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The equilibrium constants of ten substituted pyridine derivatives with zinc ol,P,r,6-tetraphenylporphin have been measured 
in benzene a t  25". In contrast to iron(I1) and magnesium(I1) porphyrins, the stability 
constants parallel the ligand basicity. A linear log K-pK correlation and a Hammett plot with p = +1.50 was obtained. 
Proton magnetic resonance studies indicated that the exchange between the coordinated and uncoordinated pyridine was 
rapid a t  -60" and that the structures of the zinc(I1) and magnesium(I1) monopyridinates are similar. 

Only 1 : 1 complexes are observed. 

Introduction 
The stability constants of reactions between metal- 

loporphyrins (MP) and nitrogenous bases (L) have 

received considerable attention. With respect to metal 
ions in reaction 1, C U ( I I ) , ~  VO(II),3*4 Hg(II),5 Z ~ I ( I I ) , ~  
and Cd(II)5 haven = 1, whereas Ni(II)2r6,7 and Fe(II)8 
show n = 2 with no evidence for LMP species. In  
contrast, magnesium(I1) porphyrins normally form 
LMP and LzMP comple~es .~  Several studies have 
focused attention on stability constants of the same 
metal ion with different types of porphyrins. Using a 
series of substituted deuteroporphyrins, nickel(I1)- 
pyridine systemssr7 give linear Hammett plots, whereas 
magnesium(I1)-pyridine systems do nokg Work has 
also been reported on the variation of the stability 
constants with ligand basicity. Magnesium(I1) por- 
phyrins and some Fe(I1) derivatives show stability con- 
stants that  decrease as the ligand basicity increases.'O 
Proton magnetic resonance (pmr) studies have been 
done on magnesium porphyrin-pyridine reactions. 9,11 

We report the stability constants of the reactions 
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between zinc a,& y,6-tetraphenylporphin12 and ten sub- 
stituted pyridine derivatives in benzene a t  25".  A pmr 
study of the zinc porphyrin-pyridine system is also 
included. 

Experimental Section 
Tetraphenylporphrin13 and its zinc complex14 were synthesized 

by literature methods. The molar extinction coefficient of the 
zinc complex in benzene at  550 mp was 2.27 X lo4, the same as 
that obtained by other workers.'6 Substituted pyridines from 
various sources were in all cases purified before use.g 

The stability constants were measured in benzene at  25.0 f. 
0.1 by a spectrophotometric titration method using the equa- 
tions derived by Miller and Dorough.6 Figure l shows a typical 
titration, in this case of the zinc porphyrin with .l-aminopyridine, 
and the four isosbestic points were observed. The concentra- 
tion of the zinc porphyrin was usually in the range of 2 X 10-6 M .  

I t  has been shown6 that the equilibrium constant, K ,  for an 
n = 1 process in eq 1 is given by the expression 

F, is the fraction of the total porphyrin complexed with pyridine 
and is equal to X / A ;  X = D, - D,, and A = D, - D,, where, 
a t  a given wavelength, D, and D, are the optical densities of the 
uncomplexed and fully complexed porphyrin, respectively. D,, 
is the optical density a t  a given pyridine concentration. The 
equilibrium pyridine concentration, B ,  is equal to the total pyr- 
idine concentration, BO - F,Ct, with Ct equal to the total por- 
phyrin concentration. Table I shows a typical calculation of K 
for 4-aminopyridine and the zinc porphyrin using the 550-mp 
wavelength in Figure 1. 

The reported constants are averages of at least two deter- 
minations and are those calculated from the 550-mp peak. It was 
found that such constants calculated from the longer wavelength 
peaks had standard deviations within a run usually of 20-30'%, 
even though good isobestic points were obtained. The spectra 
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TABLE I 
CALCULAIIOA OF IC FOR ZISC TEIRAPHENYLPORPHIN AND 4 - A ~ r x o r u ~ r u r ~ ~  A I  25" IN BENLENE 

ObsdcL optical density, 
[ ~ ~ l i n i t i r t i  3 BO Dm 

0.00 0.846 (D,) 
9.05 x 10-3 0.297 (Do) 
2.01 x 10-3 0.304 

60.30 X 10-6 0.323 
10.10 0.407 
6.03 0.475 
4.02 0,538 
3.02 0.543 
2.71 0.585 
2.41 0.609 
2.01 0.661 

X = Urn - D, 

0.549 ( A )  
0.542 
0.523 
0.439 
0.371 
0.308 
0.303 
0.261 
0.237 
0.185 

a Total zinc porphyrin conceiitratioii 1.86 X 1 0 F  rll. 

0 

0 

O D  

0 

0 

0 

Figure 1 .-Optical density us. wavelength curves for the titration 
M )  with 4-aminopyri- 

The ligand concentrations are given in 
of zinc tetraphenylporphin (1.86 X 
dine in benzene at  25". 
Table I. 

were taken on a Cary Model 14 recording spectrophotometer, 
with a thermostated cell compartment. The pmr spectra were 
obtained on a Varian A-60 spectrometer equipped with a vari- 
able-temperature probe. The chemical shifts are reported as T 

values and were determined from the calibrated paper relative to 
T M S  internal standard, T 10. 

Zinc tetraphenylporphin-monopyridinates can be made by 
simply evaporating a pyridine solution of the metalloporphyrin 
a t  room temperature under vacuum. The composition of the 
1 : 1 complex was determined by proton integration of the por- 
phyrin and pyridine hydrogen atoms. 

Results and Discussion 
Stability Constants.-The stability constants for the 

reactions between zinc tetraphenylporphin and ten 

F ,  = X / A  

1.000 
0.987 
0.952 
0,779 
0.675 
0,561 
0,551 
0.475 
0.431 
0.336 

[IJPICC, = 13 = 
Bo - F,Ct 

s .99  x 10-3 
5.85 
8.56 X 10-j 
4.78 
2.98 
1.99 
1.83 
1.61 
1.14 

K O Q  = 

1 - I;, 
x 10-4, -11-1 

3.81 
3 .38  
4.64 
4.34 
4.26 
6.14 
4.96 
4.69 
4.46 

Xv  (4.52 i 0.52) X 10% 

substituted pyridines are given in Table 11. All of the 
pyridinated derivatives had major peaks a t  5G2 and 602 
mp with molar extinction coefficients in the ranges 
(1.9-2.1) X lo4 and (1.0-1.1) X lo4 ,  respectively. 

TABLE 11 
STABILITY CONSTANT FOR THE ZINC 'rETRAPHENYLPORPHIN-- 

SUBSTITUTED PYRIDINES REACTIOX AT 25" I N  BENZENE 
p~ or 

1 Piperidine 5 . 0 5  k 0.05 11.1 
2 4-Aminoppridiiie 4 . 6 5 r t 0 . 0 4  9.17 
3 4-Methyl 4 . 0 2  i. 0.05 6.11 
4 3-Methyl 3 .81  i. 0.02 5.68 
5 4-Hydrogen 3.78 i 0.02 5.29 
6 4-Carboxaldehyde 3.24 i 0.02 4.77 

4-Cyano 2 . 9  i 0 . 1  1.91 
8 3-Cyano 2.80 i 0.04 1.45 
9 2-Methyl 2.30 i 0.04 6.11 

10 2,4,6-Trimethyl 1 .82  i 0.07 7.42 

Reaction Ligand Log K liganda 

.7 

Data from ref 17. 

For all of the ligands studied, the spectral data could 
be explained by assuming only a 1 : 1 complex. For 
example, the magnitude of the equilibrium constant is 
such that, in 2 31 pyridine, the pyridinated complex is 
completely formed. No further spectral changes were 
observed up to 11 M pyridine, and thus no higher 
species are in evidence. This is in agreement with ob- 
servations in which zinc is coordinated to different 
porphyrin t y p e ~ . ~ J  I t  is noted that nickel porphyrins 
can presumably add one or two ligands, depending on 
the nature of the p ~ r p h y r i n . ~ , ' ~  

Figure 2 shows the linear relationship between log K 
for the zinc porphyrin-ligand reaction and the pK for 
the ligand-protonated ligand systems." The relation 
is of the form 

log K = 0.236pK + 2.47 

and fits over a 109-fold range in pK. This equation 
correlated resonance-conjugated kubsti tuents,  uncon- 
jugated 3-substituents, and piperidine, which lacks a ir 

(16) W. S. Caughey, TV. Y. Fujimoto, and B. P. Johnson, Biochemislvy, 5,  
3830 (1966). 

(17) A. Albert. and E. P. Serjeant, "Ionization Constants of Acids and 
Bases," Methuen and Co. Ltd., London, 1962. 
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Figure 2.-Graph of log K-pK for the reactions of substituted 
pyridines with zinc tetraphenylporphin. The numbers corre- 
spond to the entries in Table 11. 

system. While equations of this form have been widely 
used, there is some debate as to their theoretical inter- 
pretation.18 

The 2-methyl and 2,4,6-trimethyl derivatives deviate 
markedly from the line and presumably reflect the 
steric requirement of the reaction close to the zinc 
center. With respect to hydrogen, the large methyl 
groups in the 2 and 2,6 positions prevent the ligand from 
approaching the Zn(I1) as closely and therefore should 
show a lower effective basicity toward Zn(I1). The 
observation that the 2,4,6 derivative has a higher 
basicity than the 2 derivative whereas its stability con- 
stant with the zinc porphyrin is lower than that of the 
2-substituted ligand supports this interpretation. 

The Hammett equation has been applied to metal 
ion equilibria with varying degrees of success. Figure 
3 shows a plot of the form 

-log (K/K,) = U P  (4) 

where KO is the stability constant for the pyridine 
reaction, and K is the corresponding value for a sub- 
stituted pyridine. u i s  the Hammett substituent con- 
stantlg defined in terms of substituted benzoic acids 
and p is the reaction constant, which is a measure of the 
effect of the electron density a t  the reaction site, i.e., 
the zinc ion. An excellent correlation was obtained 
with p equal to +l.50. The positive p indicates that 
the reaction is favored by a low electron density a t  the 
reaction site. Insofar as the net positive charge on the 
coordinated zinc can be increased by adding electron- 
withdrawing groups to the porphyrin, the stability 
constants should increase with decreasing porphyrin 
basicity. This effect was observed previ~us ly .~  

A p of -0.58 has been found by May and JonesZo for 
the first stability constants of Cu(I1) and a series of 
aromatic carboxylic acids and was interpreted in terms 
of back-r-bonding from the Cu(I1) to the ligand. No 
Hammett relationship, however, was found with sub- 
situted pyridines and copper acetylacetonate. 21 They 

(18) J Jones, J. Poole, J Tompkinson, and R. J. P. Williams, J Chem. 

(19) H. H Jaff6, Chem R e v ,  58 ,  191 (1953); also P. R. Wells, zbzd , 68, 

(20) W May and M Jones, J I m v g  Nucl Chem ,24,  511 (1962). 
(21) W May and M Jones, t b i d ,  86, 507 (1963). 

soc ,2001 (1958) 

171 (1963). 
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Figure 3.-Hammett plot for the substituted pyridines-zinc 

tetraphenylporphin equilibria. 

noted that where such correlations were observed, the 
free energy changes were from -4 to -8 kcal/mol. Our 
data give free energy changes in this range, whereas the 
magnesium porphyrin results, @ which do not fit a Ham- 
mett plot, show small positive values. 

The log K-pK correlation, the positive p value, and 
evidence that Zn(Z1) is not a good r donorZ2 tend to 
indicate that ligafid to metal u bonding predominates 
in this system. This is in contrast to the iron(l1) por- 
phyrin systems, where the stability constants show an 
inverse dependence of ligand basicity, which was attrib- 
uted to back-a-bonding involving metal ion d and 
pyridine r orbitals. Magnesium(I1) porphyrins also 
show this inverse dependenceJg which cannot be ration- 
alized in terms of d orbitals. The systems are not 
strictly comparable in that three different equilibria are 
being followed; with zinc(I1) the equilibrium constant3 
refer to a four- to five-, with Fe(1I) a four- to six-, and 
with Mg(I1) a five- to six-coordinate change process. 

Da Silva and Calad09~ have postulated that  7~ bond- 
ing in metal complexes can be detected by the observa- 
tion of positive p' values obtained from plots of the 
equation 

PML! PML 

P H L ~  PHL 
log - - log __ = p'u ( 5 )  

PML and PHL are the stability constants of a reference 
metal-ligand and a proton-ligand reaction compared 
to those of other related (MH'-HL') reactions. u is 
the Hammett sigma and p' is a constant which measures 
the susceptibility of the reaction to substituent effects. 
They have shown that eq 5 fits data that  a straight 

(22) R. J. P. Williams, Discussions F a r a d a y  Soc , 96 ,  123 (1958). 
(23) J. J. R. F. Da Silva and J. C. Calados, J .  Inovg. Nucl .  Chem., 28, 125 

(1966). 



TABLE I11 
P ~ I R  SHIFTS OF PYRIDINE AND SOXE 

METALLOPORPHYRIN-PYRIDINE COMPLEXES 
i 

5.mF _o-.4 iG-0 CjH;X" 1.4Zd 2.79  2 .38 bJG I 
l /  

a-H Shifta p-H Shift y-H Shifl 

Mg'l'€'I'~CjH~I\'C 6 . 9 9  5 .57  4 .29  1.50 3.53 I .15 
ZnTPP,CjH& 7.34  5 .92  4 . 5 0  1 . 7 1  3 .60  1 . 2 8  

* "Higli 
Resolution NMR Spectra Catalog," Varian Associates, Inc., 
Palo Xlto, Calif. TPP is a,P,y,&tetraphenylporphin. d Chein- 
ical shifts reported as 7 values relative to tetramethylsilane inter- 

(' Difference in parts per million from free ligand. I 
400 

I nal standard, 7 10. 
B 

// 
1 1  ' ,  
I '  4 

3001 

' I  

Figure 4.-Graph of the observed frequency of the pyridine pro- 
The concentration of tons w. the added pyridine concentration. 

the zinc porphyrin is 0.085 X ,  

Hammett equation fails to represent. In  particular, a 
positive p' of 6.560 was obtained for the iron(I1) 
mesoporphyrin-substituted pyridines reaction, and was 
used as evidence for the importance of n bonding in 
iron(I1) porphyrins. A similar treatment of our Zn(I1) 
data, however, also gave a linear plot, with a positive p' 
of 4.5. Since the zinc(I1) porphyrins do not manifest 
strong typical n-donor characteristics compared to the 
Fe(I1) complexes, we question, in this case, the use of 
positive p' values to detect back-n-bonding. 

Pmr of Zinc Porphyrins.-Zinc tetraphenylporphin- 
pyridine complexes show a high-field shift for the co- 
ordinated pyridine protons similar to that observed for 
the magnesium porphyrin-moriopyridinate. l1 The ob- 
served chemical shift of the pyridine protons is a 
weighted average of the chemical shifts of the free 
pyridine and of the monopyridine-metalloporphyrin 
complex. The stability constants for the binding of 
the pyridine ligand in both the magnesium and zinc 
monopyridinate complexes are very high. At less than 
a stoichiometric quantity- of pyridine, with the high 
association constants dealt with here, there is essentially 
110 free pyridine. Thus the chemical shifts of the five- 
coordinate complexes are readily obtained. This is 
shown on the low pyridine portion of the plot given in 
Figure 4. A comparison of the ligand shifts involved is 

given in Table 111. When either the solid tnonopyr- 
idinate or the zinc porphyrin followed by the addition 
of 1 equiv of pyridine is observed in the p n r ,  the high- 
field shifts of the pyridine protons are observed. When 
more than 1 eyuiv of pyridine is added, the pyridiuc 
peaks shift to lower field, indicating an exchange- 
averaged spectrum, as shown in Figure 4. The spec- 
trum mas examined with cn. 2 equiv of pyridine present 
down to -60". No line broadening or other evidence 
of slowing of the exchange rate was observed. This is 
in agreement with the earlier pmr observations on mag- 
nesium porphyrins" and the recent fluorometric ob- 
servations of lk'hitten, et U Z . , ~ ~  on magnesium and zinc 
porphyrin-pyridinates. Also the position of the ex- 
change-averaged pyridine absorption line was tem- 
perature independent. This is consistent with a five- 
coordinate complex with a very high association con- 
stant and no six-coordinate species accessible. 

The similarity between the ligand shifts in the zinc 
and magnesium porphyrin-monopyridinate complexes 
suggest that  their structures are closely related. The 
chemical shift of the pyridine protons is changing by 
cn. 1.7 ppm/8  relative to the porphyrin." The ob- 
served similarities of the chemical shifts mean that the 
pyridine protons are located within 0.1-0.2 k of the 
same position relative to the porphyrin ring. Glick, 
et ~ 1 . ~ ~ ~  have recently published a structure of aquozinc 
tetraphenylporphin. For this structure the zinc(I1) 
ion is in a square-pyramidal configuration and is dis- 
placed about 0.20 A from the basal plane of the porphy- 
rin nitrogens. This comparison then strongly suggests 
that the five-coordinate magnesium porphyrins will 
also be puckered with the magnesium lying considerably 
out of the plane of the porphyrin ring.26 

(24) D. G. U'hitten, I .  G. Lopp, and P. D.  Wildes, J .  A m .  Chei?z. Soc., 90, 

( 2 5 )  M. U. Glick, G. H. Cohen, and J .  L. Hoard, ibid., 89, 1996 (1967) 
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7196 (1088). 

A. Timkovich and A. Tulinsky, J .  Atil. 

Chmz .  Soc., 91,  4430 (1960), have published the crystal and molecular strtlc- 
ture of aquomagnesium tetraphenylporphin. I n  this structure the magnc- 
sium atom is 0.27 A out of the plane of the  porphyrin ring. This confirms 
our suggestion in this paper, based on nmr evidence, that  the five-coordi- 
nate magnesium and zinc porphyrins should have similar structures. 


