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Py Pyridine

THF Tetrahedrofuran
NMe-Im N-Methylimidazole
4Me-Pip 4-Methylpiperidine
DMSO Dimethyl sulfoxide
| Porphyrin

A. INTRODUCTION

Porphyrin coordination chemistry has been the subject of several recent
reviews [1]. The porphyrin macrocycle has proven to be a very versatile
ligand which forms complexes with all the transition metals, many of the
main group and several of the rare earth elements. Once chelation has
occurred, many of the metalloporphyrins exhibit additional ligand binding
to the axial coordination sites above and below the porphyrin plane. Some of
the more traditional porphyrin coordination geometries are illustrated in
Fig. 1.

In recent years there has been a surge of interest in the coordination
chemistry of metalloporphyrins containing small gas molecules as axial

-

~

Fig. 1. Common porphyrin coordination geometries, (a) square planar, (b) square pyrimidal
and (c) octahedral.
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ligands, for erample O,, NO, CO and N,. The first three mentioned gases
are known to react for example with iron(II) porphyrin centers within
proteins (myoglobin, hemoglobin) [2] while activation of coordinated O, by
oxygenases and oxidases, some of them being metalloporphyrin systems,
adds particular interest to this gas molecule [3]; a major goal of porphyrin
research is to provide model systems for study of the protein systems. The
potential of multicenter metalloporphyrins to act as electron transfer re
agents in, for example, the four-electron reduction of O, to H,O (fuel cells).
and the six-electron reduction of N, to NH; (nitrogen fixation) is also well
recognized [4]. The feature of metal-carbon bonding in the vitamin B,
coenzyme [3] sustains interest in organometallic chemistry of metallo-
porphyrins, as does the more recent suggestion of roles for iron—carbene
intermediates within cytochrome P450 enzymes [5].

In this article, we wish to report principally on the axial coordination
chemistry of metal-carbon, metal-nitrogen, metal—oxygen and metal—-metal
bonds of porphyrin complexes in the light of the general topics noted above,
which reflect also some of the current research interests in our laboratories.
We have emphasized especially X-ray structural data, since we have found
this exercise valuable in showing the wide range of geometries now docu-
mented for the porphyrin-encircled metal. The often novel geometries should
provide further insight into the types of intermediates important in the vast
and fascinating chemistry of metalloporphyrins [1]. 4

B. NOMENCLATURE

The various porphyrins mentioned in the text are listed in Table 1
showing the peripheral substituents and the corresponding abbreviations.

C. METAL-CARBON BONDING
(i) Carbonyl complexes

Several examples of monocarbonyl derivatives of metalloporphyrins are
listed in Table 2.

The square pyramidal geometry is exemplified by Fe(TPP)CO {[6],
Fe(Deut)CO [9] and Co(TPP)CO [7]. Exposing solutions of the square planar
iron(II) porphyrins in non-coordinating organic solvents to varying partial
pressures of carbon monoxide results in the equilibrium

Fe(P) — Fe(P)(CO) = Fe(P)(CO), (1)

The dicarbonyl derivatives will be discussed below. Equilibrium constants of
K,=6.6X10%and 2 X 10* M ™}, K, = 140 and 200 M ~! were reported for
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TABLE 2
Examples of porphyrin mono-carbonyl complexes

S ol o

i it Hi]

o c S
f ] l’!d — ] [ 1 l\ld H 1 £ 1 h'd C ]

! X

M P L X Ref.
Fe TPP 6
Fe Deut 9
Co TPP 7
Fe Proto IX-DME Py 17
Fe TPP Py 29
Ru Etio-I Py 10
Ru OEP Py 10,11
Ru TPP Py 12,14
Ru TPP EtOH 15
Os OEP Py 16
Co TPP o,? 7
Rh TPP Cl 27
Ir OEP Ci1 28

2 Spectroscopically characterized at —150°C.

the tetraphenylporphyrin and deuteroporphyrin derivatives, respectively [9].

The monocarbonyl cobalt complex Co(TPP)CO [7] has been identified
spectroscopically at —150°C. The instability of this complex can be related
to the (d,., d,., d,,)%(d.2)! configuration of cobalt since the single oc-
cupancy of the 4. orbital weakens the cobalt—carbonyl sigma interaction.

The octahedral coordination of divalent metalloporphyrins is illustrated
well by the Fe, Ru and Os derivatives listed in Table 2. The affinity for a
sixth ligand is so great in the Ru and Os complexes that penta-coordinate
monocaroonyl derivatives similar to the Fe(II) complexes have not been
observed. Generally speaking, strong field ligands such as pyridine form the
more kinetically stable complexes in the series [8,18,25]. The IR-stretching
frequency of the carbonyl ligand is quite sensitive to the 7-acceptor proper-
ties of the trans ligand. For example, »(CO) has been observed to vary
between 1858 cm™! and 1968 cm™! for a series of ligands in the complexes
Os(OEP)CO(L) [25]. In addition, the CO stretching frequency has been
shown to decrease along the series Fe(OEP)CO(Py) > Ru{OEP)CO(Py) >
Os(OEP)CO(Py) (#»(CO) = 1967, 1925 and 1902 cm™!, respectively) [25] as
backbonding between metal and carbonyl ligand increases.

The crystal structures of Fe(TPP)CO(Py) [29], Ru(TPP)CO(Py) [13] and
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Fig. 2. Computer drawing of the molecule Fe(TPP)CO(Py) and representation of the inner
coordination sphere from ref. 29.

Ru(TPP)CO(EtOH) [15] along with selected molecular parameters are shown
in Figs.2, 3 and 4, respectively. Several structural features are worthy of
comparison. The metal ion is displaced 0.02 and 0.079 A from the porphyrin
plane toward the carbonyl ligand in Fe(TPP)CO(Py) and Ru(TPP)CO(Py),
respectively. The stronger trans influence of the pyridine ligand relative to
the ethanol ligand in Ru(TPP)CO(Py) and Ru(TPP)CO(EtOH), respectively,
is evidenced by the longer metal-carbonyl bond distances in the former
(1.84 vs. 1.77 A). Notably the metal-C-O bond angle is essentially linear in



7ig. 4. Computcr drawing of the molecule Ru(TPPYCO(EtOH) from ref. 15.
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all three structures (179, 178.4 and 175.8° for Fe(TPP)CO(Py),
Ru(TPP)CO(Py) and Ru(TPP)CO(EtOH), respectively). In view of this and
other data of model compounds [19], the “bent” or “tilted” geometry
reported for the CO ligand in several carbonyl hemoproteins [20—24] has
usually been attributed to steric constraints placed on the porphyrin coordi-
nation sphere by the surrounding protein, although the latest structural data
[24] suggest that interactions with the closest atoms (of His-E7 and Val-El1)
are not sufficient to tilt a linear Fe— C—O-moiety.

Two other examples of monocarbonyl metalloporphyrins are
Rh(TPP)CO(Cl) [27] and Ir(OEP)CO(Cl) [28]. Like the iron(II), ruthenium(II)
and osmium(II) complexes mentioned above, the rhodium(Ill) and
iriddium(III) compounds have pseudo-octahedral geometry with a low-spin d°
electronic configuration. The axial site trans to the carbonyl ligand is, in
these cases, occupied by a chloride ion. Due to the higher oxidation state of
the metal ion, the extent of metal-carbonyl backbonding is significantly
reduced relative to the divalent ruthenium and osmium carbonyl complexes.
The high carbonyl stretching frequency of the rhodium complex (2100 cm™")
is consistent with observed nucleophilic attack by ethoxide ion at the
coordinated carbonyl ligand to yield the ethoxycarbonyl rhodium(III) com-
plex Rh(TPP)COOEt [27].

Several examples of monometallic dicarbonyl porphyrin complexes are
shown in Table 3. The trans configuration is represented by the complexes of
divalent iron, ruthenium and osmium. The strong trans influence of the

TABLE 3
Examples of porphyrin dicarbonyl complexes

=0

-'o O'-
A\ 4
c

c

I \ /
[ ] r\,A [ ] L ] Mo ]

C

1]

Q
M P Ref.
Fe TPP 6
Fe Deut 9
Ru TPP 8
Ru OEP 8
Os OEP 25
Mo TPP? 26

2»(CO)=1940 and 1850 cm™! suggest the cis configuration of CO ligands.
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opposing carbonyl ligand is evidenced by the extreme lability of cne carbonyl
ligand toward substitution by other ligands such as H,0, MeOH, etc. The
low values of K, reported [6,9] for the reaction

Fe(P)CO = Fe(P)(CO), 2)

are also indicative of the thermmodynamic instability of the trans configura-
tion of carbonyl ligands.

The dicarbonyl complex of molybdenum, Mo(TPP)(CO), [26], has two
carbonyl stretching frequencies at 1940 and 1850 cm™!, suggesting a cis
configuration for the carbonyl ligands. The cis configuration of axial ligands
in divalent molybdenum porphyrins appears to be a preferred arrangement
and is displayed by nitrosyl complexes to be discussed later.

In addition to the mono- and dicarbonyl metalloporphyrin derivatives
already mentioned, there are several well characterized polycarbonyl com-
plexes. These compounds contain one or two monovalent metal ions coordi-
nated by two or three carbonyl ligands and two or three of the porphyrin
nitrogens. ‘

The proposed structure for the complexes [Re(CO);]H(Meso IX-DME)
[30-32], [Re(CO);JH(TPP) [33] and [Tc(CO),]JH(Meso IX-DME) [31] is
shown in Fig 5. In this structure the [M(CQ),]* fragment is coordinated
between three porphyrin nitrogens with the proton bound to the remaining
nitrogen. The 'H NMR spectra of both the Re and Tc monometallic
complexes indicate fluxional character attributed toc intramolecular re-

Fig. 5. Proposed structure for the complexes [Re(CO);]H(Meso IX-DME), [Re(CO),H(TPF)
and [Tc(CO);]H(Meso IX-DME).

Fig. 6. Structure of [Re(CO);],(TPP) and [Te(CO);],(TPP).
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arrangement of the [M(CO),]* among the four porphyrin nitrogens with
concomitant movement of the N—H proton [34].

A schematic representation of the bimetallic derivatives, [M(CO);],(P)
[35], is shown in Fig. 6 which corresponds to the X-ray structures of
[Re(CO),1,(TPP) [33] and [Tc(CO);],(TPP) [33]. In this structure the
porphyrin acts as a hexadentaté ligand, coordinating the two [M(CO),]*
fragments, one above and one below the porphyrin plane, in such a way that
each fragment is coordinated to three porphyrin nitrogens, thus creating a
pseudo-octahedral geometry for the monovalent metal ions, Re* and Tc™.

Although the stoichiometry of the bimetallic iridium complex,
[Ir(CO),],(OEP) [28], is identical to the bimetallic complexes of rhenium and
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Fig. 7. Computer drawing of the molecule of [Rh(CO),}.,(OEP) from ref. 44, and proposed
structure for {Ir(CO);],(OEP).
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TABLE 4
Examples of porphyrin thiocarbonyl complexes

7
| ] M} i

{

L
M P L Ref.
Fe TPP 36
Fe TPP Py 36
Fe OEP 37
Fe OEP Py 37
Ru OEP Py 38
Os QOEP Py 37

technetium mentioned above, the bonding between the porphyrin and the
metal-carbonyl fragment may be slightly different. An X-ray structure
determination of the bimetallic rhodium complex, [Rh(CO),],(OEP) [44],
again indicates a configuration in which one Rh(CO), fragment is above
and the other below the porphyrin plane (see Fig.”7). The coordination
geometry of each Rh' ion is now square planar with the ligand field
consisting of two carbonyl molecules and two of the porphyrin nitrogens. A
similarity in the spectroscopic properties of the rhodium and iridium com-
plexes, [Rh(CO),1,(OEP) and [Ir(CO);1,(OEP) suggests that the iridium ion
is also coordinated by two porphyrin nitrogens [28] but the greater w-basicity
of Ir! relative to Rh! allows the coordination of three instead of two carbonyl
groups. Figure 7 shows the X-ray structure of the rhodium complex and a
schematic representation of the iridium complex.

(ii) Thiocarbonyl complexes

Due to the instability of the thiocarbonyl ligand under ambient conditions
[45], relatively few complexes containing this ligand are known. Until
recently, this ligand had never been incerporated into a porphyrin complex.
Iron, ruthenium and osmium porphyrins containing the thiocarbonyl ligand
have now been synthesized and are represented in Table 4. The synthetic
methods employed utilize the reduction of thiophosgene, CSCl,, or the
desulfurization of coordinated CS, to generate the CS ligand in situ.

Al of the porphyrin thiocarbonyls form hexacoordinate complexes of the
type M(P)CS(L), where M = Fe, Ru, Os; P=TPP (for Fe) and OEP; and
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L =amine. Only in the case of iron is the equilibrium constant for the
reaction

Fe(P)CS + L == Fe(P)CS(L) (3)

small enough to allow the isolation of the pentacoordinate complex [36,38].

A comparison of the spectroscopic properties [38] of the isostructural
series M(OEP)CO(Py) and M(OEP)CS(Py), where M =Fe, Ru and Os,
confirms the previous assertion that CS is a stronger w-acceptor ligand than
CO [46,47]. Greater metal-CS bond strength is also indicated by the
increased stability of the Fe(P)CS(L) complexes toward autoxidation relative
to Fe(P)CO(L).

(iii) Carbene complexes

The carbene fragment, CX,, has long been postulated as an intermediate
in organic reactions [48] but was first shown to be a ligand for transition
metal complexes in 1964 [49]. The observation that a variety of organic
halides react with ferrous cytochrome P450 to give stable complexes [50] led
to the postulate of iron—carbene intermediates in these biological systems.
Further investigation of synthetic ferrous porphyrins as model compounds
revealed a general synthetic method [39-41] for preparing the remarkably
stable iron—-carbene complexes represented by the equation

Fe''(P) + CX, +2 e~ — Fe(PJCX, +2 X~ (4)

As is the case with the pentacoordinate carbonyl and thiocarbonyl com-
plexes, the pentacoordinate carbene complexes of ferrous porphyrins show a
large affinity for a second axial ligand.

Fe(P)CX, + L = Fe(P)CX,(L) (5)

The magnitude of K is markedly dependent on the nature of the carbene
substituents X as well as the ligand field strength of L [40]. However,
coordination of a sixth ligand destablizes the iron—carbene bend and signifi-
cantly enhances the rate of autoxidation [40].

Table S lists some of the compounds prepared according to eqn. (4). The
crystal structure of the dichlorocarbene complex, Fe(TPP)CCl,(H,0) [41] is
shown in Fig. 8, confirming the carbenic nature of the axial ligand. Of
particular interest are the carbzne complexes shown in Fig. 9, derivatives of
the insecticide DDT [42] and the insecticide synergist of the 1,3-benzodioxole
series [43]. The biological implications of these compounds in chemistry of
the cytochrome P450 enzyme system will be discussed in a subsequent
section.
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TABLE 5
Examples of porphyrin carbene complexes

X X'
\ﬁ/
i ] li'e i ]

L

P X X L Ref.
TPP Cl Cl 39
TPP Cl Cl EtOH 40
TPP Ci Cl Py 40
TPP Cl Cl N Me-Im 40
TPP F Cl 40
TPP F Br 40
TPP Br Br 40
Proto IX C1 Cl1 41

The reaction between ferrous porphyrins and carbon tetraiodide according
to eqn. (4), results in the formation of the p-bridged carbido complex (see
Section F) [Fe(TPP)],C {40]. This reaction presumably proceeds via the
diiodocarbene intermediate, Fe(TPP)CI,.

(iv) Metal—carbon o-bonded complexes

The first example of organometallic bonding in biochemical systems was
provided by the vitamin B,, coenzyme [50,51]. The biochemically active form
of the coenzyme is a corrinoid complex of Co(III) with a covalent bond
between the cobalt ion and the 5’-carbon of an adenine moiety. Porphyrin
complexes of Co(III) have also been shown capable of forming metal—carbon
sigma bonds with several different organic ligands [52]. Examples of these
and other metalloporphyrins with metal-carbon sigma bonds are listed in
Table 6.

The coordination geometry of these complexes is either square pyrimidal
or pseudo-octahedral. A variety of organic residues have been reported as
ligands such as alkyl, aryl, acyl, o-allyl and alkoxycarbonyl. Some of the
more common synthetic methods include:

(a) Reaction of a porphyrin metal halide with the appropriate Grignard
reagent

M(P)X + RMgX — M(P)R + MgX, (6)
(b) Reaction of the univalent metalloporphyrins with alkyl halides

IMY(P)]” +RX — M(P)R + X~ (7
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Fig. 9. Schematic representation of the carbene derivatives of (a) DDT and (b) 1,3-
benzodioxole from refs. 42 and 43, respectively.
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TABLE 6
Examples of metal-carbon o-bonds in metalloporphyrin ligand systems
*r ‘F )
£ ImE 1 f 3 l\ld L ] i | l\ld L |
L R
M ) 4 R L R’ Ref.
Co Etio-I Me H,0 52
Co Etio-I Ph H,O0 52
Co Etio-I COCH, H,O0 52
Co Etio-I CH,CH,OH H,O 52
Fe Etio-1 p-Tol H,0 52
Fe Etio-1 Et H,O 52
Co TPP CH,C1 55
/COOMe
Co TPP - 55
C\CHz
Rh OEP Me 60
Rh TPP COCH, 61
Rh TPP COOEt 27
Ir OEP Me 28
Ir OEP C.H,;? 28
Ge TPP Et Et 62
Ge TPP CH,SiMe, CH,SiMe; 62
Sn TPP Et Et 62
Sn TPP CH,SiMe; CH,SiMe; 62
2 Cyclooctenyl.

Metal-carbon ¢ bonds are formed also, of course, by direct addition of
isocyanides [53].

A number of more novel reactions have led to formation of metal-carbon
bonds. The dicarbonylrhodium(I) complex [Rh(CO),],(Etio-I) undergoes
oxidative addition reactions with a variety of substrates to formm organome-
tallic Rh(III) complexes [54] according to the reaction

[Rh(CO),],(Etio-T) + RX — Rh(P)R + Rh(CO); + X~ (8)

Cobalt(IIl) porphyrins react with diazoalkanes to give vinyl- or halomethyl-
complexes [55].

/R /R
Co(PIX + Nzc\R, P Co(P)C§R_ + N + HX Q)

As mentioned in Section C(i), nucleophilic attack by ethoxide ion on the
weakly coordinated carbonyl ligand in Rh(TPP)CO(Cl) leads to an ethoxy-
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carbonyl complex [27]

éO
rn(TPPICT + X “o)

RN(TPPICO(X) + EtO™
OEt

The chlororhodium(IIl) complex, Rh(OEP)CI(H,0), reacts with ethyl
vinyl ether [56] according to the reaction

Rh(OEP)CI(H,0) + CH, = CH-OEt — Rh(OEP)-CH,CH(OEt), (11)

The 2,2-diethoxyethyl ligand hydrolyzes to give the formylmethyl rhodium
complex

Rh(OEP)-CH,CH(OE), => Rh(OEP)-CH,CHO (12)

Rh(OEP)CI(H,0) also reacts with acetylenes [56] to give a variety of
products

b

3]

| Ci ) _Fn
Qh(OEP)—CzC:H , RR(OEPI-C=C
- Ct
HC -'-Cy Rz=H R = Ph
RR{OEP)C1(H,0) 13
HCECR
H* H,0 O
RA{OEP)—C—CHR , g = Ph,n-Bu, n-ProH

An interesting feature of cobalt—-alkyl porphyrins is the migration of the
alkyl group from the metal to a porphyrin nitrogen upon oxidation of the
porphyrin macrocycle. The migration is reversible since reduction back to
the neutral complex yields the original metal-alkyl complex [57].

R AR

1 e

nr 14 14)
— - N—Co" —N

N/Co N _— %

N N

A similar methyl migration is also observed in N-methyl dirhodium(I)
porphyrins [58]. This type of migration may also be related to the ap-
pearance of N-alkylated protoporphyrins as the so-called ““green pigments”
of several hemoprotein systems [59].

D. METAL-NITROGEN BONDING
(i) Dinitrogen complexes

The first transition metal complex to incorporate the nitrogen molecule as
a ligand, [Ru(NH,),N,]Cl,, was synthesized by Allen and Senoff [63] in
1965. Since then, many dinitrogen complexes have appeared in the literature
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TABLE 7
Examples of porphyrin dinitrogen complexes

N

it

)
E ] hld L 1

L
M P L Ref.
Fe Proto IX-DME Py 65
Ru OEP THF 66
Os OEP THF 67
Os TPP THF 68

[64], and the field has taken on special interest with respect to the problem of
biological nitrogen fixation.

Table 7 lists the dinitrogen complexes of metalloporphyrins. Although thé
iron [65] and ruthenium [66] derivatives have been reported, only the
dinitrogen complexes of osmium porphyrins [67,68] are stable enough to
allow extensive characterization. The osmium complexes are pseudo-
octahedral and are isostructural with the corresponding carbonyl derivatives.
The IR spectrum shows the characteristic »(N = N) at 2110 and 2032 cm™'
for Ru(OEP)N,(THF) and Os(OEP)N,(THF), respectively. Attempts to

TABLE 8
Examples of porphyrin nitrosyl complexes
- 8
Ao v N
E. 3 l\l'1 H i Hl 1 hld f ] f ] f‘lﬁ [ ]
L X
M 34 L X Ref.
Mn PP 69
Mn TPP 4Me-Pip 69
Fe TPP 70
Fe PP NMe-Im 73
Co TPP 71
Mo TTP MeOH * 26
Ru OEP OMe 11
Os OEP OMe 74

2 Cis configuration of NO and MeOH ligands.
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Fig. 10. Computer drawing of the molecules (a) Mn(TPP)NO, (b) Fe(TPP)NO and (c¢)
Co(TPP)NO from refs. 69-71, respectively.

substitute the THF ligand with a stronger field ligand such as Py or N Me-Im
leads to displacement of the dinitrogen ligand and formation of the bis
complexes Os(OEP)L, {25,68].

(ii) Nitrosyl complexes

Several examples of mononitrosyl derivatives of metalloporphyrins are
listed in Table 8. ’

Most of these complexes have either square pyramidal or pseudo-
octahedral coordination geometries. The X-ray crystal structures of the
five-coordinate complexes Mn(TTP)NO [69], Fe(TPP)NO ({[70] and
Co(TPP)NO [71] are shown in Fig. 10. The basic structural features are
iillustrated schematically in Fig. 11. Several trends are noticeable in a
comparison of these structures:
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(a) The M—N-0O bond angles decrease along the series Mn (ca. 180°) > Fe
(ca. 150°) > Co (ca. 130°).

(b) The metal—nitrogen (NO) distances increase in the order Mn (1.641 A)
< Fe (1.717 A) < Co (1.833 A).

(c) The displacement of the metal from the mean plane of the four
porphyrin nitrogen decreases along the same series Mn (0.34 A)>Fe
(0.21 A) > Co (0.09 A).

These observations may be rationalized in terms of 7-bonding and non-
bonding repulsions between the axial ligand (NO) and the porphyrin core
[69]. The [MNO]® electronic configuration [72] of the Mn complex favors the
linear NO geometry thus maximizing w-backbonding. This manifests itself in
shorter M— N, bond distances. The relatively large displacement of the Mn
ion from the mean porphyrin plane minimizes the non-bonding repulsions
between the nitrogens of the nitrosyl ligand and porphyrin core which arise
from the short M—Nyo bond distances. In the [MNO}]’ and [MNO}?
configurations of the respective iron and cobalt complexes, the expected [72]
bending of the nitrosyl ligand is observed to provide a low energy non-
bonding orbital on the nitrosyl nitrogen for the additional 4 electrons of the
metal, thus lowering the total energy of the complex. The bending of the
nitrosyl ligand disrupts the metal-ligand #-bonding and resuits in longer
M-N,, bond distances. As the length of the M—Ny, bond increases, the
nitrogen—nitrogen repulsions decrease, thus allowing the low spin metal ion

MnN—N—O Fe—N—-O Co—N—-O
£ 15 180° £~150° £ ~130°

ONMNTTP ONFeTPP ONCoTPP
Ct: Nyg = 1981 Ct  Nyp = 1927 Ct Nyo = 1926

Fig. 1. Comparison of the coordination geometries of the pentacoordinate nitrosyl com-
plexes Mn{TPP)NO, Fe(TPP)NO and Co(TPP)NO from ref. 69.



Fig. 12. Computer drawing of the molecules (a) Mn(TPP)NO(4Me-Pip) and (b)
Fe(TPP)NO(N Me-Im) from refs. 69 and 73, respectively.
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to assume a more planar arrangement with respect to the porphyrin core.

The X-ray crystal structures of the six coordinate complexes Mn(TPP)-
NO(4Me-Pip) [69] and Fe(TPP)NO(N Me-Im) [73] are presented in Fig. 12.
The significant structural changes observed in going from the five- to the
six-coordinate Mn and Fe complexes may be summarized as follows:

(1) Virtually no difference is observed in the M—Ny, bond lengths of
the Mn derivatives, and only a slight increase, 1.72 to 1.74 A, was observed
upon coordination of the N Me-Im ligand in the iron complex.

(2) The M—N-O bond angle appears to decrease slightly when a strong

Fig. 13. Computer drawing of the molecule Mo(TPP)NO(MeOH) from ref. 26.



53

field ligand coordinates trans to the nitrosyl ligand; for the Fe derivatives,
the change in the M—N-O angle is about 10°.

(3) A remarkable change is observed in the displacement of the metal
atom from the mean plane of the porphyrin nitrogens. In the Mn complexes,
the metal ion moves from 0.34 A out of the plane to 0.10 A upon coordina-
tion of the 4Me-Pip ligand and in the Fe complexes from 021 to 0.07 A
upon coordination of the N Me-Im ligand.

The X-ray crystal structure of the hexacoordinate Mo(TPP)(NO)(MeOH)
complex [26] is shown in Fig. 13. Notable features are a linear NO ligand
with (Mo—N-O = 179.8° and a 0.28 A displacement of the Mo ion from the
mean plane of the porphyrin core.

The isostructural ruthenium and osmium mononitrosyl denvatives,
Ru(OEP)NO(OMe) [11] and Os(OEP)NO(OMe) [74] are both diamagnetic
with the [MNOJ]® configuration. The IR stretching frequencies of »(NO) =
1780 and 1745 cm™! (Ru and Os, respectively) are characteristic of a linear
NO™ ligand.

The only well characterized dinitrosyl metalloporphyrins are
Mo(TPP)(NO), [26] and Os(OEP)(NO), [74]. The former has the cis config-
uration of nitrosyl ligands whereas the latter has the trans configuration. as
represented in Fig. 14. The crystal structure of Mo(TPP)(NO), is shown.in
Fig. 15. In addition to the cis configuration of nitrosyl ligands the note-

5
M
N

o w

<N
" Xo.

trans

Fig. 14. Schematic representation of the cis and trans geometries for the dinitrosyl complexes,
Mo(TPP)Y(NO), and Os(OEP)(NO),, respectively.



Fig. 15. Computer drawing and inner coordination sphere of the molecule Mo(TPP)(NO),
from ref. 26.

worthy features of this structure are: (a) a displacement of 0.99 A of the Mo
ion from the mean porphyrin plane toward the nitrosyl ligands; (b) an
averaged Mo-N-O bond angle of 158°; and (c) a bending of the nitrosyl
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TABLE 9
Examples of porphyrin nitrido complexes

P X Ref.

OEP OMe ~ 25,76
OEP F- 25,76
OEP 0OCl10;” 25,76

groups toward each other. No crystal structure is available for the osmium
derivative but IR stretching frequencies of »(NO) = 1779 and 1500 cm™' are
indicative of one linear (NO ™) and one bent (NO ™) nitrosyl ligand.

(iii) Nitrido complexes

With the exception of the p-bridged iron nitrido complex [Fe(TPP)],IN
discussed in a subsequent section, the only examples [75] of the coordinated
nitride ligand, N3~ , in metalloporphyrin chemistry come from the system:s
Os(OEP)N(X) [25,76]. Table 9 illustrates several complexes of the osmium-
nitrido system. The nitride ligand 1s obtained from the oxidation of coordi-
nated ammonia by peracetic acid in protic solvent

20
OS(0EP)(NH;), + CH:,C\OOH + HCIO, w—. -
Os(OEPIN(OCIO3) + NHg CH5,CO0™ + 2H,0

or by autoxidation in an aprotic solvent

CGHG
2 Os(OEP)(NH;), +2 O, > “[Os(OEP)N],0”+2 NH, + 3 H,O
“[Os(OEP)N],0” +2 MeOH — 2 Os(OEP)N(OMe) + H,0O (16)

The latter reaction most likely involves the p-oxo linked nitrido species,
[Os(OEP)N],0, which readily undergoes methanolysis to yield the meth-
oxide derivative Os(OEP)N(OMe). The strong trans influence of the nitride
ligand in this complex is evident from the low Os—O stretching frequency
»(Os—0) =410 cm™'. This in turn facilitates the displacement of the
methoxide ligand by the conjugate base of a strong acid

Os(OEP)N(OMe) + HF —> Os(OEP)N(F) (17)
Os(OEP)N(OMe) + HCIO, — Os(OEP)N(OCIO;) (18)
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The coordinated mode of the perchlorate ligand is verified by the splitting of
the IR band at 620 cm™! [77,78].

E. METAL-OXYGEN BONDING

The interaction of dioxygen with metalloporphyrins remains a topic of
extreme interest. Synthetic O,-carriers generally have been known for some
forty years and such species have always had scientific appeal because of the
role of such centers in naturally occurring oxygen-storage and -transport
systems; for example, myoglobin and hemoglobin, respectively. Nature
evolved several prosthetic groups for such functions as well as for activating
O, via enzymic oxygenases, which incorporate one or two atoms of O, to a
substrate, or via oxidases that convert both atoms of O, to water or
hydrogen peroxide. One particularly prevalent active site within such sys-
tems is an iron porphyrin moiety (the heme unit); it is the prosthetic group,

s //O 9 & 0 ——0O:
7 N/ \ /
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Fig. 16. Major types of metalloporphyrin oxygen complexes.
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for example, in myoglobin, hemoglobin, P450 monooxygenase, tryptophan
dioxygenase, and cytochrome c¢ oxidase. The enzymes catalase and per-
oxidase, both containing heme centers, utilize hydrogen peroxide and are
related to the dioxygen systems.

Studies on oxygen-containing metalloporphyrins outside of a protein
environment are cléarly important for an increased understanding of the
structure and function of biological systems utilizing oxygen, and for the
development of catalysts that mimic the enzymes.

The subject has been very extensively reviewed in recent years [79-95] and
access to the vast literature on metalloporphyrin-O, interactions both in the
presence and absence of proteins can be made via these representative
references. This section of the review will summarize the structural types of
metalloporphyrin—oxygen species that have been found or postulated, and
will also include recent advances in the area.

The structures shown in Fig. 16 represent the major types of protein-free
metalloporphyrin—oxygen complexes that have been reported to date. The
bridging p-oxo structures (16-IX) will be considered in the following section.

The nature of the metal-oxygen bond has been studied using appropriate
techniques that include especially: (1) the IR of the coordinated oxygen; (2)
UV /VIS spectra (especially at subzero temperatures); (3) magnetic suscept-
ibility measurements; (4) resonance Raman spectra; (5) ESR spectra; (6)
Mossbauer spectra; and (7) the chemistry of the coordinated oxygen. X-ray
crystallography has established the end-on geometry (16-I) for oxygenated
iron(II) complexes of “picket-fence” porphyrins [96], as well as for
oxymyoglobin [96,97] and oxycobaltmyoglobin [98].

(i) Coordinated dioxygen: superoxide and peroxide structures

Generally, attempts to form L, M(P)O, species via reaction of O, with
L, M(P) species (L = axial ligand) in solution at ambient temperatures result
in formation of bridged oxo species (16-IX), or bridged peroxo species
(16-IV). One mechanism for the oxidation [87,99,100] is outlined in eqn. (19)

m7o,) Mgy I

£4
MY+ Op i

lseveral steps (19}

M!H_O___MIH

but other mechanisms involving noncoordinated O, (outer sphere processes)
are also possible [101-103]. Stabilization of the M'(O,) species has been
accomplished by decreasing the rate constant & which has been realized by:
(1) the use of subzero temperatures [79,87,89,90]; (2) the design and synthe-



58

sis of picket-fence porphyrins [91,96] and various capped or bi-capped
porphyrins [104-108]; (3) supporting the metalloporphyrin on both in-
organic [109] and organic polymers [110] via the axial ligand or substituent
on a pyrrole ring; and (4) using a metalloporphyrin in the solid state
[96,111,112]. In enzyme systems (including myoglobin and hemoglobin, the
“honorary enzymes’) the protein plays the role of the polymer support.
Mention should also be made of flash photolysis studies under CO/O,
atmospheres that allow for direct kinetic studies on the M'(O,) species
[113].

Irreversible oxygenation of Cr(II) and reversible oxygenation of Fe(II)
and Co(II) porphyrins can yield species of type 16-I; in each case there is an
axial donor ligand, usually an amine, trans to the dioxygen. As a result of
some electron transfer from the metal to the dioxygen, the latter is described
as an end-on superoxide moiety, and 16-1 is frequently designated .as
MO, . The notation, although unconventional, clearly does not imply that
the dioxygen is ionically bound superoxide or covalently bound with a
charge of — 1. The nature of the metal-dioxygen link and the difficulty of
assigning formal oxidation steps for types 16-I and 16-1I has been discussed
at length [e.g. refs. 114,115] and will not be considered further in this article.
Structure 16-I is considered here to be a superoxide '7-type species; 16-I1
and 16-11I1 side-on %y-peroxide species; 16-IV a bridged peroxide species;
16-V-VIII various terminal oxo species-and 16-IX the bridge p-oxo species.
With cobalt, 16-1 appears correctly described as a paramagnetic low-spin
Co(III)-superoxide [114]; with Fe and Cr, the descriptions as diamagnetic
spin-coupled M(III)-superoxides are more equivocal [114].

-The nature of the bound O, and the second methylimidazole in a
Fe(capped porp)(1 Me-Im),0, species remain to be established [106]. The
speculative structure shown in Fig. 17 has been presented for a dimeric
complex formed by reversible 1:1 O, binding by solid four-coordinate
hemes; the oxygen atoms are considered to interact weakly with the Fe
atoms and the adjacent parallel porphyrin planes [116].

A titanium(IIl) dioxygen adduct, FTi(TPP)O,, formed reversibly by

13

Fig. 17. Proposed structure for the reversible 1:1 O, binding by solid four-coordinate hemes.
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. 18. Computer drawing and inner coordination sphere of the molecule Mo(TPP)(O,),
m ref. 12).
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oxygenation of FTi(TPP) in host crystals of OTi(TPP), was considered
initially to be a paramagnetic Ti(iV) superoxide [117,118], but a Ti™V(TPP *")
peroxide formulation containing the porphyrin cation radical is now pre-
ferred in a seven-coordinate titanium center [119]. Without immobilization
of the dioxygen adduct in the host lattice, the oxygenation yields a diamag-
netic Ti(IV) peroxide of type 16-1I with no trans axial ligand [117]. Such
peroxides are more usually prepared by the reaction of H,0, with the metal,
in this case Ti(IV). This method has been used to isolate crystals of
Ti(OEP)O,, which has out-of-plane metal {120], and Mo(TPP)(O,), which
has two orthogonal peroxide moieties (structure type 16-III), parallel to the
porphyrin plane that also contains the metal [121]. The crystal structure of
the laiter is reproduced in Fig. 18.
Several Mn(II) dioxygen adducts synthesized via reaction (20)

Mn(P)Py + O, = Mn(P)O, + Py (20)

are formulated as type 16-II Mn(IV) peroxides [122,123], although some
theoretical calculations [124] suggest other ground-state electronic configura-
tions would be energetically more favorable. The isolation of a Mn(II)
porphyrin with tetracyanoethylene with charge transfer to the olefin adds
support to the Mn(IV) peroxide formulation [125].

Ruthenium(Il) porphyrin complexes, the second row analogues of the
biologically active Fe(II) species, have been found to bind O, reversibly at
ambient conditions in certain polar aprotic solvents [66], although it remains
unclear whether the 1:1 dioxygen adducts are of type 16-1 or 16-II [66].
Reversible binding of ethylene [126]), as well as SO, [126], by Ru(OEP)(THE),
suggests that a Ru(IV) peroxide 16-II is more likely [66]. There is no
published report of any metal center that binds dioxygen as end-on super-
oxide 16-1, and C,H, in the presumed familiar 7-bonded mode, although
solutions of (piperidine)Co(OMBP), that form the usual 1:1 type 16-1
dioxygen complex at low temperature, have been found to react reversibly
with C,H, at ambient conditions [127].

A complex originally formulated Rh(II)(TPP) [128] has been reexamined
and shown to be Rh(TPP)O, of type 16-1 [129]. A very streng affinity for O,
(removed only on heating to 150°C under high vacuum [129}]) had misled the
earlier workers, who had anticipated reactivity similar to that of cobalt(Il)
analogues [128].

Bridging peroxide, type 16-1V, species within metalloporphyrins have not
been characterized by crystallographic techniques. However, they are almost
certainly the final products of the O,-oxidation of five-coordinate LCo(porp)
complexes [130], this being based largely on cobalt(II) chemistry which has
been well-established with Schiff base and other ligand systems [80,81,87];
regeneration of LCo(P) on heating the oxidation product under vacuum
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supports the [LCo(P)],0, formulation more directly {131,132]. The lack of
subsequent decomposition to a bridged oxo species (see eqn. (19)) has been
rationalized on electronic grounds in that a suggested CoO intermediate
(reaction (21)) requires an electron to be placed in a strongly antibonding 7*
molecular orbital [133].

Co™M0,Co™ =2 Co'YO; Co'VO + Co'' — Co™MOCo™ (21)

Spectroscopic and other data at low temperatures give strong evidence for
the existence of Fe™Q,Fe!, and for its decomposition via reaction (21), as
well as via other processes [134,135]. An Fe(Il) octaazamacrocyclic complex
that binds 0.5 mole O, per Fe also appears to give a bridged peroxide [136].
Decomposition of the Rh(TPP)O, species in solution is also thought to give
a bridged peroxide complex [129).

Bridging superoxide species, particularly well-documented for dinuclear
cobalt(III) complexes with cyanide, ammonia or Schiff base ligands [80,81],
have not been found within metalloporphyrin systems.

;)

(if) Oxo complexes

A wide range of oxo complexes of types 16-V and 16-VI are known. Some
examples of the terminal oxo species are listed in Table 10. In the six-
coordinate configuration M(P)O(X) there is a noticeable trans effect operai-
ing between the oxo ligand and the sixth ligand. The metal-oxygen stretch-
ing frequency »(M = O) shows a marked dependence on the trans ligand X,
the metal and the porphyrin substituents [25]. The niobium derivative
Nb(TPP)O(AcO), shows a novel configuration in which the oxo ligand and

TABLE 10
Examples of porphyrin complexes with terminal oxo ligands

T i
C g VT A— 7 hld —

x

M P Ref. M p X Ref.
Ti OEP 165,166 Re OEP F 158
Ti Meso IX-DME 167 Re OEP OPh 170
\' OEP 165 Mo OEP F 158
v Meso IX-DME 168 Mo OEP OMe 170
A Etio-i 169 Mo OEP Ci 170
Mo OEP 165 w OEP F 158
Mo TPP 156 w OEP OMe 170

W OEP Ci 170
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Fig. 19. Computer drawing of the molecule Nb(TPP)O(AcO) from ref. 137.

the bidentate acetate ligand are coordinated to the metal from the same side
of the porphyrin, forming a tripod type, cis arrangement of axial ligands
[137]. The crystal structure of this complex is shown in Fig. 19.

The trans dioxo structure 16-VII has been established for Os porphyrins
made via H,O, reactions [138], while a cis dioxo structure 16-VIII was found
for Mo(TPP)O, formed via photolysis of the bisperoxo species [139]

o—0 O\ /O

VA LI VA (22)
7\

o—0

This cis dioxo complex stoichiometrically oxidizes phosphines, aldehydes
and tetracyanoethylene via oxygen atom transfer [140], which may be
relevant to the mechanism of O, activation by cytochrome P450 (see below).
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(iii) Biological implications

There have been interesting deveiopments in the inorganic chemistry of
cytochrome P450, again in terms of the nature of the iron—dioxygen interac-
tion and the mechanism of hydroxylation of a substrate RH according to
reaction (23) [92,141,142]

RH+ O, +2e+2H* — ROH + H,0 (23)

The overall mechanism involves, (a) addition of RH to a low spin oxidized
form (Fe!l) of the enzyme to give a high-spin enzyme - substrate complex;

(b) addition of one electron to give a high-spin Fe!! system; (c) binding of O,
to give a low spin dioxygen complex (analogous to oxymyoglobin except that
the axial ligand trans to dioxygen is a cysteine thiolate [143]); (d) addition of
the second electron to give what is formally an iron(I)-dioxygen system, and
this intermediate breaks down to hydroxylated product, water, and the initial
Fe(IIl) form of the enzyme. The only species not detected thus far in the
enzyme system is the highly reactive FelO, species. However, such protein-
free iron porphyrin species have now been formed at low temperatures in

Fe(lI}O, + e~
Fe(ll) + OF l [Fead] + o2 (24)

[Fe.OZJ—

DMSO solutions via the three routes outlined in (24) {144—146] that is, by
reaction of Fe(Il) with superoxide, by reacting Fe(I) with O,, or by the
one-electron electrochemical reduction of the Fe(Il) dioxygen complex.
Spectroscopic data indicate a high-spin ferric 7?-peroxide complex (type
16-1I).

Such information is important for an understanding of the mechanism of
the subsequent net oxygen atom transfer [92,142,146,147], which could
involve a ferric oxene [Fe—O] or any of its equivalents (e.g. Fe¥ =O.
Fe'V-0, (heme * )Fe!¥ = 0), and direct insertion, reaction (25), or a radical
process involving hydrogen atom abstraction from the substrate, reaction
(26).

Fe'O2~ —%%—6»1%"‘_0 2 Fell + ROH (25)
2
FeO3~ —%H—_>Fem 035 Fe".-OH+R- (26)
(Fe'V-OH)

The trans thiolate ligand is probably critical, although its role has not
been elucidated; the model systems lack the thiolate ligand and are not
active for oxygenation of hydrocarbons [146].
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The Fe'-O or FeV = O species from Fe'O2™ are, in a formal electron
counting sense, equivalent to compounds I of peroxidases and catalases
(Fe'! enzymes that utilize H,0,); their one-electron reduction gives formally
Fe!V porphyrins (analogous to compounds II) that correspond to the carbene
structures discussed earlier (Fe"! « :CR R, <> Fe'¥ =CR|R,). Studies on
the carbenes should contribute significantly to an understanding of enzymic
oxidation involving O, or H,0, [148,149].

F. THE u-LINKED DIMERS

Although some mention of the p-oxo dimers was made in preceding
sections, the diversity of this type of bonding warrants more detailed
discussion. ,

Examples of the three types of p-oxo dimers found in porphyrin chemistry
are illustrated schematically in Fig. 20. The structure shown in 20(a) has
been definitely established for the porphyrin complexes of iron [150,151],
scandium [151,152] and aluminum [153]. In the case of the paramagnetic
iron complexes, antiferromagnetic coupling is observed between the two high
spin Fe! nuclei via the nearly linear oxo linkage [68,154,155]. The com-
plexes of Sc™! and AI™ are of course diamagnetic.

The structures depicted in Fig. 20(b) are represented by the porphyrin
complexes of molybdenum [156-158], tungsien [158] and rhenium [158]. The
X-ray crystal structure determined for [Mo(TPP)O],0 [157] is shown in Fig.
21. The five atom unit O =Mo-O-Mo =0 is nearly linear with the
molybdenum ion being sl:ghtly (0.09 A) displaced from the plane of the four
porphyrin nitrogens in the direction of the terminal oxo ligand. Although
structural data are not available for either the tungsten or rhenium analogs,
similar geometries are assumed on the basis of other spectroscopic properties
[68].

B B B M B

N oy 1N

M——Q—M O=M——0—M=Q, Nb =——&——nNb

- - [: = — \O/_
a b (=4

Fig. 20. Examples of g-oxo complexes.
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Fig. 24. Computer drawing of the molecule {Fe(TPP)],N from ref. 160.



(FeTPP),0O (FeTPP);N

ig. 25. Comparison of coordination geometries for [Fe(TPP)],O and [Fe(TPP)],N from ref.
50. »

The structure of the niobium derivative proved to be quite different in
1at all three oxo ligands are in bridging positions between the porphyrin
lanes (see Fig. 20(c)). The molecular structure, as determined by X-ray
rystallography for [Nb(TPP)],O; [137-157], i1s shown in Fig. 22. The
iobium atom is seven coordinate as determined by the square planar base
f porphyrin nitrogens and the trigonal-planar cap of oxo ligands. The three
gand planes, consisting of the two porphyrin systems and the one tri-oxo
nit, are nearly parallel to each other. The six individual niobium oxygen
onds are definitely inequivalent, consisting of one short (ca. 1.77 A), one
1termediate (ca. 1.94 ;\) and one long (ca. 2.35 A) to each individual
iobium atom. The two slightly inequivalent niobium atoms are displaced
pproximately 1.0A from the plane of the four porphyrin nitrogens and
.35 A from the plane of the oxo ligands. '

In addition to the p-oxo linkage, recent reports of the p-nitrido and
-carbido bridged iron porphyrins [Fe(TPP)],N [159,160] and [Fe(TPP)],C
10] respectively, have appeared in the literature. The schematic representa-
on of these structures is illustrated in Fig. 23, and the molecular structure
f [Fe(TPP)},N is presented in Fig. 24. The coordination geometries of
e(TPP)],O and [Fe(TPP)],N are compared in Fig. 25. Significant dif-
:rences are the shorter bridging Fe—N distances compared with the corre-
ponding Fe—-O distances (consistent with the multiple bond character
epicted in Figure 23(b)), and the smaller displacements of the Fe atom from
1e plane of the porphyrin nitrogens toward the bridging ligand in the
itrido-complex relative to the oxo-complex. The oxidation state of the Fe
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Fig. 26. Schematic representation of the metal-metal bonding in porphyrin complexes.

atoms in the g-oxo complex is formally + 3, with antiferromagnetic coupling
(J =309 cm™ ') of the two S =5/2 centres producing a temperature depen-
dent magnetic moment. The oxidation state of iron in the p-nitrido complex
is not as clear. The formal oxidation state is +33 but the temperature
independence of the magnetic moment (&= 2.04 BM /oligomer) does not
allow the unambiguous assignment of spin states for the individual iron

Fig. 27. Computer drawing of the molecule Sn(TPP)[CRe(CO);], from ref. 162.
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atoms. Of the two resonance structures possible for the p-carbido complex
(P)Fe = C =Fe'V(P) =(P)Fe!! « :C: — Fe!i(P) 27

the formalism on the right hand side corresponding to divalent iron is more
in agreement with the results of various spectroscopic methods. Like the
carbenes mentioned in Section C(iii), this complex is diamagnetic.

G. METAL-METAL BONDING

Several porphyrin species with bonding between the porphyrin metal and
the metal of a non-porphyrin complex are illustrated in Fig. 26. In these
compounds, the central metal is coordinated by two Re(CO), ligands in a
trans configuration giving complexes of the general formula
M(TPP)[Re(CO);],, where M = Sn, Zn, Mg and Co [161]. The synthesis of
these trinuclear compounds is achieved according to the reactions

M(TPP)X, + Re,(CO),, (28.1)
M(TPP) -+ Re,(CO),, ~ M(TPP)[Re(COX], (282)

where eqn. 28.1 illustrates the procedure for the tin derivative and eqn. 28.2
that for the divalent zinc, magnesium and cobalt complexes. The nature of
the Re(CO); ligand remains unclear. In the mono- and dinuclear complexes
[Re(CO);]JH(TPP) [30] and [Re(CO);1,(TPP) [33] discussed earlier, the
Re(CO); unit appears, at least formally, -as Re(CO); coordinated by three
porphyrin nitrogens. In the trinuclear complex Sn(TPP)[Re(CO);}],, a form-
ally uninegative Re(CO); would be necessary to electronically balance a
tetravalent Sn'Y. However, a neutral Re(CO); unit would best describe the
bonding in the divalent Zn, Mg and Co complexes. Interestingly, somewhat
milder reaction conditions than those employed in the synthesis of the
metal-metal bonded trinuclear complex Sn(TPP)[Re(CO);], result in forma-
tion of the bis-(p-carbidotricarbonyl rhenium) complex Sn(TPP)[CRe(CO),],
[162], the crystal structure of which is shown in Fig. 27. This structure
features a carbon atom in a bridging position between the tin and rhenium
atoms. The axial bonding can be formally depicted as

179 A
lod

A

N 138 5° I rd
Re/

7Re-“§:\/s|-'n 1;:1-1,3 P~

with a carbyne-like bond between the p-carbido carbon and rhenium.
Several porphyrin dimers involving metal-metal bonds have appeared in
the literature, as illustrated in Fig. 28. The ruthenium dimer, [Ru(OEP)],
[163], forms when a solid sample of the bis-pyridine complex, Ru(OEP)(Py),
is heated to 220°C under vacuum. The corresponding rhodium complex,
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Fig. 28. Porphyrin dimers containing metal-metal bonds.

[Rh(OEP)], [129,164], is made from the hydrido complex Rh(OEP)H by
either simply dissolving the latter in benzene [164] or by photolysis in
toluene [129]

Benzene

Rh(OEP)H — [Rh(OEP)|,+H, (29.1)
Rh(OEP)HTO%m [Rh(OEP)], + H, (29.2)

The rhodium dimer reacts with NO at room temperature or O, at —80°C to
form Rh(OEP)NO and Rh(OEP)O, respectively [129].
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