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Due to the insolubility of both metal ions and porphyrins 
in many common solvents, the available data on substitution 
reactions of one metal ion for another coordinated in the 
porphyrin macrocycle have been mainly limited to studies 
using pyridine as the reaction  medium.'^^ Such results are 
difficult to interpret owing to the lack of knowledge of metal 
ion species present in hot pyridine. No exchange reactions 
between zinc and zinc porphyrins, which could elucidate the 
features of such substitution processes, have been p ~ b l i s h e d . ~  

The synthetic derivative tetrakis(N-methyltetrapyridy1)- 
porphine (TMTPyP), however, is soluble from below pH 0 
to above pH 14 and is monomeric in aqueous s o l u t i ~ n . ~ ~ ~  
These favorable properties have led to widespread interest 
in the coordination, kinetic, and equilibrium behavior of 
this ligand and its metal complexesS6 

ZnTMTPyP (in aqueous solution) and in other zinc por- 
phyrins (in pyridine). Results of studies of thc exchange 
reaction of zinc with zinc porphyrins in aqueous and non- 
aqueous media are also described. 

Experimental Section 

synthesized by literature ZnTMTPyP(tosylate), could 
be made by refluxing zinc tetrapyridylporphine (Mad River Chemical 
Co., Yellow Springs, Ohio) in DMF with methyl p-toluenesulfonate 
for 3 hr and filtering off the purple precipitate after cooling. The 
adduct was washed with benzene and vacuum dried. 
spectra of the complexes of TMTPyP were similar to  those reported 
for tetrapyridylporphine.6 

Exchange Reactions. The exchange reaction Zn-Zn*TMTPyP 
a’as followed using 6jZn incorporated into the porphyrin. Samples 
of the reaction mixture at 52“ were rapidly brought to room tem- 
pcraturc and dividcd into portions labeled “before” and “after.” 
NaC10, (3.0 M) containing lo-’ M Zn(NO,), at pH 6 was added to 
the “after” samples to precipitate ZnTMTPyP(ClO,),. This was 
allowed to settle, spun down, and reprecipitated twice again. The 
“after” and “before” samples were made 3.0 M in H,SO, and counted, 
and the absorption spectra were determined. Due to loss of por- 
phyrin in the extraction process, the “after” samples had a lower 
optical density at 639 nm than the “before” samples. This ratio was 
used to correct the “after” counts for loss of total porphyrin, which 
amounted to 7-108. The absorption spectra and counts per minute 
of blank determinations of samples heated to  55” did not change 
within 3 days. When treated with 0.1 M HCI, 99% of Zn* was re- 
moved from Zn*TMTPyP by the extraction procedure. 

(Zn*TPP), studied in pyridine at 114”, samples were cooled rapidly 
to room temperature. 
taken up in trichloroethylene, extracted with water containing 10.’ 
,M Zn(NO,),. dried over Ka,SO,, and counted. 

We report kinetics of the substitution of Cu2+ for zinc in 

General Procedures. TMTPyP and its metal complexes were 

The absorption 

For the exchange reactions of zinc with zinc tetraphenylporphine 

Aliquots were evaporated to remove pyridine, 

Substitution Reactions in Pyridine. The kinetics of the substitu- 
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Table I. Kinetic Data for the Replacement of Zn2+ in ZnTMTPyP 
by Cu2+ in Aqueous Solution (p = 2.0 (NaNO,)) 

1 0 3 k o b s ~ , ~ 1 0 z [ C ~ 2 + ] ,  10ZIZnZ+], min-’ Temp, 

22.5 15.2 3.55 14.8 48.9 
14.6 10.0 3.85 14.6 
11.3 8.00 3.85 14.1 
6.09 4.00 4.13 15.2 
3.18 2.00 4.40 15.7 

14.6 10.0 10.0 3.92 14.6 
14.3 10.0 1.00 3.87 14.3 
8.45 6.00 3.00 14.1 
9.87 6.00 4.08 16.4 
4.51 3.20 4.33 14.3 
4.80 3.20 4.31 15.0 

min- M M pHb M-’ “ C  

32.3 15.2 3.85 21.2 53.8 
21.9 10.0 3.72 21.9 53.8 
41.5 10.0 3.84 41.9 58.6 

a [ZnTMTPyP] = 2.5 X lo-’ F for all entries except no 10, which 
was 6.25 X l o ”  F.  b pH measured at  23”. 

tion of Cu(OAc), into zinc porphyrins were run in refluxing pyridine 
(1 14”). Samples were withdrawn, evaporated, dissolved in trichloro- 
ethylene, extracted with water, filtered over Na,SO,, and made 3.0 
M in pyridine. Knowledge of the extinction coefficients of the zinc 
and copper porphyrins at two wavelengths allowed a calculation of 
the fraction of zinc replaced by copper as a function of time. 

Results 

philic substitution of Cu2+ for Zn2+ in ZnTMTPyP was stud- 
ied from 45 to 55” in aqueous solution from pH 3.0 to 4.4 
at an ionic strength of 2.0 (NaNO,). 
Cu” + ZnTMTPyP + CuTMTPyP + ZnZ+ 

As shown in Table I the rate was first order in total por- 
phyrin over a threefold range and first order in total copper 
over a sevenfold dilution. The observed rate was independent 
of added zinc in concentrations equal to or tenfold less than 
the copper concentration. The rate was pH independent 
from pH 3.0 to 4.4, with a second-order rate constant of 
(14.8 5 0.4) X F-’ min-’ at 48.9”. The activation pa- 
rameters for reaction l were AH* = 15.2 2 0.8 kcal/mol and 

Cu-ZnTMTPyP Reactions. The kinetics of the electro- 

(1) 

= 25 k 4 eu. 
The absorption spectra of ZnTMTPyP at 55” did not change 

by more than 1% after 20 hr of observations, indicating no 
solvolysis to the free base form. With 0.1 F Zn2+ and Cu- 
TMTPyP at 55”, p = 2.0 (NaN03), no reaction was found 
after 20 hr. Both Ni2+ (1.8 F,  p = 4.0) and Co2+ (0.4 F,  p = 
2.0) were heated for 15 hr with ZnTMTPyP. No reaction 
was noted in either case. 

during the course of the reaction of H+ with ZnTMTPyP, a 
protonated zinc-containing intermediate formed that would 
react with Cu2+ to produce CuTMTPyP. The rates and pH 
dependence of the following reactions are known:’ Zn- 
TMTF‘yP, Cu-TMTPyP, and H+-ZnTMTPyP.* Also, Cu2+ 
does not react with the mono- or dication forms of TMTPyP. 
At pH 0 and 1, the results were consistent with CuTMTPyP 
being produced only by way of the free base TMTPyP. 

effect of porphyrin basicity on the substitution of copper 
for zinc in zinc porphyrins, studies were run with various 
zinc porphyrins and CU(OAC)~ in refluxing pyridine (1 14’). 

Several experiments were run to  determine whether, 

Copper-Zinc Porphyrin Reactions. To determine the 
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Notes 

Table 11. Relative Rates for the Substitution of Cu(OAc), for 
Znz+ in Zinc Porphyrins in Refluxing Pyridine 
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first-order behavior in porphyrins, a lack of appreciable Zn2+ 
inhibition, and a rate decreasing with increasing pH." The 
rate tends toward a limiting value dependent on pH with an 
increase in Cu'+ concentration. While the author favors the 
rate-limiting dissociation ZnPH' = Zn" + HP- followed by 
Cuz+ incorporation into HP- rather than the direct displace- 
ment mechanism postulated above, no strong evidence is 
advanced that both mechanisms do not in fact operate simul- 
taneously. 

The reactions Zn-CdTPP and Zn-HgTPP studied in pyridine 
have simple bimolecular rate laws with the cadmium reaction 
about 30 times slower than that of mercury.2 Coupled with 
the observations that the Cu-ZnP rates increase with a de- 
crease in porphyrin basicity, this leads to the conclusion 
that bond breaking is more important than bond making in 
such substitution reactions. In the Cu-ZnTPP reaction in 
pyridine, a small rate inhibition' was found with added Zn". 
While we feel that this small inhibition (less than a factor of 
2 for a tenfold increase in zinc) is a medium effect, the ex- 
tremely high activities of 65Zn required to test this hypothesis 
precluded any definitive test. 

In general Mechanistic terms, both acid-catalyzed solvolysis 
reactions of zinc porphyrins and metal ion substitution reac- 
tions can be viewed in the same manner. One of the four 
zinc to porphyrin bonds breaks which facilitates attack by a 
proton or metal atom at this central nitrogen atom's lone 
pair. A gradual breaking of the other three zinc to porphyrin 
bonds occurs with the simultaneous attachment to the por- 
phyrin of additional protons or more coordination sites on 
the entering metal ion. For the substitution reactions it 
appears that bond breaking overrides bond making whereas 
the reverse is true for solvolysis reactions. The roles of 
porphyrin deformation and chelate stability in this process 
have been discussed before.13 

Acid Solvolysis Reactions. With the exception of Mn3+, 
the ions listed below were removed from their TMTPyP com- 
plexes at room temperature by concentrated H2SO4 to form 
the diacid porphyrins. l4 Using lower acid concentrations, 
the relative order of solvolysis was found to  be Zn2+ 3- Cu2+ > 
Fez+ > VO" > Ni" S Mn3+. 

This general trend has been noted by many  worker^.^ It 
has been shown that the one-electron oxidation and reduc- 
tion potentials of the porphyrin ring depend on the metal 
ion," with ionic, easily solvolyzed ions leaving the ring with 
a higher negative charge than covalent, difficultly solvolyzed 
ions. In this context, the covalent charge transfer makes 
the ring and central nitrogen atoms more positive and the 
metal atom more negative and could explain why the nucleo- 
philic substitution  reaction^'^^'' of cobalt(II1) and chromium- 
(111) porphyrins are rapid compared to most usual metal 
complexes. The covalency changes the electron configura- 
tions which are formally low-spin d6 and d3 toward the more 
labile d7 and d4 arrangements. The recent demonstration 
that the lability of the axial position of iron(II1) porphyrins 
increases with porphyrin basicity is in line with this reason- 
ing." The extreme covalency of Mn3+ postulated here is in 
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Time, %Cu 
Zinc ooruhvrina hr substitutedb 

~~ 

Etioporphyrin 6 8  17 

Dibromodeuteroporphyrin DME 68 49 

Mesoporphyrin DME 63 13 
Protoporphyrin DME 67 30 

ms-Tetraphenylporphine 36 56 
ms-Tetrapyridylporphine 2 41 

a DME is dimethyl ester. b [Cu(OAc),] = 5 X lo-* F. 

While the dimethyl esters decomposed to various extents 
during the reaction, etioporphyrin and the meso-substituted 
complexes were quite stable. As shown in Table 11, the 
results qualitatively indicate that as porphyrin basicity in- 
creases, the electrophilic substitution rate decreases. 

porated into zinc porphyrins, it should be possible to follow 
the exchange reaction 
Znz+ + Zn*P = Zn*=+ + ZnP 

With ZnTPP (6 X F) and Cu(0Ac)' (6 X lo-' F) in 
refluxing pyridine (1 14") and dimethylformamide (153"), 
12 samples were taken over a 3-day period and worked up 
as described in the Experimental Section. The observed 
counts per minute (ca. 40,000 per sample for pyridine and 
12,000 for DMF) decreased by about 5% over 3 days, which 
was approximately the same amount as shown by a blank 
sample without added Zn(0Ac)'. The conclusion is that 
little exchange occurs in this time period. 

studied in aqueous solution at 52" with ca. 
TMTPyP, 0.2 F Zn(N03)2, and 1.1 = 2.0 (NaN03). No evi- 
dence for exchange was found for up to 44 hr. 

Discussion 
Replacement and Exchange Reactions. The kinetics of 

the substitution of Cuz+ for Zn" in ZnTMTPyP at constant 
ionic strength show a first-order dependence on Cu" and 
ZnTMTPyP. The reaction was not retarded by ZnZ+, and no 
evidence for intermediates was observed. The stability to- 
ward solvolysis of ZnTMTPyP and the lack of exchange of 
Zn with Zn*TMTPyP during the time scale of the Cu-Zn- 
TMTPyP reaction argue for an activated complex having 
both copper and zinc bonded to the porphyrin entity. Such 
bimetalated complexes with metal ions on opposite sides of 
the ring are presumed for ionic porphyrins (Na'P) and have 
been definitely demonstrated for more inert systemsg (e.g., 
p-[mesoporphyrin 1X dimethyl esterato] -bis [tricarbonyl- 
rhenium(I)]). Spectral" and kinetic" evidence has also 
been advanced for porphyrins containing two metal entities. 

When compared with Cu2*, Zn2+, Co", and Ni" show no 
substitution into ZnTMTPyP under the reaction conditions. 
This could be due to  kinetic or thermodynamic reasons. To- 
ward the similarly charged free base of TMTPyP, the inser- 
tion rates of these metal ions7 are in the ratio 1 :70: 1800: 
5000. This could imply a kinetic control of the reaction 
products. 

The kinetics of the substitution of Cu for Zn in a water- 
soluble ethylenediamine-substituted protoporphyrin show 

Zinc-Zinc Porphyrin Exchange. By using 65Zn incor- 
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accord with speculations concerning the strong mixing of 
metal and porphyrin orbitals and the low stabilities of its 
axial ligand c ~ m p l e x e s . ~ ~ ~ ~ ~  
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The acidity of NH protons in metal-amine complexes is 
relevant to several proposed mechanisms for substitution re. 
actions of these complexes, as, for example, in the SKl con- 
jugate base mechanism for substitution of cobalt(II1) amines.' 
Since such YH protons are only very weakly acidic, nmr 
techniques are useful in supplementing other measures of the 
extent of neutralization in strongly basic s o l ~ t i o n s . ~ ' ~  We 
report here a 59C0 nmr determination of K,, the pseudo- 
thermodynamic constant for the neutralization reaction HA t 
OH" = H 2 0  + A-, where HA represents tris(ethy1enediamine)- 
~obalt(III)-Co(en)~~+-and A- its conjugate base. In our 
work, the ratio of maximum observed shift to  line width was 
about 20, which corresponds to a greater effective resolution 
than that reported in proton nmr determinations of the 
neutralization constant for C ~ ( e n ) ~ ~ +  
amine c o m p l e x e ~ . ~  

Experimental Section 
Cobalt-59 nmr measurements a w e  taken as free induction decay 

spectra at 1 .41 T (14.1 kG) and 30" on a Bruker BKR 321s variable- 
frequency pulsed spectrometer which had been modified for external 
lock, field-frequency control. Frequency shift measurements (taken 
with respect to the 59C0 resonant frequency of C ~ ( e n ) , ~ +  in aqueous 
neutral solutions) were reproducible, for a given sample, to ? I 0  Hz 
over a 24-hr period. The relatively short relaxation times-3-10 
msec-were the principal source of error in frequency measurements. 
Samples were run immediately on preparation (in tightly stoppered 
tubes to prevent CO, absorption) as 0.5 iM aqueous solutions of 

and for platinum- 
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Figure 1. Least-squares fit to eq 1 of the inverse observed frequency 
shift as a function of inverse molar hydroxide ion concentration, 
corrected for the amount consumed by neutralization. 

Co(en),Cl, to which known volumes of ca. 19 M NaOH solutions 
were added. These NaOH solutions were standardized just before 
use by titration against primary standard KHP. 

Results and Discussion 
The variation of 59C0 frequency with OH- concentration 

is most conveniently analyzed by the double-reciprocal plot' 
shown in Figure 1.  This linear plot follows from eq 1 ~ which 

(Acv))-' = (Avo)-' + (K,Avo(OH-))-' (1) 

is valid for fast exchange between C ~ ( e n ) , ~ '  and its conju- 
gate base and for ideal solution behavior. In eq 1, A b 9  and 
Avo are: respectively, the observed frequency shift and the 
frequency shift of the conjugate base, both taken with re- 
spect to  the frequency of C ~ ( e n ) ~ ~ +  in neutral solution; K, 
is the neutralization constant defined above. An iterative 
least-squares procedure, which corrected the nominal OH- 
concentration for the amount consumed by the neutraliza- 
tion, was used to  fit the data points to eq 1. This least- 
squares treatment gave Kn = 0.39 f 0.05 M - l  and Avo = 
-(2.0 * 0.3) X lo3 H z . ~  
with that determined by Navon, et u Z . , ~  from proton nmr 
and optical measurements. 

Two other explanations for the large 59C0 nmr shifts pro- 
duced by increased OH- concentration could, in principle, be 
offered: (1) base-catalyzed substitution of a coordinated 
nitrogen by OH- or by HzO; (2) ion-pair formation between 
OH- and C ~ ( e n ) ~ ~ + .  The first explanation is precluded on the 
following grounds. The 59C0 frequencies changed immedi- 
ately to  their equilibrium values on addition of appropriate 
amounts of strong acid: however, it is known that the hy- 
drolysis of C ~ ( e n ) ~ ~ +  is slow (k2 = 7 X M - l  at 70°).7 
Ion-pair formation as a source of the "Co frequency shifts 
is unlikely, since the frequencies of C ~ ( e n ) ~ ~ +  in 1.7 M NaCl 
solution and in neutral solution without added salt differed 
by less than 10  Hz. 

The value of Avo, the frequency shift for the C ~ ( e n ) , ~ +  

The value for Kn is in agreement 
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jugate base being less than that for Co(en)13' o r  to an upfield shift 
for the conjugate base. 
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