desired volume of a solution of Co- 
(CN)50H22- at 40.0 OC was added. The resulting solution, which 
was 0.020 M in total phosphate, -8 X lo-' M in CO(CN)~OH~;-, 
0.24.9 M in NaN,, and had enough sodium perchlorate to maintain 
a 1 .OO M ionic strength, was transferred rapidly to a l-cm cell in the 
thermostated (40.0 "C) cell compartment of a Cary 118 spectro- 
photometer. A continuous recording of the absorbance vs. time at 
380 nm was obtained for a period of - 15-20 half-lives. The analogue 
absorbance vs. time data were digitized with a 9864A Hewlett-Packard 
digitizer and then processed in a 9820 Hewlett-Packard calculator 
by one or both of two procedures. One was a linear least-squares 
procedure that utilized a fixed A, value to obtain k M  from the 
function In (A, - A,) = In (Ao - A,) - kobdt. The other procedure 
floated A, so that the A, vs. t data gave the best fit to the In (A,  - 
A,) = In (Ao - A,) - koMr equation, and calculated the least-squares 
value of koM. 
Results and Discussion 

In the first set of measurements the Co(CN),OH?- solution 
was prepared by aquation of C O ( C N ) ~ C ~ ~ - .  Each individual 
kinetic run obeyed good first-order kinetics, e.g., plots of In 
(A, - A,) vs. t, with A, measured after 8-10 half-lives were 
linear for at least 3 half-lives. For each run, the absorbance 
after about 8 half-lives changed only very slowly. For example, 
with [N3-] = 0.774 M, the absorbances after 100oO s (-8t1p), 
13000s (-10t1/2!, and 23000s (-17tIl2) were0.580, 0.581, 
and 0.583, respectively. Moreover, the value of A, which gave 
the best linear fit of In (A, - A,) vs. t was 0.580. Values of 
kM obtained by fixing A, at the absorbance value after 8-10 
half-lives (these fixed A, values agreed within 0.002 absor- 
bance units with the values obtained by floating A,) are listed 
in Table I and plotted in Figure 1 (filled circles). It will be 
seen that koM varies lineary with [N3-]. A linear least-squares 
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Table I. Pseudo-First-Order Rate Constants for the Reaction of 
Co(CN),OH,*- with N, a 

[N3'], M 104k0b,d,b s-' [NB-], M 104k0bsd,C s-' 

0.221 1.50 0.221 1.50 
0.319 2.69 0.403 2.53 
0.566 3.96 0.616 3.15 
0.700 4.83 0.114 4.24 

0.854 4.95 
0.903 5.01 

0.114 5.19 
0.197 5.19 
0.904 6.16 
0.909 6.11 

At 40.0 "C, 0.020 M phosphate buffer pH 6.86, ionic strength 
1.00 M (sodium perchlorate), [Co(CN),OHza-] = 8,x lo-' M. 

Co(CN),OH,*- prepared by aquation of Co(CN),C13-. 
Co(CN),OH," prepared by acid hydrolysis of CO,CO,(CN),,~- 

with the stoichiometric amount of HCl followed by heating at 50 
"C for 3 h. 
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Hgure 1. Observed rate constants at 40.0 OC and ionic strength 1.00 
M vs. azide ion concentration: (closed circles) present work with 
CO(CN)~OH?- prepared from CO(CN)~CI~; (closed squares) work 
from ref 4; (open circles) present work with CO(CN)~OH~- prepared 
from C O ~ O ~ ( C N ) ~ ~ ~ ;  (open squares) work from ref 1. 

treatment of the kow vs. [N3-] data gave a slope of (6.69 f 
0.14) X M-' s-I if the intercept was allowed to float 
(intercept was (4.6 f 9.6) X 10" s-l) and a slope of (6.76 f 
0.08) X lo4 M-' s-' if the intercept was fmed at 0. The results 
agree well with those of Burnett and Gilfillan4 as can be seen 
by comparing the filled circles (present work) and the filled 
squares4 in Figure 1 and also by comparing the reported4 
second-order rate constant (6.62 f 0.13) X lo4 M-l s-l with 
the value obtaned in the present work (6.76 f 0.18) X lo4 
M-' s-l (fmed 0 intercept). Since the original' measurements 
(Figure 1, open squares) did not exhibit a first-order depen- 
dence with respect to [N3-], a second set of measurements was 
carried out in an attempt to elucidate possible reasons for the 
discrepancy between the original and the present measure- 
ments. In this set, C O ( C N ) ~ O H ~ ~ -  solutions were prepared, 
as was done in the original work,l by acid aquation of 
C O ~ O ~ ( C N ) ~ ~ ~  followed by heating the solution at 50 OC for 
N 3 h to decompose the hydrogen peroxide produced. For each 
run in this set, the absorbance continued increasing after 8-10 
half-lives. For example, with [N3-] = 0.854 M, the absor- 
bances at  10000 s (-7t1/2), 15000 ( - l l t l12) ,  and 25000 s 
(- l8tIl2) were 0.572, 0.580, and 0.582, respectively. 
Moreover, treatment of the A, vs. t data with the program that 
floats A, gave a value of A, of 0.569. With [N3-] = 0.221, 
the absorbances at 38 000 s ( - 8 t I p )  and 78 000 s (- l6tlp) 
were 0.535 and 0.545, respectively, while the floated value of 
A, was 0.525. Moreover, tailing in the absorbance vs. time 
traces was clearly discernible after about 4 half-lives. Evi- 
dently, the solutions of C O ( C N ) ~ O H ~ ~ -  prepared from 
Co202(CN) contain a slowly reacting component, pre- 
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Figure 2. In (A,  - A,) vs. time plot for the CO(CN)~OH?--N~- 
reaction at 40.0 OC, [N3-] = 0.403 M, pH 6.86, Co(CN),OHZ2- 
prepared from CO~O~(CN)~, ,~ .  

sumably the polymeric pentacyanocobaltate(II1) produced on 
heating concentrated solutions of the m o n ~ m e r . ~ . ~  The lower 
molar absorbance of CO(CN),OH~~-  solutions prepared from 

as compared to CO(CN) ,OH~~-  solutions 
prepared from Co(CN),C13- is indicative of the presence of 
the polymeric species.5 The tailing noted above would not have 
been observed in the earlier' work (if indeed such tailing 
obtained) because a manual spectrophotometer and a point- 
sampling technique were utilized: five to six samples were 
withdrawn during the first 2 half-lives, the "infinity" absor- 
bance was measured after 8-10 half-lives, and the slopes of 
the In ( A ,  - A,) vs. t plots were estimated by a graphic pro- 
cedure. In fact, if the present measurements are processed 
by a similar procedure, namely, least-squares fitting of In ( A ,  
- A,) vs. t data during 2 half-lives utilizing a fixed A ,  value 
measured after 8-10 half-lives, excellent first-order plots are 
obtained (Figure 2). The s l o p  of these plots give kobsd values 
(listed in column 4 of Table I) in agreement with those re- 
ported earlier.' (Compare the open circles, present work, with 
the open squares, earlier work, in Figure 1.) 

Although the earlier results' can be reproduced if the same 
preparations and methods for treating the data are followed, 
the present data obtained with samples of CO(CN),OH,~- 
prepared from Co(CN),Cl% and the new results4 obtained with 
Co(CN),OH$- prepared from Co(CN):- almost certainly 
represent the intrinsic CO(CN),OH~~--N< reaction. There- 
fore, it must be concluded, as Burnett and Gilfillan4 did, that 
the reaction is first order in azide. Presumably, the deviations 
from first-order behavior in azide observed in the earlier work' 
and in the present work with samples prepared from Co202- 
(CN)lo6- are associated with the presence of the polymeric 
pentacyanocobaltate(II1) species in the reacting solutions. 
However, there are some unanswered questions. Even with 
samples of Co(CN),OH$- prepared by photolysis of Co- 
(CN)63-, a procedure that appears to produce pure ~amples,~-'O 
both first-order4 and less than first-order3 kinetics with respect 
to azide ion have been reported. Moreover, the reaction of 
Co(CN),OH?- with SCN- studied with samples prepared 

~ ~ 
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1%&: 28, 2589. 

(9) Wrighton, M.; Bredesen, D. Inorg. Chem. 1973, 12, 1707. 
(10) However, note that molar absorbances 301 and 260 M-I cm-I at 380 

nm are reported for CO(CN)~OH,~-  prepared by photolysis of Co- 
(CN)& ref 4.  Nishazawa, M.; Ford, P. C. Inorg. Chem. 1981, 20, 
294. 

from either C o 2 0 z ( C N ) , ~ - '  or from C O ( C N ) ~ ~ - ~  exhibits in 
both cases the functional dependence of eq 1." Evidently, 
additional work is necessary. However, since the functional 
dependence given by eq 1 for the Co(CN),0H?--N3- reaction 
was of essence in the assignment of an SN1 mechanism to 
substitution reactions of pentacyanocobaltate(II1) complexes,' 
with the finding of a first-order reaction with respect to N3-, 
the question of the mechanism of these reactions must be 
regarded as unsettled by the kinetic measurements. On the 
basis of measurements of volumes of activation12 and of linear 
free energy considerations$ it seems clear that a dissociative 
mechanism obtains, but whether a genuine, long-lived penta- 
coordinate intermediate is present in the spontaneous sub- 
stitution reactions remains an open question. Intermediates 
are apparently present in the assisted13J4 substitution reactions 
of CO(CN),N,~- (by H+ and by NO'), but preliminary 
measurements of competition ratios suggest different inter- 
mediates for different reactions. Still different intermediates 
appear to be formed in the photochemical reactions of Co- 
(CN)63-73'5 and C O ( C N ) , O H ~ ~ - . ~ , ~  In this context, it is 
noteworthy that a common pentacoordinate intermediate has 
been excluded in the spontaneous aquations of penta- 
amminecobalt(II1) complexes16 and that the question of a 
common intermediate in their assisted aquations is highly 
controversial. 17-19 
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In recent years it has become evident that there is a class 
of dinuclear compounds of platinum(II1) containing metal- 
metal bonds comparable to those of rhodium(II),' although 
it is not yet clear whether this class of Pt1112 species will be 
as extensive as the rhodium group. Thus far only a few have 
been identified conclusively by X-ray crystallography. These 
are K2 [Ptz(S04)4(H20) 21 (1 1, [Pt2(02CCF3) 2(CH3)4(p- 
CH3CsH4N)2I3 (2), [ ( H ~ O ) ( N H ~ ) ~ P ~ ( C S H ~ N ~ ) , P ~ ( N H , ) , -  

(1) Cotton, F. A.; Walton, R. A. 'Multiple Bonds between Metal Atoms"; 
Wiley: New York, 1982; Chapter 8. 
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