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ARTICLE INFO ABSTRACT

Keywords: High-valent metal-oxo complexes play central roles as active oxygen atom transfer (OAT) agents in many en-
Metal-oxo species zymatic and synthetic oxidation catalysis. This review focuses on our recent advances in application of photo-
Porphyrin chemical approaches to probe the oxidizing metal-oxo species with different metals and macrocyclic ligands.
S:lr::le Under visible light irradiation, a variety of important metal-oxo species including iron-oxo porphyrins, man-

ganese-oxo porphyrin/corroles, ruthenium-oxo porphyrins, and chromium-oxo salens have been successfully
generated. Kinetical studies in real time have provided mechanistic insights as to the reactivity and reaction
pathways of the metal-oxo intermediates in their oxidation reactions. In photo-induced ligand cleavage reac-
tions, metals in n* oxidation state with the oxygen-containing ligands bromate, chlorate, or nitrites were
photolyzed. Homolytic cleavage of the O-X bond in the ligand gives (n + 1) oxidation state metal-oxo species,
and heterolytic cleavage gives (n + 2)* oxidation state metal-oxo species. In photo-disproportionation reac-
tions, reactive M" " -oxo species can be formed by photolysis of y-oxo dimeric M"* complexes with the con-
comitant formation of M™! products. Importantly, the oxidation of M™! products by molecular oxygen (O,) to
regenerate the p-oxo dimeric M"* complexes in photo-disproportionation reactions represents an attractive and
green catalytic cycle for the development of photocatalytic aerobic oxidations.

Photocatalytic oxidation
Visible light

1. Introduction

Catalytic oxidations are core processes in petrochemistry and mil-
lions of tons of high-value oxygenated compounds are annually pro-
duced and applied to the manufacturing of fine chemicals worldwide
[1-3]. In nature, the ubiquitous cytochrome P450 enzymes (P450s)
with an iron protoporphyrin IX core catalyze a wide variety of oxidation
reactions with exceptionally high reactivity and selectivity [4,5]. Not
surprisingly, many transition metal complexes are designed to develop
bioinspired oxidation catalysts and to aid in understanding important
biological processes [6,7]. As a result, these synthetic catalysts typically
consist of transition metals such as iron, manganese, chromium, or
ruthenium in a macrocyclic (porphyrin and porphyrinoid) or “clamp”-
like ligand (salen), and the catalytic oxidation is realized by employing
sacrificial oxygen sources such as peroxides, peroxy acids, or iodo-
sylbenzene [8-13].

In enzymatic and synthetic oxidation catalysis, high-valent transi-
tion metal-oxo intermediates are generally produced and serve as the
active oxygen atom transfer (OAT) species [9,14-19]. As such, ex-
tensive efforts have been directed to metalloporphyrins or

metalloporphyrinoids as P450s models, and a variety of active metal-
oxo species were produced and characterized to elucidate the funda-
mental oxidation mechanism and reactive intermediates relevant to
metalloenzymes [14,17,18,20]. In this regard, one particular interest in
homogenous catalysis aims at developing photochemical methods to
generate and study reactive metal-oxo species in their corresponding
OAT reactions [21]. In contrast to most chemical methods involving the
use of toxic and polluting reagents, photochemical generation of OAT
species is obtained by the absorption of a photon, which leaves no
byproducts [22,23]. The photochemical approach is particularly ad-
vantageous because it allows for superior temporal resolution than
those of the fastest mixing experiments, which is essential to detect the
generated transients [21,24,25]. In addition, photochemical production
of the high-valent metal-oxo species allows real time studies of species
under single turnover reactions with respect to the oxidant and pseudo-
first-order kinetic conditions are readily maintained; this simplifies
measurements of second- and higher-order rate constants and me-
chanistic deductions without kinetic convolution resulting from excess
terminal oxidants [26-28]. As such, laser flash photolysis (LFP) tech-
niques have been successfully introduced for generation and kinetic
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studies of a number of high-valent transition metal-oxo species in real
time and their progress has previously been reviewed [21].

As the demand for green chemistry increases, the use of visible light
(sunlight) rather than a chemical reagent with a photocatalyst offers an
ideal means to harness solar energy in applied synthesis [29-31]. In this
regard, the chemistry of cofacial p-oxo dimeric complexes with dif-
ferent metals and macrocycles has received considerable attention due
to their ability to develop green oxidation processes [32-34]. For ex-
amples, photo-disproportionation diiron(III)-p-oxo bis-porphyrin com-
plexes resulted in formation of iron(II) and iron(IV)-oxo porphyrin pair;
the latter oxo species is capable of oxidizing organic substrates in a
recycling base leading to catalytic aerobic oxidation [35]. A mixed p-
oxo bridged heme/non-heme diiron(III) complex also showed similar
photo-oxidation manifold with the formation of iron(II) porphyrin and
high-valent oxo species at non-heme iron [36]. The catalytic sequence
is sustainable because it uses visible light to activate molecular oxygen
for organic oxidations without the need for external coreductants.
However, quantum yields of these processes are relatively low due to
the recombination of iron(IV)-oxo and iron(II) species to reform the
parent p-oxo dimers. The catalytic efficiency was significantly improved
by covalent linking “Pacman” architecture of diiron(III)-pu-oxo systems
that employ organic spacer-hinges to pre-organize two iron centers in a
cofacial arrangement [37-41]. This focused review describes our pro-
gress in the development of two distinct photochemical techniques,
photo-induced ligand cleavage for direct production of high valent
metal-oxo species and photo-disproportionation of a p-oxo metal dimer
to give a higher valence formal oxidation state of the metal-oxo inter-
mediate (Scheme 1). A number of important metal-oxo intermediates
with different metals and macrocyclic ligands apparently have been
produced and studied in the real time. A special emphasis is also placed
on the p-oxo metal(IV) dimeric complexes as promising photocatalysts
that undergo a photo-disproportionation sequence to generate a cata-
lytically reactive metal(V)-oxo species for aerobic photo-oxidations.
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2. Porphyrin-iron(IV)-oxo radical cations (compound I models)
and porphyrin-iron(IV)-oxo species (compound II models)

High-valent porphyrin-iron-oxo intermediates are central oxidizing
species in heme, non-heme iron enzymes and synthetic oxidation cat-
alysts [42,43]. In heme-containing enzymes, an iron(IV)-oxo porphyrin
radical cation species (commonly referred to as compound I) has been
well characterized in the catalytic cycles of peroxidases, catalases, and
chloroperoxidase [5,44-46]. Under experimental conditions, the treat-
ment of cytochrome P450,,,,, with peroxy acid led to the rapid forma-
tion of a putative compound I species, which had spectral similarity
with chloroperoxidase compound I species [47]. More advanced spec-
troscopic characterization and kinetic studies of compound I involved
in cytochrome P450 enzymes were reported [48-51]. In model systems,
compound I derivatives were also prepared and characterized from
reactions of some porphyrin iron(Ill) salts with a sacrificial oxidant
such as m-chloroperoxybenzoic acid (mCPBA) [52-55]. The prepara-
tion and characterization of the iron(IV)-oxo neutral porphyrins
(compound II models), one-electron reduced forms of compound I, have
also been known for decades [1,56]. The protonation state of compound
II has generated considerable research interest because of its im-
portance in determining compound I reactivity [57].

Recently, a photochemical entry to porphyrin-iron(IV)-oxo deriva-
tives was reported in different electronic and steric environments
(Scheme 2) [58,59]. In non-electron deficient ligand systems, visible
light photolysis of porphyrin-iron(IlI) bromates or chlorates (1) af-
forded porphyrin-iron(IV)-oxo radical cations (2), i.e. compound I
analogues (Fig. 1A). In contrast, photolysis of porphyrin-iron(III) bro-
mates with electron-deficient and sterically encumbered ligands pro-
duced less oxidized iron(IV)-oxo porphyrins compound II models (3)
(Fig. 1B). By comparison, irradiation of chlorate complexes [Fe™(Por)
(ClO3)] (Por = porphyrin) was less efficient compared to that of bro-
mates, and longer irradiation time was required for complete forma-
tion. Control experiments showed that no oxo species was formed in the
absence of light.
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Scheme 1. Photochemical generation of high-valent metal-oxo intermediates through (A) visible light-induced ligand cleavages and (B) photo-disproportionation

reactions.
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Scheme 2. A photochemical entry to porphyrin-iron(IV)-oxo radical cations and porphyrin iron(IV) neutral species controlled by porphyrin ligands.

Visible light generation of oxo 2 and 3 permits direct kinetic studies
of their oxidations with organic reductants, and Fig. 1C illustrates the
representative results of kinetic studies with the compound I analogue
2a. In the presence of an excess organic reductant, pseudo-first-order
conditions were maintained, and the rate constant for decay of transient
2a increased linearly as a function of the concentration of reductant.
The second-order rate constants for reactions of 2a are k,x = (85 * 6)
M s Lkox=(79 £ 3)M 's™ ! and ko = (120 = 9)M~1s~ ! for
cyclohexene, cis-cyclooctene, and cis-stilbene, respectively. The rate
constants of photo-generated 2 are in a good agreement with those of
iron(IV)-oxo derivatives formed by chemical methods [54]. The kinetics
of OAT reactions with alkenes and aryl sulfides (thioanisoles) by photo-
generated iron(IV)-oxo porphyrins (3e-g) were also studied in CH3;CN
solutions [60]. As expected, the iron(IV)-oxo porphyrins (3) reacted 2-3
orders of magnitude slower than more oxidized porphyrin-iron(IV)-oxo
radical cations (2). Of note, for a given substrate, the reactivity order
for the iron(IV)-oxo species was 3 g < 3f < 3e, which is inverted
with expectation on the basis of the electron-withdrawing of the por-
phyrin macrocycles [60,61]. This inverted reactivity has indicated that
3 undergoes a disproportionation reaction to generate a more reactive
iron(IV)-oxo porphyrin radical cation (2) as the primary oxidant
(Scheme 3). Importantly, recent reports provided direct spectroscopical
evidence for the disproportionation reaction of 3 to 2 [62,63].

In order to determine the nature of the reactive intermediates in
metal-catalyzed oxidation reactions, heterolytic versus homolytic
cleavage of the metal bound terminal oxidant have been extensively
investigated [64-67]. Visible light formation of iron(IV)-oxo species 2
and 3 can be rationalized by the following mechanism that involves a
photo-induced heterolytic cleavage of the O-X bond of precursors 1 to
generate a putative porphyrin-iron(V)-oxo species (4) (Scheme 4) that

has not been experimentally detected. Similar heterolytic cleavage re-
actions were previously observed in photolyses of [Mn™(Por)(ClO4)]
and heme iron(IID)-hydroperoxo complexes, which resulted in the for-
mation of [Mn"(Por)(0)] species and high-valent iron(IV)-oxo heme
cation radical intermediates, respectively [27,68]. The iron(V)-oxo 4
has been proposed to be an alternative reactive intermediate of some
heme enzymes and model systems for decades [20]. In porphyrin and
corrole complexes, computational studies [69,70] have suggested that
the iron(V)-oxo species could be experimentally accessible. On the
other hand, non-heme iron(V)-oxo intermediates have been reported to
be the reactive intermediates in the Rieske dioxygenase enzymes and
their synthetic functional models [71,72]. For instance, an iron(V)-oxo
complex supported by a tetraanionic ligand showed truly un-
precedented reactivity towards organic substrates [71,72]. The putative
porphyrin/corrole-iron(V)-oxo transients in the synthetic models pro-
duced by LFP methods displayed an appropriate high level of reactivity
[25,28,61]. A high-valent corrolazine-iron-oxo intermediate at the iron
(V) oxidation level has also been spectroscopically characterized
[73,74].

In non-electron-deficient porphyrin systems (a-d), the high-energy
iron(V)-oxo species 4 could relax to compound I models (2a-d) through
internal electron transfer (ET) from the porphyrin to the iron because it
is thermodynamically favored (path a). However, the ET process from
the highly electron demanding porphyrin (e-f) to the iron is apparently
disfavored owing to a high redox potential. Instead, a fast compro-
portionation reaction of 4 with the residual iron(Il) complex (path b)
could generate iron(IV)-oxo derivatives (3e-g). Previous studies with
manganese-oxo species found that porphyrin-manganese(V)-oxo spe-
cies comproportionate rapidly with manganese(III) species [27], and
corrole-manganese(V)-oxo species reacted with manganese(III) species
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Fig. 1. (A) Time-resolved spectra of compound I 2a following irradiation of 1a with visible light in CH3CN at 23 * 2 °C over 9 min. (B) Time-resolved spectra of
forming compound II 3e following irradiation of 1e over 20 min. (C) Kinetic plots of the observed rate constants for the reaction of 2a versus the concentration of
representative substrates: cis-stilbene (), cyclohexene (@), and cis-cyclooctene (#). Inset showing traces at 416 nm for formation of 1a with cis-cyclooctene at

different concentrations.
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to give manganese(IV)-oxo species [75]. The distinction between the
two possibilities is determined by the electronic structure and/or redox
potential of the porphyrin ligand, if any, for electron spin distribution of
atomic orbitals and bond reorganizations needed to form the two spe-
cies [20].

3. Porphyrin-manganese(IV)-oxo complexes

Manganese porphyrins have been extensively studied as P450s
models in catalytic oxidations where highly reactive porphyrin-man-
ganese(V)-oxo derivatives [26,27,76-78] have been proposed as the
active oxidants for decades [79-81]. High-valent manganese-oxo spe-
cies are also implicated in the production of oxygen in photosystem II in
plants [82]. Unusual trans-dioxomanganese(V) porphyrins were also
synthesized and characterized, which showed pH-dependent reactiv-
ities towards typical substrates [83]. In contrast, the well-characterized
manganese(IV)-oxo porphyrins are less investigated due to their low
reactivity [84-88]. In this context, two photo methods using visible
light have been explored to produce and study a series of porphyrin-
manganese(IV)-oxo species (Scheme 5).

The dimanganese(III)-p-oxo bis-porphyrins (5a-c) in three sterically
unencumbered porphyrin systems were synthesized according to a
known procedure [89]. Upon visible light irradiation, direct conversion
of dimers 5 to manganese(IV)-oxo porphyrins (6a-c) plus manganese(II)
products (7) have been observed in benzene solutions (Scheme 5, path
a) [90]. The initially formed manganese(Il) species was rapidly oxi-
dized to manganenes(III) porpyrins in the presence of O,. When excess
amounts of organic reductants such as cyclohexene were present, the
UV-visible spectrum of 6a returned to that of manganese(III) porphyrin
(Fig. 2A). The overall reaction sequence is consistent for the behavior
expected for porphyrin-manganese(IV)-oxo species. In addition, con-
tinuous irradiation of dimanganese(Ill) p-oxo bis-porphyrins in the
presence of pyridine (Py) or triphenylphosphine (Ph3P) gave rise to the
formation of stable [Mn"(Por)(Py)] or [Mn"(Por)(PPh3)], respectively
(Fig. 2B). These stable managnese(II) porphyrins were confirmed by
independent production of the same compounds using the reported
procedure [91]. The photochemical behavior of dimanganese(III) p-oxo
bis-porphyrins resembles the well-known photo-disproportionation of
diiron(IIl) p-oxo bis-porphyrins [35].

o+
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X Scheme 3. A disproportionation me-

chanism for reactions of iron(IV)-oxo por-

phyrins (3) (S = substrate; SO = oxidized
product).

Alternatively, three Mn'V-oxo complexes containing sterically hin-
dered (6d-f) were also produced by the photo-induced ligand cleavage
reactions (Scheme 5, path b) [92]. The systems under study include
[Mn"(TPFPP)(O)] (TPFPP = 5,10,15,20-tetra(pentafluorphenyl)por-
phyrin) (6d), [Mn"'(TDFPP)(0)] (TDFPP = 5,10,15,20-tetra(2,6-diflu-
orophenyl)porphyrin) (6e), and [Mn'V(TMP)(0)] (TMP = tetrame-
sitylporphyrin) (6f) with different electronic nature. Visible light
photolysis of the highly photo-labile porphyrin-Mn™ chlorate or bro-
mate salts (8d) gave the Mn'"-oxo 6d through homolytic cleavage of the
O-X (X = Cl or Br) bonds in the ligands (Fig. 3A), which was in accord
with previous LFP studies [27]. The metastable photo-generated 6d was
further characterized by ESI-MS (inset of Fig. 3A). The same oxo species
6d was also chemically generated by oxidation of corresponding man-
ganese(Ill) precursor with PhI(OAc),, exhibiting same spectral sig-
nature characteristic for manganese(IV)-oxo porphyrin (Fig. 3B) [93].

As expected, complexes 6d-f reacted with thioanisoles to produce
the corresponding sulfoxides and over-oxidized sulfones. The kinetics of
sulfide oxidation reactions conducted in organic solvent revealed an
unexpected low reactivity, comparable to those of alkene and activated
hydrocarbon oxidations [92]. The order of reactivity for the [Mn"V(Por)
(0)] in the oxidation of sulfides is TPFPP (6d) > TDFPP (6e) > TMP
(6f), which is consistent with expectation for electrophilic metal-oxo
oxidants based on the electron-demand of the ligands [94]. The small
second-order rate constants suggest the oxidation of highly nucleophilic
sulfides by these [Mn"V(Por)(0)] likely proceeds through a direct OAT
mechanism via a manganese(Il) intermediate that has been spectro-
scopically detected (path a in Scheme 6) [92]. However, it should be
pointed out that an alternative pathway that involves a dis-
proportionation of 6 to form a higher oxidized manganese(V)-oxo
species may be significant when less reactive substrates are present
(path b in Scheme 6) [27,87].

4. Relatively stable trans-dioxoruthenium(VI) and highly reactive
ruthenium(V)-oxo porphyrins

The photo-induced ligand cleavage reactions were expanded to
synthesize the trans-dioxoruthenium(VI) porphyrins [95], which are
structurally well-defined model systems for heme-containing enzymes
[96,97]. Refluxing readily available ruthenium(II) carbonyl porphyrins
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Scheme 4. A proposed mechanism for photochemical generation of porphyrin-iron(IV)-oxo compound I and compound II species.
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Scheme 5. Two-route photochemical generation of porphyrin-Mn'"-oxo complexes.

in carbon tetrachloride afforded dichlororuthenium(IV) complexes
[Ru"(Por)Cl,] (9). Facile exchange of the counterions in [Ru"(Por)Cl,]
with Ag(X05) (X = Cl or Br) gave the corresponding salts [Ru'(Por)
(X03)2] (10). Similar to the previously described photochemical
homolysis of porphyrin-manganese(Ill) chlorates, the visible light
photolysis of ruthenium(IV) dihalorates (10) produced trans-dioxo
species (11) as a result of the simultaneous cleavages of two X-O bonds.
This photo-protocol has demonstrated a good generality, and trans-di-
oxoruthenium(VI) porphyrins were formed in sterically encumbered,
unencumbered, and chiral porphyrin systems (Scheme 7) [98]. With
tunable structural and electronic properties, the kinetic studies of the
OAT reactions from 11 to organic sulfides were conducted [99]. Typical
second-order rate constants for sulfoxidation reactions are
8-60 M~' s™!, which are 3 orders of magnitude larger in comparison
with those of well-studied alkene epoxidations and activated C—H bond
oxidations by the same dioxo species [100]. For a given sulfide sub-
strate, the reactivity order for the dioxoruthenium(VI) species 11 is in
agreement with expectation on the basis of the electron-withdrawing
and steric effects of the porphyrin macrocycles.
Porphyrin-ruthenium(V)-oxo complexes are rare but attractive OAT
candidates for catalytic oxidations [101-103]. These species are pro-
posed intermediates in very efficient oxidation processes, although not
yet observed directly [102,104-106]. Computational studies suggest
that they are thermodynamically stable with respect to ruthenium(IV)-
oxo porphyrin radical cations [107]. Recently, spectroscopic evidence
including UV-vis, ESI-MS, electron paramagnetic resonance (EPR), re-
sonance Raman (RR) along with kinetic and computational studies have
been reported to support the formation of the highly reactive ruthenium
(V)-oxo species as the active oxidant in the ruthenium(III) porphyrin-

catalyzed oxidations [108]. In this regard, photochemical reactions
provided two entries to the porphyrin-ruthenium(V)-oxo species
(Scheme 8). Firstly, photo-disproportionation of a bis-porphyrin-dir-
uthenium(IV) p-oxo dimer (12) in LFP studies provided a fast access to
the reactive OAT species (13) that was tentatively assigned as the pu-
tative porphyrin-ruthenium(V)-oxo intermediate(Fig. 4A) [109]. Sec-
ondly, the same oxo transient 13 was also observed by the photo-
cleavage of a ruthenium(III) N-oxide adduct (14) that proceeded with a
heterolytic cleavage of Ru—O bond (Fig. 4B) [110]. Noteworthy is that
the UV-vis spectra and kinetic behaviors of transients generated from
the two routes are indistinguishable. Second-order rate constants for
direct reactions of 13 with several substrates at 22 °C were determined

(Fig. 4C); representative values of rate constants were
kex = 6.6 x 10° M™! s7! for diphenylmethanol,
kox = 1.8 x 10*° M™' s7!' for cyclohexene and

kox = 1.3 x 10> M~! s™! for cis-cyclooctene. By comparison, the
photo-generated 13 reacted 5-6 orders of magnitude faster than the
corresponding trans-dioxoruthenium(VI)-oxo porphyrins, but 2 orders
of magnitude less reactive than the putative 5,10,15,20-tetra-
phenylporphyrin-iron(V)-oxo complex [25]. This is in agreement with
the general observation that porphyrin-ruthenium-oxo complexes are
expected to be more stable than the corresponding iron-oxo analogues.
Importantly, species 13 is much more reactive than the corresponding
iron(IV)-oxo porphyrin radical cations [54]. The high reactivity for the
photochemically generated 13 in comparison to other porphyrin-metal-
oxo intermediates suggests that it is a true ruthenium(V)-oxo species
[110].
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(B) Time-resolved spectra of [Mn"(4-
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Fig. 3. (A) Time-resolved spectra of 6d following irradiation of [Mn"(TPFPP)(ClO3)] with visible light (120 W) in CHsCN solution at 23 * 2 °C over 5 s; Inset
showing the ESI-MS of 6d in a positive mode; (B) Time-resolved spectra of 6d following oxidation of 8d with PhI(OAc), (10 equiv.) over 4 s in CH3CN.

5. Corrole-manganese(V)-oxo complexes

Corroles are tri-anionic porphyrin analogues, which stabilize higher
metal oxidation states. Accordingly, the relatively stable manganese(V)-
oxo corroles, denoted as [Mn"(Cor)O] (Cor = corrole) (15), have been
synthesized and characterized as active OAT species [111]. Never-
theless, the reactions of [Mn"(Cor)O] are mechanistically complex
[75,112] and factors controlling their OAT reactivity with organic
substrates are not fully understood [13]. To this end, [Mn"(Cor)O] were
photochemically generated under visible light irradiation and their ki-
netic studies of OAT reactions were directly investigated [113,114].
Similar to previously described porphyrin-Mn™(ClO3) and porphyrin-
RuV(X03), (X Cl and Br) [27,92,95], visible light irradiation of
highly photo-labile manganese(IV) precursors [Mn'V(Cor)(X05)]
(X = Cl and Br) (16) in anaerobic CH5CN resulted in formation of [Mn"
(Cor)O] (15) in three different electronic environments (Scheme 9).
The spectra of visible light generated 15 matched those reported pre-
viously from chemical oxidation methods [115]. Apparently, visible
light irradiation of 16 results in one-electron photo-oxidation to afford
15 by homolysis of O-X bond. For comparison, photochemical cleavages
of the nitrite precursors [Mn"V(Cor)(NO,)] were considerably more ef-
ficient than those of [Mn'V(Cor)(X03)] to form the same corrole-man-
ganese(V)-oxo species [114].

The kinetics of OAT reactions with various organic reductants by
these photo-generated [Mn"(Cor)O] were carried out in CH;CN and
CH,Cl, solutions. It was found that [Mn"(Cor)O] exhibited remarkable

O

ArSMe ArSMe

é@ a) Direct OAT @

S (less reactive)

SO

. b) Disproportionation

solvent and ligand effects on its reactivity and spectral behavior. In the
electron-deficient system (a) and in the polar solvent CH5CN, [Mn"
(Cor)O] (15a) returned Mn™ corrole in the end of the oxidation reac-
tions (Fig. 5A). However, in the less polar solvent CH,Cl, or in the non-
electron-deficient systems (b and c), Mn"V product was formed instead
(Fig. 5B). Furthermore, with the same substrates and in the same sol-
vent, the order of reactivity of [MnY(Cor)O] was 15¢ > 15b > 15a,
which is inverted from the expectation based on the electron-demand of
the corrole ligands. Spectral and kinetic results in this study are con-
sistent with multiple oxidation pathways, where 15 either serves as
direct two-electron oxidant or undergoes a disproportionation reaction
to form a manganese(IV) and manganese(VI)-oxo corrole, the latter of
which serves as the primary oxidant. The choice of oxidation pathways
is strongly dependent on the nature of the solvent and the electronic
properties of the corrole ligands (Scheme 9).

6. Salen-chromium(V)-oxo complexes

Metallosalen complexes (salen = N,N’-bis(salicylidene)ethylene-
diamine) have received much attention in view of their enormous uti-
lity of catalytic transformations [116-119]. With a tetradentate-binding
motif, metallosalens show catalytic features in common with metallo-
porphyrins [11]. Chromium-salen complexes are the first application of
metallosalens in catalysis. In addition, salens are more easily manipu-
lated to create an asymmetric environment around the active metal site
than porphyrin analogues [11,120]. In the 1990s, the groups of

é

Scheme 6. A proposed OAT mechanism of species 6 involving (a) direct OAT to sulfides and (b) alternative disproportionation pathway with less reactive substrates.
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Scheme 8. Two photochemical entries to generate the elusive porphyrin-ruthenium(V)-oxo species.

Jacobsen and Katsuki independently introduced chiral manganese—-
salen catalysts to achieve highly enantioselective epoxidations
[121,122]. Under catalytic conditions, the chromium(IlI)-salen is
readily oxidized to the corresponding chromium(V)-oxo species, which
has been isolated and fully characterized by various spectroscopic
methods including a single crystal X-ray crystallography [116]. A re-
cent progress was reported on visible light-generation of chromium(V)-
oxo complexes (19) bearing the well-known Jacobsen salen ligand and
one of its derivatives (Scheme 10) [123]. The results for the first time
attest to the fact that photochemical production of metal-oxo species is
not exclusive to porphyrin or corrole systems, and it can be achieved
using simple, easily constructed salen-based complexes.

Facile exchange of the axial ligand in [Cr™(salen)Cl] (17) with Ag
(XO3) (X = Cl and Br) gave the corresponding chlorate [Cr'(salen)
(X03)] (18), and its formation was indicated by the UV-vis spectra
(Fig. 6A). Visible light irradiation of the photo-labile chlorate or bro-
mate precursor in CH3CN solution gave a reactive transient with a

characteristic absorption spectrum of [CrV(salen)O] (19) (Fig. 6A). The
photo-generated 19 were stable enough to be further characterized by
ESI-MS, matching the molecular composition of [CrV(salen)(0)]. In
addition, the photo-generated [Cr¥(salen)O] is spectroscopically indis-
tinguishable from the species formed by the chemical oxidation of
chromium(III) 17 with PhI(OAc), [123]. Apparently, the generation of
the chromium(V)-oxo species (19) upon visible light irradiation of
chlorate or bromate (18) can be ascribed to a photo-induced heterolytic
cleavage of O-X (X = Cl or Br) bonds in the apical counterion, which
results in two-electron photo-oxidation reactions accordingly. Again,
photochemical cleavage of the bromate complexes was considerably
more efficient than cleavages of chlorate complex to generate the salen-
chromium(V)-oxo species under identical conditions, similar to pre-
viously reported work on the photochemical formation of trans-diox-
oruthenium(VI) porphyrins [98] and iron-oxo porphyrins [59].

When organic substrate such as cyclohexene was present (Fig. 6B),
the decay of the photo-generated species at its characteristic broad peak
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trum = spectrum(t) - spectrum (final = 50 ms). (B) Time-resolved difference spectra following LFP of species 14 over 100 ms in CH,Cl, at 22 °C. (C) Representative
plots of observed pseudo-first-order rate constants in CH3CN for reactions of 13 versus concentrations of diphenylmethanol, cyclohexene, and cis-cyclooctene.
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with Apax at 680 nm accelerated linearly with the substrate con-
centration (Fig. 6C). The plot slope gave a second-order rate constant of
(8.7 = 0.9) x 10>M ™! s~ . The identical ko value for cyclohexene
was also obtained with 19a produced from the chemical method, ki-
netically confirming that the same oxo species is formed from both
methods. In metal-oxo chemistry, electrophilic metal-oxo species typi-
cally exhibit a remarkable rate acceleration of sulfide oxidation versus
hydrocarbons due to the enhanced nucleophilicity and easy access of

sulfur for oxidation. For example, iron(IV)-oxo porphyrins [60] and
manganese(V)-oxo corroles [113] showed that sulfoxidation reactions
were 3 to 4 orders of magnitude faster than those alkene and activated
C—H bonds oxidations by the same oxo species. Surprisingly, the k.x
values determined in this work for thioanisole oxidation ranged from
0.3 x 1073t0 1.1 x 1073 M~ 571, a unexpected lower level of re-
activity in comparison to alkenes or benzylic alcohols [123]. Pre-
sumably, the strong coordination of the sulfides to the metal center
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Scheme 10. Visible light-induced formation of salen-chromium(V)-oxo complexes.

suppressed the reactivity of electrophilic salen-chromium(V)-oxo spe-
cies.

Similar to previously reported catalytic oxidations [124,125],
chromium(III) salen complexes (17) effectively catalyzed the oxidation
of aryl sulfides into sulfoxides with PhI(OAc), in the presence of a small
amount of water. As described early, PhI(OAc), was able to oxidize the
chromium(III) complexes (17) to produce salen-chromium(V)-oxo 19,
which then reacted with substrate and decayed back to chromium(III)
product. However, the directly observed salen-chromium(V)-oxo spe-
cies 19 in kinetic studies is not necessarily the active oxidant under
catalytic turnover conditions. As shown in competition studies, the
ratios of absolute rate constants found in direct kinetic studies differed
dramatically from the oxidation ratios for competition oxidation reac-
tions of the two substrates under turnover conditions [123]. This ob-
servation implied that the directly observed chromium(V)-oxo species
19 may still be a reactive oxidant provided that the reaction of chro-
mium(III) salens with PhI(OAc), is the rate limiting step of the catalytic
reaction. Alternatively, the chromium(V)-oxo salen may function as
Lewis acid to activate the PhI(OAc), in a similar way as the corralizine-
manganese(V)-oxo served in the catalytic sulfoxidation with PhIO
[126].

7. Photocatalytic aerobic oxidations via a disproportionation
pathway

Our prior works have shown that the highly reactive corrole-iron
(V)-oxo and porphyrin-ruthenium(V)-oxo intermediates can be ac-
cessed by photo-disproportionation of the corresponding metal(IV) p-
oxo dimers [109,127]. The possibility of employing these systems for
photocatalytic aerobic oxidations is particularly attractive. Clearly, the
regeneration of the p-oxo dimers by molecular oxygen is essential to
realize the proposed photocatalytic cycle. In this regard, the photo-
chemistry of a fluorinated iron(IV) p-oxo bis-corrole [Fe'Y(TPFC)1,0
(TPFC = 5,10,15-tripentafluorophenylcorrole, 20) (20) appears to
present a photo-disproportionation manifold similar to that of the iron
porphyrin systems [127]. A visible-light driven aerobic oxidation of
hydrocarbons was catalyzed by a bis-corrole-iron(IV) p-oxo complex
(20) using only molecular oxygen without the need for an external
reducing reagent [128]. The proposed catalytic sequence involves the
following: 1) photo-disproportionation of the p-oxo iron(IV) bis-corrole
to form iron(Ill) and iron(V)-oxo oxidizing species (21); 2) substrate
oxidation by the resulting reactive iron(V)-oxo species to give oxidized
products and a second iron(III) species (22); 3) aerobic oxidation of iron
(III) complex to regenerate the p-oxo iron(IV) dimer (Scheme 11). Al-
though the oxidation of 22 by O, to form the p-oxo 20 has been known
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Fig. 6. (A) UV-vis spectra of [Cr"'(salen)Cl] (17a, dotted line), [Cr'"(salen)(ClO3)] (18a, dashed) and [Cr"(salen)O] (19a, solid) in CH5CN; (B) Time-resolved spectra
of the photo-generated [CrY(salen)O] 19a reacting with cyclohexene (0.15 M); (C) Kinetic plot of observed rate constants versus concentration of cyclohexene. Inset

shows the decay at 680 nm with different concentrations of cyclohexene.
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Scheme 11. A proposed catalytic cycle for the photocatalytic aerobic oxidations by the diiron (IV) p-oxo bis-corrole. The scheme also shows formation of the same
oxidizing corrole-iron(V)-oxo species (21) by photolysis of iron(IV) chlorate monomer (23) [28].

for some time [129], the detailed mechanism has hitherto apparently
not been fully disclosed. It is worth mentioning, that electron-with-
drawing substituents such as F on corrole ligand are necessary to reform
p-oxo dimer formation in the aerobic solution. Using the same proce-
dure by reacting the iron(III) complex with a non-halogenated 5,10,15-
triphenylcorrole; i.e. [Fe™(TPC)] in air did not give the corresponding
p-oxo products [128]. Presumably, the electron-withdrawing sub-
stituents would stabilize the iron(IV) complex in a dimeric form by
reducing the electron density of metal atoms.

Given the periodic relationship between ruthenium and iron and the
nature of the similar macrocyclic system, the photo-disproportionation
of diruthenium(IV)-p-oxo bis-porphyrins (12) was also found to produce
the terminal ruthenium(V)-oxo intermediate with the concomitant
formation of ruthenium(III) porphyrin species, as described in Scheme 8
[109]. Of note, the reaction of molecular oxygen with ruthenium(III)
porphyrin was able to reproduce stable p-oxo Ru'V species possibly
through a peroxo-bridged dimeric intermediate [35,130]. The dir-
uthenium(IV)-p-oxo-bis-[5,10,15,20-tetraphenylporphyrin]  precursor
[RuV(TPP)(OH)1,0 (12a) with A, at 395 nm was initially synthe-
sized according to the known literature [131,132]. The initial hydroxyl
axial ligand was easily replaced with chloride anions that gave a p-oxo
complex formulated as [Ru!Y(TPP)Cl],0. In a similar way, another two
dimer complexes, formulated as [Ru"V(4-CF5-TPP)OH],O (12b) and
[(Ru"Y(4-MeO-TPP)OH],O (12c), were made and characterized by
UV-vis, 'H NMR, and IR spectra (Scheme 12).

As shown in the Scheme 11, the photo-disproportionation reaction
of diiron(IV)-p-oxo bis-corrole (20) becomes catalytic in the presence of
O,. The potential of photo-disproportionation of p-oxo iron(IV) bis-
corrole for a light-driven oxidation catalysis was first evaluated in the
aerobic oxidation of cis-cyclooctene (Table 1). After 72 h of photolysis
with visible light, cis-cyclooctene oxide was obtained as the only
identifiable oxidation product (> 95% by GC) with 540 turnovers of
catalyst (entry 1). Since metalloporphyrins are known to display su-
perior oxidative robustness than metallocorroles, a set of ruthenium
(IV)-p-oxo bis-porphyrins was subsequently evaluated in the aerobic
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oxidation of cis-cyclooctene. Inspection of the screening results in
Table 1 reveals that these ruthenium(IV) p-oxo bis-porphyrins (12)
catalyze the aerobic oxidation of cis-cyclooctene to the corresponding
epoxide. Again, epoxide (> 95%) was the only identifiable product in
most runs. The substituents in the porphyrin ligand displayed a no-
ticeable effect on the catalytic activity (entries 2, 6, and 7), i.e. the most
electron demanding system, namely [Ru'"(4-CF;TPP)OH],0 (12b), was
the most efficient catalyst. The use of CHCl; as solvent instead of
CH;3CN resulted in a lower TON (entry 3). Quite surprisingly, the axial
ligand on the metal has a significant effect and the [Ru"(TPP)CI],O
(entry 5) gave a much lower activity compared to [Ru"Y(TPP)OH],0.
Although the catalyst degradation is a problem with higher-energy
light, the use of UV irradiation increased the catalytic activity (entries 4
and 9) possibly due to higher photon flux expected from UV light.
Particularly noteworthy is that the catalytic activity can be enhanced by
adding small amount of anthracene that possibly acts as a photo-
sensitizer (entry 8). Similarly, a hybrid P450 enzyme with a ruthenium
(ID-containing photosensitizer is able to catalyze the efficient light-
driven hydroxylations [133]. By comparison, the well-known diiron
(II)-y-oxo0  bis-porphyrin complex [Fe™(TPP)],0 and trans-dioxor-
uthenium(VI) tetramesitylporphyrin [Ru"(TMP)O,] showed compara-
tively low catalytic activities under the same conditions (entries 10 and
11).

Under optimized conditions, the substrate scope of the photo-
catalytic aerobic oxidation was explored by using [Ru"(TPFPP)OH],0
and [Fe'"V(TPFC)],O as photocatalysts, respectively (Table 2). The
photocatalytic methodology is applicable for a range of alkenes, acti-
vated hydrocarbons and alcohols. Norbornene was oxidized to the
corresponding epoxide whereas cyclohexene was mainly oxidized to the
allylic oxidation products 2-cyclohexenol and 2 cyclohexenone with
minor epoxide(entries 1 and 2). Activated hydrocarbons including
Ph;CH, Ph,CH,, PhEt and xanthene were oxidized to the corresponding
alcohols and ketones, and catalytic activities correlated well with the
substrate reactivity of benzylic C—H bonds (entries 3-6). The highest
activity with 3900 TON was achieved for 9-xenthenol (entry 8). In
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Scheme 12. Structures and abbreviations of p-oxo dimetal(IV) photocatalysts.

Table 1
Aerobic catalytic oxidation of cis-cyclooctene with dimetal(IV) p-oxo com-
plexes.”

Entry Catalyst Solvent  Light Time TON"
source (day)
1 [Fe!V(TPFC)],0 CH3CN  Visible 3 540 + 40
2 [Ru™(TPP)OH],0 CH3CN  Visible 1 220 + 16
2 460 + 40
3 640 + 65
3 CHCl;  Visible 1 110 + 18
4 CHsCN UV 1 340 + 8
5 [Ru™(TPP)CI],0 CH5CN  Visible 1 75 = 5
6 [Ru"Y(4-MeO-TPP) CH3CN  Visible 1 190 + 23
OH],0
7 [Ru'V(4-CF3-TPP) CH3CN  Visible 1 250 + 21
OH],0
8¢ Visible 1 340 +
9 CHsCN UV 1 520 = 12
10¢ [Fe"(TPP)],0 CH5CN  Visible 1 40 = 5
11 [Ru"(TMP)O,] CH3CN  Visible 1 30 + 10

2 The reaction was carried out in a Rayonet reactor, typically with 0.5 pmol
of catalyst in 10 mL of solvent containing 4 mmol of cis-cyclooctene. The
oxygen-saturated solution was irradiated with visible lamp (Apax = 420 nm) or
UV lamp (Amax = 350 nm). Products were analyzed by GC with DB-5 capillary
column with internal standard.

> TON represents the total number of moles of product produced per mole of
catalyst.

¢ 5 mg of anthracene was added.

4 Enone formation (~20%) was detected.

general, [Ru'V(4-CF;TPP)OH],0 shows superior activity compared to
[FeY(TPFC)],0 which has an enhanced electron-demanding nature,
because the corrole catalyst is less robust, and often suffers from cata-
lytic bleaching [109,128].

8. Conclusion

Photochemical production of high-valent transition metal-oxo deriva-
tives using visible light appears to be promising and have general synthetic
utility. Over the past decade, the visible light-induced ligand cleavage
reactions have been utilized to produce and elucidate a variety of im-
portant and well-known metal-oxo intermediates including manganese(V)-
oxo/manganese(IV)-oxo porphyrins, iron(IV)-oxo porphyrin radical ca-
tions and iron(IV)-oxo neutral porphyrins, trans-dioxoruthenium(VI) por-
phyrins, manganese(V)-oxo corroles, and chromium(V)-oxo salens.
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Previously unknown high-valent metal(V)-oxo species, possibly iron(V)-
oxo corroles and ruthenium(V)-oxo porphyrins, apparently already have
been produced by the photo-induced ligand cleavage and photo-dis-
proportionation reactions. Certainly, complete identification of these
photo-generated metal-oxo species requires other spectroscopic methods
such as resonance Raman and EPR, which will be the direction for the
future work. Upon photochemical production of these reactive metal-oxo
transients, the kinetics of their oxidation reactions under easily established
pseudo-first-order conditions have provided mechanistic insights into the
identities of the active oxidants and oxidation reaction pathways of im-
portant catalysts. With visible light, a series of diruthenium(IV) p-oxo bis-
porphyrins and a diiron(IV) p-oxo bis-corrole catalyzed the demanding
aerobic oxidation of hydrocarbons through a photo-disproportionation
pathway that provides a rare access to the highly reactive metal(V)-oxo
oxidants. This approach is particularly attractive to realize innovative
oxidation processes and, at the same time, to move towards “sustainable
chemistry”. Most of the achieved results in this review have provided a
solid foundation to design new photo-protocols to generate active metal-
oxo species with emphasis on the need for more efficient photocatalysts
for sustainable aerobic oxidations.

Abbreviations

CYP450s cytochrome P450 enzymes

Cor corrole

m-CPBA  meta-chloroperoxybenzoic acid

EPR electron paramagnetic resonance

ESI-MS  electron spray ionization-mass spectrometry
ET electron transfer

LFP laser flash photolysis

OAT oxygen atom transfer

Por porphyrin

S substrate

SO oxidized product

salen N,N’-bis(salicylidene)ethylenediamine

TDCPP  5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin
TDFPP  5,10,15,20-tetra(2,6-difluorophenyl)porphyrin
TMP tetramesitylporphyrin

TON turnover number

TPC 5,10,15-triphenylcorrole

TPFC 5,10,15-tripentafluorophenylcorrole

TPP tetraphenylporphyrin

TPFPP  5,10,15,20-tetra(pentafluorphenyl)porphyrin
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Table 2
Photocatalytic aerobic oxidations of alkenes and benzylic C—H oxidations.?
Entry Substrate Product TONP TONP
[Ru"V(4-CFsTPP)OH]20 [(Fe"(TPFC)].0
1€ E 200 + 40 72+6
o
2 @ Cyclohexene oxide | 30 =3 40+4
2-Cyclohexenol 160 + 14 230 +24
2-Cyclohexenone | 350 31 102+ 16
3 Phs;CH Ph;COH 1120 +48 380 +40
4 Ph2CH2 )Oi 820 + 102 700 + 47
Ph
0
140 £ 18 220+ 20
Ph)k
5 PhCH2CH3 jﬁ 38041 80+5
Ph
[e]
N 180+ 19 10+2
6 i 2900 + 140 1235+ 120
:
7 OH Q 3300 + 240 1300 + 140
By A
8 ™ i 3900 + 280 1580+ 175
CLO

4Typically with 0.5 pmol of catalyst in 5 mL of CH3CN containing 4-6 mmol of substrate and ca. 5 mg
anthracene. The oxygen-saturated solution was irradiated for a 24 h photolysis with a Rayonet reactor
(Amax = 420 nm, ca. 300 W). Products were analyzed by Agilent GC(6890)-MS(5973) using DB-5
column with an internal standard. "TON represents the total number of moles of product produced per
mole of catalyst, which was determined. © > 90% exo isomer.
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