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ABBREVIATIONS

CO  Carbon monoxide MP  Metalloporphyrin

DA  Diacetyldeuteroporphyrin P Porphyrin

ETIO Etioporphyrin PP Protoporphyrin

HP  Hematoporphyrin Py Pyridine

Im Imidazole TPP Meso-tetraphenylporphin

A. INTRODUCTION

The coordination chemistry of metalloporphyrins is of continuing interest due to their
role in energy transport and respiration systems, and because of the wide variety of metal
ions that can be bound or chelated by the four coordinate macrocyclic porphyrin ligand,
as noted in Fig.-1. Fig. 2 sketches the major reactions that involve porphyrins and metal
ions, and such will be the subject of this paper. Various aspects of porphyrin and metallo-
porphyrin chemistry have been reviewed elsewhere ™1°_
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KNOWN METALLOPORPHYRINS
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Fig. 1. The shaded elements are known to form adducts with various porphyrin molecules.
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Fig. 2. Typical reactions and species found with porphyrins and metalloporphyrins.



COORDINATION CHEMISTRY OF METALLOPORPHYRINS 249 -
B. PORPHYRIN TYPES AND STRUCTURES

The simplest porphyrin type, named porphin, is shown in Fig. 3. This cyclic conjugated
tetrapyrrole pigment by the loss of the two central protons and the addition of a metal ion
forms a metalloporphyrin. The most frequently studied porphyrin systems can be consid-
ered as being formally derived from the porphin framework. Thus the readily synthesized
tetraphenyl- ** or tetrapyridyl porphins 12> have four phenyl or p-pyridyl groups in the
meso (a, B, v, 8) positions of porphin, whereas octaethylporphin '* contains eight ethyl
groups in positions 1—8 of the porphin structure. The hydrogen atoms in the 2 and 4 po-
sitions of deutero-porphyrin IX dimethyl ester can be readily replaced by a variety of
classical electrophilic substitution reactions 1>*5 forming a substituted deuteroporphyrin
series which exhibits a valuable trend in physical properties ¢*1¢ . The members of this
series are referred to by © trivial names as mesoporphyrin, protoporphyrin, etc. The syn-
theses of porphyrins and related oxidized and reduced species have been recently reviewed!*

A number of detailed X-ray crystal structures of various porphyrins have been deter-
mined, and the work reviewed by Hoard 8 and Fleischer ° . These molecules have been
shown to be quite flexible, with both ruffled and planar skeletons observed. The great
flexibility of the porphyrin nucleus is also shown by the synthesis of V-mono- !3-19 and
N, N-dimethyl derivatives 2%>2! and by the separation of the four statistically expected
isomers of meso-tetra-o-hydroxyphenyiporphin, which result from hindered rctation about
the aryl—porphyrin bonds 2%. When placed in methanol, the most abundant isomer will
interconvert to the others, at about ten times the rate as that of the corresponding hy-
drated copper derivative. This indicates that the porphyrin is capable of extreme distortion
in solution, as such rotations are sterically impossible for a planar porphyrin nucleus. The
slower rate of the copper derivative was attributed to its greater rigidity. The enthalpy for
the formation of porphin leads 133 to a high resonance stabilization energy of about 400
kcal/mole.
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deuteroporphyrin Ix dimethylestar
Fig. 3. Structures of several typical porphyrins and metalloporphyrins.
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C. ACID—-BASE EQUILIBRIA

Porphyrins are amphoteric molecules which can add two protons to the free base (PH; )
imine type nitrogen atoms forming mono- (PH3) or di-cations (PH$"), and are capable of
loosing two pyrrole type protons to form the mono- (PH ") or di-anions (P?7). Such equi-
libria in solution are denoted by pK values as follows -6

pX. K
PHZ Pa2 prry 252 ppyy 22 pyy- 2EL po-
H* H* gt H

The equilibria are usually determined from changes in the characteristic absorption
spectra of the species upon titration with acids or bases. There is evidence for each type in
solution, but not necessarily with a given porphyrin. The aqueous phase insolubility of
many porphyrins has led to titrations in non-aqueous solution and phase distribution
studies to elucidate the equilibria ®. The simultaneous dissociation of carboxylic acid side
chains and field effects caused by positive and negative peripheral substituents complicates
the determination of intrinsic dissociation constants 2*. For example most carboxylic acid
containing porphyrins require stronger bases than hydroxide to form P?", while due to the
positive field of four V-methyl pyridy! groups on the tetra- N-methylated tetrapyridylporphin,

a pK3 of 11.6 is observed 24,
An important advance has been in the use of detergents to monomerize and solubilize

porphyrins in aqueous solution 25, Self-consistent pK3 values have been tabulated for
numerous substituted deuteroporphyrins 616 showing that electron-donating substituents
on the periphery of the porphyrin increase its apparent basicity. With anionic and neutral
detergents both pK3 and pK, can be determined, while cationic detergents destabilize
PH3, allowing only the product K, K5 to be obtained 25. The fact that both PH3 and PH3
are observed in absolute ethanol with HCl whereas only the PH, —PHZ* equilibria is found
in absolute chloroform 2%, indicates the solvent dependence of the reactions.

On the basis of the extremely non-planar porphyrin nuclei found in diacid species of
tetrapyridyl- and tetraphenylporphins in the solid state, compared to their relatively planar
free base structures, Stone and Fleischer 27 have accounted for the limited existence of
PHZ in aqueous solutions of these porphyrins 28 in the following way. Upon incorporation
of the first proton into the relatively planar PH, (having its unshared pairs directed inward),
a non-planar PH3 species is formed, with its opposite pyrrole groups tilted alternately up-
wards and downwards. The second proton can thus readily protonate the now accessible
non-bonded pair, and form the diacid. The energetics are the reverse of that shown by most
dibasic acids, where the barrier for the second proton addition is usually larger than the
first.

D. METAL COMPLEXES

Fig. 1 indicates the metal ions that have been found to form compounds with porphyrin
molecules. Treibs 2° gives details on the preparation of Mn!l, Coll, Colll, Pd!l, Ptll_ Cdll,
Agll, Hgll Pbll, Al Galll Inill GelV, SnlV, SbHI and Billl complexes of substituted
deuteroporphyrins. A similar series of meso-tetraphenylporphin complexes including Nill,
Cull, ZnlI Felll and the alkali metals have been reported 3%-3! | A number of special tech-
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niques have been given in the monograph by Falk 6, and the preparations of dipyridine

Fell 32 Felll with various ligands 33, Mgl 34 Aulll 35 MpllI 36:37 gjIV 38 554 GelV 39
porphyrins are of note. The IR and mass 3% spectra of many metalloporphyrins #° and free
base ligands '* have been determined. Sc, Zr and Mo porphyrins are also known 135:136

Much current interest has centered on the synthesis of previously unpreparable metallo-
porphyrins by the use of metal carbonyl and organometallic substrates. Thus [Rh(CO),Cl] ,,
[Ir(CO)3 Cl] and their cyclooctene derivatives form six coordinate Rhill porphyrins and
I species with a strongly bonded CO group %!. A phenyl rhodium!V meso-tetraphenyl-
porphin (TPP) with a rhodium-carbon ¢ bond has also been prepared 2. Cr(CO)s and di-
phenyltitanium were used to form chromium and titanyl complexes **. The problem with
porphyrins is that the macrocycle cannot be condensed about a given metal ion as readily
as in the phthalocyanine series **. The template hypothesis applied to porphyrin synthesis
has not met with great success 12:13,

Following the preparation of an oxy-bridged manganese dimer in the phthalocyanine
series 45| several groups have synthesized and studied the properties of the corresponding
oxy-bridged manganese *¢ and iron porphyrin dimers 33:47:48 The Fe—O—Fe angle in a
TPP derivative was shown to be 168°, and antiferromagnetic interactions between the iron
atoms were noted *7**®_ The kinetics of formation and dissociation of the dimers is
known 46, ’ ,

Complete X-ray crystal structures of a number of metalloporphyrins have been deter-
mined °. The five coordinate metal ions in metalloporphyrins (H,OMg, H,0Zn, VIVQ,
CiFelll) lie from 0.2 to 0.5 A above the porphyrin plane towards the ligand. Four (Ni, Cu)
or six ((imidazole), Felll) coordinate metal ions are centered approximately in the por-
phyrin plane. Storm *° has developed a proton magnetic resonance analysis to determine
the in plane — out of plane distances of metal ions in metalloporphyrin — pyridinates in
solution. His method depends on the relative chemical shifts of coordinated pyridine pro-
tons, which are influenced by the porphyrin ring current. It was suggested that cobalt is
in the plane in (Py), Colll P, whereas the species Py—ZnP and Py—MgP have their ions
0.2—0.8 A above the plane.

Reich and Cohen °° have prepared a ferric porphyrin using C(CN)3 as the anion. The
single IR active band found for the anion showed that it did not distort from planar in the
complex, and was interpreted to indicate a lack of covalent character in the Fe—C bond.

Complexes of Zn—TPP in which one or two tricarbonyl-chromium groups are #-substi-
tuted on the phenyl rings are known and other first row transition ions were reported to
form similar species 51. While porphyrins are apparently absent from the lunar surface, a
novel cosmochemical synthesis has been proposed 52,

The reactions of alkyl and aryl magnesium bromides with pyridinobromo Coll! etio-
porphyrin produce aquo alkyl and aryl cobalt complexes 53, Other acyl or aryl Colll
species are produced from Co! porphyrins with acyl or aryl halides. p-Tolyl and ethy] Fell
porphyrin species have also been described *%-%3. A Nill' TPP cation has been characterized,
as well as a number of transition metal paramagnetic cation radical or metal-center complex
ions of metalloporphyrins 137, -

While most porphyrins and metalloporphyrins are purified by recrystallization, siloxy-
germaniumporphyrins 3 and tetraphenylporphins *! readily sublime. Bis(trimethylsiloxy)
SilV etioporphyrins have been separated from other species by gas chromatography 38.
Sublimation of unsymmetrically substituted etioporphyrins, however, leads to rearranged
products **. Gel filtration techniques have been used to separate porphyrins of approxi-
mately the same molecular weights 55.
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TABLE 1

Selected magnetic susceptibilities of metalloporphyrins *

P. HAMBRIGHT

xk Coordina-  pg Tempera- Unpaired Refer-
System Complex tion (1: I\; ) ture electrons ences
number o range ***
a° Cull-HP 4 1.93 N 1 57
Agll-HP 4 1.94 N 1 57
a Nill-gp 4 ) N 0 57
: Nill-DA(Py), 6 3.45 RS 2 59
pall_gp 4 0 N 0 57
ptll_ETIO 4 0 R 0 57
d’ Coll—MmpP 4 2.89 N 1 57
d® CollI_HP(OH,, CI) 6 0.23 N 0 57
RuII_MP(CI1, OH,) 6 0.05 R 0 41
Fell _PP(OH,), 6 4.83-5.02 RS 4 129
Fell_PP(Py, CO) 6 0 RS 0 80
HI_gpco, cp 6 0 R 0 41
d® Felll_pP(CI) 5 5.88 N 5 64
Felll_TPP[Cl,{Im),] 6 2.36 H 1 130, 131
Mnll—HP(Py), 6 5.9 RS 5 132
RhlV_TPP(C¢HsCD 6 1.95 R 1 42
& Mn!I-HP(C1, OH,) 6 4.88 N 4 57,132
crll-Mp ? 2.84 R ? 43
crll-Mp 4 5.19 RS 1 43
> MnlV_HP[(0OH,),] 6 2.0 RS 1 132
d* viVo_pp 5 1.79 N 1 57
d° TilVOo-MP 5 o R 0 43

* See Refs. 56 and 57 for earlier work.
** For abbreviations s¢e p. 247.
*** R = ambient temperature; N = 80—300°K; H = 4.2—50°K; S = solution.

E. MAGNETIC SUSCEPTIBILITIES

Magnetic susceptibility measurements have always been important in determining the
oxidation states of metal ions in biological compounds 3°, and Table 1 shows representa-
tive data on porphyrin systems 37 . Of particular interest are recent studies on Nill por-
phyrins by ' H NMR techniques 52, The four coordinate planar Nill porphyrins are dia-
magnetic 5%, while five or six coordinate species formed by the addition of nitrogenous
bases to the axial positions in solution become paramagnetic. Coll porphyrins show a de-
crease in moment when going from four to_six coordination ®°. The explanation appears
to be an oxidation to Colll rather than a reduction in orbital contribution for the higher

coordinated Coll.
A number of iron proteins and inorganic complexes show spin-state equilibrium behav-
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ior, and such has been noted in bispyridino iron(III) protoporphyrin systems ¢! . These
complexes are reported to show S = %/, states at room temperature dropping to S = Y/,
states below 200°K. A linear relationship was found between the basicity of the coordi-
nated pyridines and the paramagentic chemical shifts of the protons on peripheral methyl
groups of the low-spin forms. Similar work has been reported for low-spin cyanohemins %2
and various axial ligand substituted high-spin deuterohemins 83, with emphasis on a n-de-
localization of spin mechanism. .

Several workers have reported room temperature moments ranging from 1.15 to 2.68
B.M. for the oxy-bridged porphyrin dimers, in various states of purity and hydration 4748,
The moments drop to almost zero below 77°K, which could indicate iron—iron interaction.
The presence of such dimers was suggested as an explanation of the significantly lower
than spin-only moments found over the years with other high spin Felll porphyrins in
solution 5¢.

The magnetic susceptibility of hemin (chloro-Felll protoporphyrin IX) and other ferric
porphyrins have been measured from 300—4°K by several groups 6% ®5 . The susceptibilities
were found to deviate appreciably from the Curie law below 20°K, presumably a reflection
of the populations of the zero field states. Far IR techniques 6® have been used to directly
measure the zero field splittings, 2D. The Kotani equation 7, which gives the temperature
variation of the susceptibility with 2D, was unable to reproduce the observed susceptibility
data. Low temperature Mossbauer studies 58, however, are compatible with the observed
2D, and no satisfactory explanation for this anomalous behavior has been advanced. The
hemin data can be reproduced with the empirical equation ¢

Xg=C/(T+¢€)
with € = 3.1°K and C=7.09 X 1073,
F. STABILITY CONSTANTS

Many metal ions in metalloporphyrins are able to add one or two Lewis base ligands to
form five coordinate approximate square pyramid or six coordinate pseudo-octahedral
species in solution. Such equilibria have been probed

K1 K2
MP — MP-L — MP-L,
L L

by shifts in the porphyrin absorption bands, chemical shifts of the coordinated ligand or
porphyrin protons, or changes in the potential of the coordinated metal ion. Whatever the
method, the problem of porphyrin aggregation and especially dimerization exists. Such
association has been the topic of many ESR ¢°, NMR 79, electrochemical 7!, spectral and
sedimentation studies . A complicated interplay of factors determine aggregation. For
example polarographic work has shown that Fell and Felll protoporphyrins are dimerized
in basic solution 7! while the corresponding hematoporphyrin complexes (having 2—4
dihydroxyethyl rather than vinyl groups) are monomeric 2. In general increased porphyrin
basicity, more ionized side chains, lower concentrations in solution, the presence of coordi-
nating or solvating agents and detergent solutions favor monomers over dimers 7. From

Coord, Chem. Rev., 6 (1971) 247-268
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ESR data, a stability constant of 10* M~! has been estimated for Cu uroporphyrin di-
merization, compared to 108 ! for phthalocyanines 74 Mackly and Akeson 7° meas-
ured the hemin dimer equ1hbnum

[FelllP(OH, ), ], + 4 EtOH = 2 Felllp-(EtOH), + 2 H,0

and found that at pH = 7, 5.6 M ethanol is needed to half dissociate the dimer. IR studies
show that.vanadyl porphyrins associate 138, At pH 6 the equilibrium constant for the
monomer—dimer association of a water-soluble porphyrin was 7.5 X 10°M ™. From 7-
jump studies the forward rate constant was 7.8 X 107 M ! sec™ , with a reverse constant
of 110sec™ 139,

The stability constants 76 of the 1:1 complexes formed between the divalent tetra-
phenylporphin complexes and pyridine fall in the order Zn > Cd > Hg > VO, Cu. For Zn,
Cd, and Hg, the constants show linear log K — pK correlations with the basicity of the
para-substituted pyridine, and an interesting Hammett relationship of the form

—logK/K, =

K is the stability constant for pyridine, K for the substituted pyridine with o its substitu-
ent.constant, and p is the reaction sensitivity parameter. For Zn, Cd and Hg, p was in the
order 1.5, 2.2 and 3.1, respectively, indicating that the Hg reactions are more sensitive to
substituent effects from pyridine than are Zn or Cd. The interpretation was that Hg!!
accepted more of the electron pair from a given pyridine ligand than did Znll, causing

the pyridine nitrogen adjacent to Hgll to bear a higher formal positive charge. Thus the

Hg reactions would be more sensitive to p-substituent donor effects than Zn reactions.
Apparently p parallels the sigma polarizability of the metal ion, and its class @ or b charac-
ter. Differential thermal analysis studies 77 showed that the thermal removal of pyridine
type ligands from metalloporphyrins in the solid state followed the same trends as the
stability constants in solution. Higher libezation temperatures were found when the sub-
stituted pyridine basicity or charge:radius ratio of the cation was increased and when
porphyrin basicity was decreased. Thermal studies with a vacuum microbalance have shown
that acetato MnlI! etioporphyrin adds one mole of pyridine to form a six-coordinate struc-
ture in the solid state. When sublimed onto an optical cell, the Mnl! species is produced,
‘which rapidly oxidizes in air 7®

Spectrophotometric studies showed that Nill porphyrins add two nitrogenous base
ligands, with no evidence for 1:1 species *°. As found with Zn, the less basic the porphyrin
or the more basic the axial ligands, the more stable was the diligated adduct. In contrast,
1H NMR studies showed that Nill mesoporphyrin adds only one piperidine ligand in solu-
tion *8, and further comparison of the two methods should be rewarding.

As with Nill, Fell porphyrins in detergent solutions were shown to form only 1:2 com-
plexes 72:34% ip contrast to Zn and Ni, the Fell porphyrin stability constants increased with
substituted porphyrin basicity and decreased with an increasing substituted pyridine
basicity. This trend in Fell porphyrin behavior has been attributed to its ability to 7-bond
with axial ligands. Many lines of evidence support the 7-bonding hypothesis: the stability
and existence of mixed ligand complexes (CO—Py and CN "—Py) compared to dipyridin-
ates 89 the increased stability of CO—FelIP—Py complexes with increased basicity of the
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porphyrin and pyridine, and the increase in the CO stretching frequency with decrease in
porphyrin basicity 3!. The oxygen affinities of reconstituted hemoglobins and myoglobins
follow similar trends, suggesting that a 7-bonded O, parallel to the porphyrin plane is more
probable than an end-on o-type configuration 7°:149,

The first association constant of Mgl! porphyrins with pyridine is so high that only the
five to six coordinate ligation can be measured #2. The association constants for this pro-
cess were found to be rather independent of porphyrin and ligand basicity. It was sug~
gested 2 that as porphyrin basicity decreases, the ligand binding in the five- as well as
six-coordinate structures are strengthened, with the result that no basicity effect will be
shown for the five to six ligation. The « protons of pyridines coordinated to Mg and Zn
porphyrins 33 show high field shifts due to the porphyrin ring current; however solvent—
solute interactions have precluded the calculation of stability constants. The exchange
of coordinated pyridine is facile in both systems, as shown by the absence of line broaden-
ing at low temperatures.

Phillips 3 has reinterpreted and reviewed the earlier work on the equilibria of Fell and
Felll porphyrins in aqueous solution. Such studies are complicated by the dimerization
of iron species containing at least one axial hydroxide or water ligand. There appears to
be no evidence for dimerization in manganese or cobalt systems and the trivalent states
as well as divalent Mn appear to add two ligands. The electrode potentials of manganese por-
phyrins vary with the axial ligand, and porphyrin type ***. Coll porphyrins are anomalous in
that when placed in solvents above a certain dielectric constant, fairly rapid oxidation to Colll
occurs ®*%% _ In toluene glasses, ESR work shows five or six coordination by amines can occur
with Coll porphyrins, and the existence of amine—CoP—0, adducts was demonstrated 142.
Coboglobins also reversibly bind molecular oxygen 43,

Caughey 272 has shown how much of the stability constant data and the trends in the
physical properties (adsorption band positions, zero field splittings, quadrupole splittings)
of ferric porphyrins can be explained by assuming that a stronger porphyrin-to-metal-ion
bond means a weaker metal-ion-to-ligand bond. For example the enthalpies of ligand asso-
ciation were found to increase with a decrease in porphyrin basicity for the NilT series.

Porphyrins also form molecular complexes. ‘Benzylviologen forms a very stable 1:1
complex with hematoporphyrin 86. Mauzerall 74 has shown that many planar neutral
heterocyclic bases and large organic cations form a series of molecular complexes with

uroporphyrins.
G. MECHANISMS OF METAL ION INCORPORATION

A number of studies have dealt with the problem of how metal ions are incorporated
into porphyrin molecules -

M2*+PH, = MP+2 H*

While it is obviously necessary for the metal ion to loose much of its solvation sphere and
the porphyrin to release its two central protons, the sequence of these charges is not as
yet clear. The problem of the lack of solubility of porphyrins in aqueous media has been
circumvented by using water-soluble derivatives, detergent solutions or mixed solvents.

Coord. Chem. Rev., 6 (1971) 247—268
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The kinetics of Cull incorporation into the water-soluble 2,4-disulphonated deutero-
porphyrin dimethyl ester in acidic and neutral solutions followed a rate law 87_,

d{CuP]/dt = kK [PH, ] [Cul /(K + [H*])
in accord with the mechanism

PH; =PH, +H* K

Cu?** +PH, > CuP+2H" &

No evidence was found for direct incorporation into PHZ* or PH3, presumably due to
electrostatic factors, and the directly measured K was in agreement with that from the
kinetic analysis.

With hematoporphyrin in basic solution, both Cu and Zn were incorporated in terms
of the mechanism

M(OH);” = M(OH); + OH™ K
M(OH); + PH, =MP+2H,0+OH~ &

. The predissociation of Zn(NH;)2* and Zn(CN)3™ into the triligated species before insertion
indicates the importance of the geometry of the metal—ligand reactant 8:3%, Similarly only
the 1:1 and not the 1:2 Cu—oxine complex was active in incorporation 2°.

The details of the incorporation process have been viewed in terms of either an Sy 1

mechanism
PH, =p2~+2H*
M?* + P?” = MP
or an Sy 2 scheme
M?*+PH, > [M .. PH,] > MP +2H"

The basis for the speculations were rate laws of Cull insertion which were first-order in
metal ion and porphyrin. At that time, there was no strong evidence that species with reduced
or increased coordination numbers existed at that pH so the fact that, in a series of porphy-
rins, the rates increased with porphyrin basicity led to an assignment of an Syy2 mechanism.

In methanol—chloroform solutions, Fleischer and Wang °' found evidence fora 1:1
monomeric complex between FeCl; and protoporphyrin, which they called a sitting-atop
(sat) complex. This species lent weight to the Sy2 argument. The complex was postulated
as being dimeric in pure chloroform, and was dissociated by high concentrations of alcohol
or pyridine. On the basis of certain shifts in the absorption spectra of the porphyrin in
acetone solution upon the addition of metal ions, evidence was obtained for Fell Felll,
Cd1IL, PtIV, Snll, ZnlI, VIV and UVl sitting-atop species. Certain of these sitting-atop
porphyrins formed metalloporphyrins upon heating. The crystal structure of a presumed
sitting-atop complex 27 was later shown to be the diacid derivative [Hs P**CI"(FeCl,)].

When the sitting-atop entity was postulated, it was noted that its spectra resembled
that of diacid derivatives ¢, and Burnham and Zuckerman 2 have presented evidence that
the sitting-atop species in non-aqueous solution are in fact salts formed between the diacid
porphyrin and anions of the solvated metal ion. For example, it was suggested that Fe, Clg
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is solirolyzed by ethanol as follows:
Fe,Clg + 2EtOH > CI™ + 2 H" + [Fe, Cls(OEt), ]~

Two released protons would form PH3* from PH,, with two solvolyzed mononegatlve

dimers acting as gegenions.

In aqueous solution, the water soluble meso-tetrapyridylporphin forms 1:1 adducts
with a wide variety of mono-, di- and tri-valent cations 2 having stability constants
ranging from 1.5 for K* to 85 for Fe3*. The kinetics of incorporation of the divalent ions

followed a rate law of the form

KK 1K ¢ [M] ? [PH, ]
[H] (1 +K e [M] + K, [HT?)

d[MP}/dz =

The assumed mechanism, in terms of the observed sitting-atop species (M-sat-PH, ) was
PH, + 2H*=PH}" K,
PH, + M, =M, -sat-PH, K,
M,-sat-PH, == M,-sat-PH +H* Kg;
M -sat-PH"+M, =M, P+H " +M, &

- the constant KK, could be extracted and the order for the ions was Cu>Zn >Mn >
Co > Fe > Ni > Cd. While the reaction scheme assumed that the inverse proton depen-
dence arose from a metal ion assisted porphyrin proton dissociation, the equilibria

M(H,0), = M(H,C),_ (OH)™ +H*

could not be excluded. The notable feature was that two metal ions were required for the
incorporation process, and it was'impossible to tell if the sitting-atop cation (M,) or
another (Mp) was the one incorporated since M, and M, were the same.

In a recent study °3, the rates of incorporation of Zn and Cu into this porphyrin as a
function of Li* were measured. Li* forms a sitting-atop species but not a metalloporphyrin.
A two term rate law was found; one term was second order in Zn, the other first order in
Zn and Li. The indication was that the sitting-atop ion was not the one that inserted.

Cr3* formed a sitting-atop species having a stability constant similar to other trivalent
ions °2. Since Cr>" is substitution inert, and tetrapyridylporphin rather flexible, the sitting-
atop species may have water molecules trapped between the cation and porphyrin, ex-
plaining why the sitting-atop cation does not simply drop into the porphyrin. Another
view of sitting-atop species is that they are stacked planes of tetrapositive porphyrin mole-
cules stabilized by nitrate anions 74.

Meso-tetrapyridylporphin does not form sitting-atop species in acetic acid — water
mixtures %4, and the rates of insertion were first order in metal and porphyrin, in the order

Coord. Chem. Rev., 6 (1971) 247268
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Cu > Zn > Co > Ni. The copper rate showed an inverse dependence on hydrogen ion acti-
vity, which was unexplained as the porphyrin had no known dissociation equilibria in the
range studied. The rates showed a:curious dependence on acetic acid concentration, with
a minimum at 50% and maximum at about 90%, which was attributed to a mixed copper
coordination sphere.

Plane and coworkers have shown that Mg and Zn incorporation is catalyzed by nitro-
genous bases. For the Zn study %5 at constant pH the rate law was '

rate = k[Zn] [PH, ] + X' [Zn] [PH;] [B]

with B as pyridine, methyl substituted pyridines or imidazole. The fact that 2,6-dimethyl-
pyridine was catalytically inactive was evidence for the coordination of the bases to Zn
during the process, whose rate increased with ligand basicity.

For the Mg study in methanol °%, the rate law found was

rate = k, [PH, ] /[H"] + &, [PH, ] [Mg] [pyridine] /[H'] .

Due to the inherent limitations in the kinetic method, the two formulations for the un-
catalyzed paths

BH=B~ +H"

B+ PH; =PH " +BH slow

PH™ +Mg—>MgP+H" fast

B~ =base (OH™, CH;07, etc.)
and

PH, =PH +H*

PH™=(PH") slow

(PH) +Mg—>MgP+H™ fast

could not be distinguished. Both mechanisms place emphasis on a dissociative, rather than
metal ion associative mechanism. For the catalyzed path, the proposed sequence was

. Py + Mg + PH, = Py—Mg—PH,
* Py—Mg—PH, = Py—Mg—PH +H"*

Py—Mg—PH™ > Py—Mg—P + H"

<
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The dissociation of a porphyrin proton from a magnesium—pyridine—porphyrin complex,
similar to that in the sitting-atop reaction, was postulated. Since Mg is one of the slowest
of all ions to be incorporated, it was suggested %5 that pyridine was necessary to change

- the coordination sphere of Mg to make it of comparable reactivity, in this associative

The charge on the porphyrin and its environment affect the incorporation rates. Thus
with Fell in 10% pyridine at constant pH, the rates increased with the number of nega-
tively charged carboxylic acid groups on the porphyrin, being 8, 4, and 2 for uro-, copro-
and hemato-porphyrin 3¢. The rates spanned a 370-fold range, and arose from an activa-
tion entropy term. This was viewed as an increasing number of negative acid functions’
progressively stabilizing a sitting-atop activated complex. Similarly the rate of Cu incor-
poration into the dinegative disulphonic acid porphyrin was over forty times that of the
tetrapositively charged tetrapyridylporphin 7. Cu is incorporated about 20,000 times as
rapidly into protoporphyrin dimethyl ester when solubilized in the negative detergent
sodium dodecyl sulfate than in the positively charged cetylirimethylammonium bromide
The activation energy of the negative detergent reaction was 7 kcal/mole less than for the
positive detergent.

Several groups 24> %5 have shown that the relative incorporation rates in aqueous solu-
tion depend on the metal ion in the approximate order Cu?* > Zn** > Co?*, Fe*,

Mn?* > Mg?*, Ni** > AI**, Fe3*, Cr®*. These relative rates roughly parallel the rates of
water exchange by aquo ions ®# and it has been suggested that the slow metal—porphyrin
reactions compared to those of other ligand types arise from the necessity of removing
more than one ligand at a time, bound to the central cation befcre metal incorporation 36.
Certain inner orbital chelating agents have been found to both facilitate or inhibit the rates
.of Cu incorporation °°. An explanation based on charge delocalization on the cation, and
consequent loosening of the remaining coordination sphere, has been advanced.

Brisbin and Balahura !°° have shown that when Mn?* is mixed with the dication of
hematoporphyrin in glacial acetic acid, a monocation spectrum is rapidly produced. Fe3*
and Co®* acetates also produced this species, but Zn?** and Cu?* showed no such inter-
mediate. The porphyrin product of the MnlI reaction was Mn!IIP, produced by a rate law
first order in MnlI and PH3. The reaction was formulated as

90’

PH3 + Mn?* = MnllIP + 2H* + '/, H,

Kingham and Brisbin 4% have shown that the rates of first row transition metal ion in-
corporation into hematoporphyrin in glacial acetic acid parallel the changes in crystal field
stabilization energy for an SN2 (six to seven coordinate) process. Along similar lines, the
rate law for the insertion of Zn and Cd into porphyrins and N-methylporphyrins was the
same, with the rates about 10° faster in the latter case. Neither basicity nor statistical factors,
could explain this difference, which was ascribed to the inherent non-planarity of N-methyl-
porphyrins which must feature metal ion attack from only one side 145
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H. STABILITY OF METAL IONS IN METALLOPORPHYRINS

Various methods have been used to probe the “stability”” of metal ions in metallo-
porphyrins. Among them are acid-catalyzed dissociation reactions of the form

MP + 2H*= PH, + M?**

Qualitative studies ¢ have shown that water dissociates most alkali metal, Ca, Be, Hg or
Pb chelates, dilute acids dissociate Zn, Cd and Mg complexes whereas concentrated sul-
furic acid or methanesulphonic acid *°* demetallate Cu, Ni, Co, and trivalent Fe and Mn
species. Lower acidities are required to dissociate metal ions coordinated to more basic
porphyrins 192,

In sulfuric acid—acetic acid mixtures, the rates of metal ion displacements were found
to be 193 Co > Ni < Cu < Zn. The dissociation of Cu etioporphyrin in this medium was
shown to follow the rate law

—d[CuP]/dr = k[CuP]? [ho]?

suggesting the mechanism
CuP+2H*=CuP-2H"*

2 CuP -2 H* — products

The experimental methods have been questioned several times 194195

Snellgrove and Plane *°° have studied the kinetics of a MgP displacement in methanol
containing perchloric acid, pyridine and water. The observed rate law was

—d[MgP] /dr = [MgP] {%:[H*1%/(p, +(H"))
+ k2 [Py] [H*]?/(p2 + [H*]) + k2 [Py] [H> O] [H'] *}
for a'given step, the mechanism was

Kl ---Kn,-l knf

MgP + 2H* + X~ [X—MgPH, |

nr
k
[X—MgPH,] + H* -2, products

In.brief, a number of protonated or ligated species.preceed the final rate determining
step which will either be a third protonation, or the step prior to this at high acidities. The
protonations and ligations facilitate one another such that *“‘the bonding requirements of
both the magnesium ion and the porphyrin nitrogens are met as the magnesium—nitrogen
bonds are progressively weakened and the magnesium ion is removed from the porphyrin
plane™. '
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The dissociation of MnlI from hematoporphyrin %6 in water—ethanol mixtures was
first order in MnP. The reaction was first order in (H*) at low and hlgh acidities, and of an
order higher than first at intermediate pH’s.

The only acid-catalyzed solvolysis reaction of metal porphyrins studied in aqueous -
solution was the dissociation of Zn from the water soluble meso-tetra(4-N-methylpyridyl)-
porphin 97107 The reactions were first order in ZnP and at acid concentrations of 1.0 N,
the relative rates were

HI < H, S0, < HNO; < HBr < HCI
1 8 85 186 675

The rate law was
—d[ZnP]/dr =k [H']*[X"]?

with k in the order C1™ > Br™ > 1". For NOj, the rate law was squared in [H*], but first
order in [NO3]. In HCl—methanol %8, the rates of Zn ion replacement from zinc porphyrins
were faster the higher the porphyrin basicity. The rate law, R = k[ZnP] [HCI}* /(p + [HC1] )
was found with porphyrins (x =3) and N-methylporphyrins (x = 2). The N-methyl derivatives
have three rather than four coordination with respect to the porphyrin. One or two protons
were viewed as attacking the lone pairs on opposite pyrrole nitrogens bending these pyrrole
planes downward, with the other two moving upward, thus lifting the coordinated Zn from
the now formally neutral porphyrin. In a concerted fashion one or two halides occupy the
vacated coordination positions on the zinc ion. The final one proton attack in either case
makes the metal ion one coordinate with respect to the porphyrin, leading to solvolysis. No
large charge separation (P2~ from Zn?") need occur.

Eisner and Harding 199 have demonstrated that metalloporphyrins can be ranked in
stability with respect to the number of equivalents of lithium in ethylenediamine required
for the discharge of the metal ion. The relative order was Pt >Pd > VO > Ni> Co >
Cu > SnlV, Fell. The mechanism was unclear and Fleischer ® has noted that the porphyrin
nitrogen—metal ion bond lengths show a correlation with the tendency toward dissociation.

Dempsey and coworkers * have estimated an equilibrium constant log K of 29 for the
following reaction involving mesoporphyrin:

Zn?** + P =ZnP

The high value shows the extreme stability of the four coordinate chelates compared with
less rigid ligands. Such equilibria have been little studied because the requisite constants
(P?*—PH,) are not well known, and the approach to equilibrium is often slow, or too far

to one side to determine.
Corwin and Wei 92 have measured the equilibrium between porphyrins and chlorins at
100°K in phenol.

K
PH2 + Mg(0C5 Hs)z = MgP +2 Cﬁ H5 OH

Coord. Chem. Rev., 6 (1971) 247268
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The porphyrins were found more stable than the less basic chlorins, and etioporphyrin
replaces Mg from its corresponding chlorin complex in refluxing acetic acid **°.

Barnes and Dorough ''! have investigated the replacement of one divalent ion for
another coordinated in a meso-tetraphenylporphin chelate,

M,+M,P=M P+M, A

No measurable equilibrium was observed, and the relative displacement order was Cu >
Zn > Hg > Pb > Li, > Nay > K, or small divalent > large divalent > alkali ions. Similar
results have been found by other workers €. _

Kinetic studies have indicated a possible multiplicity of mechanisms for such exchan-
ges 112 For example in the Cu—ZnP system, the rate law in refluxing pyridine was

—d{ZnP]/dt = k[ZnP] [Cu] /(X' + [Zn])
This is consistent with several mechanisms involving unstable intermediates; for example
ZnP + Cu®* = [CuP*] + Zn?*

[CuP*] - products
or

ZnP = Zn* + P>
Cu?* + P2~ = [CuP*]
Zn?* + [CuP*] - product

The Zn—CdP and Zn-HgP reactions were first order in metal ion and porphyrin, while the
Zn—Pb reaction was second order in Zn. Free base intermediates were excluded, and the
Zn—PbP reaction was catalyzed by Hgll,

Under normal conditions, most metalloporphyrins are fairly inert to exchange by the
corresponding isotope. Little exchange has been found with Mg chlorophyll 2 or 13,
Felll porphyrins 14, Cu pheophytin and Coll mesoporphyrin 1%. Sodium ions rapidly
exchange with disodium porphyrins !, and Mg exchanges with chlorophyll derivatives
in a petroleum ether soluble plant material extract ! '®. Fe exchanges with ferric deutero-
porphyrins in resorcinol melts ©.

From a consideration of various “stability” criteria, Phillips 3 has advanced the follow-
ing order PtiI > Pdll > Nill > Coll > AglI > Cull > Znll > MglI > CdIl > Snll > Li, >
Na, > Ball > K, > Agl . The more “stable” the metal ion, the higher the net positive
charge on the porphyrin ring. Thus the one electron oxidation potentials of metallopor-
phyrins''? increase with the metal ion stability, and reduction potentials follow the opposite trend.



COORDINATION CHEMISTRY OF METALLOPORPHYRINS 263
1. SUBSTITUTION AND ELECTRON TRANSFER REACTIONS

Fleischer and coworkers !'® have studied the kinetics of the nucleophilic substitution
reactions of diaquo Felll and Col!l hematoporphyrin with CN~ and SCN ™, of the form

MP(OH,;), +2 X~ =MPX, +2H,0

The observed rates were always first order in porphyrins with the Felll system following
a linear rate dependence and the Colll reactions showing a leveling effect with X ™. An
Sn 1 limiting mechanism was assumed for all of the reactions:

MP(OH;), == MP(OH,) + H,0
MP(OH,) + X > MP(OH,)X  slow
MP(OH, )X + X > MPX, + H,O fast

The cobalt substitution reactions were rapid compared to most d® systems, and electron
delocalization into the porphyrin molecule was suggested. It was noted than an ion-pair
substitution mechanism could not be excluded on kinetic grounds.

Ethanol was used to monomerize Felll protoporphyrin, and temperature jump and
NMR line broadening studies were used to elucidate the mechanism of imidazole addition
to hemin. From the NMR work 119, the rate constants for the dissociation of ethanol
from hydroxy-ethanol hemin was 2 X 108 sec™!, and of water from hydroxy-aquo hemin

.was 6 X 10° sec™!. From T-jump data '2°, the rate constants for the reactions of hydroxy-
ethanol hemin with imidazole (3 X 102 M~'sec™) and the imidazonium ion (4 X 10° M!
sec 1) were determined. The rates were inconsistent with a limiting Sy 1 formulation, and
were suggested to follow an ion-pair process

OH—FeP—Et + ImH* = OH—FeP—Et(ImH") Kijp
OH—FeP-Et(ImH") > OH—FeP—Im + H* + Et

The faster rate of the imidazonium reaction was attributed to a larger ion-pair formation
constant (ca. 3) as compared to about 0.02 for imidazole.

The kinetics of the one electron oxidations of Crll, VII Eull and Cr(bipy) * with
Mnlll and Felll meso-tetrapyridylporphins in the presence of halides have been studied
by stopped-flow techniques 121.

X
MnllIP + Red = MIIP + Ox

The reactions were halide catalyzed in the order SCN™ > Cl™ > Br~™>1", and showed
rate laws of the form :

—d[MIIP] /d¢ = [Red] [MIIP] (K, + k2 X)

Coord, Chem. Rev., 6 (1971) 247—-268
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The iron reactions were more susceptible to halide catalysis than those of manganese.
The fact that Cl~ was incorporated into the product chromium species indicated substi-
tution of this ligand into the chromous coordination shell before electron transfer, but
the lability of both Felll and MnllI porphyrins precluded a definite mechanistic assign-
ment. The reactivity pattern appeared to favor the VII and Cr(bipy)2* as outer sphere
reductants and Crl! as an inner sphere reactant. In parallel with their more stable oxi-
dized forms 5, the metalloporphyrin electron transfer reactions were slower than their
aquo ion counterparts.

Castro and Davis '2? have shown that the reduction of Felll octaethylporphin by Fe®
in 1:1 N-methylpyrolidine—CH; CO, D(T) and subsequent reoxidation by O, or H, 0,
leads to deuterium or tritium incorporation at the meso positions of the porphyrin. A
mechanism featuring hydrogen atom attack at the meso positions, with the subsequent
radical reducing the Felll was postulated. It was noted that such a mechanism could
explain electron transfer in hemoproteins where the axial positions of the porphyrin were
fully substituted.

The kinetics of oxidation of dipyridine Fell porphyrins by molecular oxygen in aqueous
and ethanol—benzene solutions were reported to follow a rate law 123

—d[heme] /dt = 4(k,/[Py] + k;)[O2 ] [heme]
consistent with the mechanism
02 + Py—FeP—Py = Py + 02 —FeP—Py

\ lka
products

The oxidation thus proceeds by a direct outer sphere (k) pathway, and an inner-sphere
pathway with the formation of an “oxyheme”. It was shown that the oxidation rates de-
creased with solvent polarity, in accord with the hypothesis is that oxyheme decomposes
into Oz (or HO.) and Felllp. A

Cohen and Caughey 124, however, found more complicated rate behavior in benzene—
pyridine solvents. Their proposed mechanism was of the form

Py—FellP—Py = [Py—FellP] + Py
2[Py—FelIP] + O, == [Py—FeP—0, —FeP—Py]
[Py—FeP—Og '—FCP—‘PY] + Hz O - 2 FellIPOH + Hz 02 +2 Py

In contrast to the previous study in water, they found no evidence for an outer-sphere
reaction. Their mechanism favors the coordination of one O, to two ferrous porphyrins
before electron transfer, and the necessity for two reducing equivalents at the reaction site.

Along these lines, Corwin and coworkers 125:128 haye shown the reversible oxygenation
of biimidazole and bipyridine complexes of mesohemes and protohemes in the solid state,
and Wang *27 has described several novel model hemoglobin and cytochrome oxidase sys-
tems.
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Solvents above a dielectric constant 84 of ca. 12 and unsaturated hydrocarbons 85 are
found to cause the oxidation of Coll porphyrins to Colll. For the solvent induced oxida-
tions, the process is reversible upon removal of the solvent, whereas with olefins, the por-
phyrin is decomposed. Cis- to trans-2-butene isomerization and spectral shifts indicated
7 bonding between the metal ion and hydrocarbon. Such bonding facilitates the forma-
tion of octahedral coordination by the Coll, which is then unstable with respect to Colll,
The induced oxidations of Fell by olefins, however, have been ascribed to peroxide im-
purities 28 _ The reactions of alkyl halides, Juinones, nitro and nitroso compounds by
ferrous porphyrins have also been described.
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