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regio and stereoselectivity. Metalloporphyrins based in iron, manganese and ruthenium constitute a
unique family of catalysts capable of generating these highly reactive, but at the same time highly selective
oxidants, thus exquisitely mediating selective oxidations of C-H bonds. The mechanisms underlying these
reactions are collected and discussed in the present work. Recent advances in the application of these
catalysts in the oxidation of complex organic molecules are also reviewed.
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1. Introduction

Alkane oxidation reactions are of great technological inter-
est because the abundance of hydrocarbons in nature, especially
from natural gas and crude oil, makes them convenient chemical

* Tel.: +34 972 419842; fax: +34 972 418150, feedstocks, towards the production of oxygen-containing chem-
E-mail address: miquel.costas@udg.edu icals [1-4]. On the other hand, oxidized alkane frameworks are
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Scheme 1. Hydroxylation and epoxidation reactions catalyzed by cytochrome P450.

ubiquitous constituents of organic molecules with biological rel-
evance. Methodologies for selective oxidation of alkane C-H bonds
are very attractive because they can open novel straightforward
synthetic strategies, and therefore offer the possibility to redesign
synthetic organic chemistry [5-8].

The direct conversion of alkyl C-H into C-O bonds is a ther-
modynamically highly favorable transformation, but it faces very
fundamental challenging problems related with the kinetically
inert nature of C—~H bonds [9]. In order to overcome this lack of reac-
tivity problem, highly reactive-oxidizing reagents are needed, and
this factor poses major challenges in the characteristics of chemo
and regioselectivity of their reactions [6].

Metalloporphyrins containing iron, manganese or ruthenium
constitute unique families of catalysts capable of generating these
highly reactive, but at the same time highly selective oxidants,
thus mediating highly selective oxidations of C-H bonds. Enzyme-
like exquisitely selective C-H bond oxidations in complex organic
molecules, affording products in synthetically useful yields have
been accomplished with this family of synthetic catalysts. In addi-
tion, reaction mechanisms by which a C-H bond is hydroxylated
by a metalloporphyrin have been extensively studied over the last
decades. Indeed, studies on the reactions of metalloporphyrins pro-
vide excellent lessons to understand most C-H oxidation reactions
mediated by transition metal complexes.

The purpose of this review is to provide an overview of the reac-
tion mechanisms by which metalloporphyrins, especially these that
contain Fe, Mn and Ru ions, mediate selective C-H oxidation reac-
tions, and to discuss advances in the field towards the development
of efficient and selective C-H oxidation catalysts. Because of that,
we have focused our review in metalloporphyrin systems for which
C-H bond oxidation does not take place via free-diffusing radical
mechanisms. Despite of this constraint, the field appears very rich
and we have had to make some selection in the works covered. We
apologize if the reader feels that some important contribution has
passed unnoticed to us.

2. P450 as a model

The oxidation of C-H bonds catalyzed by synthetic metallopor-
phyrins has been extensively studied during the last three decades
[10-15]. Such studies are inspired by oxidation reactions taking
place in living organisms catalyzed by heme proteins, and specially
by cytochrome P450 (P450) [12,14-18]. P450 is a family of iron
enzymes ubiquitous in life forms ranging from bacteria to humans
[16-21]. They are monooxygenases that catalyze the oxidation of a
wide variety of biological substrates by means of dioxygen activa-
tion. In this process, one of the oxygen atoms is introduced into the
organic substrate, while the second oxygen atom is 2e~ reduced and
forms a water molecule (Scheme 1). Oxidation reactions mediated
by P450s play a central role in biosynthesis, metabolism and detox-
ification of harmful substances. Most interestingly, specific P450s
catalyze highly selective oxygenations of steroids and participate in
prostaglandin biosynthesis [18]. Specific bacterial P450s have been
genetically engineered for large-scale biotransformations [22].

The active site of P450-camphor is known in detail from several
X-ray crystal structures [20,23,24]. It contains a single ferric heme
(iron protoporphyrin IX, Scheme 2) coordinated to a cysteinate sul-
fur. The sixth iron coordination site is empty, or occupied by either
a water or hydroxide ligand. At this site, O, binding and activation
takes place.

The P450 family is considered the paradigm for oxygen acti-
vation and hydrocarbon oxidation by an iron center. Studies with
synthetic metalloporphyrins have helped in the understanding of
oxidation reactions taking place at this enzyme, but at the same
time have led to the development of efficient and selective C-H
oxidation catalysts.

3. Catalytic C-H oxidation reactions: catalyst evolution

Development of porphyrin catalysts has evolved via successive
generations [15]; Flat metalloporphyrins with no substituents at
the meso positions were rapidly discarded because of very fast
oxidative degradation [25]. This structural feature renders them
very reactive towards meso cleavage via self-oxidation, to form
a meso-hydroxyporphyrin derivative. Introduction of phenyl (and
related) groups at the meso positions proved to be a key structural
feature to ensure efficient catalytic oxidations by protecting these
very reactive sites, and by providing steric protection that prevents
the formation of catalytically inactive oxo-bridged dimers [15].

The first generation of successful catalysts in C-H oxida-
tion reactions is formed by the different metal derivatives of
the meso-a,[3,y,9-tetraphenylporphyrin (TPP) ligand. Iron, man-
ganese and ruthenium are especially competent for catalytic
oxidation reactions. The first synthetic system that closely repro-
duced the oxidation chemistry of P450 was described by Groves
and co-workers. Chloro-a,(3,y,8-tetraphenylporphyrinatoiron(Ill)
[Fe(TPP)CI] utilizes iodosylbenzene (PhIO) as oxidant to carry out
the hydroxylation of alkanes (Scheme 3) [26,27]. Cyclohexane was
hydroxylated to cyclohexanol in 8% yield, with little amount of
cyclohexanone. Adamantane was oxidized to the corresponding
adamantanols in 13% yield, with a high 3°/2° C-H statistically
corrected selectivity (48:1). Hydroxylation of cis-decalin occurs
selectively at the tertiary C-H bonds affording 9-decanols with pre-
dominant retention of the configuration (cis:trans from 5:1 to 9:1).

The second generation of porphyrin catalysts is rep-
resented by meso-tetrakis(pentafluorophenyl)porphyrin
TPFPP,[28] meso-tetramesitylporphyrin (TMP) [29,30],
meso-tetrakis(2,6-difluororophenyl)porphyrin ~ (TDFPP)  and
meso-tetrakis(2,6-dichlorophenyl)porphyrin (TDCPP) [31,32],
and related ligands where alkyl or halogen groups have been
introduced at ortho, meta and para positions of the phenyl rings
attached to the macrocycle meso positions (Scheme 4). These
ligands were designed with the aim of providing more efficient
site isolation but also because the electron-withdrawing nature
of the halide groups was envisioned to allow modulating the
electrophilicity of the oxidant [15,33,34].

The third generation of catalysts (Scheme 4) builds on the
previous idea by introducing halide atoms at the [-position
of pyrroles, such as meso-tetrakis(2,6-dichlorophenyl)-3-
octabromoporphyrin,  BrgTDCPP  [35],  meso-tetrakis(2,6-

© OH HO

Scheme 2. Schematic diagram of iron protoporphyrin (heme).
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Scheme 3. First example of a synthetic metalloporphyrin as catalyst for alkane hydroxylation reactions.

dichlorophenyl)-f-octachloroporphyrin, ClgTDCPP [36],
meso-tetramesityl--octabromoporphyrin, BrgTMP [37], meso-
tetrakis(2,4,6-trimethyl-3-chlorophenyl)-f3-octachloroporphyrin,
Cl1,TMP [38] and meso-tetrakis(pentafluorophenyl)-3-
octafluoroporphyrin, FgTPFPP [39]. This large degree of
halogenation in iron porphyrins causes large positive shifts in
the iron(III)/(II) redox couple, protection of the porphyrin against
oxidative damage, and severe saddling of the macrocyclic structure
[40]. The latter structural feature favors monomeric porphyrin
complexes with regard to formation of oxo-bridged dimers.

Further manipulation of the electronic properties of the
porphyrin by introducing electron withdrawing nitro [41] or 4-(N-
methylpyridinium) [42] groups has led to highly active species in
hydroxylation reactions.

4. Reaction mechanisms of C-H oxidation at P450 and
synthetic models

4.1. The rebound mechanism

The mechanism by which P450 hydroxylates a C-H bond has
captivated chemists for years, and its study has provided fun-
damental knowledge that serves as a general paradigm for the
C-H hydroxylation reaction [11,16-18,43]. The reaction bears very
broad significance, which goes beyond the porphyrin field, and
applies in some extent to almost any C-H oxidation reaction medi-

First Generation
R2 =H, R1 = C6H5; TPP

Ry R

R, 2
Second Generation R % R
R, =H, Ry = C4F5; TPFPP 2 Q2
R, =H, R; = 2,4,6-Me;-CsH,; TMP R L R

Ry =H, Ry = 2,6-Cly-CgHs; TDCPP Ry R,
R2 =H, R1 = 2,6-F2-CBH3; TDFPP

Third Generation

R2 =Br, R1 = 2,6-0'2-C6H3; BrBTDCPP

Ry =Cl, Ry = 2,6-Cl,-CgHs; ClsTDCPP

R2 =Br, R1 = 2,4,6-Me3-CsH2; BFBTMP

R, =Cl, R = 2,4,6-Me;-3-CICgH; Cl4,TMP
R2 =F, R1 = CGF5; F8TPFPP

Scheme 4. Different generations of porphyrin catalysts.

ated by a metal-oxo species. Because of that, its discussion in some
detail is warranted.

Extensive studies in the reaction mechanism of P450, chloroper-
oxidases (CPO) and synthetic metalloporphyrins have lead to
the consensus that high valent metal-oxo species form from
the interaction of the oxidant with the porphyrin metal site
[17,20,42,44-49]. Oxo-iron(IV) porphyrin radical [Fe!V(O)(Por**)]
species, known as Compound I (Cpdl), have been spectroscopically
characterized in the catalytic cycle of CPO, in synthetic iron por-
phyrins [46], and very recently in a P450 enzyme [44]. Despite
a wide consensus exists on the latter formulation of Cpdl, recent
studied in laser flash photolysis of P450 mutants [50-53] and syn-
theticiron porphyrins [54] have shown formation of highly reactive
intermediates formulated as oxo-iron(V) species, and that could be
considered as an alternative formulation of CpdlI.

The 1 e-reduced version of Cpdl is known as CpdIl. CpdIl has
been traditionally considered a poor oxidant, although recent work
by Nam and co-workers in [Fe!V(O)(Por)] synthetic models suggests
it may be a competent C-H oxidation agent [55,56].

The mechanism by which the P450 hydroxylates C-H bonds
was initially proposed by Groves et al. [57], and it is known as
the “Oxygen Rebound Mechanism”. The original proposal sug-
gested that chemistry was taking place at a FeV=0 species, but
the current consensus is that the electronic structure of Cpdl is
best described as an oxo-iron(IV) porphyrin radical [Fe!V(O)(Por**)]
[18]. The mechanism was subsequently extended to synthetic iron
and manganese porphyrins, and in major or minor extent, it has
proved to be of relevance to any C-H oxidation reaction mediated
by a metal-oxo species. The mechanism involved rate determining
hydrogen abstraction from the substrate (R-H) by the terminally
bound oxo ligand of the ferryl (Fe=0) species, to form a caged alkyl
radical and a [Fe!V(OH)(Por)] intermediate. In the second step, the
hydroxide ligand is transferred to the alkyl radical (Scheme 5).

This mechanism accounts for the stereochemical, and allylic
scrambing observed in the oxidation of norbornane [58], camphor
[59] and cyclohexene [60] by P450 (Scheme 6). Synthetic metallo-
porphyrins have shown analogous results in the hydroxylation of
norbornane [61] and cyclohexene [60]. Hydroxylation of exo-exo-
exo-exo-tetradeuterionorbornane gave exo-alcohol with retention
of the deuterium label, but with a significant amount of epimer-
ization at the hydroxylated carbon center. On the other hand,
hydroxylation of selectively tetradeuterated cyclohexene occurs
with substantial allylic scrambling. These observations provide
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Scheme 5. The rebound mechanism of P450 and iron porphyrins.
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Scheme 6. Stereochemistry inversion in the oxidation of exo-exo-exo-exo-
tetradeuterionorbornane (top) and 5-exo-deuterated camphor (middle), and allylic
scrambling observed in the oxidation of 2,2,5,5-tetradeuterated cyclohexene by
P450 enzymes (bottom).

strong evidence for the formation of a short lived alkyl radical,
which can undergo epimerization, or allylic rearrangement before
recombination with the hydroxyl ligand takes place. On the other
hand, the high, but not complete, retention of configuration also
rules out the formation of freely diffusing radicals.

Primary kinetic isotope effects for the hydroxylation by P450
and synthetic iron porphyrins are usually large (4-22) [18,57,62].
These values are inconsistent with an insertion process but instead
they indicate that breakage of the C-H bond is taking place in the
rate determining step, strongly suggesting a non-concerted mech-
anism. Very large kinetic isotope effects, up to 360 + 20, have been
recently measured at —30°C for the reaction of [FelV(O)(TMP**)]
with benzyl alcohol in acetonitrile, indicating that tunneling can
be the major component of the reaction [63].

Radical lifetime can be estimated from the use of radical-clock
substrates [64]. Radical clocks are molecules, which generally con-
tain a cyclopropane ring, and that once converted into a radical,

2x108 s =k,

by means of a H-abstraction reaction, can either react with the
reagent to generate a non radical product A (k.e, in Scheme 7), or
in a competitive reaction they can undergo structural rearrange-
ments involving cyclopropane ring opening, at a known rate (karr)
to generate a second radical that in turn reacts with the reagent to
generate a rearranged non radical product B. Since ka; is known,
analysis of the A/B ratio allows to estimate the rate of the reac-
tion that traps the non-rearranged radical (k,ep,). This scenario is
illustrated in Scheme 7 for which norcarane is used as radical clock
substrate. This particular substrate also allows investigation in the
formation of cationic type of intermediates, which should lead to
formation of rearranged product C. In the particular case of P450,
alcohol C is not observed in the oxidation of norcarane [65].

A number of radical clock substrates have been used, leading
to two different scenarios [18,66]. Radical clocks where the cyclo-
propyl ring is not directly attached to an aromatic ring consistently
provide rebound rates between 100 and 10! s~ [64,65,67-70]. A
second situation is observed in molecules where an aromatic ring is
properly positioned to stabilize the rearranged radical. Because of
this feature, these radical clocks have very fast rearrangement rates.
Unexpectedly, using these substrates, rebound rates that reach up
to 1.4 x 1013 s=1 were determined (Scheme 8) [66,71,72].

Newcomb et al. have reasoned that the extremely short life-
time (<100fs) of the radical intermediates derived from specific
radical-clock substrates is inconsistent with a real radical interme-
diate [73,74], and it is indeed comparable with the lifetime of a
molecular vibration. Despite the concerted nature of the hydroxy-
lation reaction, the short but finite lifetime of the radical indicates
that nuclear motion is nonsynchronous (Scheme 9); abstraction of
the hydrogen atom from the carbon must precede the formation of
the C-0 bond. For this to take place, a side-on approach of the oxy-
gen atom to the substrate C-H bond would be required, so that the
oxygen atom is within bonding distance to carbon at the moment
of hydrogen atom abstraction.

On the other hand, the disparate values of rebound rates
obtained from radical clock substrates have led to different the-
ories, and constitute a field of controversy. On a very positive side,
this debate has very much improved our understanding of the
hydroxylation reaction.

(a) The possibility that steric-structural constraints imposed by the
active site could modulate the mobility of the radical was ini-
tially discarded because the two enantiomers of chiral radical
probes, that are expected to interact differently within the chi-
ral active site of the P450 enzyme, provide comparable rebound
rates [75]. Also, rebound rates appear not to be correlated with
radical-clock size.

OH

< : [Fe"(OH)(Por)]

@ [FeV(O)(Por*)] @ [Fe'V(OH)(Por)]
kreb

[Fe"(0)(Por*)]

A

®
<© [Fe"'(OH)(Por)]

HO

Scheme 7. Different paths for the oxidation of the radical clock norcarane.
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Scheme 8. Radical clocks, calibrated radical rearrangement rates (K, ), and rebound rates (ke ) derived from the experiments [18].

These conclusions should be reconsidered on the basis of
experiments with chiral synthetic porphyrins. A very illus-
trative and elegant example of the impact of the 3D spatial
structure of the oxidant-substrate supercomplex in the rad-
ical lifetime was provided by Groves et al. by showing that
the relative stereochemistry of the substrate and porphyrin
active site determines different stereochemical scrambling
in the substrate [76,77]. Hydroxylation of deuterated chiral
dq-ethylbenzene (Scheme 10) is catalyzed by chiral binaph-
thyl containing Fe-porphyrins [Fe(*Por)Cl] affording 70% ee
sec-phenethyl alcohol. The pro-R-hydrogen(deuterium) of
ethylbenzene was hydroxylated with almost complete stereo-
chemical retention at the hydroxylated carbon (23% Ry over 1%
Sy for hydroxylation of (R)-d;-ethylbenzene, and 87% Rp over
5% Sp for hydroxylation of (S)-d{-ethylbenzene). Instead, pro-S-
hydrogen(deuterium) atom of ethylbenzene atom underwent
significant racemization (57% Sp over 19% Rp for hydroxylation
of (R)-d;-ethylbenzene, and 6% Sy over 2% Ry for hydroxyla-
tion of (S)-d;-ethylbenzene). The partition between retention
and inversion was nearly the same for the oxidation of the two
enantiomers of d;-ethylbenzene (compare 23%/1% Ry /Sy with
57%/19% Rp/Sp, and also 57%/19% Sp/Rp with 6%/2% Sy/Ry),
suggesting similar mobility of the radical intermediate at the
active site. These results indicate that the rate of epimerization
isdependent on the fit and mobility of the substrate at the active
site.

(b) Newcomb, Hollenberg and co-workers proposed that the
discrepancies in the radical rebound rate could be due to a com-

H—R H\* -R H *R H R H R
: \ \/ \/
AL R
Fe Fe Fe #e Fe
70 fs

Energy

Reaction Coordinate

Scheme 9. Nonsynchronous concerted mechanism for P450 catalyzed hydroxyla-
tion.

petition between an ionic and a radical mechanism [66,78]. In
the ionic mechanism, carbocationic intermediates are formed,
and rearrange with the same skeletal reorganization as the cor-
responding radicals, but at different, unknown rates. Cation
derived products have indeed been detected in oxidations of
substrate probes that could differentiate between cationic and
radical paths [79], by P450 isozymes, albeit at low overall per-
centages (Scheme 11) [74,78].

The same authors have also suggested that the determined
slow rebound rates (<10'! s=1) might have resulted from a greater
involvement of the carbocationic mechanism. However, since many
of the radical clocks tested yielded exclusive unrearranged prod-
ucts, obligatory carbocation formation is excluded.

Two different mechanistic scenarios have been proposed to
account for the formation of cationic intermediates (Scheme 12):

Path a) involves initial hydrogen atom transfer to the oxo-iron
unit, rapidly followed by fast electron transfer (ET).

A second possibility (path b) is that O,-activation at P450 results
in the formation of highly electrophilic HO* species via heterolytic
0-0 bond cleavage of the Fel-O-OH P450 species. The HO*
species inserts then into the C-H bond of the substrate (R-H),
and the resulting [R-OH,]* species can lose a H* to yield the
unrearranged alcohol (R-OH), or lose a water molecule, forming a
carbocationic species (R*). Formation of HO* species via a “som-
ersault” mechanism has been computationally validated by Bach
and Dimitrenko [80]. However, this proposal (Scheme 12 bottom)
differs from the common observation that heterolytic cleavage of
[Fe''(O-OH)(Por)] species commonly result in formation of high
valent iron-oxo species.

4.2. Two state reactivity scenarios

According to a theoretical model developed by Shaik et al., the
apparent disparate values on the rates of rebound reflect the fact
that reactions between Cpdl and alkanes occur in a multistate
spin scenario [81-83]. Shaik et al. proposed a two state reactivity
(TSR) scenario for the reaction of Cpdl with methane (as a proto-
typical substrate) [84,85]. Computations estimated that Cpdl has
two nearly isoenergetic spin configurations depending on whether
the porphyrin radical cation is antiferromagnetically or ferromag-
netically coupled respectively with the triplet ferric center. Both
states react with the C-H bond via a similar transition state, with
a linear O-H-C arrangement. Following the H-abstraction mech-
anism, a carbon centered radical is formed for both the low spin
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Scheme 10. Hydroxylation of deuterated chiral d;-ethylbenzene catalyzed by chiral binaphthyl containing Fe-porphyrin [Fe(*Por)Cl] [76].
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Scheme 11. Radical vs. cationic paths in radical clock substrates. (Top) Products produced from cytochrome P450 oxidations of second-generation hypersensitive probes.
(Bottom) Concept of second-generation hypersensitive probes; production of a cyclopropylcarbinyl radical results in ring opening to a benzylic radical product, whereas
formation of a cyclopropylcarbinyl cation leads to fragmentation favoring an oxonium ion.
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Scheme 13. Generic transition state reactivity (TSR) in P450 hydroxylation reactions.

Source: Taken and adapted from Ref. [82].

and the high spin trajectories. At this point, an important differ-
ence arises. The barrier for the rebound process involving collapse
of the carbon centered radical with the Fe!V(0) center leading to
C-0 bond formation in the high spin state is considerable, which
implies that the radical has a significant lifetime. On the other
hand, rebound at the low spin state occurs via a very small barrier.
This scenario provides a reasonable explanation for the some-
what substrate dependent rebound rate. The two paths are very
close in energy and thus it is very likely that the nature of the
substrate impacts on the relative population of the two states
(Scheme 13).

High level computations have shown that once formed, the car-
bon centered radical is susceptible to undergo weak, yet significant
interactions with different residues at the active site and/or with
the Fe'V-OH unit, and these interactions may impact in the life-
time of the radical [86,87]. Spatial structure of the active site and
the constraint imposed in the substrate and/or radical mobility can
also affect the radical lifetime. Furthermore, a substrate C-H bond
of high energy can require tight encounter between the Fe=0 unit
and the C-H bond. That will facilitate the fast reaction between the
radical and the Fe-OH. Finally, competitive contributions between
tunneling and over-the-barrier reactions can also have an impact
on radical lifetime.

A very important consequence of the TSR scenario is that
it offers a satisfactory rationale for apparently contradicting
observations. Furthermore, this theory also accounts for a single
oxidant (Cpdl) to exhibit a rather “chameleonic” nature suscep-
tible to be understood as a multiple oxidant scenario (vide infra)
[84,85,88-92].

4.3. Multiple oxidants scenarios

4.3.1. Metal-oxidant adducts

Several experimental evidences suggest that additional oxidants
to the ferryl species [Fe!V(O)(Por**)] can be also competent for
mediating C-H oxidation reactions in P450 and model systems
[43,62,93-96].

Collman, Brauman and co-workers studied the competitive
oxidation of alkane substrates with various iodosylarenes, using
|Fe(TPFPP)Cl] (Scheme 14) as catalyst. Relative ratios of oxidized
products, understood as relative substrate reaction rates, were
found dependent on the nature of the oxidant (Table 1). This
is an indication that the active species responsible for the C-H
oxidation activity, generated from different terminal oxidants, is

Table 1

Competitive oxidation of alkanes with different oxidants catalyzed by [Fe(TPFPP)CI].
Substrate 1 Substrate 2 kq/ko?

PhIO F5-PhIO IBDAP

c-Heptane c-Hexane 2.4(2) 1.6(2)
c-Heptane c-Pentane 5.9(2) 4.9(2)
c-Heptane dq1-c-Hexane 13(1) 10(1)
c-Hexane c-Pentane 2.5(1) 3.1(1) 2.2(1)
c-Hexane di2-c-Hexane 5.8(2) 4.3(2) 6.3(2)
c-Pentane di2-c-Hexane 2.3(1) 2.8(2)
c-Hexane n-Pentane 5.2(3) 4.1(3)

2 Numbers in parenthesis indicate the error (95% confidence level) in the final
digit.
b IBDA, iodobenzene diacetate.



M. Costas / Coordination Chemistry Reviews 255 (2011) 2912-2932 2919

(@)

- I
T

Scheme 14. Multiple oxidant scenario mechanistic proposal of Collman, Brauman, et al.

not the same in all cases. The dependence between the selectiv-
ity of the reactions on the nature of the oxygen-atom donor led
the authors to conclude that the latter is involved in the rate-
determining step. It was therefore proposed that besides the high
valent [Fe!V(0)(Por**)] species, a complex formed by the oxidant
and the porphyrin [Fe'(OIAr)(Por)], that precedes the formation of
the ferryl species, can also be by itself a C-H oxidation agent [95].

Interestingly a similar conclusion was reached by Meunier et al.
after studying the K.LE. arising from the intramolecular competi-
tion in the hydroxylation of 1,3-deuteroadamantane catalyzed by
iron and manganese porphyrins with different oxidants (vide infra)
[62].

An alternative interpretation of the role of PhIO in C-H oxida-
tions mediated by P450 was provided by Shaik et al on the basis of
DFT computations, within the frame of the multiple-state scenario.
The authors proposed that in the native enzyme route, the reaction
proceeds via the doublet spin state of Cpdl and leads to a low KIE
value. PhIO, however, diverts the reaction to the quartet spin state
of Cpdl, which leads to higher KIE values [97].

Reversible reaction between [Fe!V(0)(Por**)] and iodoaromatic
moieties to form [Fe!'(OIAr)(Por)] species (Por = TDCPP and TDFPP)
has also been proposed by Nam et al. to account for differences in
isotopic labeling experiments in epoxidation reactions [98,99]. The
extend of the equilibrium is dependent in the nature of the aromatic
ring Ar, and the electronic nature of the porphyrin.

Along a similar track, Nam et al. studied the hydroxylation
of alkanes with MCPBA catalyzed by [Fe(TPFPP)(X)] (X=CF5SO3,
OH and Cl) and concluded the implication of a second elec-
trophilic C-H oxidant besides the ferryl species [94]. Reaction of
MCPBA with [Fe(TPFPP)CI] in a solvent mixture of CH,Cl, and
CH3CN at —40°C results in the formation of [Fe'V(O)(TPFPP)],
presumably formed via homolytic cleavage of the 0-O bond
of [Fe''(OOC(O)Ar)(TPFPP)CI] (Scheme 15). When an alkane was
present, formation of [Fe!V(O)(TPFPP)] was inhibited, and the corre-
sponding alcohol was obtained as product. The latter hydroxylation
is stereospecific, as no scrambling was observed when cis-1,2-
dimethylcyclohexane (cis-1,2-DMCH) was employed as substrate.
The degree of inhibition was dependent on the strength of the C-H
bond. Instead, reaction of [Fe(TPFPP)(CF3S03)] with MCPBA results
in formation of [Fe!V(O)(TPFPP**)(CF3S03)]. The reaction was not
inhibited by the presence of substrate, but the latter ferryl species
does react with the alkane.

Itwas then proposed that the [Felll(OOC(O)Ar)(TPFPP)Cl] species
is an electrophilic oxidant capable of mediating stereospecific
C-H hydroxylation, and that this reaction is in competition with
the homolysis path. Instead, [Fe!l'(OOC(O)Ar)(TPFPP)(CF3S03)]
undergoes very fast O-O heterolytic cleavage before reaction
with the substrate can take place, and in this case, the ferryl

[Fe!V(0)(CF3S03)(TPFPP**)] intermediate is responsible for C-H
hydroxylation. Isotopic labeling experiments, by performing oxi-
dation reactions in the presence of H,'80, constitute a very
informative mechanistic tool to further address this scenario. Water
exchange can occur at Fe=0 units by means of an oxo-hydroxo
tautomerism (vide infra) [100,101]. Instead, [Fe"-OOR(Por)] (R=H,
alkyl, aryl, acyl) species do not exchange the oxygen atoms with
water. Consistent with this scenario, isotopic labeling experiments
with H,'80 indicated that reactions catalyzed by [Fe(TPFPP)CI]
showed very little incorporation of 80 into products (4+ 1%).
Instead, reaction catalyzed by [Fe(TPFPP)(CF3SO3)] showed the
same level of 80 incorporation (31-33+3%) as in the reac-
tions where [Fe!V(O)(TPFPP**)] was previously generated in situ
and used as oxidant. In conclusion, both [Fe!V(O)(Por**)*] and
[Fe'(OOC(0)Ar)(Por)(X)] are proposed to be competent hydrox-
ylating species, and the nature of the axial ligand appears
to be somewhat crucial to regulate reactivity. It is not clear
though its exact role. The proposed hydroxylating activity of
[Fel'(OOC(0)Ar)(Por)Cl] species may result from an enhanced elec-
trophilicity caused by the axial Cl atom, or alternatively, because of
acomparatively higher barrier for O-0 breakage, which extends the
lifetime of this intermediate to the point where substrate oxidation
and O-O0 lysis are competing reactions.

4.4. The role of the axial ligand

The studies of Nam et al. reveal that the reactivity of syn-
thetic metaloporphyrins can be dramatically dependent on the
nature of the axial ligand [94,102-104]. Not only formation and
stabilization of high valent metal-oxo species are affected by the
nature of the axial ligand, but in addition, reaction mechanisms
for the reaction of iron(IV)-oxo porphyrin radical intermediates
with C-H bonds, as well as its selectivity are also influenced. The
electron-donating ability of anionic axial ligands influences the
activation energy for the C-H breaking step in the alkane hydroxy-
lation reaction, and also the Fe-O bond distance of the iron-oxo
species in the corresponding transition state. Iron(IV)-oxo por-
phyrin radical complexes bearing electron-donating axial ligands
are more reactive in oxo-transfer and hydrogen-atom abstraction
reactions. The reason is that as the ligand becomes a better elec-
tron donor, it strengthens the FeO-H bond and thereby enhances
its H-abstraction activity. In addition, it weakens the Fe=0 bond
and encourages oxo-transfer reactivity [102,105].

4.5. Photochemical generation of FeV-oxo species

Newcomb and co-workers have shown that laser photolysis
of iron(IV) porphyrin perchlorate complexes [Fe!Y(TMP)(0OCIO3);]
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Scheme 15. Multiple oxidant scenario mechanistic proposal of Nam et al.
results in the formation of highly reactive transient species, RH 160 160K + RH
[FeV(O)TMP)(OCIO3)] with unique spectroscopic features i V- V- :
[106,107]. These new species react with organic substrates, . 18 18 ;
including C-H oxidation reactions, with rate constants about five R-"°OH OH % R-"80OH

orders of magnitude faster than the iron(IV)-oxo radical cation
analogue. In the absence of substrate, these FeV species relax to a
Cpdl-like species. The consequence of these observations is that
transient highly reactive FeV-oxo species could be also partially
responsible for C-H oxidation reactions under catalytic condi-
tions. Because of their high reactivity, under chemical catalytic
conditions these species will remain undetected but they will be
contributing to a multiple oxidant scenario.

4.6. Agostic interactions

Collman et al. showed that cyclohexane hydroxylation by
|[Fe(TPFPP)CI] and PhIO, as a model of cytochrome P-450, is
inhibited by dihydrogen and methane [96]. The reaction rate for
cyclohexanol formation decreases in the presence of H, and at
Pyy =1.4atm, the value is half of the inhibited reaction rate. D,
showed a slightly stronger inhibitory effect, while methane also
showed inhibitory effect, though to a lesser extent than H,. Inhibi-
tion is reversible, and removing of the gas causes recovering of the
initial rate. On the basis of these observations, the authors proposed
a mechanism (Scheme 16) involving the reversible formation of a
“o-complex” between the substrate and the high-valent iron oxo
center. Since agostic interactions of this kind increase the Brgnsted
acidity of the hydrogen, the authors propose that the second step of
the reactions entails an intramolecular acid-base reaction. Because
of this reaction, the C-H bond becomes polarized, prompting a pro-
ton to migrate to the basic oxo group, leaving the carbon bonded
to the metal. This “insertion” would leave the oxidation state of the

H
! R

Scheme 17. Schematic diagram of the oxo-hydroxo tautomerism.

metal unchanged. Subsequent reductive elimination of the alkyl
and hydroxyl groups would then lead to the hydroxylated prod-
uct (path a, Scheme 16). For some alkyls, the reductive elimination
could be preceded by rearrangement to form a more stable alkyl
complex, resulting in products similar to those seen with carbon
radicals or cations (path b, Scheme 16).

Groves et al. have pointed out that the effect of the gas on
the relative reaction rates is relatively modest, and suggested that
an alternative interpretation of these observations could be the
existence of an interaction between H, and methane with the
[Fel'(Por)] resting state, which is actually the most prevalent form
of the catalyst inventory during turnover [77].

4.7. The oxo-hydroxo tautomerism

This mechanism was most thoughtfully described for Mn-
porphyrins [100,108] but it also applies to the iron analogues
[101,109], and in general to any metal-oxo species. High valent
metal-oxo porphyrin complexes can exchange the oxygen atom of
the oxo ligand with water. This fact has been explained by the so-
called oxo-hydroxo tautomerism, a mechanism involving a rapid
shift of two electrons and one proton from a hydroxo ligand to the
trans oxo group leading to the transformation of the hydroxo ligand
into an electrophilic oxo entity on the opposite side of the initial
0xo (Scheme 17)[100,108].

H—o patha R-OH

—~—— R—Fe

pathb ™ R'—OH

Scheme 16. Agostic mechanism for P450 and model systems.



M. Costas / Coordination Chemistry Reviews 255 (2011) 2912-2932 2921
OH Cl
PhIO
+
O [Mn(TPP)CI]
CH,Cl, (2.5) (1.0
70% vyield
OH Cl
OH cl
s ) ) L
[Mn(TPP)CI]
2Cla (5.2) (1.0 (1.6) (1.1)
80% yield
OH C_)
C@ % O ©>
PhIO
[Mn(TPP)CI] @)’ (10) (1.8) (3.4)
CH,Cl, CH,OH CH,CI
(15) (1.0) (16)

Scheme 18. Catalytic oxidation of alkanes with [Mn(TPP)Cl] and PhIO in CH,Cl,. Yields with respect to PhIO. Numbers in parenthesis correspond to relative amounts of

reaction products [112].

As a result of this exchange, oxygen atoms that originate from
water molecules can end up into oxidized products in metallo-
porphyrin catalyzed oxidations. The ‘oxo-hydroxo tautomerism’
has been used as mechanistic tool to characterize oxygen-atom
transfer mechanisms mediated by metal-oxo species. That is based
on the fact that neither autooxidation chains, nor reactions medi-
ated by metal-peroxo species have a mechanism by which oxygen
atoms from water could be incorporated into oxidized products.
Therefore water incorporation into products can be understood
as an indirect proof for the intermediacy of metal-oxo species in
an oxidation reaction. This becomes important because the high
reactivity of high-valent metal-oxo species usually precludes their
direct observation. A cautious note at this point is needed because
some oxidants like iodosylbenzene in the presence of transition
metal complexes can undergo exchange of their oxygen-atom with
water [110].

The oxo-hydroxo tautomerism is in competition with the
bimolecular reaction between the metal-oxo species and the sub-
strate (Scheme 17). Because of that, the level of water incorporation
into products (easily monitored by running reactions in the pres-
ence of H,180) is inversely related to the reactivity of the substrate
and to its relative concentration with respect to water [100,101].
The rate of the oxo-hydroxo tautomerism depends on the oxida-
tion state, chemical nature of the metal-oxo species, and also on
the presence of an available trans site to the oxo-ligand. There-
fore, the lack of observation of water incorporation into products
in a reaction does not imply that the reaction is not performed by a
metal-oxo species, because the tautomerism may simply be slower
than reaction with the substrate.

5. C-H oxidations at manganese porphyrins

Manganese porphyrins were early identified as efficient hydrox-
ylation catalysts [111-114]. In pioneer work, it was described that
[Mn(TPP)X] (X=Cl, Br, I, N3) catalyze the oxidation of cyclohexane
with PhIO as oxidant in benzene or CH,Cl, solvent to a mixture
of cyclohexanol and cyclohexyl-X products (Scheme 18). In dibro-
momethane or bromotrichloromethane solvent, the corresponding
alkyl bromides became the major products. Using PhIO/[Mn(TPP)X]

ratios between 0.5 and 9.5, combined product yields between 35
and 70% were obtained. Several pieces of evidence implicate the
intermediacy of freely diffusing alkyl radicals in the reactions. Small
amounts of radical derived products such as bicyclohexyl, and
cyclohexylbenzene are obtained. Cyclohexyl-X products are also
indicative of a ligand transfer reaction to the cyclohexyl radical,
and halide extraction from the solvent.

Most significant, the oxidation of norcarane (Scheme 18) pro-
duces a mixture of products, including those that have undergone
cyclopropyl ring opening. This constitutes a well-established radi-
cal rearrangement and it is indicative of a long-lived free-diffusing
radical reaction [65]. The somewhat longer radical lifetime appears
to be a fundamental difference from reactions catalyzed by the
iron analogues [112]. An additional difference between Mn and
Fe porphyrin catalyzed oxidations is that C-H KIE obtained with
the former are substantially smaller than those measured with
the later [62]. Evaluation of intramolecular KIE in the oxidation of
1,3-dideuterioadamantane by a series of iron and manganese por-
phyrins have led to the proposal that in Mn catalyzed oxidations the
nature of the Mn-oxo intermediate is dependent on the nature of
the oxidant. A bent transition state was proposed for Mn-catalyzed
oxidations, where the oxo-delivering oxidant remains attached to
the Mn-0 unit (Scheme 19).

In the presence of selected additives such as imidazole [113],
or ammonium acetate [114], Mn-porphyrins have been described
as very active and efficient alkane oxidation catalysts, using H,O,
as oxidant. Better yields with respect to analogous iron systems
were obtained. The [Mn(TDCPP)CI] catalyst is particularly remark-

[Fe(Por)CI]/NaOCI'T| z. H [Fe(Por)CI/KHSO5
[Fe(Por)CI)/PhlO Q Nl [Mn(Por)ClJ/all oxidants

D QD

Scheme 19. Possible transition state geometries in hydroxylation reactions
catalyzed by iron and manganese porphyrins ([Fe(TMP)Cl], [Mn(TMP)CI], and
[Mn(TDCPP)CI]) with ZO oxidants (ZO = PhIO, NaOCl, KHSOs).
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Oxidant (20 equiv.)

/\/\/\
_ [Mn(TDCPP)CI] (1 equiv)
(800 equiv.) Imidazole (10 equiv)
CH,Cly:CH5CN 1:1
N, RT, 2h
Products® (% regioisomers) (-ol+one)
Oxidant C-1 C-2 C-3 C-4

PhlO 4 65 27 3
H,O, 4 64 28 3

@ Total yields, with respect to the oxidant, were 31% with PhIO and 11.5% with H,O,.

Scheme 20. Comparison between oxidants in the regioselective oxidation of heptane by [Mn(TDCPP)CI].

able because it works under conditions where the alkane is not in
large excess, but instead it is the limiting reagent. Good to excel-
lent product yields (40-85%) were obtained by using 5 equiv. of
H,0, and [Mn(TDCPP)CI] (2.5 mol%) in the presence of imidazole
(24 equiv.). On the other hand, in the absence of the base, only trace
amounts of products were obtained.

The regioselectivity on the hydroxylation of n-heptane was the
same, involving preferential hydroxylation of C-2, irrespective of
the use of H, 0, /imidazole, or PhIO as oxidant (Scheme 20). The site
selective reactivity differs from a statistical regioisomeric distribu-
tion, and is indicative that a common metal-centered intermediate
is responsible for the C-H oxidation event.

Oxo-Mn(V) species are proposed to be responsible for the oxida-
tion activity. These highly unstable species have been spectroscop-
ically characterized from the reaction of manganese porphyrins
with various oxidants (H, 05, MCPBA, NaOCl, KHSO5) [30,115-120],
and by laser flash photolysis of porphyrin-manganese(Ill) perchlo-
rate complexes [106,121-123]. Combined spectroscopic methods
indicate that they are best described as diamagnetic low-spin (d?,
S=0) species. The description of the electronic structure of the
porphyrin-manganese(V)-oxo species contrasts with that of the
iron analogue, best described as oxoiron(IV) cation porphyrin rad-
ical [109].

However, experimental evidence about the ability of well-
defined MnV=0 species to elicit C-H oxidation reactions is some-
what conflicting. Well-defined MnV=0 porphyrin [MnV(0)(Por)],
Por=TDCPP, TDFPP, TPFPP and TMP (Scheme 4) complexes were
recently prepared and spectroscopically characterized [116]. The
complexes proved kinetically competent for mediating O-atom
transfer to phosphines and sulfides. However, no reaction with
an alkane takes place under analogous conditions. Instead, further
addition of PhIO oxidant elicits alkane oxidation products. These
observations suggest that another yet uncharacterized species,
generated from the reaction between MnV=0 and the oxidant may
be responsible for the C-H oxidation.

On the other hand, the same [MnVY(O)(Por)] species react
with hydride donor acridine type of substrates, via an initial
proton coupled electron transfer, followed by rapid electron
transfer [124]. Along the same track, water soluble MnY-oxo
and Mn'V-oxo porphyrin complexes [MnV(0),(tfstmap)]?*,
and [Mn!V(O)(OH)(tfstmap)]**, tfstmap =meso-tetrakis(2,3,5,6-
tetrafluoro-N,N,N-trimethyl-4-aniliniumyl)porphyrinato dianion,
have been recently prepared and studied in the oxidation of
alkylaromatics [115]. The complexes are proposed to react with
these substrates through a hydrogen-atom abstraction mecha-
nism, because reaction rates and C-H bond dissociation energies
(BDE) have a linear correlation, and reactions exhibit large kinetic

isotope effects. As expected, the Mn!V species proved to be a milder
oxidant than the MnV counterpart, as evidenced by second order
reaction rates differing two orders of magnitude. Photochemically
generated MnV-oxo species in acetonitrile solutions are also
competent for mediating C-H oxidation reactions, and a small
K.I.E.=2.3 was estimated from the oxidation of ethylbenzene and
its perdeuterated analogue [121]. The small value is consistent
with an early transition state, indicative that the MnY-oxo species
are highly reactive.

6. Selective oxidations at iron and manganese porphyrins

The metal-centered nature of metalloporphyrin catalyzed C-H
oxidations offers the possibility to develop regioselective and
stereoselective C-H oxidation technologies. These represent very
challenging transformations with scarce precedents in the syn-
thetic literature, and because of that, they are especially valuable.
Relevant contributions towards these goals have been collected in
the following lines.

6.1. Regioselective oxidations mediated by halide-substituted
metalloporphyrins

Halide substitution in the porphyrin affects both the efficiency
and also the regioselectivity of metalloporphyrin catalyzed oxida-
tion reactions (Table 2) [15,33,125]. In a comparative study in the
hydroxylation of linear alkanes (pentane and heptane) catalyzed
by porphyrins containing in their structure different halide substi-
tution patterns, Mansuy and co-workers have shown that the total
yields based on oxidant (PhIO) were very much dependent on the
number of halogen substituents on the porphyrin ring (Table 2)
[125]. Among the catalysts bearing no halogen substituent on their
pyrrole rings, [Fe(TPP)Cl] and [Fe(TMP)CI] provide low yield (4%),
and only [Fe(TPFPP)Cl] provided a much better yield (70%).

The introduction of eight Cl or Br substituents on the pyr-
role rings resulted in very efficient catalysts. [Fe(ClgTDCPP)Cl] and
[Fe(BrgTDCPP)CI] afforded very remarkable yields up to 80% and
60% with respect to the oxidant in the oxidation of heptane and
pentane, respectively.

In terms of regioselectivity, reactions occur predominantly at
the methylene groups of the alkanes and oxidation at the methyl
groups occurs in very little proportion (<2%). The regioselectivity
of the reactions was also dependent on the nature of the catalyst.
In most of the cases, regioselectivity reflects an almost statisti-
cal oxidation only linked to the number of secondary abstractable
hydrogen atoms (40:40:20). However, in specific cases for cata-
lysts [Fe(TMP)CI], [Fe(TDCPP)Cl] and [Fe(BrgTDCPP)Cl] and where
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Table 2

Catalytic oxidation of heptane with porphyrin catalysts containing different halide substitutions.?

PhIO (20 equiv.)

P e
_ [Fe"(Por)CI] (1 equiv)
(800 equw.) CH20|2, N2 RT
Catalyst Product yields (%)° Ketones Yield (%)
1-Heptanol 2-Heptanol 3-Heptanol 4-Heptanol

[Fe(TDCPP)Cl] 1 14(58)° 7.5(30) 3.5(12) 6 38
[Fe(BreTDCPP)CI] 14 20(53) 12(32) 5.5(14) 25 44
[Fe(BrsTDCPP)C] 15 29.5(42) 28(41) 11(16) 5 80
[Fe(ClsTDCPP)C] 1.5 29(43) 27(40) 10.5(16) 5 78
[Fe(TPFPP)C] 1 25.5(41) 24(39) 10.5(20) 4 69
[Fe(ClsTPFPP)Cl] 15 22(41) 21.5(40) 9(19) 5 64
[Fe(TMP)CI] - 1.7(60) 0.8(31) 0.3(9) 0.5 4
[Fe(TPP)C1] - 1.2(38) 1.4(42) 0.6(20) <0.2 3.5
3 Catalyst/substrate/PhIO ratio 1/800/20 in CH,Cl,.
b Product yields with respect to oxidant.
¢ Values in parenthesis indicate relative ratio of alcohol with respect to the total amount of alcohols. Ketones also have the exact same ratio.

bulky Cl or methyl groups are attached at the ortho position of the triphenylphenyl)-porphyrinato)manganese(III) acetate

meso-aryl substituents, higher regioselective oxidation of the more
accessible C-2 carbon of heptane was observed. Further introduc-
tion of halide substituents on the pyrroles of the porphyrin led to a
progressive change of this regioselectivity towards the statistical
one. The same tendency was observed in pentane hydroxyla-
tion, a 78:22 C2:C3 ratio in oxidation products was obtained with
[Fe(TDCPP)CI], but a nearly statistic 67:33 ratio was obtained with
[Fe(CIgTDCPP)CI].

6.2. Shape dependent hydroxylations

Manganese porphyrins with sterically protected pockets are
shape-selective alkane hydroxylation catalysts (Table 3) [126,127].
With PhIO as oxidant, good regioselectivity was observed for the
hydroxylation of linear alkanes at the less hindered methyl group
by using the very sterically hindered (5,10,15,20-tetrakis(2’,4’,6'-

Table 3
Selectivity in the hydroxylation of n-alkanes with CgHsI0 by Mn-porphyrins.

R
R O‘AC « R'=Ph Mn(TTPPP)QAc)]
R \\ Mn‘ﬁ‘ R= " R'=OMe Mn(TTMPP)OAC)]
= R’
R

QIS

[Mn(TTPPP)(OAc)] as catalyst; the moderately hindered 5,10,15,20-
tetrakis(2',4’,6'-trimethoxyphenyl)porphyrinato)manganese(III)
acetate shows little selectivity towards terminal C-H hydroxyla-
tion but does show enhancement for the adjacent, C-2 CH, site.
Primary selectivity is dependent on the size and shape of the
alkane substrate, with more bulky substituents giving greater
primary selectivity.

6.3. Regio and stereoselective hydroxylations with
metalloporphyrins containing substrate recognition motifs

A very elegant strategy to attain regio and stereoselective
hydroxylation of complex organic molecules has been developed
by Breslow et al. by attaching substrate recognition sites to iron and
manganese porphyrins [128-132]. This approach followed early
work by Grieco and colleagues that showed intramolecular stoi-

Substrate Catalyst Products (% yield) Primary selectivity®
1-ol 2-ol 3-ol 4-ol?
[Mn(TPP)(OACc)] 5 61 34 - 0.048
n-CsHiy [Mn(TTMPP)(OACc)] 4 68 28 - 0.039
[Mn(TTPPP)(OAC)] 10 75 15 - 0.11
[Mn(TPP)(OAC)] 2 38 60 - 0.027
n-C¢His [Mn(TTMPP)(OACc)] 3 57 40 - 0.041
[Mn(TTPPP)(OAc)] 19 62 18 - 0.31
[Mn(TPP)(OAc)] 2 37 40 21 0.034
n-C7Hie [Mn(TTMPP)(OAc)] 3 49 33 15 0.052
[Mn(TTPPP)(OAC)] 26 52 17 5 0.59
[Mn(TPP)(OAc)] 2 31 32 28 0.041
n-CgHig [Mn(TTMPP)(OACc)] 3 46 29 22 0.064
[Mn(TTPPP)(OAC)] 21 48 16 15 0.53
[Mn(TPP)(OAc)] 1 29 21 49 0.027
n-CyoHaz [Mn(TTMPP)(OACc)] 3 39 25 33 0.066
[Mn(TTPPP)(OAC)] 18 43 13 26 0.58
[Mn(TPP)(OAc)] 1 17 17 64 0.040
n-Ci4Hso [Mn(TTMPP)(OAc)] 2 33 19 46 0.082
[Mn(TTPPP)(OAC)] 17 37 15 31 0.82

2 For n-decane, this also includes 5-decanol; for n-tetradecane, this also includes 5-tetradecanol, 6-tetradecanol and 7-tetradecanol.
b The ratio of total primary alcohol to total secondary alcohols normalized for the relative number of hydrogen atoms.
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Scheme 21. Regio and stereoselective hydroxylation of steroid substrates with (3-cyclodextrin appended metalloporphyrin catalysts. Top left: catalyst structure. Top right:
schematic diagram of the substrate oriented catalyst-substrate complex. Bottom: Substrate derivation with -cyclodextrin binding groups, catalytic hydroxylation and

substrate deprotection.

chiometric selective hydroxylation of steroids covalently attached
to metalloporphyrin [133], or Mn-salen complexes [134]. In Bres-
low’s approach, substrate binding sites can reversibly interact with
the substrate, allowing for multiple turnover reactions. The geo-
metric structure of the catalyst-substrate complex causes exquisite
orientation of specific C-H bonds towards the catalytic site. This
allows to override intrinsic C-H relative reactivity among differ-
ent sites in catalytic hydroxylation reactions. In particular, selective
hydroxylation of methylene in front of tertiary C-H bonds could be
targeted. By following this strategy, catalytic regio and stereoselec-
tive hydroxylation of steroids is accomplished.

Two types of substrate binding sites have been developed so
far (Schemes 21 and 22). The first and most thoughtfully devel-
oped approach involved the attachment of 2 or 4 3-cyclodextrin
substrate-binding sites at the meso positions of the metallopor-
phyrin. Selective hydroxylation at C-6 [128,129] and C-9 position
of steroids [130,131] was performed (Scheme 21).

A second approach involves the attachment of 2,2’-bipyridyl
groups at the porphyrin meso positions. Bipyridyl groups were
introduced as Cu?* ion binding sites. Steroid substrates derivatized
with Cu?* binding groups (CBG, acetylpyridine or phosphonoacetyl

groups, Scheme 23) were expected to interact with the Cu?*-
Porphyrin catalyst, thus specifically orienting the substrate with
respect to the Mn active site.

Through this strategy, it was envisioned that the metal-ion
coordination properties could offer a better control of the
substrate-catalyst structure when compared with the ill-defined
nature of hydrophobic interactions obtained with previously
described cyclodextrins. Initial experiments involved introduc-
tion of four bipyridyl units in the metalloporphyrin catalyst. That
resulted in fast catalyst degradation during oxidation reactions,
presumably because of fast oxidation of pyridyl-nitrogen atoms
[135]. To overcome this problem, two pentafluorophenyl groups,
in relative trans-fashion, were introduced to improve catalyst
stability, and in addition, to ensure that substrate interaction
occurs with two bipyridine groups in trans relative position, thus
offering a better control of the substrate-catalyst relative space
orientation [132]. These modifications proved particularly suc-
cessful and in the presence of Cu?* ions, acting as coordinating
linkers, steroid substrates containing Cu-binding units are hydrox-
ylated with good regioselectivity and turnover numbers up to 32
(Scheme 23).
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Scheme 22. Left: Bipyridyl substituted manganese porphyrin catalysts. Right: Schematic diagram of the interaction between catalyst, Cu?* and substrate.

6.4. Regio and stereoselective hydroxylations with
metalloporphyrins without assistance of substrate recognition
motifs

Highly selective allylic hydroxylation of triterpenes with an iron
porphyrin was recently described by Konoiki et al. (Scheme 24)
[136]. Low temperature reaction of MCPBA with [Fe(TPFPP)CI]
afforded hydroxylated products in good to excellent yields
(67-91%). Steric hindrance of the olefin functionality appears to be
crucial in directing selectivity towards allylic C-H hydroxylation.
Sterically non-hindered substrates are preferentially epoxidized by
the same system.

Breslow et al. have described the regioselective oxidation of
equilenin derivatives catalyzed by rhodium and manganese por-
phyrin complexes, using PhIO as oxidant (Scheme 25) [137].
Interesting differences in the regioselectivity of the oxidations was
observed, depending on the nature of the porphyrin metal cata-
lyst. [Mn(TPFPP)Cl] oxidizes equilenin acetate (57% conversion) to a
mixture of two products. Oxidation is regioselective affording pref-

10 equiv PhIO, cat. Cu?", |
CH,Cl,:MeOH 1:1 HO Qi

erentially C6-phenol (E1) in 74% yield based on conversion, and
benzylic alcohol E2 in 26% yield. No ketone arising from overoxida-
tion of the latter product was obtained. Instead, when the rhodium
catalyst [Rh(TPFPP)I] was used, two different products (E3 and E4),
resulting from benzylic oxidation, were obtained in 57% and 43%
relative yields (40% product conversion). Therefore, it appears that
the putative Rh=0 species preferentially hydroxylates the benzylic
C-H bond, and overoxidizes the secondary benzylic alcohol, while
the Mn=0 species prefers to attack the aromatic ring.

7. C-H Oxidations catalyzed by ruthenium and osmium
porphyrins

Besides Fe and Mn, Ru porphyrins have also proven to be par-
ticularly efficient C-H oxidation catalysts [12,138]. Hirobe et al.
first described the use of Ru porphyrins in combination with 2,6-
dichloropyridine-N-oxide (Cl,PyNO) as a very efficient system for
the epoxidation of alkenes, and oxidation of alcohols and sulfides
[139-141]. Alkanes are inert for this system. However, upon addi-

CH, PH

Then hydrolysis

10 equiv PhlO, cat. Cu?*,
H,O:tBuOH HO

+ 4 other
o) products

cH, OH

3N NaOH in H,0

other products
10%

Scheme 23. Regio and stereoselective hydroxylation of steroid substrates using Cu?* binding recognition motives (see Scheme 22 for catalyst structure). Top: Substrate
contains acetylpyridine groups as Cu?* binding units. Bottom: Substrate contains phosphonoacetyl groups as Cu?* binding units.
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Scheme 24. Selective allylic hydroxylation of triterpenes with [Fe(TPFPP)Cl] and MCPBA.

[Mn(TPFPP)CI] (2 mol%)

PhIO (5 equiv.)
CH,Cl,

[Rh(TPFPP)I] (0.1 mol%)

PhIO (1 equiv.)

AcO

AcO I ‘ AcO I I

Total yield 57% E1/E2 74%/26%

o Me 0
AcO l l

Me

E3
Total yield 40% E3/E4 57%/43%

E4

Scheme 25. [Mn(TPFPP)Cl] and [Rh(TPFPP)I] catalyzed oxidation of equilenin acetate.

tion of protic acids such as HBr, efficient hydroxylation of C-H
bonds was accomplished (Scheme 26) [142]. Adamantane was very
rapidly hydroxylated to 1-adamantanol and 1,3-adamantanediol,
with TN reaching 100,000. Hydroxylation reactions are stere-
ospecific, cis-decaline was primarily hydroxylated to 9-decalol,
with no epimerization to the corresponding trans-isomeric
alcohol [143].

This system has been applied to the regio and stereoselective
hydroxylation of steroids [144]. Hydroxylation reactions are stere-
ospecific, retaining the chirality of the asymmetric centers. The
regioselectivity of the oxidations was dependent on the steric bulk

ClL,PyNO (2.2 equiv)

[Ru(TMP)(O),] (0.5 mol%)
HCI (1 equiv.)
benzene, Ar, 24h

ClL,PYNO (1.3 equiv)

[Ru(TPP)(CO)] (0.5 mol%)
HBr (1 equiv.)
benzene, Ar, 6h

e

Cl,PyNO (2.0 equiv)

[Ru(TMP)(CO)] (0.5 mol%)
HCI (1 equiv.)
benzene, Ar, 6h

of the ortho-substituents of the aromatic rings at the meso-position
of the porphyrin catalysts, and on the electronic properties of the
porphyrin (Table 4).

Remarkable good yields were obtained when 5[3-steroids
were oxidized to the corresponding 53-hydroxy derivatives. For
example, 53-Cholestane was selectively hydroxylated to the corre-
sponding 53-hydroxy derivative in 64% yields (Scheme 27). Instead,
under analogous conditions, 5a-Cholestane was hydroxylated at
the same 5 position in a more modest 14%yield. The authors suggest
that different yields arise from the different steric encumbrance of
the 5-H.

5 3.

88% vyield
CIZPyNO
66% 27% trace
OH
94%

Scheme 26. Oxidation of ethylbenzene and alkanes with Cl;PyNO and Ruthenium catalysts in the presence of HCI/HBr.
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Table 4
Regioselective oxidation of steroids with Ru-porphyrin catalysts and Cl,PyNO.
OH

H

0 o
CHPYNO (3 equiv) col2 on col3
o Cat(02mot )
HBr @ 5mol% ),S eves 4A
benzene ,Ar,40C ,ovemght
col1 HO
o o o
col4 cols
Entry Catalyst Col-2 Col-3 Col-4 Col-5
1 [Ru(TPP)(CO)] 11% -
2 [Ru(TDCPP)(CO)] 25% 19% 6%
3 [Ru(TMP)(CO)] 26% - 7% 12%
ClL,PyNO (1.5 equiv)
H [Ru(TMP)(CO)] (0.2 mol%)
HBr (4.5 mol %), Sieves 4A OH 64%

benzene, Ar, 40°C, overnight

Scheme 27. Efficient hydroxylation of 53-cholestane by [Ru(TMP)(CO)] and Cl,PyNO.

Groves et al. have reported that the perfluorinated porphyrin
[Ru(TPFPP)(CO)] is a very efficient catalyst for the fast hydrox-
ylation of hydrocarbons using 2,6-dichloropyridine N-oxide as
oxidant, without the need of an acid (Scheme 28) [145,146]. Up
to 14,800 TN were obtained in the hydroxylation of adamantane.
Very interestingly, the oxidation is highly selective for the ter-
tiary C-H bond. The normalized 3°/2°>130 value is much higher
than the analogous selectivity attained with Mn and Fe porphyrins
(vide infra). On the other hand, reactions are stereospecific. The

ClL,PyNO (1 equiv)

[Ru(TPFPP)(CO)] (0.25 mol%)
CH,Cl,, Ar, 65°C, 25 min

ClL,PyNO (1 equiv)

CH,ClI,, Ar, 65°C, 120 min

hydroxylation of cis-decaline affords exclusively cis-9-decalol and
cis-decaline-9,10-diol, and the oxidation of trans-decaline affords
the corresponding trans-9-decalol. The oxidation of cyclohexyl
acetate yields 3- and 4-acetoxycyclohexanone in 75% combined
yield, based on oxidant consumed (0.5 equiv. with respect to sub-
strate). No oxidation at position C-2 and only trace amounts of
cyclohexanone were observed. Acetyl group provides thus pro-
tection against oxidation of C-H bonds in the o and 8 positions
with respect to the acetate group. Oxidation of dibutyl ether

selee

80% yield

8.4% yield

61% (12070 TN) 6% 0.6% 1%

ClL,PyNO (0.25 equiv)

[Ru(TPFPP)(CO)] (0.05 mol%) @ é

CH,ClI,, Ar, 65°C, 120 min

Cl,PyNO (0.5 equiv)

@ [Ru(TPFPP)(CO)] (0.05 mol%) @ @\ @ g

35%

[Ru(TPFPP)(CO)] (0.25 mol%) i:\l\ ¢ é

CH,Cl,, Ar, 65°C, 120 min

42% 1.5%

Scheme 28. Catalytic oxidation of C-H bonds with [Ru(TPFPP)(CO)] and Cl, PyNO.
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Scheme 29. Mechanistic scheme for [Ru(TPFPP)(CO)] catalyzed oxidations with Cl,PyNO.

afforded 1-butanol and butyraldehyde in 80 and 92% yields, respec-
tively, with respect to the oxidant (0.1equiv. with respect to
substrate).

Spectroscopic monitoring of the reactions indicate that
[RuV(TPFPP)Cl,] and trans-dioxo-Ru complex [RuV!(TPFPP)(0),]
are formed under catalytic conditions, but kinetic analyses show
that the reaction of the substrate with the latter, albeit possi-
ble, is slow, incompatible with the fast reaction rates observed
under catalytic conditions. Kinetic analyses showed induction peri-
ods and catalyst activation could be accomplished by reaction
of [RulV(TPFPP)Cl,] with Zn amalgam. EPR analyses of this reac-
tion, in the presence of EtOH evidences a rhombic set of signals,
g=2.53, 2.12 and 1.89 characteristic of a S=% Rulll species. The
sum of all these experimental evidences strongly suggests that a
Rull/RuV cycle is responsible for the fast hydroxylation reactivity
(Scheme 29). A highly electrophilic RuY=0 species is proposed to be
responsible for the fast C-H oxidation activity via a rebound-type
mechanism. Consistent with this proposal, 80 is incorporated into
oxidized products when reactions are performed in the presence
of H,180, an observation that strongly supports the implication of
a RuV=0 species that undergo water exchange via an oxo-hydroxo
tautomerism [100]. A Hammett analysis of the relative reaction
rates for the hydroxylation of p-substituted toluenes afforded
an extraordinarily negative p*=-2.0, indicating that the Ru-oxo
species are highly electrophilic. The P450 like mechanistic pro-
posal is also consistent with the high KIEs=4.8 measured in the
intermolecular oxidation of equimolar mixtures of adamantane and
dig-adamantane, and the stereospecificity of the reaction. How-
ever, despite of the KIE, the oxidation of adamantane displayed
virtually the same reaction rate as the oxidation of its deuterated
analogue, when analyzed in separate reaction experiments. That
indicates that the rate determining step of the reactions is prece-
dent to the C-H oxidation reaction.

Ru-porphyrin catalyst [Ru(TMP)Cl,] in combination with
Cl,PyNO has been employed in the oxidation of amides. N-acyl
cyclic amides were converted to the corresponding N-acylamino
acids via oxidative C-N bond cleavage (Table 5) [147]. This system
allows for the direct single-step oxidative conversion of N-acyl-
L-proline derivatives to N-acyl-L-glutamates, which make this
oxidation system useful in peptide chemistry. Lactams could be
also effectively subjected to this oxidation.

Intramolecular kinetic isotope effect estimated in the oxidation
of N-benzoyl[2,2-d, |pyrrolidine (Scheme 30) was 9.8 + 0.2 strongly
suggesting that the rate determining step of the reaction involves
H-atom abstraction.

The transformation was most likely initiated by hydroxylation
at the carbon atom adjacent to the amine group, forming a hydrox-
ylated amide that could be spectroscopically detected by NMR
(Scheme 31).

Oxidation of complex molecules could be also accomplished
with ruthenium porphyrins. Che et al. have described that
ketosteroids can be selectively oxidized in good yields to the cor-
responding diketosteroids by using [Ru(TDCPP)CI, ] as catalyst and
Cl,PyNO as oxidant (Scheme 32). No epoxidation products were
observed and turnover numbers over 900 were reached [148].

Finally, lida and co-workers have shown that the combination
of TBHP and [Os(TMP)(CO)] allows the single-step selective func-
tionalization of complex organic molecules of biological relevance
such as steroids [149], bile acids [150] and terpenoids [151].

8. Enantioselective C-H oxidations

Porphyrin metallocatalysts constitute one of the very unique
examples for which enantioselective C-H hydroxylation reactions
have been described. Groves et al. reported vaulted binaphthyl iron
or manganese porphyrins as enantioselective hydroxylation cata-
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Catalytic oxidation of amides with [Ru(TMP)Cl; )] and Cl,PyNO.?

2929

Substrate

Products, Isolated yield (%)°

—2Z
@]

H (0]
N
;ﬂ/\/\)LH

H 0 Ph)/_H Q
Ph N
\ﬂ/ N \/\)J\OH d 10):0 Ph \ﬂ/ N
O 0 (@)
66% 11% 4.6%

41% 30%

0 /J/;H 3%

65% °¢

2 Experimental conditions: substrate (0.16 M), [Ru(TMP)Cl,] (0.6 mol%), Cl,PyNO (0.32-0.40 M) stirred in benzene at 40 °C under Ar overnight.

b Isolated yields based on substrate used.

“Reaction took 2 days.
dNMR yield.

[ HO
Ph. _N
\[]/QD
0 D

Ph N
\n/
o

\
qj/

Scheme 30. Schematic diagram of the products formed in the oxidation of N-benzoyl[2,2-d; |pyrrolidine and N-benzoylpyrrolidine catalyzed by [Ru(TMP)Cl; ], during KIE

measurements.
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Scheme 31. Mechanistic diagram for the oxidation of amides with Ru-porphyrin catalysts.

ClL,PyNO (2.2 equiv)
0 [Ru(TDCPP)CI,] (0.1 mol%)

© 92%

Scheme 32. Efficient C-H oxidation of ketosteroids by [Ru(TDCPP)CI,] and Cl, PyNO.
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Scheme 33. Asymmetric hydroxylation of C-H bonds mediated by vaulted iron-binaphthyl porphyrins.

cat(0.1mol%)/CLPYNO (1.1 equiv) OH

A A

62[13]%, (72, S) 72[20]%, (76, S) 28[23]% (74%, S) 60[12]% (48%, S)

HO.

OH OH Hog
Sl

62[15%, (12,S)  65[54]%, (12, S)  70[36]%(76,S)  28[30]% (76, S)

Scheme 34. Asymmetric hydroxylation of benzylic C-H bonds with Cl,PyNO mediated by [Ru"(D4-Por*)(CO)(MeOH)] porphyrin. For each substrate, the bottom numbers
indicate alcohol product yield with respect to substrate conversion [substrate conversion] (%ee, chirality).
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Table 6
Asymmetric hydroxylation of 3° C-H bonds with d,-symmetric porphyrins and
Cl,PyNO.

[Ru(D,-Por*)(CO)]

HO Me

H Me [Ru(D,-Por*)(CO)]
©)<R. Cl,PyNO ©)<R'
benzene,

HBr, sieves 4A
Ar

R Temp (°C) Ee (%) Yield (%) TON
Bu 25 16 41 103
Et 25 27 54 135
Et 10 38 23 58

0.4 pmol catalyst, 100 wmol oxidant, 1 mmol alkane, 15 1 48% HBr, 50 mg molecular
sieves (4A) in 1 mL benzene under Ar.

lysts using PhIO as oxidant (Scheme 33) [76,152]. Alcohol yields,
based on oxidant, ranged from 28 to 47%. Ee’s up to 72% for the
specific case of tetrahydronaphthalene were obtained.

Enantioselective hydroxylation of benzylic C-H bonds has also
been accomplished with the chiral porphyrin [153] ruthenium
catalyst [Ru(D4-Por*)(CO)(MeOH)] (Scheme 34) using Cl,PyNO as
oxidant. The system affords modest to good alcohol yields (28-90%,
substrate conversions from 5 to 54%) and up to 76% ee [154-156].

Moderate ee’s have been obtained in the asymmetric hydroxy-
lation of tertiary C-H bonds of alkanes by using chiral D, symmetric
ruthenium metalloporphyrins as catalysts and Cl, PyNO as oxidant
(Table 6) [157]. Kinetic resolution of 2-phenylbutane was also per-
formed with this system affording 8% enantiomerically enriched
substrate and 18% ee tertiary alcohol.

9. Summary and future prospects

The unique ability of metalloporphyrins to catalyze the oxida-
tion of C-H bonds with high selectivity has drawn major research
interest during the last two decades. Very much has been advanced
in the understanding of the fundamental details by which C-H
bonds are hydroxylated by porphyrins, and the general mechanis-
tic frame emerged from these studies has become a paradigm to
understand C-H oxidation by virtually any metal-oxo species. On
the other hand, in a moment where late stage alkane C-H function-
alization reactions are at the forefront of the quest for novel, more
straight and efficient synthetic strategies towards complex organic
molecules, the selectivity and efficiency offered by metallopor-
phyrin catalysts are called to play a major role in the development
of these technologies.
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