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AsstracT. — A review is presented of the photochemistry of porphyrin complexes of the first row transition metals,
particularly those of chromium, manganese, and iron. Their photochemistry has revealed a diverse set of reactions,
including oxygen and nitrogen atom transfers, photoreductions, photooxidations, photocatalysis, and radical
chain initiations. There is growing evidence that much of this diversity actually represents secondary thermal reac-
tions. In many cases, the primary photoprocess is homolytic loss of an axial ligand, resulting in photoreduction of
the metal and production of a reactive radical from the lost ligand. Subsequent fast thermal reactions can then lead
to the formation of the wide range of reactivity observed. This observation is consistent with the nature of the exci-
ted states involved. Irradiation of the low energy n — w transitions does not produce photochemical reactions, and
the observed photochemistry does not come from the lowest available excited state. Instead, the metalloporphyrin
excited states that show photochemistry are those involved in charge transfer transitions, either from the axial Ii-
gand to the metal or from the porphyrin itself to the metal. Thus, the preponderance of metalloporphyrin photoche-
mistry is observed in complexes with hyper spectra.

Introduction

Normal 4
Metaloporphyrins  and related macrocycles serve many func- Zr" (TPP) x 2.5
tions in biological systems. Their central role in charge separa-
tion as part of the photosynthetic apparatus !, in the oxidation
of organic substrates* by cytochrome P450, and in the reduc- ]
tion of oxoanions® such as nitrite and sulfite in bacteria, has 300 400 500 600 700 800
prompted extensive investigations of various aspects of meta-
loporphyrin  chemistry. The use of photochemistry to induce Hypso
such reactivity is an approach of much current activity. It is NH (TPP) x 2.5

therefore appropriate to bring together the various photochemi-
ca studies of first row transition metaloporphyrins. The
complexes of chromium, manganese, and iron have been by far
the most carefully examined. Consequently, we will limit our 300 400 500 600 700 800
review to complexes of these metals.

The absorption spectra of metaloporphyrins are diverse and

—Type
complex. Any discussion of porphyrin photochemistry profits p=lyp x 2.0
from an understanding of the electronic transitions responsible Hyper ¢
for the observed spectra As such, the first section of this re- PO (TPP)
view contains an overview of the observed types of spectra We
then describe a general categorization of metalloporphyrin pho- 00 200 s 80 " 70 Boo
tochemistry. This classification scheme provides a good frame-
work for the discussion of the photochemistry of first row
transition metal porphyrins The last section of the review fo- d-Type
cuses in turn on the photochemistry of chromium, manganese, Hyper ¢ 5.0
. . x 2.
and iron porphyrin complexes. Mn(TPP)(NO5)
300 400 500 600 700 = £ 0O
Metalloporphyrin electronic spectra Wavelength (nm)
As shown in Figure 1, there are three classes of metallopor- Figure 1. - Representative electronic spectra of metalloporphyrins
phyrin electronic spectra These have been called normal, hypso, from each of the four classes discussed in the text.
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and hyper, with the hyper spectra being further divided into
P-type and d-type. This is the classification scheme of Gouter-
man® and will be used throughout this review. Our discussion
of these classes will be qualitative; detailed analyses have been
presented elsewhere 4, While there is agreement on the general
types of transitions involved, the exact nature of ground and ex-
cited state electronic configurations continue to be explored 3.

NORMAL  SPECTRA

Normal spectra are observed for metalloporphyrins with me-
tals from groups 1 to 5 with oxidation states of | to V, respecti-
vely, and for other q° or 4'® metals. Characterigtically, normal
spectra have one intense absorbance (the Soret or B-band) bet-
ween 320 and 450 nm and one or two absorbances (Q bands)
between 450 and 700 nm. Meso-substituted porphyrins often
show a merging of the lower energy bands. Metal-free porphy-
rins also have normal spectra, athough they have a four-ban-
ded spectrum between 450 and 700 nm. This increase in the
number of bands is attributed to lowering of the D,, symmetry
of the metaloporphyrin to D,, by protonation of two pyrrole
nitrogens in the metal-free porphyrin.

Normal spectra are well explained by Gouterman's four-
orbitd model ¢. In this model, the four orbitals are porphyrin 7
and m* orbitals, the two highest occupied molecular orbitas
(HOMO's) of a, and a,, symmetry, and the two lowest unoc-
cupied molecular orbitals (LUMO’s) of e, symmetry (Fig. 2).
The two major absorbances arise from coupling of the two
transitions between the HOMO's and LUMO's (n—n*) (Fig. 3).
The Q bands are the result of the transition dipoles nearly can-
celing each other out, therefore resulting in a weaker absor-
bance. The higher energy Soret transition results from a linear
combination of the two transitions with reinforcing transition

Figure 2. - The highest occupied molecular orbitals (a,, and a,, sym-
metry) and the lowest unoccupied molecular orbital (e, symmetry) of
metalloporphyrins (adapted from reference 4).
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Figure 3. - Molecular orbital diagram for the four-orbital model of
normal metalloporphyrin absorbances.

dipoles and is therefore very intense. Some shifts in the posi-
tions of the bands as a function of metal occur due to weak in-
teraction of the metal with the g,, and e, orbitals. As shown in
Figure 2, the a,, orbital has nodes at the pyrrole nitrogens and
therefore remains relatively unaffected by the meta 6 Because
the transitions are largely porphyrin-ring based, little photoche-
mistry is expected to occur in complexes with normal spectra;
this is born out by experimental observations.

HYPSO SPECTRA

The hypso porphyrins have spectra which look very much
like the normal porphyrins except that the Q-band is blue shif-
ted to wavelengths of less than 570 nm as shown in Figure 1.
The hypso spectrum is found with transition metal complexes with
electron counts of d° to d° and therefore filled e,(d,) orbitals ".
Common examples are Pd", Pt!, Rh 1 and Ni'\ The blue shift
in the Q-band is explained by mixing of the e, LUMO of the
porphyrin ring with the filled eg(dx) metal orbitals. This inter-
action pushes the porphyrin LUMO to higher energy as shown
in Figure 4, thus increasing the w-g* energy gap of the porphy-
rin. The overlap is greatest for 4d and 5d metals, which
show the largest blue-shifts. Within a given row of transition
metals, the energy of the d electrons decreases with increasing
electron count. Thus, as the number of d-electrons increase, the
energy gap between the porphyrin LUMO and the meta in-
creases, and the orbital mixing decreases. For the late first-row
transition metal ions, the spectra become less blue shifted as
the d-electron count increases from Fe®, Co!!, Ni", Cull, to Zn".
As pointed out by Gouterman®, Zn" porphyrins actually have
normal spectra. Of the hypso porphyrins, Fe I is perhaps one of
the more interesting cases. The Fe porphyrins may exhibit ei-
ther hypso (if $=0) or hyper (ifs> 0, discussed below) spectra.

HYPER SPECTRA

The hyper spectra, both p-type and d-type, show additional
absorbance compared to the normal and hypso varieties. These
additional bands are generally to the blue of the Q-band and are
of moderate intensity, as shown in Figure 1. Man group ele-
ments in low oxidation state (e.g., Sn'l, PbY, P Aslh) give
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Figure 4. Molecular orbital diagram for hypso metalloporphyrins

(adapted from reference 7).

p-type hyper spectra. In this case the extra bands are due to
metal to ligand charge transfer®1%. As shown in Figure 5, the
charge transfer originates in the metal p, orbital and is a,,
(np,)(metal) — e, (n*) (ring).

Of more interest to this review are the porphyrin complexes
that exhibit d-type hyper spectra. This type of spectrum is
found with d ! through d % metals that have vacancies in the
e (d,) orbitals 4. These vacancies make a porphyrin ligand-to-
metal charge transfer transition possible, as shown in Figure 6.
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Figure 5. = Molecular orbital diagram for p-type hyper metalloporphy-
rins (adapted from reference 4).
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Figure 6. = Molecular orbital diagram for d-type hyper metalloporphy-
rins (adapted from reference 8).

Because the charge transfer results in a change of metal oxida
tion state, relatively low metd redox potentials are aso desira-
ble to make the final product more stable '. There is aso consi-
derable mixing of the metal d, orbitals with the LUMO of the
porphyrin, since they are of the same symmetry (e,) 2 The ex-
tensive mixing then accounts for the complex spectra often ob-
served in d-type hyper porphyrins. This mixing occurs more
readily when the porphyrin LUMO is close in energy to the
metal orbitals. Caculations have shown !! that Cr™, Mn™, and
Fe! metal orbitals are uniquely situated in energy for extensive
mixing to occur. It is this extensive mixing of meta and por-
phyrin orbitals that makes, Cr, Mn, and Fe porphyrins of grea
test interest for photochemical studies. As will be seen throu-
ghout the next section, a variety of photochemical processes
occur with metalloporphyrins having d-type hyper spectra.

General classes of porphyrin photochemistry

There are a variety of classification schemes into which por-
phyrin photochemistry might be divided, depending on the as-
pects one wishes to emphasize. For our purposes, three classes
will be used: photosensitization, photoreduction of the metal,
and photooxidation of the metal.

PHOTOSENSITIZATION

In photosensitization reactions, the porphyrin undergoes no
permanent changes. There are a variety of processes wherein
the porphyrin acts as an absorber and energy transfer agent
(i.e., a sensitizer), and much effort has been made in the area
Perhaps the most important and well known example is the sin-
glet-singlet energy transfer that forms the primary steps of
light-energy harvesting in photosynthesis by so-caled antennae
chlorophylls 3.
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Another example of growing importance is the use of por-
phyrins in photodynamic therapy (PDT) for cancer treatment !4-16,
It is well known that porphyrins and metalloporphyrins have a
small energy gep between the lowest singlet and triplet states
and that the intersystem crossing can be very efficient 7. Thus,
after excitation to an excited singlet state, the triplet is formed
in high yields (Eq. 1 and 2). This energy may then be transfer-
red to ground state triplet oxygen to produce the highly reactive
singlet oxygen ('A,), as shown in Equation 3.

hv
‘Porph  —= 'Porph* {1)
"Porph* - 3Porph* 2)
3Porph* + 0, — 'Porph + ‘0, (3)

The singlet oxygen thus produced may then oxidize organic
substrates. In the case of PDT, this results in the destruction of
tumor tissue in which the porphyrin sensitizer has preferentialy
accumulated. Alternatively, the triplet state of the porphyrin
may abstract hydrogen from nearby substrate and initiate a va
riety of radica reactions that also may ultimately destroy the
tumor. In either case, the porphyrin is generaly left unchanged
at the end of the cycle. Secondary decomposition of the por-
phyrin due to 'O, reactions or to metabolism of the porphyrin
itself will eventually occur in vivo.

PHOTOREDUCTION AND PHOTOOXIDATION

Excited states formed on irradiation are well known to be
both better reductants and better oxidants than the ground state
molecule. Because of this, both reductions and oxidations are
common photochemical reactions. The reduction or oxidation
of porphyrins on irradiation can occur either on the ring or at
the metal center (if the porphyrin is metalated). Examples of
reactions of the porphyrin ring or its substituents are diverse.

The photooxidation of porphyrinogens (which are porphyri-
nic macrocycles with four reduced methine carbons) to porphy-
rins is known to occur in the presence of oxygen '|. Similarly,
metallochlorins (a metalloporphyrin  with one pyrrole reduced)
may be photooxidized to metalloporphyrins. The oxidation of
unsaturated side chains in porphyrins such as protoporphyrin
IX in organic solvents has also been reported !7. In ail of these
photooxidations, the presence of oxygen is important, possibly
due to formation of singlet molecular oxygen as discussed
above.

The photoreductions of both porphyrins and metalloporphy-
rins are also known. In these cases reducing agents such as as-
corbic acid, glutathione, EDTA, or ethyl acetoacetonate are ne-
cessary !7. In strongly acidic solutions, porphyrins can be
rapidly photoreduced to chlorins and bacteriochlorins. These
reductions are often thermaly reversible. Metaloporphyrins
undergo analogous photoreductions’. For both porphyrins and
metalloporphyrins, phlorins (where the site of reduction is a
methine carbon) are the initial photoproducts. The chlorins are
then formed by a rapid rearrangement.

Photo-redox reactions involving the metal center are poten-
tially more diverse. Recently, several such reactions have been
observed and are discussed in depth in the next section of this
review. In general terms, it can be said that for a redox reaction
to occur there must be a second stable oxidation state available
to the metal. This explains why the mgjority of known photo-
redox processes involve group 5 to 7 metals. As will be seen in
the next section, solvent and cage effects can aso play critica
roles, athough the mechanism of such effects are not aways
clear.

Photochemistry of chromium porphyrins

There has been relatively photochemical research with chro-
mium porphyrins. This may be due to emphasis on the more
biologically relevant iron complexes. The work that has been
done has centered around two areas. photochemically assisted
oxygen atom transfer and photooxidation of chromium azido
complexes.

It has been reported %29, that the formation of CrY(TPP)(O)
(Cl) from Cr™(TPP)Cl) and p-cyano-N,N-dimethylaniline
N-oxide occurs only during irradiation. The high valent spe-
cies was shown to then quantitatively oxidize [-phenyl-1,2-
ethanediol. The same reaction occurs thermaly with manga
nese and iron porphyrins. There is some question as to whether
the observed photochemistry is a result of light absorption by
the porphyrin or by N-oxide. Whichever the case, the apparent
quantum yield is very high since fluorescent room lights are
sufficient to drive the reaction.

In a similar vein, the transfer of an oxygen atom from coordi-
nated perchlorate to the metal has been reported” for
Cr"(TPP)(C10,) forming Cr"V(TPP)YO). In this case, the reac-
tion observed on irradiation depends on the solvent used and
substrate present. In solvents which are relatively difficult to
oxidize, such as toluene and benzene, Cr(TPP)ClO,) was
observed on irradiation to first yield Cr'Y(TPP)(O) with good
isosbestic behavior. This occurred with a quantum vyield of
1.3 x 107 This species was then converted to Cr¥{ TPP)(CI)
quantitatively. In more easily oxidized solvents, such as cyclo-
hexene, the photoreaction went directly to CH{TPP)(CI), with
litte Cr™V(TPP)(O) observed. In both reactions, the oxidation of
substrate was observed. In toluene, 0.75 equivalents of benzal-
dehyde were produced, representing 1.50 oxidation equiva
lents. In cyclohexene, a mixture of products (cyclohexene
oxide, cyclohexenol, cyclohexenone, and 1,2-cyclohexane-
dione) totaling 1.86 oxidation equivaents was observed.

It was proposed in this work 21 that the oxidation products
were due to radical based ClO, species and not to porphyrin
metal-oxo species. The Cr "V(TPP)(O) is known ?? to be incapa-
ble of the types of oxidations observed, and in the same work it
was shown that it could not be photochemically activated to do
such oxidations. The intermediacy of Cr'Y(TPP)(O) was obser-
ved in cases where the radical based oxidations were difficult.
This dows the production of Cl which is responsible for
Cr(TPP)(C1) formation. In easily oxidized solvents, the CI' is
produced so rapidly that formation of Cr(TPP)(CI) is directly
observed.

The second example of chromium photooxidation involves
the photochemical transformation of Cr(porph)(N,) to
Cr¥(porph)(N) and dinitrogen?*24, This reaction has been
shown to be quantitative for a variety of porphyrins (eg.,
5,10,15,20-tetratolylporphyrin, 5,10,15,20-tetraphenylporphy-
rin, 5,10,15,20-tetramesitylporphyrin) and appears to be unaf-
fected by changes of the porphyrin substituents. The nitrido
species formed is very stable, and no nitrogen atom transfer to
substrates is observed.

Photochemistry of manganese porphyrins

There has been a great deal of interest over the last decade in
the photochemistry of manganese porphyrins, for a variety of
reasons, including their unique electronic properties, their ro-
bustness as oxidation catalysts, and their potential relevance to
photosynthetic processes !, The research spans a rather wide
area, including the use of manganese porphyrins as photosensi-
tizers in conjunction with other molecules for electron transfer
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(an area not covered in this review)?> 26, and the use of pho-
tochemically generated species for substrate dteration (e.qg.,
epoxidation, hydroxylation, azidification).

The extensive work of Harriman et a. 2729 on the photoche-
mistry of water-soluble manganese porphyrins was an early at-
tempt to construct an in vitro model system for the photooxida-
tion of water. In an early study?’ it was shown that
Mn H(TPyP) (where TPyP is 5,10,15,20-tetra(4-pyridyl)por-
phyrin), on irradiation in ethanol produced Mn'(TPyP) and
acetaldehyde with a quantum yield of 1.2 x 107*. On re-expo-
sure to air, more than 95% Mn"(TPyP) was regenerated. The
quantum yield was shown to be independent of the water solu-
bilizing groups on the porphyrin ring. A pH dependence was
noted; at higher pH, the quantum yield increased due to increa-
sed OH- availability for electron donation. It was noted that no
decomposition of Mn'(TPyP) occurred on irradiation in the ab-
sence of good hydrogen donors. In the presence of ascorbic
acid, however, photoreduction of the porphyrin ring gave
hydroporphyrins.

In other studies, the reduction of benzoquinone?® and me-
thylviologen?® by irradiation of various water soluble manga
nese porphyrins was reported. Irradiation in the presence of
benzoquinone (BQ) produces no observable changes in the ab-
sorption spectrum of the porphyrin, except for a small amount
of bleaching. The quantum yield of BQH, formation and the
extent of porphyrin bleaching has been studied under a variety
of conditions. Typicaly the quantum vyields were = 0.05,
and after 5 turnovers, less than 10% bleaching occurred. Harri-
man proposed an unusua photooxidation of the manganese
porphyrin as the first step of his mechanism (Eq. 4), athough
the manganese(IV) species was never observed. Through a se-
ries of subsequent steps (Eq. 5-8) BQH, is formed. The
Mn"(porph) is eventualy regenerated via thermal reduction by
water and buffer (Eq. 8).

hv
Mn"(porph) + BQ  —> Mn"(porph) + BQ- (4)
2BQ - — BQ+BQ’" )
Mn(porph) + BQ -+ —> Mn™(porph) + BQ? ®)
BQ* + 2H* —= BQH, 7
Mn"(porph) —> Mn"(porph) ®)

A similar reduction of methylviologen (MV?*) occurs upon
irradiation in strongly akaline solutions. In this reaction, how-
ever, photoreduction of the manganese porphyrin initialy oc-
curs, as shown in Equation 9. The Mn!'(porph) then reduces the
MV* to Mv+ on continued irradiation, regenerating
Mn(porph) (Eq. 10). On prolonged irradiation, a steady state
concentration of MV’ is produced and Mn'(porph) is the pre-
dominate porphyrin species observed. Due to recombination of
OH’ to give H,0, the overall net reaction is given by Equation 12.

hv
Mn'"(porph) + OH- —» Mn'!(porph) + OH' (9)
hv
Mn"(porph) + MVZ* — Mnlli(porph) + MV* (10)
20H —» H,0, (1)
2MVZ + 20H- - 2MV" + H,0, (12)

In similar work3® in agueous media, the photoreduction of
Mn"(TMPP) (where TMPP is 5,10,15,20-tetrakis(4-methylpy-
ridyl)porphyrin) was reported in the presence of electron do-
nors such as EDTA, triethanolamine (TEOA), and triethyla-
mine. By varying the strength and concentration of the electron
donor in the presence of porphyrin and methylviologen, some
interesting photochemistry resulted. In the presence of the
strong electron donor EDTA, there was initially photoreduction
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to Mn(TMPP) (Eq. 13). This is followed by the eventua rege-
neration of Ma(TMPP) and reduction of MV?* to MV’ via a
Mn(TMPP) excited state (Eq. 14 and 15). The reduction by
excited state Mnn(TMPP) was proposed because the ground
state of Mn(TMPP) (E,,, I1I/ll = « 0.21V) is not a strong en-
ough reductant to reduce MV?" (E% = — 0.67V). This is similar
to the mechanism proposed in Harriman's work on water oxi-
dation (Eq. 10). Using weak electron donors such as TEOA, a
different mechanism was invoked by Takahashi et a., who pro-
posed that excited state Mn'(TMPP)* was oxidized by MVZ*,
This requires the energy level of the excited state to be approxi-
mately 1.12 ¢V above the ground state.

hv
Mn “‘(TMPP) + EDTA — Mn"{TMPP) (13)
hv
Mn(TMPP) —» Mn'(TMPP)* (14)
Mn(TMPP)* + MV?*  — Mn!(TMPP) + MV’ (15)

The photoreduction of manganese porphyrins has also been
well established in non-agueous media. Imamura et a. have
examined a number of manganese(Ill) halides and other smple
ligands a room temperature’ and in frozen glasses3?. As
shown in Table I, the quantum yields of the photoreduction in
2-methyltetrahydrofuran (MeTHF) are of same order of magni-
tude as those processes dready discussed. Interestingly, in
MeTHF glasses at 77K, no photoactivity was observed for any
of the compounds listed in Table II. No explanation for this ob-
servation was volunteered by the authors.

Table |. ~ The photoreduction of manganese porphyrins*.
hv

Mn"{TPP)X Mn'(TPP) + X'
X ¢

\ 1x107

Br 3 x 107

cl 2x10°¢

OAc 1x107

NCS 2x 107

* From reference 28; solvent was MeTHF.

Three separate groups have examined 243234 the photoche-
mistry of Mn"(porph)(N;). In reactions similar to those of
chromium azide complex discussed earlier, Mnlll(porph)(N3)
forms Mn"(porph)(N) quantitatively on photolysis in ben-
zene 3 or toluene #. The nitrido species thus formed is quite
stable and may be isolated by chromatography. Derivatization
with trifluoroacetic anhydride to an acylimidomanganese(V)
species alows transfer of the acylimido group to unsaturated
molecules in what is called the azo-anaogue to epoxidation 3.

Interestingly, ~ photoreduction of Mn"(porph)(N;) to
Mn'(porph) is observed at room temperature in MeTHF 32 34
instead of photooxidation to MnY{porph)(N). At temperatures
of less than — 80" C, however, in the same solvent the photooxi-
dation is again observed. At intermediate temperatures, both
Mn'(porph) and Mn"(porph)(N) ae formed together. Spin
trapping experiments at room temperature suggest the forma-
tion of MeTHF radicals. It was thus proposed that in first step
of the room temperature photoreaction Mn''(porph) and N;' are
formed as in Equation 16. The Nj  radica formed is then
quickly scavenged by solvent to give MeTHF and HN,
(Eg. 17). This process is not observed in benzene or toluene,
consistent with the less easily abstracted hydrogens of these
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Table 1I. = Photocatalytic oxidation of hydrocarbons by Mn(TPP)(X)*.
Mn complex Oxoanion @ Substrate Product(s) qu;a]lvelrr\ns
CHO
Mn(TPP)(CIO,) cio, b © 1.94
Mn(TPP)(CIO, ) cio; O e 1.78
OH
S e
[+]
d 0.66
o
Mn(TPP) (CIO, ) co; 0 é 1.67
CHO
Mn(TPP)(OAc) 10, ﬁj O 2.40
Mn(TPP)(OAC) 0, O Oo 11.3
oH
O 3.30
[+
d 1.04
[+]
Mn(TPP)(OAC) 10, O é 6.00

@ Reactions with ClQs~ ae doichiometric while those usng 104~ ae cady-
tic; * From reference Ha.

solvents. Imamura and coworkers proposed a competing photo-
chemical process (Eq. 18) to explain the low temperature pho-
tooxidation.

hv
Mn"(porph)(N;) —» Mn'{(porph) + Ny’ (16)
Ny + MeTHF —= MeTHF + HN, (17)

hv
Mn(porph)(N;) —= Mn"(porph)(N) + N, (18)
Mn!(porph) + N;*  — Mn"(porph)(N) + N, (19)

This mechanism, however, overlooks the additional possibility
of a thermal reaction (Eq. 19) with Nj' to give MnY(porph)(N)
and N,. This would be favored under conditions of long N;~ li-
fetime, including photolysis in solvents that cannot be reduced
or a low temperatures where solvent reduction is slowed. This
possibility is also consistent with the reported observations and
has been confirmed in analogous iron systems (vide infra).

In more recent work 233 it has been reported that irradiation

of Mn'"(TPP)(ClO,) quantitatively forms Mn"(TPP)(Cl) with a

quantum yield of 2.7 x 105 (Eg. 20). In this work, it was disco-
vered that substrate oxidation of hydrocarbons incorporated all
four oxygen equivalents of the oxoanion (Table II). With 10,-
as axia ligand the reaction was made catalytic by adding ex-
cess 10, as the tetra n-hexylammonium salt (Eq. 21-23). This
does not work with ClO,~ because the CI" produced binds the
manganese porphyrin too tightly to be replaced by excess o0xo-
anion. Based on the comparison of the observed oxidation che-
mistry and the known therma chemistry of porphyrin metal-
oxo species, [MnY(TPP)(0)]" was proposed as the active
oxidant in the system. Such a species is too reactive to be
observed directly at room temperature 22,

Mn"{(TPP)(CIO,) + 2R,CH,

hv
—  Mn(TPP)(C]) + 2R,C=0 + 2H,0 (20)
Mn(TPP)(OAc) + 10,-

- Mn(TPP)(10,) + OAc™ Q1)
Mn"(TPP)(10,)
h_v. [Mn"(TPP)(O)]* + 105 22
[Mn¥(TPP)(O)]" + R,CH
—  Mn"(TPP)* + R;COH (23)

In an extension of this work, the photochemistry of other
manganese porphyrin oxoanion complexes has been examined
with interesting results. It has been shown 3 that on irradiation
between 350 and 420 nm, both Mn(TPP)(NO,;) and
Mn(TPP)(NO,) undergo a two-step process resulting findly in
Mn(TPP). In the first step, the complexes are converted to
MnY(TPP)(Q) with a quantum yield of 1.6 x 10~* for the
nitrate and 5.3 x 107 for the nitrite complex. Mn!'i(TPP) is for-
med quantitatively in both cases on reaction of Mn!V(TPP)(O)
with oxidizable substrate. It was shown in reactions with sty-
rene and triphenylphosphine that in the case of the nitrate
complex, two oxidizing equivaents per Mn(TPP)(NO;) were
available. For Mn(TPP)(NO,) on the other hand, only one oxi-
dation equivalent was realized. Based on these results and other
confirmatory experiments, it was proposed that Mn(TPP)(NQO,)
is formed during the photolysis of Mn(TPP)(NO;) and is responsi-
ble for the second oxidizing equivalent (Fig. 7).

0
\

O"N-O
|
Mn

o]
I

OPPh;

Figure 7. - Photochemical reaction cycle of Mn porphyrin nitrate and
nitrite complexes (reference 36).

In contrast to the manganese ClO,, NO;°, and NO,
complexes, the SO42‘ and HSO,” complexes do not form metal-
0X0 species on irradiation, and no oxidation of hydrocarbons is
observed. Instead, both [Mn(TPP)],(SO,) and Mn(TPP)
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(OSO,H) directly form Mn'(TPP) with quantum vyields of
7.0 x 10* and 9.8 x 10~ respectively 7. In both cases, the for-
mation of 1.0 equivalents of OP(C¢Hs); was observed if the
photolysis was carried out in the presence of P(C4Hs);, though
this oxidation did not directly involve the porphyrin. The ulti-
mate fate of the axial ligands has not been determined; produc-
tion of either SO, and O,, however, are not observed.

In me work with manganese porphyrin oxoanion complexes,
two distinct types of reactivity are observed: oxygen atom
transfer to the metal and photoreduction of the meta. In the
first class, both nitrate and nitrite complexes underwent P-bond
cleavage to form Mn'Y(TPP)(O) (Eq. 24). In the case of per-
chlorate and periodate complexes, the formation of
[Mn(TPP)(O)]' was inferred from the nature of the observed
hydrocarbon oxidations (Eg. 25). On the other hand, sulfate and
bisulfate complexes underwent homolytic abond cleavage to
form Mn'(TPP), as shown in Equation 26. The possibility that
all oxoanion complexes may actudly undergo initid abond
cleavage as in Equation 26, followed in some cases by a rapid
thermal reaction to form metal-oxo species (Eq. 27-28), was
also recognized. Solution photochemical studies could not dif-
ferentiate between these two mechanisms.

Mn(TPP)(0XO,) _11 Mn"(TPP)(O) + XO; (24)
h

Mn(TPP)(OXO,) —» [Mn(TPPY(O)]* + XO, (25)
h

Mn(TPP)(OX0,) — Mnl(TPP) + XO; ., (26)

Mn!(TPP) + XO; ,, —» Mn(TPP)(O) + XO; (27)

Mn(TPP) + XO; +, — [Mn(TPP)(0)]™+XO," (28)

Experiments using matrix isolation techniques can prevent, in
principal, the thermal reactions shown in Equations 27 and 28; it
was shown?® that al of the manganese porphyrin oxoanion
complexes actualy undergo the same primary photochemical
reaction: photoreduction. In reactions carried out in low tempe-
rature (10K) polymer films and solvent glasses, no metal-oxo
formation was observed. This observation, together with all of
the other manganese porphyrin photochemistry discussed here,
suggests that initial photoreduction of the metal center is a ge-
neral reaction of &l manganese porphyrins. The subsequent
thermal chemistry is probably determined by several factors,
including the relative stabilities of the leaving groups and the
remnant porphyrin species, as well as relative solvation ener-
gies of products.

Photochemistry of iron porphyrins

There are two major research areas that involve the photo-
chemistry of iron porphyrins. The first of these is the flash pho-
tolysis examination of ligand-rebinding processes, primarily
CO rebinding to iron(il) porphyrins and heme proteins. While
there have been many interesting findings and new techniques
developed in this work, a review of the vast literature of this
area is beyond the scope of this review 3% 40, The second major
area involves photoredox chemistry similar to that of chromium
and manganese porphyrins.

A review of the iron porphyrin literature reveds very few
examples of photooxidation of the iron center. In many of these
cases, which were believed at first to be photooxidations, later
studies revealed them to be initial photoreductions followed by
rapid thermal reactions resulting in oxidation of the metal cen-
ter. As will be seen, there is ill an interesting variety of che-
mistry that can result from such secondary reactions. A notable
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result is the observation by Nakamoto 4 that laser photolysis of
the co-condensation products of Fe(porph) with O, a 15 K
unexpectedly produced FeV(porph)(O).

The photoreduction of Fe(porph)(X) where X is a halide or
hydroxide has been well established 3! 42, By examining the en-
ergy of absorbance bands as a function of axial ligation, Sus-
lick et al.*? have assigned the near-UV absorption that is res-
ponsible for this photoreduction as a halide-to-metal charge
transfer. In the same work it was aso shown that the rate of
photoreduction was highly dependent upon the solvent: quan-
tum yields decreased from cumene > ethylbenzene > toluene >
cyclohexane. A clear linear free-energy relationship between
the reduction rate and the bond dissociation energy of the sol-
vents was shown. Most interestingly they demonstrated that if
the irradiation is carried out in the presence of oxygen the pho-
toinitiation of substrate oxidation occurs as per Equations 29-32.
Thus on photolysis in cyclohexene, over 150 equivalents of al-
lylic oxidation products are formed for each porphyrin equiva-
lent. Similarly in cumene 160 equivalents of oxidation products
are formed. The quantum yields of these oxidations are 0.26 in
cyclohexene and 0.30 in cumene. The final porphyrin product
is [Fe(TPP)]»(0).

hv
Felll TPP)Y(C]) —» Fe!{(TPP) + CI (29)
CI+RH — HCI+R (30)
R —» products ( 3
R+0, — dcohols, etc. (32)

The photoreduction of iron(III) porphyrins in acoholic sol-
vents has been extensively studied by Carassiti and coworkers
using both synthetic porphyrins*-*® and naturally occurring
porphyrins %!, As shown in Table 1lI, a variety of porphyrins
and alcohols have been examined with similar results. In fact,
in a detailed study®® it was shown that there is no change in the
photoreduction quantum yield as the electron donating or wi-
thdrawing strength of porphyrin ring substituents are changed.
This is consistent with the proposa that an axia-ligand to met-
a charge transfer band is responsible for the observed photo-
chemistry.

Table Ill. = Photoreduction of iron(III) porphyrin complexes.
Complex Solvent #(reduction) Reference
Fe(TPP)(CI) MeTHF 8 x 10’ 28
Fe(TPP)(CI) benzene 5.0x  10* 3B
Fe(DPDME)YOC,H,) benzene/propanol 2 x 1072 37
Fe(TDCPP)(OEY) ethanol 2x 107 40
Fe(TDCPP)(OiPr) isopropanol 4.5 x 107 40
Fe(TPFPP)(OEY) ethanol 16x 107 42
Fe(TMP)(OEt) ethanol 19x10% 4
[Fe(TPP)],(O) benzene/P(C{H;), 2 x 107 49

[Fe(TPPC)],(0) H,O/TEOA 52 x10° 48

DPDME = deuteroporphyrin dimethyl ester; TPFPP = 5,10,15,20-tetra(penta-
fluorophenyl)porphyrin; TMP = 5,10,15,20-tetra(p-tolyl)porphyrin; TDCPP =
5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin; TPPC = 5,10,15,20-tetra(4-
carboxyphenyl)porphyrin.

In each case, along with photoreduction of the metal, an al-
koxide radical it aso formed (Eq. 33). In the presence of CCl,,
a series of radical chain propagation steps are proposed that
produce either aldehydes or ketones, depending on the acohol
used, coupled with the reduction of CCl, to CHCl; (Eq. 34 and
35). CCl, may aso be reduced by Fell(porph), thus regenera-
ting Fe"(porph)(Cl) (Eq. 36). The net overal reaction then is
given by Equation 38. The seemingly high quantum vyields for
these processes (Table Ill) are easily explained by Equation 37.

)
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hv
Fe'(porph)(Cl) + RR'CHOH —  Fell(porph) + R'R"CHO" + HCI (33)
R'R"CHO +CCl, —» R'R’CO +CCl,+ HCI (34)
RR'(HOC' + CCl, —= RR’CO +CCl,+ Cl- + H* (35)
Fe'(porph) + CCl, — Fe(porph)(Cl) +CCl, (36)
R'R"COH + Fe'"(porph)(Cl) —= R’R"CO + Fel(porph) + HCI (37
hv
RR'CHOH + CCl; —> R'R"CO + CHCI, + HCl (38)
(H,C)(HOHC + O, —» CH,;CHO + HO, (39)
hv
Fe(porph)(N;) ~ —=  FeY(porph)(N) + N, (40)
Fe¥(porph)(N) + Fe(porph)(N;)  —» 2Fe!(porph) + 2N, 1)
Fe¥(porph)(N) + Fe'l(porph)  -—»  Fe!V(porph)-N-Fe'"(porph) (42)
hv
Fell(porph)(N;) ~ —>  Fe''(porph) + N; (43)
Fe'(TPP) +N; —> FeV(porph)(N) + N; (44)
For each photon absorbed, many molecules of Fell(porph) can hv
be formed. Porphyrin turnovers of greater than 130,000 have [Fe'{TPP)],(0) — [Fe(TPP)},(0)* (45)

been reported in the photoreduction of CCl4*6. In oxyge
nated agueous ethanol, the formation of superoxide is obser-
ved, probably via Equation 39, where the ethanol radical is first
formed following photoreduction of the porphyrin.

It has also been shown 5% 53 that the Fe U(porph) formed in
the above mentioned photoreactions can be trapped by the addi-
tion of an appropriate ligand. Thus in ethanol solutions with ad-
ded pyrazine (pyz) the formation of Fe'Y(porph)(pyz), is obser-
ved on irradiation. At low pyrazine concentrations, a polymeric
species [FeY(porph)(pyz)], is formed.

As with the chromium and manganese porphyrin azide
complexes aready discussed, Fell(porph)(N;) is aso photoac-
tive 24 and forms FeY(porph)(N). The iron species, however, is
not as stable as the chromium and manganese analogs and the
find product is the mixed valence species Fe!Y(porph)-N-
FeM(porph). Buchler proposed Equations 40-42 to explain this
product. More recent work by Rehorek 34, has revedled an dter-
native mechanism to the direct photooxidation. Photolysis in
the presence of a spin-trap such as N-tertbutyl-a-nitrone or 3-
nitrosodurene confirmed the formation of Ny, This shows that,
a least for some of the azido complex, the initia photoreaction
is photoreduction to Fe'l(porph) and Nj; thermal reections are
subsequently  responsible for the formation of the nitrido
complex (Eq. 43 and 44).

Anocther iron porphyrin complex that displays interesting
photochemistry is [Fe'(porph)],(0). Most of the work has been
done with tetraphenylporphyrin in organic solvents®s-57, d-
though at least one water soluble porphyrin has also been used
with the same results 8. In neat benzene, the complex appears
to be photostable. On addition of P(CgHs);, the formation of
Fel(TPP)(P(C¢Hs);) dong with OP(C¢Hs); is observed. The
measured quantum yield for this process was 2 x 107 The rate
of production of Fe"(TPP) was measured to be twice the rate
of p-oxo disappearance and twice the rate of OP(C¢Hs), formar
tion. This is al in keeping with the mechanism shown in Equa-
tions 45-48. Interestingly, if the irradiation is carried out in the
presence of oxygen, the catalytic oxidation of simple olefms
with over 1000 turnovers was observed yielding primarily ally-
lic oxidation products, presumably from radica autoxidation
chains. The original papers 55 3¢ reported no observation of he-
terolytic cleavage. A more recent study using picosecond pho-
tolysis proposes that, in addition to homolytic cleavage (Eq.
46), there is at least some heterolytic cleavage (Eq. 49). The
products of the heterolytic cleavage likely undergo recombina-
tion much faster than the homolytic products due to added cou-
lombic attraction.

[Fe''(TPP)],(0)* —=Fe'(TPP) + Fe'"(TPP)(O) (46)
Fe!Y(TPP)(O)+ P(C,H); — Fe!(TPP) + OP(C¢Hs), @7
Fe'(TPP) + P(C4Hs); = Fel(TPP)(P(C¢Hs)s (48)
[Fell(TPP)],(0)* = Fe''(TPP)* + Fe'll TPP)(0)" (49)

The iron andogs of the manganese porphyrin oxoanion
complexes discussed above have also been examined3®. In the
case of Fe(TPP)(NO;), the direct formation of Fe'(TPP) is ab-
served on irradiation. The oxidation of substrates, including
C-H hydroxylation, is observed. This oxidation suggests that

O=Fe!V(TPP)" is being formed as the active oxidant, athough
due to its extreme reactivity 2 it is not directly observed. Re-
markably, in tests with substrates such as toluene, styrene, and
triphenylphosphine, al three oxygen equivaents are available
for substrate oxidation. This is in contrast to Mn(TPP)(NO;)
were only two equivalents are available. Matrix isolation stu-
dies 3 of Fe(TPP)NO;) have surprisingly found Fe(TPP)(NO;)
to be photostable in frozen matrix. Likewise, both solution and
matrix isolation studies of Fe(TPP)(ClQ,) have found it to be
photostable.

Conclusions

The exploration of the photochemistry of porphyrin
complexes of the first row transition metals continues to be an
active area. Particularly well examined are metalloporphyrin
complexes of chromium, manganese, and iron. Their photoche-
mistry has revedled a diverse set of reactions. Examples include
oxygen and nitrogen atom transfers, photoreductions, photooxi-
dations, photocatalysis, and radical chain initiations. Table IV
summarizes this range of reactivity.

There is growing evidence that much of this diversity actual-
ly represents secondary thermal reactions. In many cases, the
primary photoprocess is homolytic loss of an axia ligand, re-
sulting in photoreduction of the metal and production of a reac-
tive radical from the lost ligand. Subsequent fast thermal reac-
tions can then lead to the formation of the wide range of
reactivity observed. To be sure, photoreduction may not prove
to be the exclusive primary event, but it does appear to be the
most prevalent.

This observation is consistent with the nature of the excited
states involved. Irradiation of the low energy n — m transitions
does not produce photochemical reactions in these complexes.
Metalloporphyrins are unusual in this way: the observed photo-
chemistry does not come from the lowest available excited
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Table IVV.- Summary of solution photochemistry of metalloporphyrin complexes.
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Reactants Observed  products Reference
Cr'Y(porph)(C1) + N-oxide Cr¥(porph)(0)(C1) 19,20
Cr(porph)X(CIO,) Cr"¥(porph)(0) 21
Cr'¥(porph)(0) [Cr"(porph)],(0) 21b
[Cr(porph)],(0) Crl(porph) 21b
Cr'(porph)(N;) Cr¥(porph)(N) 23,24
Mn "(porph) + EtOH MnY(porph) + acetaldehyde 27
Mn!"(porph) + 20H+ 2MV? Mn"(porph) + 2MV*+ H,0, 29
Mn"(porph) + EDTA Mn"(porph) 0
Mn"(porph) + MV?** Mn"(porph) + MV* 30
Mn"(porph)(X) Mn"(porph) 31,32
Mn"(porph)(N;) + benzene Mn"(porph)(N) 24.33
Mn"(porph)(N,) + 2-MeTHF Mn(porph) 32.34
Mn"(porph)(C10,) Mn"(porph)(Cl) 2la, 35
Mno*Y(porph)(NO,) Mn™(porph)(0) 36
Mn"}(porph)(NO,) Mn"™(porph)(0) 3%
[Mn"(porph)],(SO,) Mn(porph) 37
Mn"(porph)(OSO,H) Mn(porph) 37
Fe"(porph)(X) Fe"(porph) 31,42
Fe"(porph)(N,) Fe™(porph)-N-Fe'(porph) 24
Fe(porph)(0,) Fe"(porph)(0) 41
[Fe"(porph)],(0) Fe"(porph) + Fe"¥(porph)(0) 55, 56
Fe(porph)(NO,) Fe"(porph) 36

state. Instead, the excited states that show photochemistry are
those involved in charge transfer transitions, either from the
axia ligand to the metal or from the porphyrin itself to the metal.
Thus, the preponderance of metalloporphyrin photochemistry is
observed in complexes with hyper spectra.

The diversity of observed metalloporphyrin photochemistry
bodes well for the future of this area. Applications to photoca-
talytic reactions, particularly in the oxidation of organic subs-
trates, is dill in early stages of development. It is likely that
substantial progress will continue to be made here. The use of
metalloporphyrin  photochemistry in solid matrices may aso
prove to be of some utility. Finally, the examination of interme-
diates created photochemically has proved tremendously im-
portant for the O, binding heme proteins, and may aso find
uses in other heme proteins, such as cytochrome P450 and the
hydroperoxidases.
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