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Preface

Catalyzed processes of selective oxidation of hydrocarbons, as well as of complex
organic substrates, have had a long and illustrious track record, nowadays consti-
tuting one of the foundation stones of modern synthetic chemistry. Nevertheless,
new developments in the field, mostly focused on enhancing the oxidation selec-
tivity and improving their environmental sustainability, but also launching previ-
ously unachieved catalytic reactivity, have continued apace to this day, thus
suggesting that the field is far from its maturity.

This book embodies contributions of recognized experts who have surveyed
recent developments at the forefront of the environmentally sustainable catalytic
oxidations, ranging from the well-established chemo- and stereoselective oxidations
of olefins, sulfides, alcohols, as well as the much less developed C–H oxidations of
aromatic and aliphatic substrates, including methane. In all cases, most catalyst
systems relying on the environmentally benign oxidants H2O2 and O2 are dis-
cussed. “Green” aspects of those oxidations, such as the process atom economy, the
nature of reaction solvents, are considered.

We hope that this collection can serve as a reference book for professionals, as
well as a guide and inspiration for students and young researchers at the beginning
of their career. The topics of the chapters have been selected in a more or less
voluntaristic fashion, in agreement with our current vision of the most challenging
research directions in the field, holding the promise of significantly enriching,
perhaps even revolutionizing the chemical industry in a one-generation time hori-
zon. At the same time, we would like to stress that current selective oxidation
catalysis is not limited to the topics considered here and provides enough alternative
opportunities for investing research efforts that can appear highly rewarding.

Novosibirsk, Russia Konstantin P. Bryliakov
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Chapter 1
Metal-Catalyzed Oxidation of C–H
Compounds with Peroxides
in Unconventional Solvents

Georgiy B. Shul’pin

Abstract This chapter describes some examples of oxidation of C–H compounds
(saturated and aromatic hydrocarbons and alcohols) with peroxides catalyzed by
variousmetal compounds (mainly coordination complexes). The nature of the solvent
plays a very important role in these reactions: the yield of products and selectivity can
be dramatically changedwhen one solvent is replaced by another one. Adding certain
cocatalysts to the reaction solution we can also significantly modify the yield and
selectivity. Especially, interesting and attractive are oxidations in “green” solvents,
first of all in water. The focus is made on the author’s own works.

Keywords Saturated hydrocarbons · Aromatic hydrocarbons · Alcohols ·
Hydrogen peroxide tert-Butyl hydroperoxide · Carbonylation · Acetonitrile ·
Aqueous solutions · Acids as solvents · Ionic liquids · Hydroxyl radicals · Alkyl
hydroperoxides · Regio-selectivity · Stereoselectivity

1.1 Introduction “Green Chemistry”

In recent decades, interest in “green” methods of oxidation of various compounds
including C–H derivatives (alkanes, aromatics, and alcohols) has grown from the
point of view of both academic and applied science [1–9]. “Green chemistry effi-
ciently utilises (preferably renewable) rawmaterials, eliminates waste and avoids the
use of toxic and/or hazardous reagents and solvents in the manufacture and applica-
tion of chemical products” [10]. The following 12 principles of GreenChemistry [11]
havebeen formulated: 1.Waste prevention insteadof remediation; 2.Atomefficiency;
3. Less hazardous/toxic chemicals; 4. Safer products by design; 5. Innocuous solvents

G. B. Shul’pin (B)
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2 G. B. Shul’pin

and auxiliaries; 6. Energy efficient by design; 7. Preferably renewable raw materials;
8. Shorter syntheses (avoid derivatization); 9. Catalytic rather than stoichiometric
reagents; 10. Design products for degradation; 11. Analytical methodologies for
pollution prevention; and 12. Inherently safer processes. “Sustainable chemistry can
be defined as the development of an even safer and more environmentally-friendly
chemistry but bone which also equally integrates the priorities of economic compet-
itiveness and societal concerns” [12, 13].

Metrics to “green chemistry” were proposed [14, 15]. Hudlicky proposed a metric
known as effectivemass yield that is defined “as the percentage of themass of desired
product relative to the mass of all non-benign materials used in its synthesis”:

Effective mass yield (%) = Mass of products × 100

Mass of non − benign reagents

A second metric, E-factor, was proposed by Sheldon and is defined as follows:

E Factor = Total waste (kg)

kg product

The nature of a solvent as well as the method of stimulating a reaction plays a
very important role in chemical transformations [16–19]. Very recently, Luzyanin,
Kukushkin, and coworkers unexpectedly found that solubility of organometallics is
noticeably improved in diiodomethane when compared to other haloalkane solvents.
Better solvation properties of CH2I2 are due to a dramatic growth of the sigma-hole
donating ability of this solvent which results in the formation of the uniquely strong
solvent-(metal complex) halogen bonding [20].

In the beginningof 80thwediscovered amethod for preparation of sigma-aryl plat-
inum(IV) complexes [21, 22]. The reaction of PtCl62– anion with an aromatic com-
pound in aqueous trifluoroacetic acid afforded octahedral Pt(IV) complex [23–25]:

+ H2PtCl6

1) CF3COOH/H2O, 50−90oC

2) SiO
Cl Cl

Cl Cl

NH3

NH4
2-NH3

Aryl-H

σ-Aryl

Pt

The process of formation of platinated toluene in the thermal reaction in aqueous
trifluoroacetic acid is accompanied by its para meta isomerization. The activa-
tion energies of the formation and the para meta isomerization are approximately
100 kJ mol−1. The acidity of the solvent affects the reaction rates of both the for-
mation and the para meta isomerization of the sigma-tolyl complex, the increase
being approximately five times on going from the solvent CH3COOH/H2O to the
CF3COOH/H2O. The relative rates of the thermal reaction with mono-substituted
benzenes C6H5X decrease in the following sequence of X: OH > OCH3 > CH3 >
C2H5 > OC6H5 > CH(CH3)2 > H > C6H5 > F > COCH3 > COOH > Cl > NO2.
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Surprisingly, the reaction of PtCl62– anion with aromatics can be carried out at room
temperature under light or γ-irradiation. The relative rates of the photoinduced reac-
tion with C6H5X decrease in the following sequence: OH > OC2H5 > OCH3 >
OC6H5 > CH3. It is important to emphasize that no para meta isomerization was
observed in the photoinduced (as well as γ-induced) reaction in the CF3COOH/H2O
solution at room temperature. Only para-platinated compounds were produced. The
observed activation energy for the photochemical reaction of anisole in CH3COOH
was 21 kJ mol−1 [23–25]. One more remarkable peculiarity of the photochemi-
cal reaction is the independence of the reaction rate on the acidity of the medium.
Moreover, the reaction can be carried out in methylene chloride as a solvent. Thus,
irradiation of a solution of (nBu4N)2PtCl6 . 6H2O and an aromatic compound with
full light of a medium-pressure mercury lamp afforded sigma-aryl complexes of
Pt(IV) in 10–87% yield [26]. It should be also noted that for the aerobic oxidation
of cyclohexane photocatalyzed by H2PtCl6, acetonitrile was used as a solvent [27].
Various solvents were used in alkane aerobic oxidation photocatalyzed by transition
metal complexes [28–34].

1.2 New Catalysts

1.2.1 Complexes of Transition and Non-transition Metals

Various complexes of transition metals have been used as catalysts for efficient
oxidation of saturated and aromatic hydrocarbons, alcohols as well as some other
organic compounds containing C–H bonds. The main complexes described in the
literature are briefly listed below [35]. Usually, acetonitrile was employed as a sol-
vent in these works [36–38]. Graphene [39] and enzymes [40–42] have been applied
in oxidations. For example, it has been shown that an iron-sulfur protein, AlkG, can
efficiently transfer electrons toward the nonheme iron monooxygenase, AlkB, for
the subsequent conversion of medium-chain length n-alkanes to primary alcohols.
Immobilized AlkG on SPCE can interact with the AlkB-enriched membrane to form
a complex for efficient conversion of C5−C12 n-alkanes to primary alcohols with
the specific activity in TOF of 250–1000 min−1 (Fig. 1.1) [43]. There were no partic-
ular relationship between the specific activity and the chain length of alkanes. This
phenomenon was explained by the assumption that the recombinant AlkB is het-
erogeneously expressed on the membrane of E. coli and may cause the promiscuity
in the selection of substrates. Small alkanes including propane and n-butane can be
accommodated in the hydrophobic pocket of AlkB for C–H bond activation.

Iron derivatives were used very often as catalysts (for examples, see [44–51]).
Complexes of osmium [52–56], (examples of extremely efficient in alkane oxidation
catalysts are presented in Fig. 1.2) copper, manganese, and vanadium also showed
high activity in C–H oxidation in acetonitrile. Oxidations in acetonitrile, catalyzed
with derivatives of titanium, rhenium, ruthenium, cobalt, rhodiumand iridium, nickel,
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Fig. 1.1 Top: The catalytic oxidation ofmedium-chain length n-alkanemediated by themembrane-
bound alkane hydroxylase (AlkB) from Pseudomonas putida GPo1 AlkB with electrons supplied
from a soluble rubredoxin-2 (AlkG). Bottom: Specific activity in turnover frequency (TOF) for
the electrochemical conversion of medium-chain length n-alkanes (C3–C12) to primary alcohols
Adapted from ref. [43]

palladium and platinum, silver and gold, chromium,molybdenum and tungsten, have
been described in the literature. A few publications have been devoted to the alkane
oxidations catalyzed by non-transition metal complexes (aluminum, gallium, beryl-
lium, and others [57–60]. Thus, the catalytic activity of aquacomplexes of the Group
III metals [M(H2O)n]3+ (M = Ga, In, Sc, n = 6; M = Y, n = 8; M = La, n = 9)
toward the oxidation of hydrocarbons with H2O2 was investigated by DFT methods
[61] (Fig. 1.3). The reaction occurs via two competitive reaction channels which
are realized concurrently, i.e., (a) hydroperoxidation of the allylic C atom(s) via a
radical Fenton-likemechanism involving HO· radicals and leading to alkyl hydroper-
oxides ROOH and (b) epoxidation of the C=C bond through a one-step mechanism
involving oxygen transfer from the hydroperoxo ligand in an active catalytic form
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Fig. 1.2 Osmium complexes used as catalysts in the hydrocarbon oxidation with H2O2

[M(H2O)n–k(OOH)]2+ (M = Ga, In, Y, La, k = 2; M = Sc, k = 1) to olefin molecule,
leading to epoxides and/or trans-diols.

The catalytic system Bi(NO3)3/H2O2/HNO3/CH3CN + H2O was also used
(Fig. 1.3) [62]. Dissolution of bismuth nitrate in water in the presence of strong acid
results in the formation of aquacomplexes [Bi(H2O)n]3+. The coordination number
of Bi3+ in such solutions is highly variable, the formation of octa (n= 8) or/and ennea
(n = 9) hydrates is proposed. These complexes formed from the simple soluble salts
in aqueous media efficiently catalyze the hydrocarbon oxidation. The selectivity
parameters and kinetic data as well as theoretical DFT calculations indicate that the
reaction occurs via a mechanism involving the formation of the hydroxyl radicals
which directly react with alkane molecules. The mechanism of the HO· generation
(which is the rate-limiting step of the whole process) includes the substitution of a
water ligand for H2O2 in the initial aqua complex [Bi(H2O)8]3+, hydrolysis of the
coordinated H2O2, second H2O-for-H2O2 substitution, and the homolytic HO–OH
bond cleavage in complex [Bi(H2O)4(H2O2)(OOH)]2+. This mechanism does not
require a change of the metal oxidation state. Instead, the OOH– co-ligand in inter-
mediate [M(H2O)n–m(H2O2)(OOH)](k−1)+ plays the same role as the transition metal
does in the classical Fenton or Fenton-like processes. The OOH– ligand is easily



6 G. B. Shul’pin

Fig. 1.3 Top: Mechanism of hydroperoxidation of alkanes with the systems [M(H2O)n]k+/H2O2
(M = Al, Ga, In, Sc, Y, La, Be, Zn, Cd) via the formation of hydroxyl radical (the rate-limiting step
of the whole process is boxed). Bottom: Energy profile for the proposed mechanism of the HO·
generation (numbers indicate the relative energies) Adapted from Refs. [59–62]
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oxidized by one electron upon the homolytic HO–OH bond cleavage leading to the
stable complex [M(H2O)n–m(OH)(·OOH)](k−1)+.

1.2.2 New Ligands

It is known that using certain ligands or adding to the reaction solutions some com-
pounds that are able to coordinate as ligands to the metal complex catalysts, we can
dramatically enhance both activity and selectivity of the oxidation [63–66]. Recently,
to traditional species coordinated to metal ions, new “exotic” ligands were added,
to produce catalysts based on MOFs [67], polymetallates [68–84], zeolites [85–87],
and scorpionates [ 88–90].

Redox-active ligands at transition metal ions look very promising for oxidations.
Thus, for example, vanadate anion and “simple” vanadium(V) and vanadium(IV)
derivatives do not catalyze generation of hydroxyl radicals from hydrogen peroxide.
Figure 1.4 shows the formation of oxygenates (after the reduction with PPh3, the
concentrations of cyclohexanol (-ol) and cyclohexanone (-one) were measured by
GC) in vanadate anion catalyzed oxidation of cyclohexane with H2O2 in the presence
(system 1) or in the absence of pyrazinecarboxylic acid (PCA) [91].

Fig. 1.4 Accumulation of cyclohexanol (-ol) or cyclohexanone (-one) in the oxidation of cyclo-
hexane with H2O2 in the presence (red symbols) or in the absence (blue symbols) of PCA; the
concentrations were measured after reduction of the reaction sample with PPh3. Conditions: cata-
lyst 1 [n-Bu4NVO3]0 = 1.0× 10−4 M, [PCA]0 = 4.0× 10−4 M; [H2O2]0 = 2.0M (50% aqueous),
[cyclohexane]0 = 0.46 M; MeCN up to total 5 mL volume; 50 °C Adapted from Ref. [91]
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Cl

N

N

Ar

Ar

V
Cl

O

2

VO3
−

N

N C
O

OH

PCA

N

N

O
V

OO

OCH3

X1

X2

X2

X1
3

+

1

Introduced into the oxidovanadium (IV) complex [VOCl2 (dpp-bian)] (2) the
redox-active acenaphthene-1,2-diimine ligand gave a catalyst which is active in
alkane oxidation with hydrogen peroxide (Fig. 1.5). It is interesting that addition
of PCA to the reaction mixture leads to the enhanced activity) [91]. In contrast to
complex 2, other vanadium derivatives, namely, monomeric oxovanadium(V) com-
plexes [VO(OMe)(N∩O)2] with the nitro or halogen substituted quinolin-8-olate lig-
ands (complex 3) catalyze the decomposition of hydrogen peroxide, and the reaction
does not require adding PCA [92]. The activation of H2O2 toward homolysis occurs
upon simple coordination of hydrogen peroxide to the metal center of the catalyst
molecule and does not require the change of the metal oxidation state and formation
of the HOO radical. This activation is associated with the redox active nature of the
quinolin-8-olate ligands. One of the key points of the successful use of complex 2 in
the catalytic oxidation of alkanes is the phenomenon of “activating complexation”
in the BIAN-V(O)Cl2 system. Such effect is known for complexes of flavins and
quinones. Effects of metal ions on thermal and photoinduced electron transfer reac-
tions from electron donors, D, to electron acceptors, A, have been reviewed [93, 94]

Fig. 1.5 Accumulation of
cyclohexanol (-ol) or
cyclohexanone (-one) is
catalyzed by complex 2
oxidation of cyclohexane
with H2O2 in the presence or
in the absence of PCA; the
concentrations were
measured after reduction of
the reaction sample with
PPh3. Conditions: [catalyst
2]0 = 5.0 × 10−4 M, [PCA]0
= 2.0 × 10−3 M; [H2O2]0 =
2.0 M (50% aqueous),
[cyclohexane]0 = 0.46 M;
MeCN up to total 5 mL
volume; 50 °C Adapted from
Ref. [91]
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in terms of metal ion-coupled electron transfer (MCET) versus metal ion-decoupled
electron transfer (MDET).

1.3 New Methods of Reaction Stimulation

1.3.1 Oxidants

The most common and simultaneously “green” oxidants are undoubtedly molec-
ular oxygen [95] O2 (or air) [96] and hydrogen peroxide [97]. In addition, other
peroxides are used in oxidations of organic compounds. These oxidants are peroxy
acids (for example, peroxyacetic acid, [98–101] peroxybenzoic acids [102]), alkyl
hydroperoxides [103–106], peroxydisulfate, [107, 108], and oxone [109].

1.3.2 The Participation of Radicals in Oxidations

Many reactions between hydrocarbons and hydrogen peroxide are proceed with the
intermediate formation of hydroxyl radicals. We earlier proposed a few newmethods
in order to get insight into the mechanism of the oxygenation. These methods have
been added to known tests demonstrating the generation of hydroxyl radicals [110].

A Comparison of Chromatograms of Oxygenated Products Obtained Before
and After Reduction with PPh3

The samples obtained in the alkane oxidation in acetonitrile should be analyzed
twice both before and after their treatment with PPh3 by GC. This method (the com-
parison of chromatograms of the same sample obtained before and after addition
of PPh3) [25, 64, 65, 110–112] allows us to estimate the real concentration of an
alkyl hydroperoxide, ketone (aldehyde), and alcohol present in the reaction solution.
Addition of solid PPh3 to the aliquot taken from the reaction mixture immediately
quenches the reaction. The formation of alkyl hydroperoxide detected by use of this
(so-called Shul’pin test) method indicates that in the oxidation reaction an alkane,
RH, is transformed into the corresponding alkyl radical, R·, which rapidly captures
molecular oxygen. Peroxyl radical ROO·, thus formed, can further be reduced to alkyl
hydroperoxide, ROOH. Garcia-Bosch and Siegler studied the cyclohexane oxidation
with H2O2 in MeCN catalyzed various copper complexes. “GC analysis of the crude
product mixture by the method described by Shul’pin confirmed the formation of
cyclohexyl hydroperoxide as the main product: when the crude product mixture was
injected directly, a 1:1 mixture of cyclohexanol and cyclohexanone was observed;
treatment of the crude reaction mixture with excess PPh3 prior to GC analysis led
to the observation of cyclohexanol as the main product, indicative of the presence
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of cyclohexyl hydroperoxide in solution” [113]. Sutradhar et al. studied the cyclo-
hexane oxidation with H2O2 catalyzed by a copper(II) tetramer with arylhydrazone
of barbituric acid [114]. “The formation of cyclohexyl hydroperoxide as a primary
product was confirmed by following Shul’pin method. The duplicate GC analyses of
the reaction mixture, before and after addition of PPh3, has shown that the amount of
alcohol detected by GC increased after addition of PPh3 as a result of the reduction
of CyOOH to cyclohexanol, with a concomitant decrease of the amount of cyclohex-
anone, allowing us to assume the CyOOH as the primary product of this reaction”.
Thus, if the yields of -ol and -one before the reduction with phosphine were 8.5 and
9.4%, respectively, the reduction gave the yields of 21.7 and 1.3% [114].

It is necessary to emphasize that only comparison of chromatograms obtained
before and after the reduction can give information on the presence of alkyl hydroper-
oxide and allow the chemists to estimate its concentration. Indeed, alcohol can be
produced in high concentration not after the reduction but in the oxidation reaction
and alkyl hydroperoxide is not formed in this case at all. Determination of concen-
trations of alcohol and ketone only without reduction with PPh3 (as in Refs. [39, 52])
and only after reduction with PPh3 (for examples, see: Ref. [86] and “The oxida-
tion reactions were monitored by withdrawing small aliquots after different periods
of time; these were treated with PPh3 for the reduction of remaining H2O2 and
cycloalkyl hydroperoxides” [52] and “excess solid triphenylphosphine was added in
order to capture alkyl hydroperoxides (if present)” [115]) does not give a valuable
information on the real content of peroxide, alcohol, and ketone in the reaction solu-
tion. Only in the case when we have chromatograms obtained before and after the
reduction and we can compare these chromatograms we will obtain information on
the presence or absence of alkyl hydroperoxide in the reaction mixture.

1.3.3 A Competition of RH and MeCN for Hydroxyl Radical

Oxidation of cyclohexane with H2O2 catalyzed by vanadium complex 2 in combi-
nation with PCA is presented [91] in Fig. 1.6 (Graph A). Similar dependence has
been found in the cyclohexane oxidation catalyzed by another vanadium complex 3
[92]. It can be seen that at relatively high concentrations of cyclohexane the rateW0

is approaching a plateau. This dependence reflects the competition between cyclo-
hexane and acetonitrile. For treatment of the data shown in Fig. 1.6, we applied the
following kinetic scheme:

H2O2 + complex 3
ki−→ HO· (1.i)

HO · + RH
kRH−→ ROOH (1.1)

HO · + MeCN
kMeCN−−−→ products (1.2)
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Fig. 1.6 Dependence of the
initial oxidation rate W0 on
initial concentration of
cyclohexane in the
cyclohexane oxidation in
acetonitrile (Graph A).
Conditions: [complex 2]0 =
5.0 × 10−4 M; [PCA]0 =
2 × 10−3 M; [H2O2]0 = 2 M
(50% aqueous), 50 °C.
Concentrations of
oxygenates (sum of
cyclohexanol and
cyclohexanone) were
measured after reduction
with PPh3. Linear
anamorphosis of the curve
shown in Graph A is
presented in Graph B in the
coordinates W−1

0 vs.
[cyclohexane]−1
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Here (i) is the reaction of hydroxyl radical generation; (1) is the process of RH
transformation intoROOHwith a bimolecular interaction betweenHO· andRHas the
rate-limiting step; (2) is the process of acetonitrile oxidation with the participation
of hydroxyl radicals (a bimolecular interaction between HO· and CH3CN as the
rate-limiting step). The analysis of experimental data given in Fig. 1.6, Graph A
led to a straight line corresponding to the linear dependence of W−1

0 on [CyH]−1
0

(Fig. 1.6, Graph B). Taking into account that [MeCN] ≈ 17 M we can obtain the
ratio kMeCN/kCyH ≈ 8.3·× 10−3. The value of this parameter is in agreement with the
assumption about the participation of hydroxyl radicals (Table 1.1 [53, 116, 117]).

1.3.4 An Effect of Added Benzene

As shown in Fig. 1.7, addition of benzene (0.23 M) to the solution of cyclohexane
(0.23 M) very slightly decreases the initial oxidation rate. It has been found that the
systems operate with the generation of hydroxyl radicals. It has been demonstrated
that reactions of hydroxyl radical with benzene were faster in water than in ace-
tonitrile, by a significant factor of 65 (Ref. [118]). It is interesting that the catalytic
activity can be significantly improved by adding water to acetonitrile solvent [119].
These data can explain a weak effect of added benzene in the cyclohexane oxidation
in acetonitrile catalyzed by complex 2.
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Table 1.1 Kinetic parameters for the competitive oxidation of cyclohexane and acetonitrile with
various systems based on H2O2

Entry System kMeCN[CH3CN]/kCyH (M) kMeCN/kCyH

1 H2O2/O2/(n-Bu4N)VO3/PCA 0.14 0.008

2 H2O2/O2/“Cu4”/CF3COOH 0.20 0.012

3 H2O2/O2/“Cu4”/HCl 0.10 0.006

4 H2O2/O2/[Co4Fe2OSae8]/HNO3 0.14 0.008

5 H2O2/O2/Cp*2Os/py 0.09 ÷ 0.19 0.0055 ÷ 0.011

6 H2O2/O2/Cp2Fe/Py/PCA 0.19 0.011

7 H2O2/O2/“Fe2(TACN)”/PCA 0.19 0.011

Conditions. Concentration [CH3CN]0 was assumed to be 17 M. Abbreviations. PCA
is pyrazine-2-carboxylic acid. “Cu4” is tetracopper(II) triethanolaminate complex
[O⊂Cu4{N(CH2CH2O)3}4(BOH)4][BF4]2. Complex [Co4Fe2OSae8] · 4DMF · H2O, where
H2Sae = salicylidene-2-ethanolamine. Cp *2Os is decamethylosmocene. Cp2Fe is ferrocene.
“Fe2(TACN)” is an iron(III) complex with 1,4,7-triazacyclononane
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Fig. 1.7 Accumulation of cyclohexanol and cyclohexanol (a sum) in the initial period after treating
with PPh3 in the cyclohexane oxidation in acetonitrile in the absence of benzene (curve 1) and in the
presence of benzene (curve 2). Conditions: [complex 2]0 = 5.0 × 10−4 M; [H2O2]0 = 2 M (50%
aqueous), [cyclohexane]0 = 0.23M, [benzene]0 = 0.23M (for curve 2 only), 40 °C. Concentrations
of oxygenates (sum of cyclohexanol and cyclohexanone) were measured after reduction with PPh3
Adapted from ref. [91]
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1.3.5 Recently Proposed Methods of Reaction Stimulation

In recent decades, new methods of catalytic oxidation stimulation have been added
to traditional methods (such as heating, light irradiation). Thus, copper complexes
with an arylhydrazone of methyl 2-cyanoacetate catalyzed the oxidation of cyclo-
hexane with TBHP in MeCN, using low power microwave (MW) irradiation [120].
Copper(I) and copper(II) metallacycles catalyze microwave-assisted selective oxi-
dation of cyclohexane via the formation of cyclohexyl hydroperoxide (CyOOH) as
the primary product [121].

Another method is presented by sonochemistry [122, 123]. Degradation of
selected groups of organic compounds by cavitation [124] aswell as amethodof treat-
ment of industrial effluents under acoustic cavitation have been recently described
[125].

1.4 Non-conventional Media and Solvents

1.4.1 Acetonitrile and Other Traditional Solvents

As it has been mentioned above, very many oxidations of alkanes are carried out
in acetonitrile as solvent. This is possible because the reactivity of alkanes is even
higher than that of cyclohexane and usual hydrocarbons (see, for example, above
Table 1.1). Ethane and especially methane are much less reactive in the reaction with
hydroxyl radicals. Acetone, dimethylsulfoxide, and some other organic liquids are
more rarely used in alkane oxidations with peroxides. However, it is hard to say that
acetonitrile and organic liquids are green solvents for alkane oxidations.

1.4.2 Solvent-Free Oxidations

Some hydrocarbons and, more frequently, alcohols have been functionalized under
the action of oxidants without participation of any solvent [126]. Thus, scorpionate
complexes of vanadium [127] and the Al60Cu5Co35 alloy [128] induce the oxida-
tion of cyclohexane with dioxygen; a bis(μ-chlorido) bridged cobalt(II) complex
[Co2(mu–Cl)2(HL2)4][CoCl4], where HL2 is a silyl-containing Schiff base, was
found to act as an effective homogeneous (pre)catalyst in the microwave-assisted
net oxidation of cyclohexane with aqueous TBHP [129].
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1.4.3 Oxidation in Aqueous Solutions

Water is the most attractive solvent [130–132] for green oxidations. A few examples
are described in this Section. As hydrocarbons are sparingly soluble in water, the
reactions are often carried out in emulsions [133].

Oxidation of Alcohols

Alcohols can be easily oxidized by peroxides (H2O2) in water. Such a reaction
was catalyzed by a water-soluble copper(II) complex bearing 4-bromobenzoate/2,2′-
dipyridylamine ligands. This complexwas active also in the oxidation of alkeneswith
TBHP in aqueous solution [134].

Glycerol, containing hydroxyl groups, is a by-product of biodiesel manufactur-
ing [135–137]. Oxidative transformations of glycerol [138] are especially important
from the practical point of view (Scheme 1.1). Glycerol can be easily dehydrated
to α-hydroxyacetone (acetol) which can also be oxidized, potentially leading to the
formation of products of industrial interest (Scheme 1.2). The oxidation of acetol
by cheap and green homogeneous catalytic system FeCl3/H2O2 has been recently
described [139]. Acetic acid and formic acid, as well as carbon dioxide, were the
main products. The experiments in the atmosphere of 16O2 and 16O2 + 18O2 led to
the conclusion that molecular oxygen from atmosphere takes part in the reaction and
these atoms are incorporated into the products. It should be emphasized that the yield
of acetic acid is higher and reaches ca. 70% if water is used as solvent and 50% in
acetonitrile solution (Fig. 1.8).

In the oxidation of acetone with H2O2, catalyzed by the cationic dinuclear man-
ganese(IV) derivative [Mn2L2O3]2+ (complex 4, where L = 1,4,7-trimethyl-1,4,7-
triazacyclononane), the substrate played also the role of the solvent [140]. This
reaction at 40 °C in the presence of oxalic acid gave rise to the formation of acetic
acid as a sole product (a kinetic curve is shown in Fig. 1.9). The initial rate of acetic
acid accumulation and its yield after 3 h linearly depend on the concentration of
catalyst 4 (Fig. 1.9). It is interesting that the initial rate of acetic acid accumulation
only slightly depends on temperature in the interval of 10–50 °C.

Oxidation of Hydrocarbons

Ruthenium(0) nanospecies, with small sizes of approximately 1.75 nm, proved to be
active, selective, and retrievable nanocatalysts for the room temperature oxidation
of various cycloalkanes in neat water, using TBHP as an oxidant [141]. Alvarez
and Sorokin [142] found that in oxidation by H2O2, catalyzed with supported µ-
nitrido diiron phthalocyanines, the reactivities of C–H bonds in methane, ethane, and
propane were very similar when the reaction was performed in water. Contrastingly,
in diluted acidic solution, theµ-nitrido diiron phthalocyanine-H2O2 system exhibited
five times higher activity oxidation of the methane C–H bond compared to the ethane
C–H bond.
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Scheme 1.1 Oxidative transformations of glycerol

The oxidation of alkanes with hydrogen peroxide in water solution at 10–50 °C is
efficiently catalyzed by the cationic dinuclear manganese(IV) derivative 4, if oxalic
acid is present as a cocatalyst [143]. Methane was transformed into methanol and
formaldehyde (after reduction of the reaction mixture with ascorbic acid). Cyclohex-
ane was oxidized to produce cyclohexyl hydroperoxide, cyclohexanone, and cyclo-
hexanol (the ketone was the main product, although at room temperature almost
pure alkyl hydroperoxide was formed). The oxidation of n-heptane by this system
gave (after the reduction of the ether extract with PPh3) a mixture of all possible
isomeric alcohols and ketones (aldehyde), witnessing that hydrogens at position 3
and especially at position 4 are much more reactive than hydrogen atoms in position
2. Similar profiles have been obtained for the selectivities in oxidations of n-hexane
and n-pentane. This picture is in a striking contrast with the corresponding profiles
for the oxidation in acetonitrile (see Fig. 1.10). It was assumed that hydrocarbon
chains exist in aqueous solution in the folded conformation and in this case position
4 of n-heptane is more accessible for the attack than position 2.
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Scheme 1.2 Oxidation of acetol with H2O2

Fig. 1.8 Acetic acid
concentration versus time for
the FeCl3-catalyzed
oxidation of acetol in water
or acetonitrile. Conditions:
acetol, 0.5 M; FeCl3, 1 ×
10–3 M; H2O2, 0.5 M;
solvent up to 5 mL; 60 °C
Adapted from ref. [139]
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Fig. 1.9 Oxidation of
acetone with hydrogen
peroxide (0.54 M) catalyzed
by complex 4 (5 × 10−5 M)
and oxalic acid (0.125 M) at
40 °C. Solvent: acetone
containing MeCN (1 mL).
Total volume of the reaction
solution was 5 mL.
Accumulation of acetic acid
with time (curve 1) and
dependence of the initial rate
of formation of acetic acid
W0 (curve 2) on the initial
concentration of catalyst 4
are shown Adapted from
Ref. [140]

Fig. 1.10 Selectivity parameters C(2): C(3): C(4) which are normalized (i.e., calculated taking into
account the number of hydrogen atoms at each position) relative reactivities of hydrogen atoms at
positions 2, 3, and 4 of the hydrocarbon chain, respectively, calculated for both obtained alcohols
and ketones (the reactivity of the CH2 hydrogens at position 2 is accepted to be equal 1.0 and C(1):
C(2): C(3): C(4) for the oxidation of n-heptane by the 4–oxalic acid–H2O2 system in water and
acetonitrile Adapted from Ref. [143]
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When an emulsion of cyclohexane and an aqueous solution of Fe(ClO4)3 in air
was light irradiated, cyclohexanone was produced. No cyclohexanol was detected
[144]. The reaction occurs via the formation of cyclohexyl hydroperoxide, which
in water was highly selectively decomposed to afford cyclohexanone. A copper-
based metal-organic framework (Fig. 1.11), synthesized from imidazole carboxylate
ligands 5-(1H-imidazol-1-yl)isophthalic acid and copper(II) ions induced hydrox-
ylation of benzene to phenol with a benzene conversion of 29% as well as a high
phenol selectivity above 95% at 60 °C in water [145]. The catalytic mechanism
follows a Fenton-type route (Fig. 1.11). Other solvents, such as ethanol, methanol,
dichloromethane, andN,N-dimethylformamidewere not appropriate for the benzene
transformation into phenol. A low benzene conversion alongwith an excellent phenol
selectivity was obtained in pure acetonitrile or water. Mixed solvents acetonitrile-
water had a better effect because the benzene hydroxylation occurred in the aqueous
phase, and acetonitrile extracted phenol from water, avoiding over-oxidation.

Recently, Hollman and coworkers [146] demonstrated that visible-light-driven,
catalytic water oxidation can be used for in situ generation of H2O2 from water,
rendering the peroxygenase catalytically active. In this way, the stereoselective oxy-
functionalization of ethylbenzene can be achieved by using the catalytic system,

Fig. 1.11 Proposed
mechanism of the
hydroxylation of benzene to
phenol with the
copper-based MOF Adapted
from Ref. [145]
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Fig. 1.12 Photochemical water oxidation generating H2O2 to promote peroxygenase-catalyzed
hydroxylations of ethylbenzene. Reproduced from Ref. [146] with permission of Springer Nature

water, and visible light as shown in Fig. 1.12. The photochemical oxidation of water
under the action of a water oxidation catalyst (WOC) delivers the liberated reducing
equivalents tomolecular oxygen to produceH2O2. The system oxidizes ethylbenzene
in > 99% ee.

Propane was oxidized to acetone, isopropanol, propanal, and propionic acid by
the H2O2–NaVO3–H2SO4 system in water [147]. The oxidation of methane with the
reagent “hydrogen peroxide–vanadate anion–pyrazine-2-carboxylic acid (PCA)” in
an aqueous solution to afford largely formic acid is accompanied by the intense par-
allel degradation of the cocatalyst. Additives of strong acids (sulfuric, trifluoroacetic,
or perchloric) increase the yield of the products [148].

In 1969, Shilov and coworkers discovered the H/D exchange in alkanes, RH,
under the action of a simple platinum(II) salt, Na2PtCl4 in solution of D-containing
water or acetic acid (see reviews [24, 149]).

RH + D2O
Na2PtCl4−−−−→ RD + HOD

Later, the same authors described the oxidation of alkanes with H2PtCl6 in the
presence of a catalytic amount of Na2PtCl4. In this case, alkane was transformed into
the corresponding alcohol and alkyl chloride.

RH + H2PtCl6
Na2PtCl4−−−−→ RCl + ROH + H2PtCl4

It is important to emphasize that simple platinum salts in water or aqueous acetic
acid under relatively mild conditions could induce such challenging reactions. The
Shilov reactions present the first example of “genuine, organometallic” (that is occur-
ringwith the formation of carbon–metal bonds) activation ofC–Hbonds in alkanes by
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metal complexes. A combined investigation of rate constants kex and kox of the H/D
exchange and oxidation, respectively, under conditions when only species PtIICl–3 are
active, was carried out [24]. When concentration [Pt(IV)] rises and [D+] decreases,
the value kex for exchange decreases and the constant for oxidation kox increases.
However, the sum of constants for both processes is maintained constant and equal
to the activation rate constant kex + kox = kact. This testifies that both processes occur
with the participation of common intermediates. It was found that the rate constant
for interaction of RPtII with PtIV is 104 times higher than the constant for reaction
of RPtII with D+. A qualitative model which takes into account these data has been
proposed [24] This mechanism includes as a first step the equilibrium pre-activation
of Pt(II) complex leading to the generation of coordination vacancy. A very active
(PtII)* complex containing a coordination vacancy forms then an adduct with the
alkane RH. In the subsequent step, all accessible C–H bonds of RH are split with
almost equal rate. Interestingly, a striking similarity of kinetic parameters for Shilov
reaction and that for the reaction of alkanes with hydroxyl radicals in water has been
documented [24].

1.4.4 Strong Acids as Solvents

Periana and coworkers proposed (2,2′-bipyrimidyl)platinum(II)dichloride as catalyst
for the “Periana System”; see recent reviews [150–152]. Fuming sulfuric acid is the
oxidant in this case. A scheme of the catalytic cycle is shown in Fig. 1.13. The authors
postulated that there could be three distinct classes of catalyst/oxidant/solvent sys-
tems. The established electrophilic class combines electron-poor catalysts in acidic
solvents. The nucleophilic class matches electron-rich catalysts with basic solvents.
The third class involves ambiphilic catalysts that can conceptually react with both
the HOMO and LUMO of the CH bond and would typically involve neutral reaction
solvents. The “Periana System” was capable of the selective, high-yield function-
alization of methane to ~1 M methanol in H2SO4. Its stability was the result of
oxidative dissolution of Pt0 by H2SO4 facilitated by the bipyrimidine (bpym) ligand.

In 1973, Rudakov and coworkers discovered the alkane oxidation in sulfuric acid
by palladium(II) ions as analogs of Pt(II), and later by HgII, PtIII, sulfuric acid itself,
and other reagents (see reviews [24, 153]). Shilov reaction astoundingly differs from
the alkane reaction with palladium(II) ions. The latter process occurs only in strongly
acidic media (>70% H2SO4).

Strassner [154] found that palladium(II) complexes of bridged bis(N-heterocyclic
carbenes) (NHC) catalyze the direct conversion of methane in trifluoroacetic acid
with a much higher activity than palladium acetate. The palladium-catalyzed oxida-
tion of methane was divided into three steps: CH activation, oxidation, and reductive
elimination. The reaction did not work in acetic acid. The authors calculated the cor-
responding rate-determining transition state (Fig. 1.14). The formation of the cationic
sigma-complex is significantly higher in energy at 25.0 kcal mol−1, in comparison
to 16.1 kcal mol−1 for the trifluoroacetate complex. The energy differences between
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Fig. 1.13 The catalytic cycle for the methane oxidation by the Periana system Adapted from Ref.
[151]

Fig. 1.14 Comparison of the overall reaction barriers for trifluoroacetic acid (HOTFA, in blue) and
acetic acid (HOAc, in red) Adapted from Ref. [154]
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Scheme 1.3 Oxidation and carbonylation of methane in AcfOH/H2O medium in the presence of
Rh–I–Cl, Rh–Cu–Cl, and Rh–Fe–Cl catalytic systems Adapted from Ref. [158]

the transition states and the corresponding sigma-complexes are 23.4 kcal mol−1 for
the trifluoroacetate transition state and 15.7 kcal mol−1 for the corresponding acetate
transition state. Overall, the reaction barrier is 1.2 kcal mol−1 higher in energy for
the acetate transition state, which is in agreement with the experimental data.

CH4 + 2H2SO4
PtCl2(bpym)−−−−−−−→
H2SO4,220 ◦C

CH3OSO3H + 2H2O + SO2

Sen demonstrated [155] that carbon monoxide can efficiently trap alkyl radicals
generated in the reaction of methane or ethane with SO4

–· radical (generated from
S2O8

2− in aqueous medium, at 105–115 °C. The resultant acyl radicals were ulti-
mately converted into the homologous carboxylic acids. Later, Fujiwara and cowork-
ers reported on a system for the conversion of CH4, CO, and O2 (or K2S2O8) to
acetic acid in the presence of PdII catalysts in trifluoroacetic acid as solvent [156].
Pombeiro and coworkers reported carbonylation of alkanes with CO and K2S2O8

in trifluoroacetic acid at 80 °C, catalyzed by vanadium complexes [157]. Chep-
aikin [158] and coworkers demonstrated that catalytic systems RhCl3–KI–NaCl
andRhCl3–Cu(OAcf)2–NaCl in aqueous perfluorinated carboxylic acids(CF3COOH,
C3F7COOH) are effective in coupled oxidation of alkanes and carbonmonoxide with
dioxygen (Scheme 1.3). The process occurs partially by the inner-sphere mechanism
involving Rh–alkyl intermediates. This mechanism is supported by the formation
of alkyl chlorides, synthesis of acetic acid in conversion of methane, and positional
selectivity in oxidation of propane.

1.4.5 Supercritical Liquids

Supercritical fluids are considered as promising solvents for chemical reac-
tions [159]. One of the most extensively used supercritical liquids is
supercritical carbon dioxide (scCO2) which is nontoxic and nonflammable
compound, completely miscible with water and with molecular oxygen,
and can be easily separated from the reaction mixtures. For example,
recently the cis-dioxidomolybdenum(VI) complexes [MoO2(L1)], [MoO2(L2)] and
[MoO2(L3)], where H2L1 = 2,3-dihydroxybenzylidene-2-hydroxybenzohydrazide,
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H3L2 = 2,3-dihydroxybenzylidene-benzohydrazide and H2L3= (3,5-di-tert-butyl-
2-hydroxybenzylidene)-2-hydroxybenzohydrazide, were employed in oxidation of
cyclohexane with TBHP in CH3CN, ionic liquid (1-butyl-3-methylimidazolium
hexafluorophosphate, [bmim][PF6]), supercritical carbon dioxide (sc–CO2), and
sc–CO2/[bmim][PF6] mixed solvent [160].

1.4.6 Ionic Liquids

Manymetal catalysts and substrates either do not dissolve in water or rapidly decom-
pose in aqueous solutions. “Ionic liquids, fluorous solvents and supercritical fluids
may offer a solution in avoiding” some of such problems [161–163]. Thus, the effi-
ciency of Pt/C–heteropoly acid catalyst in a liquid-phase oxidation of cyclohexane
using an O2–H2 mixture the catalytic effect of the Pt/C–H3PMo12O40–CH3CN sys-
tem at 35 °C is significantly improved, by slowing the rate of side reactions resulting
in water formation, increasing the rate of oxygenate formation, and inhibiting their
secondary oxidation reactions by small additives of ionic liquid (BMImBr, Bu4NBr,
or Bu4NHSO4) [164].

The first example of alkane hydrocarboxylation in an ionic liquid medium was
reported. CompoundA (Fig. 1.15) can effectively catalyze the hydrocarboxylation of
cyclohexane not only in aqueous MeCN but also in an aqueous ionic liquid medium,
water/ionic liquid [BMPyr][NTf2], BMPyr = 1-butyl-1-methylpyrrolidinium; NTf2
=bis(trifluoromethanesulfonyl)imide, producing the corresponding cyclohexanecar-
boxylic acid as the main product [165]. The reaction proceeds mainly via a radical
mechanism (Fig. 1.15).

1.5 Perspectives

Traditional organic solvents are widely employed in catalytic organic synthe-
sis. These solvents are acetic acid, acetonitrile, alcohols, dimethylformamide,
dichloromethane, dimethylsulfoxide, etc. The material described in this chapter
demonstrates that oxidations of C–H compounds in nontraditional solvents (partic-
ularly, in supercritical fluids, for example, sc–CO2, ionic liquids, strong acids, such
as sulfuric and trifluoroacetic acids) have an advantage relative to traditional organic
solvents. Water, which is the most abundant molecule on Earth, is simultaneously
the most attractive and perspective solvent. It is the cheapest and environmentally
benign solvent. “Due to hydrophobic effects, using water as a solvent not only accel-
erates reaction rates but also enhances reaction selectivities, even when the reactants
are sparingly soluble or insoluble in this medium. Furthermore, the low solubility
of oxygen gas in water, an important property in the early development of life in an
anaerobic environment, can facilitate air-sensitive transition-metal catalysis in open
air” [131]. “It is often recognized that the use of water as a solvent has tremendous
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Fig. 1.15 Proposed mechanism for the hydrocarboxylation of cyclohexane Adapted from Ref.
[165]

benefits as a green chemistry solvent. Certainly, it is obvious that water is nontoxic,
nonflammable, cheap, and available. When compared to the typically used organic
solvents based on petroleum feed-stocks, one would argue that water is the pinnacle
of the green solvents” [166]. However, water as solvent has some serious limita-
tions: one of them is the problem of product separation. Nevertheless, chemists can
assume that water as a solvent will be usedmore andmore widely in catalytic organic
synthesis.
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Chapter 2
Low-Temperature Catalytic Selective
Oxidation of Methane to Methanol

Nishtha Agarwal, Stuart H. Taylor and Graham J. Hutchings

Abstract The selective oxidation of methane, which is the primary component of
natural gas, is one of the most important challenges in catalysis. While the search for
catalysts capable of converting methane directly to higher value commodity chem-
icals and liquid fuels, such as methanol, has been ongoing for over a century, an
industrially viable process has not yet been developed. In nature, this process is
selectively demonstrated by methane monooxygenase using dioxygen at room tem-
perature, but such a process has not been commercialised. Currently, large scale
upgrading of natural gas proceeds indirectly by employing high-temperature conver-
sion to syngas which is then processed to synthesis fuels and chemicals. Other routes
for methane activation include gas-phase oxidative and non-oxidative coupling to
form higher hydrocarbons and aromatic compounds, and liquid-phase oxidation to
methanol, formaldehyde and acetic acid. Low-temperature selective oxidation of
methane to methanol has also been widely studied and remains an open challenge
for catalysis in the twenty-first century.

Keywords Methane Oxidation · Zeolites · Gold–palladium catalysis · Low
temperature · Hydrogen peroxide · Electrophilic activation · Liquid-phase
oxidation · Methane to methanol

2.1 Methane and Natural Gas

Natural gas is a mixture of components, comprised primarily of gaseous hydrocar-
bons, such as methane, ethane and higher hydrocarbons in various concentrations.
In addition, contaminants like sulphur and nitrogen are also present in the crude
mixture. In 2016, natural gas production was estimated to be about 3,613 billion
cubic metres and continues to rise annually. It is considered as a versatile fuel and
supplies 22% of worldwide energy demand, and demand is expected to grow faster
than both oil and coal [1]. It also plays a crucial role as a chemical feedstock for
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industry, especially for methanol production, and has environmental benefits com-
pared to other fossil fuels, since it increases air quality by decreasing greenhouse and
volatile organic compound (VOC) emissions [2]. With the recent advancements in
the liquefaction and transportation of natural gas, usage as a feedstock has increased
drastically over recent years. However, it still remains a widely underutilised feed-
stock, primarily due to high costs and significant safety concerns associated with its
transportation. About 4% of global production of natural gas is still being flared at
oilfield wellheads, because of their inconvenient locations, which results in a lack of
other feasible long-term options [3].

Therefore, while natural gas is currently used as an energy source, its valorisation
to energy-dense liquid derivatives (such as methanol or mid-range hydrocarbons) is
highly desirable to increase its utilisation. The composition is primarily methane (up
to 0.99 molar fraction), along with higher hydrocarbons such as ethane as shown in
Table 2.1 [4]. Methane is also a significant by-product of oil refining and chemical
processing. Since methane is one of the main components of natural gas, many
approaches are being employed to convert methane into a product (chemical or fuel)
that could be easily transported. Since methane has the potential to be a source of
carbon for the synthesis of chemical commodities, its transformation is of utmost
importance and direct activation of methane has been named as one of the grand
challenges for chemists [5].

Current approaches of methane transformation (Fig. 2.1) include conversion of
methane to methanol or formic acid (either directly or indirectly) via synthesis gas
(CO + H2), oxidative coupling to higher hydrocarbons and non-oxidative conver-
sion of methane to aromatics, such as benzene [6]. The methane to methanol (MTM)

Table 2.1 Typical
composition range of natural
gas

Compound Molar fraction

Hydrocarbons

Methane 0.75–0.99

Ethane 0.01–0.15

Propane 0.01–0.10

n-Butane 0.00–0.02

Isobutane 0.00–0.01

n-Pentane 0.00–0.01

Isopentane 0.00–0.01

Hexane 0.00–0.01

Heptane plus higher hydrocarbons 0.00–0.001

Nonhydrocarbons

Nitrogen 0.00–0.15

Carbon Dioxide 0.00–0.30

Hydrogen sulphide 0.00–0.30

Helium 0.00–0.05
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Fig. 2.1 Overview of different routes for the valorisation of methane

process is by far the most attractive among these, since methanol is not only a more
energy-dense liquid derivative, which aids transportation costs, but it is also a highly
desirable precursor to a number of commodity chemicals and useful products such as
ethylene, dimethyl ether and methyl methacrylate [7]. In addition, it is also used as
a solvent in chemical processing, used itself for production of higher hydrocarbons
and gasoline by industrial processes and has also been proposed as a candidate for
a cleaner and greener fuel [6, 8, 9]. For instance, methanol is used in the methanol
to gasoline (MTG) process that yields a mixture of aromatics and was developed by
Mobil, the Lurgi methanol to propylene process (MTP), and the Syn Energy Technol-
ogy Co.’s dimethyl ether/methanol to olefin process (DMTO) and Hydro/UOPMTO
process that primarily produces ethene and propene for polymerisation feedstock.

Thus, while activation and direct oxidation of methane to methanol are highly
desirable, the selective oxidation reaction has proved very difficult to achieve
(Eq. 2.1).

CH4 + 1

2
O2 −→CH3OH (2.1)

Methane is the least reactive of all hydrocarbons, due to a very high C–H bond
strength of 439 kJ/mol [10]. Hence, the oxidation processes are either limited to
lower conversion or to lower selectivity with energy-intensive conditions. Deeper
oxygenated species (COx) become themajor product because the conditions used for
methane oxidation also have the undesirable effect of activating the target products,
given thatC–Hbond strength in these species ismuch lower thanmethane (373kJ/mol
in the case ofmethanol [11]). Selective oxidation ofmethane to value-added products
requires design of a highly efficient catalytic system and its process development has
been an area of research and development for many years [9].
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2.2 Routes for Methane Upgrading

As mentioned earlier, there are several approaches that have been used and studied
overmanyyears formethane activation andupgrading. This section explores different
processes that are being used industrially, and academic studies for direct activation
and oxidation, both at high temperature in the gas phase and low temperature in
the liquid phase. Liquid-phase activation typically uses mild conditions to increase
selectivity, but the catalytic cycle is usually not closed in most of these cases.

2.2.1 Industrial Methane Processing

As a consequence of the difficulty of directly oxidisingmethane, industrial utilisation
of methane into useful products is performed at large scale by first producing synthe-
sis gas (a mixture of carbon monoxide and hydrogen). It can be further transformed
to methanol, or to higher hydrocarbons via Fischer–Tropsch synthesis [8]. Different
ratios of CO and H2 can be achieved based on methane reforming (steam or dry) or
partial oxidation reactions.

Methane reforming reactions

CH4 + H2O−→CO + 3H2 (2.2)

CH4 + CO2 −→ 2CO + 2H2 (2.3)

are endothermic whereas partial oxidation

CH4 + 1

2
O2 −→CO + 2H2 (2.4)

is slightly exothermic, but requires oxygen which adds the hazards of handling large
quantities of undiluted oxygen aswell asO2/CH4 mixtures. Partial oxidation (Eq. 2.4)
can be seen as a combination of total combustion and reforming which are separated
in a process known as auto-thermal reforming [12]. Steam reforming with H2O
(Eq. 2.2) is a commonly used technique and dry reforming with CO2 (Eq. 2.3) is
another potential technology, but it has not yet reached the efficiency needed to be
used industrially. However, it continues to be a very attractive option because it
utilises two of the major greenhouse gases.

Nickel-based catalysts used for methane reforming are operated under energy-
intensive conditions with high temperatures (850 °C) and moderate pressures
(40 bar). This puts limitations on the size of reactors due to problems related to
heat transfer. The catalyst itself is also prone to deposition of graphitic carbon that
leads to catalyst deactivation.
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Following the manufacture of synthesis gas (CO + H2) and some CO2 that is
present due to reforming reactions, methanol synthesis is performed by the following
two methods:

CO + 2H2 −→CH3OH (2.5)

CO2 + 3H2 −→CH3OH + H2O (2.6)

Methanol yield is maximised at temperatures around 250 °C, pressure of 5–10 bar
and by adjusting concentrations of CO and CO2 over a Cu–ZnO–Al2O3 catalyst with
numerous dopants added [11]. As a result of process optimisation over decades,
high yields and selectivity towards methanol are achieved, but it is clear that this
indirect process of methane to methanol process is highly energy intensive due to the
very high temperatures and pressures and with high operational costs. Given these
disadvantages, direct partial oxidation of methane to methanol at mild conditions is
highly desirable and is being researched extensively.

2.3 Methane Oxidation

Conversion of methane to value-added products is difficult due to inherent stabil-
ity and low reactivity of methane. This is further complicated by overoxidation of
products to COx. There is a need to design and develop a catalytic system and
process which activates methane and avoids product overoxidation. Due to these
difficulties, catalytic conversion of methane to partial oxygenates has been called
the holy-grail of catalysis and has been studied by employing various approaches,
which are broadly classified into gas phase (usually at high temperatures) and low-
temperature liquid-phase reactions. Despite the difficulties in a highly selective and
active process to oxidise methane to methanol at low temperature in an aqueous
solution, such a method exists in nature.

2.3.1 Biological Methane Oxidation

Methanotropic micro-organisms have an enzyme called methane monooxygenase
(MMO), which catalyses methane oxidation as an initial step in their respiration
process (Eq. 2.7).

CH4 + NADH + H+ + O2 −→CH3OH + NAD+ + H2O (2.7)

The two major forms are membrane-bound particulate (pMMO) and soluble
(sMMO), the former being more common. Due to difficulties in isolation and purifi-
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Fig. 2.2 Active centre
containing a di-iron µ-oxo
sites in methane
monooxygenase enzyme.
Reproduced by permission
from Springer Nature: Ref.
[15]. Copyright 2001

cation, sMMO variations from Methylococcus capsulates (Bath) have been well
characterised and studied [13]. Studies have also demonstrated the non-specificity
of the MMO enzyme, which efficiently oxidises a wide range of aliphatic and aro-
matic hydrocarbons. It is also an efficient catalyst for methane to methanol oxidation
selectively, without forming formic acid or other overoxidation products [14]. The
productivity of sMMO for methane oxidation with molecular oxygen was found to
be 5.05 molesmethanol kg

−1
protein h

−1.
Primary active sites have been identified as a binuclear iron µ-oxo species as

shown in Fig. 2.2 [15]. These binuclear Fe sites are responsible for the reductive
activation of O2 with an NADH cofactor, and during the redox cycle, it is considered
that each Fe centre varies between +2 and +4 oxidation states, leading to the for-
mation of high-valent ferryl ion ([FeO]2+) [15]. It is also believed that this provides
the driving force towards the hydroxylation of non-activated C–H bond.

Methyl monooxygenase enzymes with active sites other than Fe metal have also
been studied recently. Although not completely understood, the active site in pMMO
is considered to contain copper as opposed to sMMO [13]. These biological systems
are unlikely to be used industrially due to high costs associated with isolation and
purification of these enzymes. Additionally, enzymatic systems are also prone to
deactivation by fluctuations of temperature, pressure and concentration, and hence
have a limited working range. However, these enzymes have provided new insight
into development of synthetic catalysts.

2.3.2 Gas-Phase Oxidative Routes

Typical gas-phase oxidation reactions are carried out with air, molecular oxygen
and nitrous oxide as oxidants at high temperatures. High-temperature oxidation sys-
tems generally involve complex radical pathways, which also leads to side coupling
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products and overoxidation products limiting selectivity and yield of primary prod-
ucts [16]. By varying reaction parameters and reactor design, moderate selectivity
to methanol can be achieved at higher temperatures (450–600 °C) and moderate
pressures (30–60 bar) [17]. By tuning the methane partial pressure, radical concen-
tration can be tuned to reduce competition with coupling reactions; but generally
formaldehyde is the major gas-phase oxygenate produced rather than methanol [18].
O2 is used as the oxidant in these cases, which oxidises the methoxy radical (CH3O·)
species before protonation to produce CH3OH. However, the high temperatures lead
to overoxidation to CO2 resulting in lower oxygenate selectivity.

In order tomimic themethanemonooxygenase enzymatic systems, heterogeneous
catalysts have been developed based on zeolite systems. Zeolites are microporous,
crystalline aluminosilicates which can accommodate a wide variety of cations. They
are composed of SiO4 and AlO4

− tetrahedral, which are connected by bridging oxy-
gen atoms. The extra-framework cations balance the negative charge of the AlO4

−
tetrahedra and are exchangeable, which gives rise to a diverse chemistry associated
with zeolites. Some examples of zeolites used for methane oxidation are MFI type
zeolites such as Fe–Cu–ZSM–5, TS-1, chabazite and mordenite. The composition of
zeolites can be manipulated to modify the levels of Brönsted acidity, with H+ as the
counter-cation, and Lewis acidity, through dealumination of the zeolite framework.
This gives a huge advantage in tuning the activity and selectivity of zeolite-based
catalysts. Zeolites have a 3-dimensional system of pores and cavities, with dimen-
sions varying from 3 to 14 Å. This pore specificity for different zeolites makes them
highly shape-selective catalysts capable of tuning substrate and product selectivity.
These porous cavities also demonstrate a confinement effect, changing the contact
time between different substrates and active sites.

Cyclic gas-phase oxidation of CH4 with metal-exchanged zeolite catalysts with
O2, N2O, or H2O has been studied at high temperatures (150–500 °C) to activate the
oxidant and desorb the CH3OH produced. Panov et al. showed that methane could be
oxidisedwith Fe-ZSM-5 tomethanol usingN2O as oxidant [19]. N2O decomposition
creates an anion-radical species, which is an active species for oxidation of methane.
A limitation of the system is a lack of a complete catalytic cycle, because an additional
step to extract the methanol is required, typically by steaming or washing the zeolite.
Addition of water into the feed-stream showed an increase in methanol selectivity
from 1.9 to 16% [20, 21]. The same Fe-ZSM-5 system with molecular O2 led to
total combustion products [22]. Fe and Cu modified ZSM-5 catalyst was also found
to be effective for this reaction using H2O2 under continuous flow conditions [23].
A methanol selectivity of 92% was observed at 0.5% conversion (0.46% yield).
Oxidants like H2O2 or N2O led to higher conversion compared to O2. Instead of Fe,
Cu containing ZSM-5 and mordenite (MOR) have also been studied, with their use
inspired by sMMO systems [24].

Recently, an isothermal catalytic cycle was reported to convert methane to
methanol over Cu-mordenite (CuMOR) at 200 °C with molecular O2 [25]. In this
process, the catalyst was first activated with O2 followed by reaction with methane,
and methanol was extracted using steam (Fig. 2.3). Microscopy of CuMOR acti-
vated at 200 °C showed intact zeolite structure with small copper oxide particles.
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Fig. 2.3 Schematic representation ofmethane oxidation usingCuMOR.Reproduced by permission
from Ref. [25]. Copyright 2016 John Wiley and Sons

The active site was then re-activated for further oxidation cycles. A methanol yield
of 56.2 µmol g−1 was observed after 13 h of O2 activation followed by reaction at a
methane pressure of 37 bar. Instead of a sequential process, continuous production of
methanol from methane, oxygen and water was achieved with Cu modified zeolites
by tuning the process conditions [26]. In this case, 1.81 µmol h−1g−1

cat of methanol
was obtained with 0.981 bar of CH4. The catalyst was pretreated with O2 at 550 °C
for 5 h. Cu containing mordenite zeolites were also utilised for methane conversion
to methanol using water.

Sushkevich et al. recently reported anaerobic direct oxidation by using water,
both as a solvent and an oxidant, with a high methanol selectivity of 97% [27]. Water
molecules acted as a cheap and abundant source of oxygen, but also regenerated
the active sites. It also facilitated desorption of the product and stabilisation of the
reaction intermediates.

The activation of the catalyst was performed at 400 °C, which was followed by
the reaction with 7 bar of methane and then water at 200 °C. Consistent production
of 0.2 mol of CH3OH per mol of copper was observed. A mechanism involving
reduction of dicopper sites of mordenite providing two electrons to oxidise methane
tomethanolwas presented. Subsequent reduction ofwater,with concurrent formation
of hydrogen, returns the two electrons to regenerate themono (µ-oxo) dicopper active
species.

Gas phase and high-temperature processes have limited methanol yield, due to
lower methanol stability and hence decreased selectivity at higher conversion. Com-
pared to previously discussed gas-phase oxidation, liquid-phase approaches use
milder conditions to avoid overoxidation of methanol to COx. A lot of catalyst
developments in these low-temperature approaches were inspired by nature.
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2.3.3 Liquid-Phase Electrophilic Oxidation

Earlier methane oxidation approaches were based on work pioneered by Shilov and
co-workers on electrophilic activation by oxidation-tolerant complexes [28]. They
showed that bothmethanol (andmethyl chloride) can be obtained as shown in Eq. 2.8
in a Cl− containing aqueous medium at 120 °Cwith a Pt catalytic system using water
as the source of oxygen [28–30].

R − H + [PtCl6]2− cat·[PtCl4]2−−−−−−−→[H2O/120◦] R − OH + R − Cl + [PtCl4]2− + 2HCl (2.8)

The reaction (Eq. 2.8) is catalytic in Pt(II) but requires Pt(IV) in stoichiometric
amounts, which makes it unfeasible on any large scale, but it does demonstrate the
possibility of catalytic oxidation of methane via activation of C–H bond with late
transition metals with the general scheme as shown in Fig. 2.4.

The first step in the Shilov-type catalytic system is the activation of methane by
formation of methyl-Pt complex. Subsequently, [PtCl6]2− oxidises the complex by
electron donation, making it susceptible to nucleophilic attack by water (or chlorine)
at the C–Pt bond, liberating CH3OH (or CH3Cl) and HCl [29]. Along with the stoi-
chiometric use of [PtCl6]2−, the catalytic species are not particularly stable in solution
due to formation of metallic platinum, since the redox potential for Pt(II)–Pt(0) cou-
ple is very close to the redox potential for Pt(IV)–Pt(II) couple. Understanding the
proposed Shilov mechanism (Fig. 2.4) was crucial in understanding electrophilic
activation of methane and led to the development of various liquid-phase catalysts.
Later Periana et al. showed that [PtCl6]2− can be replaced by conc. H2SO4 as an
oxidant, i.e. using S in +6 oxidation state as highly oxidising species [32]. A homo-
geneous Hg(II)-based catalyst was also employed. The reaction was carried out at
180 °C and produced methyl bisulphate (CH3OSO3H) from methane and water, and
sulphur dioxide from H2SO4 [32].

CH4 + 2H2SO4 −→CH3OSO3H + SO2 + 2H2O (2.9)

Fig. 2.4 Reaction cycle for
electrophilic activation of
C–H bond as seen in Shilov
systems [31]
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At 50% conversion, 85% selectivity to CH3OSO3H was achieved (Eq. 2.10), this
product had to be separately hydrolysed to generate methanol as shown in giving a
total yield of 43%.

CH3OSO3H + H2O−→CH3OH + H2SO4 (2.10)

An advantage of forming the bisulphate moiety as a product is protection from
overoxidation. Due to the electron withdrawing nature of this group, there is a
decrease in electron density on the primary carbon making it two orders of mag-
nitude less susceptible to overoxidation [32]. As shown in Eq. 2.11, the process is
also limited by re-oxidation of SO2 which limits its application industrially.

SO2 + 1

2
O2 + H2O−→H2SO4 (2.11)

As the reaction is not fully efficient, dilute H2SO4 is produced and a fully closed
catalytic cycle is not achieved. This remains a limitation for liquid-phase oxidation
even if there is site separation between methane oxidation and oxidant regeneration
[6]. The overall equation represented in Eq. 2.2 shows a partial methane oxidation
to methanol using O2, but the oxidant used is concentrated H2SO4.

Net: CH4 + 1

2
O2 −→CH3OH (2.12)

This processwas later improved upon by the same researchers, who substituted the
mercuric catalyst by bipyramidal bis(2,2′-bipirimidine)Pt(II)Cl2 complex, as shown
in Fig. 2.5a [33]. This turned out to be a better system with 90% conversion of
methane at selectivity of 81% to methyl bisulphate, and is used as a benchmark
to compare catalyst efficiency. Similar to the mechanism proposed by Shilov, the
electrophilic Pt(II)–CH3 intermediate was proposed as shown in Fig. 2.5b. Similarly,
thallium, palladium and the cations of gold were also used to oxidise methane to
methanol.

Pd(II) was shown to activatemethane in a similarmanner, but the yieldwas limited
due to the formation of Pd(0) [34, 35]. This limitation was overcome by Kalucki and
co-workers by using metallic palladium in fuming sulphuric acid. Fuming sulphuric
acid contains free sulphur trioxide, which is a stronger oxidant, and as a result of

Pt
N

(a) (b)

N

N N

Cl

Cl

Pt
N N

N N

OP

CH3

Fig. 2.5 Pt-based Periana catalyst. a Structure of the bipyramidal catalyst and b Pt(II)–CH3 inter-
mediate where OP is the oxidising ligand, in this case Cl or HSO4 [33]
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Fig. 2.6 Catalytic cycle
using metallic palladium [36]

SO2 + O2-

SO3
Pd(0)

Pd2+

H+         CH4

Pd2+ CH3

H2SO4

CH3OSO3H + H+

which, Pd(0) was oxidised to Pd(II) and was used to activate methane as shown in
Fig. 2.6 [36]. The metal itself could be recovered and reused for multiple reactions
and showed higher activity with higher SO3 content.

Similarly, Jones et al. used cationic gold as an efficient electrophilic catalyst, but
even in strongly acidic media such as triflic or sulphuric acid, there was irreversible
formation of metallic gold after only one cycle, which led to only stoichiometric
reaction and a turnover of <1% [37]. Au(III) species were found to be essential for
the reaction, as metallic Au showed no activity. Selenic acid with Se(VI) was used as
the oxidising agent since it is stronger than S(VI). It is almost as acidic as sulphuric
acid and could stabilise the Au(III) cationic species. The reaction was then catalytic
with turnover numbers of up to 30 [37].

In addition to concentrated H2SO4 and oleum, and stronger acids such as SO3

and HSeO4, Pd-based catalysts along with other transition metals have also been
studied in trifluoroacetic acid systems to activate methane. Sen and co-workers
showed that peroxytrifluoroacetic acid, which was generated from hydrogen perox-
ide and trifluoroacetic acid anhydride, can oxidise methane to methyl trifluoroacetate
(CF3COOCH3)with the reaction catalysed by Pd(II) [38]. Park et al. reported the oxi-
dation of methane to a mixture of CF3COOCH3 and CH3OOH over a C-supported
Pd heterogeneous catalyst in the presence of Cu(CH3COO)2 additive [39, 40]. In
these cases, trifluoroacetic acid acts as the solvent and as a protecting group for
methanol, H2O2 could also be synthesised in situ through the reaction between H2

and O2 [39]. Vargaftik et al. also proposed methane activation using Co(III)-based
catalyst in trifluoroacetic acid at 180 °C, which produced methyl trifluoroacetate
[41]. The reaction was stoichiometric due to conversion to Co(II). The reaction was
catalytic in the presence of O2, which regenerated the catalytic Co(III) species. H2O2

is favoured as an oxidant because of its high oxygen content and benign nature of its
water by-product, but the low yield and high cost of H2O2 limits industrial viability.

Despite the efficacy of the C–H activation approach discussed above and the high
selectivity observed for methanol derivatives with H2SO4 and CF3COOH, these pro-
cesses have limited applicability due to the corrosive solvent and the nature of oxi-
dants are required to achieve a catalytic cycle. There are significant environmental,
safety and process engineering concerns using these solvent systems.Moreover,most
of the above mentioned are homogeneous catalytic systems and have disadvantages
for an industrial process based around downstream processing and product separa-
tion. To overcome this, the Periana Pt-based catalyst was heterogenized by Palkovitz
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Fig. 2.7 CTF-moiety based heterogeneous system for Periana Pt-based catalyst. Reproduced by
permission from Ref. [42]. Copyright 2009 John Wiley and Sons

et al. by using a polymer framework based on a covalent triazine (CTF) [42] as
shown in Fig. 2.7. This CTF moiety was connected to the bipyramidal Pt species
and it required concentrated sulfuric acid according to the conditions described by
Periana et al. [33, 43].

Thenext development in a catalytic systemwasdrivenby theneed to replace strong
protic solvents and oxidantswithmore benign ones.Methane activationwas observed
in acetonitrile solution in the presence of [NBu4]VO3-pyrazine-2-carboxylic acid and
H2O2 as the promoter in the presence of air by Shulpin and co-workers [44]. Different
Fe(III) complexes were also investigated for methane oxidation by the same group
[45]. Pyrazine-2-carboxylic acid was shown to have a positive effect on the catalytic
activity, which was attributed to the formation of ferryl ion [45]. In contrast to the
previousShilov-type electrophilic activation, formationof hydroxyl andhydroperoxy
radical species were considered as the mechanism for these processes, and they were
formed due to the interaction with H2O2. An aqueous-phase approach was reported
by Yuan et al., in which a number of transition metal chloride catalysts, like OsCl3
and HAuCl4, were studied for selective oxidation of methane and ethane, which
again showed radical-based mechanisms of conversion [46].

2.3.4 Zeolites for Liquid-Phase Oxidation

Several catalysts have been developed on biomimetic approaches focusing on iron-
based active sites at low temperature using milder conditions, such as aqueous sol-
vents and benign oxidants. One of the notable examples was demonstrated by the
use of metal-phthalocyanine complexes of Fe and Cu encapsulated within zeolites
[47]. Raja and Ratnasamy successfully catalysed methane oxidation to a mixture
of methanol and formaldehyde at ambient and sub-ambient (0 °C) temperatures
in the liquid phase with O2/TBHP (tert-butyl hydroperoxide) oxidant mixtures [47].
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Although they obtained very low overoxidation toCO2, amaximum2%was obtained
within 12 h with Fe-phthalocyanine encapsulated within zeolite-X in acetonitrile.
Significant activity was only obtained in chemically reactive organic solvents, while
a much lower activity of the same catalyst was obtained when it was employed in
water.

Further research was carried out by Sorokin et al. with SiO2 supported metal-
phthalocyanine complexes [48, 49]. H2O2 was used as the oxidant and the reaction
was carried out at ambient temperature forming methanol, formaldehyde and formic
acid. A µ-nitrido iron phthalocyanine complex grafted onto silica was also investi-
gated for methane oxidation with H2O2 in water and was found to be unstable under
reaction conditions [50]. Un-modified silica support was also found to be active, and
Fe/SiO2 was found to have similar activity as Fe-phthalocyanine grafted on silica
with high selectivities and much higher stability suggesting a Fenton type chemistry
was involved.

Other catalysts containing iron and copper have also been investigated formethane
oxidation inspired by the monooxygenase enzyme. Most notably, zeolites have
gained a lot of attention in this field.As discussed earlier, zeolites have been employed
in gas-phasemethaneoxidationwithN2OandO2.Gas-phasemethaneoxidation leads
to lower selectivities due to more facile overoxidation. Liquid-phase methane oxi-
dation with zeolites have also been studied extensively. The most notable example
of this is ZSM-5-based catalysts [23, 51]. H-ZSM-5 (SiO2/Al2O3 = 30), which has
been calcined at high temperatures (550 °C), was found to be active for methane
oxidation with H2O2, achieving a conversion of 0.3% with a selectivity of 95% to
oxygenated products.

Elemental analysis carried out on the samples showed a trace amount of iron
present in the framework. With the addition of extra-framework iron, there was an
increase in the catalytic activity, which resulted in amethane conversion of 0.7%, still
maintaining a high selectivity of methanol and limited selectivity to deep oxidation
products. Spectroscopy studies suggested iron to be present as a diiron complex con-
taining antiferromagnetically coupled high-spin octahedral Fe3+ centres. A proposed
catalytic cycle on these binuclear Fe species is shown in Fig. 2.8. The overall charge
in each case is formally +2 as the species acts as an extra-framework cation.

Methyl hydroperoxide is proposed to be the primary reaction product, which
can undergo selective conversion to methanol or non-selective conversion to formic
acid. Formic acid and carbon dioxide are consecutive overoxidation products from
methanol. With 2.5% Fe loading on Fe/ZSM-5 (30) catalyst, the major products
were formic acid (72%), methanol (10%), methyl hydroperoxide (1%) and CO2

(17%) [52].
With the addition of extra-framework or homogeneous Cu+2, in addition to iron,

a major change of selectivity was noted, as methanol became the major product
(85%), this was achieved by stopping methanol oxidation to formic acid (Fig. 2.9).
EPR studies showed Cu+2 was acting as a scavenger of hydroxyl radicals, which was
shown to play a role in the overoxidation of methanol to formic acid and CO2 [52].
Although, the Fe–Cu/ZSM–5 catalyst showed similarity to iron and copper-based
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Fig. 2.8 Proposed catalytic cycle for the oxidation of methane catalysed by a binuclear Fe species
in ZSM-5. Reproduced by permission from Ref. [52]. Copyright 2012 John Wiley and Sons

Fig. 2.9 Proposed reaction
scheme for selective
oxidation of methane with
H2O2. Reproduced by
permission from Ref. [52].
Copyright 2012 John Wiley
and Sons
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methane monooxygenase enzymatic catalysts, it showed no catalytic activity with
molecular oxygen, limiting its commercial significance.

Recently, mononuclear rhodium (Rh) species anchored on ZSM-5 catalyst was
reported to catalyse the direct conversion of methane to methanol and acetic acid,
using oxygen and carbon monoxide under mild conditions [53]. The acidity of the
zeolite has been reported to promote the selectivity of Cu–ZSM–5 catalysts for acetic
acid and a high methanol selectivity was achieved using Na–ZSM–5. The reaction
was carried out in a batch reactorwith catalysts suspended inwater.Methane pressure
of 20 bar and CO pressure of 5 bar was used. O2 pressure was varied to vary the
product selectivity. Upon optimisation of the reaction, a yield of 22,000 µmoles of
acetic acid per gram of catalyst or 230 µmoles of methanol per gram of catalyst
was formed after 3 h, with selectivity of 60% and 100%, respectively, at 150 °C,
as shown in Fig. 2.10 [53]. It was hypothesised that isolated Rh+ cations facilitated
activation of methane with O2 to form Rh–CH3 species. Rh–OCH3 species were
then observed in the presence of CO, suggesting the role of CO was as a co-catalyst.



2 Low-Temperature Catalytic Selective Oxidation … 51

Fig. 2.10 Single site Rh/ZSM-5 catalyst for methane transformation into CH3COOH using CO
and O2. Reproduced by permission from Springer Nature: Ref. [53]. Copyright 2017

It was also involved in regeneration of the Rh–ZSM–5 catalyst. A similar catalytic
transformation was also demonstrated with Rh1O5/ZSM–5, and an isotope labelled
experiments using 13CH4 and 13CO showed that the CH3 of CH3COOH forms from
the activation of CH4 and C=O from the insertion of CO to Rh–OH [54]. Single-atom
Rh/ZrO2 catalysts were also recently investigated for methane oxidation to methanol
under mild aqueous conditions at 70 °C in the liquid phase and to ethane with O2 in
the gas phase at 300 °C [55].

Zeolites have proved to be an important class of heterogeneous catalysts and
are being studied extensively for methane oxidation. They have been found to be
active formethane oxidation undermild conditions using environmentally favourable
oxidants like H2O2 and benign solvents like water. However, the use of H2O2 is not
economically viable and industrially favourable since the cost of H2O2 is greater
when compared to the value of the product, methanol. The use of molecular oxygen,
which is not only environmentally benign but also readily available and inexpensive,
is required and its use has not been reported in many cases. The ability of gold and
palladium-based catalysts to efficiently synthesise H2O2 using molecular O2 and H2

has led to the investigation ofmethane oxidation efficacy of these bimetallic catalysts.

2.3.5 Gold–Palladium-Based Methane Oxidation Catalysts

For many years gold was regarded as a poor catalyst due to its inert nature in bulk
form, but catalysis by gold has gained a lot of attention in the past few decades
since Haruta’s discovery of gold being an excellent catalyst for CO oxidation in
1985 [56] and Hutchings’ prediction of gold being an excellent catalyst for acetylene
hydrochlorination [57]. The latter has also led to commercialisation of gold supported
on activated carbon, as an active catalyst for acetylene hydrochlorination to synthesise
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vinyl chloride monomer [58]. Subsequently, there has been a rapid increase in use
and study of different gold-based catalysts for various reactions.

Productivity of gold catalysed reaction has been modified in certain reactions by
adding a second metal, or sometimes even a third metal, to synthesise bimetallic or
trimetallic catalysts. In such cases, palladium has been found to have an enhancing
effect on the activity of gold nanoparticles, since gold and palladium show a syner-
gistic effect towardsmany substrates [59]. Palladium itself has been used in oxidation
chemistry for many relevant industrial reactions, such as the Wacker process for the
oxidation of ethylene to acetaldehyde [60]. Hutchings and co-workers have previ-
ously shown that supported Au–Pd nanoparticles are highly effective catalysts for
the direct synthesis of H2O2 [61], the oxidation of alcohols like benzyl alcohol [62]
and the oxidation of primary C–H bonds in toluene [63].

The aforementioned reactions are considered to be linked by the hydroper-
oxy intermediate, which could be formed by oxidants like H2O2 and tert-butyl
hydroperoxide (TBHP). Since hydroperoxy intermediate formationwas also found in
methane oxidation in previous studies [33, 52], such supported Au–Pd nanoparticles
were tested for methane oxidation using H2O2 as the oxidant. 5 wt% Au–Pd/TiO2

catalysts prepared by impregnation were found to be active for methane oxida-
tion at low temperatures of 50 °C with H2O2 as the oxidant in aqueous condi-
tions to produce high oxygenate selectivity (90%), although with low productivity
(0.28 mol(products)kg

−1
(cat)h

−1) [64]. Reactions were also performed with only O2 as
the oxidant, but no oxygenated products were obtained. methyl hydroperoxide was
found to be the primary product following the reaction scheme shown in Fig. 2.11,
and it can be converted to methanol. Oxidation of both methyl hydroperoxide and
methanol led to formic acid and CO2 was also detected as the total oxidation product.

SinceAu–Pd nanoparticles were shown to be active for direct synthesis of H2O2, it
was proposed that hydroperoxy species could be formed in situ from gaseous H2 and
O2 to oxidise methane. Thus, methane oxidation was carried out under a mixture of
CH4, H2 and O2 diluted with N2 to avoid flammable mixtures. Similar productivity,
with a higher methanol selectivity (68% compared to 49% in the earlier case), was

Fig. 2.11 Proposed reaction scheme for selective oxidation of methane over Au–Pd/TiO−2 sup-
ported catalysts with H2O2
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observed when using in situ generated H2O2 [64]. Reactions were also carried out by
modifying the support toCeO2, C, SiO2 andAl2O3, but narrowvariation in productiv-
ities, ranging between 0.1 and 0.3mol(products)kg

−1
(cat)h

−1, was observed. Stabiliser-free
sol-immobilisation Au–Pd/TiO2 catalysts were also investigated, to try to understand
and improve upon the as-prepared catalysts, which show low catalytic activity along
with higher H2O2 consumption rates [65]. Heat treatments by high-temperature cal-
cination to modify nanoparticle sizes and rutile-anatase TiO2 supports were studied
to maximise the efficiency and performance of the resulting catalysts. After high-
temperature calcination of the TiO2 support at 800 °C for 3 h, followed by catalyst
calcination at 800 °C for 3 h, productivity of 0.677mol(products)kg

−1
(cat)h

−1 was achieved
and 1785 µmol of H2O2 were consumed in the process.

Following on from the methane oxidation activity of bimetallic Au–Pd cata-
lysts, trimetallic Au–Pd–Cu catalysts supported on TiO2 were investigated for low-
temperature selective oxidation of methane with H2O2 at 50 °C [66]. The rate of
methane oxidation for these Au–Pd–Cu/TiO2 catalysts was found to be enhanced by
a factor of 5, with high oxygenate selectivity ofmore than 95%. In all these cases sup-
ported nanoparticles were found to be inefficient with respect to H2O2 consumption,
and much lower amounts of products were observed per mole of H2O2 consumed.
Thus, an investigation was carried out to understand the intrinsic activity of Au–Pd
nanoparticles, focusing on the difference between supported and unsupported cata-
lysts. Unsupported Au–Pd nanoparticles stabilised using polyvinylpyrrolidone poly-
mer have been demonstrated to be highly active and selective catalysts for methane
oxidation under mild conditions, i.e. aqueous solvents and low temperatures such
as 50 °C [67]. The colloidal catalyst was found to be stable under reaction condi-
tions since negligible agglomeration or leaching of metal ions was observed from
characterisation by microscopy (Fig. 2.12).

Using isotopically labelled oxygen (18O2) as an oxidant in the presence of H2O2,
high incorporation of gas-phase O2 into the methanol product was demonstrated,
confirming the efficacy of molecular oxygen as the oxidant. By tuning the amount of
H2O2, high productivities and selectivity were observed. More oxygenated products
were formed than the amount of H2O2 consumed, suggesting that the controlled
breakdown of H2O2 activates methane, which subsequently incorporates molecular
oxygen through a radical process as shown in Fig. 2.13.

Although these colloidal catalysts were found to be stable and reusable, industri-
ally heterogeneous catalysts have been preferred given the ease of re-usability of the
catalysts. Also, these catalysts still require addition of H2O2, which has a relatively
high associated cost. Commercial viability will depend on the use of no or catalytic
amounts of H2O2 and using air or O2 as the oxidant.

2.4 Conclusions and Future Outlook

Methane activation is one of the grand challenges that the catalysis community faces.
Methane is the main component of natural gas and also a significant by-product of oil
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Fig. 2.12 Representative HAADF images and particle size distribution in fresh (A–C) and used
(D–F) Au–Pd–PVP colloids. From [67]. Reprinted with permission from AAAS

Fig. 2.13 Proposed reaction scheme for methane oxidation using Au–Pd–PVP colloids in the
presence of H2O2 and O2. From [67]. Reprinted with permission from AAAS

refining and chemical processing. Thus, methane valorisation to energy-dense liquid
derivatives, like methanol, is highly desirable. Present approaches for direct con-
version include high-temperature routes, which are characterised by poor oxygenate
selectivity, and low-temperature routes, which can be limited due to low conversion
and non-closed catalytic cycles. Although higher methane conversion is observed
over homogeneous catalysts such as electrophilic activation in Pt-based systems [33,
68], or radical-based approaches in gold–palladium systems [67], their heteroge-
neous counterparts also show some promising results. Zeolites, and specially doped
zeolites with Cu, Rh and other such systems, are exciting and novel catalytic formu-
lations which may be applied on an industrial scale as well [52, 53]. But the use of
expensive and potentially corrosive solvents and oxidants, limit or in many cases, are
detrimental for industrial operation. In some cases, use of H2O2 as the oxidant can
potentially be eliminated by coupling processes which could generate similar radical
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species, for example photochemical [69, 70] or electrochemical [71, 72] approaches,
but more industrial engineering and chemical understanding needs to be performed
to validate such processes. The other concern is overoxidation to CO2. The catalyst
needs to be active for methane oxidation to methanol but avoid methanol oxidation
to CO2, especially on increasing temperature or residence time to increase methane
conversion.

In contrast to methane oxidation to methanol, some positive developments are
being made to generate acetic acid from methane. Such systems employ gases like
CO and CH4 which potentially can be used alongside present syngas technologies.
The anticipated performance of such catalytic systems was achieved using either
expensive solvents or oxidising agents in batch reactors. For any industrial operation,
further studies need to be performed to assess production feasibility and costs.

Considering the above scrutiny, the future development and industrial applicability
depend on the overall process feasibility and profitability. This in turn not only
depends on the value add of the products which can be derived from methane, but
also on the costs and availability of the co-reactants, energy for the reaction and
costs of product separation. Large scale operationwould potentially be performed in a
continuous flow type reactorwith preferably a heterogeneous catalyst. Several kinetic
and thermodynamic limitations need to be taken into consideration while developing
the process to maximise oxygenate selectivity and reduce overoxidation to CO2. The
studies performed with homogeneous catalysts are highly important as well because
they not only provide fundamental building blocks for tailoring design of more
industrially applicable heterogeneous catalysts but also help in understanding the
mechanistic relationship between the desired reaction and undesired side products.

In addition to designing heterogeneous counterparts for homogeneous systems,
further research is also required for catalytic development of existing heterogeneous
systems, namely, zeolites. Methane oxidation in zeolites is seen as a multistep pro-
cess, consisting of site separation between activation of methane, oxidant of active
species and oxidant regeneration. Some studies have demonstrated that both activa-
tion and reaction can proceed under isothermal conditions simultaneously [27], but
more research is required to further understand the process and design the process
and reactor accordingly.
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Chapter 3
Recent Progress in Selective Oxidations
with Hydrogen Peroxide Catalyzed
by Polyoxometalates

Oxana A. Kholdeeva

Abstract In this chapter, we summarize recent progress achieved in the liquid-phase
selective oxidation of organic compounds using hydrogen peroxide as the green
oxidant and anionic transition-metal oxide nano-sized clusters or polyoxometalates
(POMs) as catalysts. POMs possess a unique combination of properties, including
inorganic nature, metal oxide-like structure, thermal stability, thermodynamic sta-
bility to oxidation and hydrolysis over a wide pH range, tunable solubility, acid,
and redox properties. In recent years, POMs have received significant attention as
homogeneous molecular catalysts and building blocks for the construction of het-
erogeneous catalysts for green selective oxidations. Therefore, both homogeneous
and heterogeneous POM-based catalyst systems will be covered in their relevance to
the environmentally benign production of vital oxygen-containing compounds and
oxidative decontamination of toxic compounds. The chapter starts with a description
of some novel highly selective POM catalysts capable of heterolytic activation of
H2O2. Then new approaches to biphasic catalysis with POMs are discussed in terms
of their compliance with the principles of green chemistry. Finally, recent achieve-
ments in POM immobilization techniques, such as irreversible adsorption on carbon
nanomaterials, encapsulation within supramolecular complexes covalently anchored
to silica, and incorporation within metal–organic frameworks, are surveyed with
special attention given to catalyst stability and reusability.
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3.1 Introduction

Liquid-phase selective oxidation finds numerous applications in the modern chem-
ical industry since it is the most economical and ecological way for the production
of a variety of chemicals ranging from the commodities to fine chemicals [1–4].
While the bulk chemicals industry widely employs both homogeneous and hetero-
geneous catalysts, most manufactures of fine chemicals still use classical stoichio-
metricmethodologieswith risky oxidants such as permanganate,manganese dioxide,
chromium(VI) reagents, periodate, nitric acid, peroxy acids, and some others, which
produce lots of waste. In the twenty-first century, the development and implementa-
tion of highly selective and atom-efficient processes that avoid the use of hazardous
reactants and diminish generation of wastes have become a demanding task per-
manently stimulated by increasing environmental concerns. There is undoubtedly
an urgent need for green catalytic technologies employing clean primary oxidants,
such as molecular oxygen or hydrogen peroxide, which produce water as the sole
by-product [5, 6].

Although O2 remains the oxidant of choice from the economic viewpoint, aque-
ous H2O2 is the second sought-after oxidant in terms of environmental sustainability
[7–10]. Hydrogen peroxide contains 47% of active oxygen, it is relatively cheap
(550–600 e/metric ton), easy to handle, and rather safe (<60% in water, <20% in
organic solvent). In the fine chemicals industry, hydrogen peroxide can be preferable
to molecular oxygen because H2O2-based processes do not require high-pressure—
high-temperature conditions and can be readily implemented in standard batch equip-
ment [6, 11, 12].

Like dioxygen, hydrogen peroxide is inert toward most organic substrates and its
use in oxidation reactions requires catalysts. Redox transition metals readily perform
homolytic activation of H2O2 and realize Fenton-type chemistry [13, 14]. However,
in this case, unproductive decomposition of H2O2 leading to molecular oxygen and
water strongly competes with the target oxidation of organic substrate, which results
in a very lowoxidant utilization efficiency.Moreover, generation of free radicals (HO,
HO2) is most often detrimental to oxidation selectivity. Therefore, a great challenge
of oxidation catalysis is the development of efficient catalysts capable of heterolytic
activation of the oxidant, i.e., oxygen atom transfer fromH2O2 to an organic substrate
without the formation of free radicals.

One of the main problems of existing selective oxidation catalysts is their low
productivity because of the destruction of active sites under turnover conditions [4].
While transition-metal (TM) complexes with organic and organometallic ligands are
prone to oxidative degradation, most of the inorganic solid catalysts, such as TM-
containing zeolites and zeotypes, suffer from hydrolytic instability, especially in the
presence of aqueous H2O2. A rare exception is the famous heterogeneous catalyst
titanium–silicalite TS-1 developed by the ENI researchers in the 1980s [15, 16],
which is currently employed in three large-scale H2O2-based industrial processes
[17–19]. The development of TS-1 was a major breakthrough in liquid-phase oxida-
tion catalysis with aqueous H2O2, but its scope is limited to relatively small organic
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substrates, which are able to penetrate into the micropores (0.53 × 0.56 nm) of the
catalyst. The development of a hydrolytically stable mesoporous catalyst capable
of heterolytic activation of H2O2 still remains a challenging goal of the fine chemi-
cals industry that deals with the transformation of bulky organic molecules [20, 21].
Recent progress in this direction is currently related to the elaboration of mesoporous
niobium-silicates [22–24]. However, the search for alternative types of catalysts that
address most if not all the principles of green chemistry remains an important task.

Early TM oxygen-anion clusters or polyoxometalates (POMs) possess totally
inorganic, metal oxide-like structure and are, therefore, thermodynamically stable
to oxidation, which provides advantages of POMs over conventional TM complexes
while operating in oxidative media. In general, POMs possess hydrolytic stability in
awide range of pH and have fairly good thermal stability (350–450 °C in the presence
of O2). Redox and acid–base properties of POMs can be controlled by varying the
chemical composition and/or structurewhile their solubility can be tuned by choosing
a proper counter cation.

The composition of POMs can be described by a general formula
[XxMmOy]q– (x ≤ m), where X is a heteroatom (a transition-metal or main-group
element) and M are addenda atoms (most often MoVI or WVI) [25, 26]. Some struc-
tural types of POMs that will be mentioned in this chapter in relation to their use in
oxidation catalysis are shown in Fig. 3.1.

Compounds comprising heterometal center(s) strongly bound to a multidentate
POM ligand provide wide opportunities for the activation of green oxidants, such
as molecular oxygen and aqueous hydrogen peroxide [27–33]. All these allow
one to consider POMs as promising homogeneous catalysts and active compo-
nents of heterogeneous catalysts for green selective oxidations and energy-related
conversions. Moreover, since POMs can be comprehensively characterized at the
atomic/molecular level using experimental and computational techniques, they are
successfully employed as soluble molecular models for studying structure–activi-
ty–selectivity relationships and mechanisms of heterogeneous oxidation catalysis
[34–39].

Anextensive review literature, including several special issues [40–42], covers dif-
ferent aspects of POM chemistry, in particular, their application in catalysis [27–33,
43–52].Maldotti and coworkers reviewed on heterogeneous photocatalysis for selec-
tive oxidations with molecular oxygen and POMs [51]. Carraro et al. surveyed on the
use of POMs in sustainable oxidations and energy applications [48]. Recent review

Fig. 3.1 Representative structures of POMs with an indication of the catalytically active metal
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paper of Hill and coworkers provided an up-to-date assessment of polyoxometalate-
based water oxidation/reduction catalysts as well as immobilized species for the
production of solar fuel [53]. A book chapter of Hill and Kholdeeva covered a con-
siderable part of the literature until 2012 related to POM immobilization and use
in environmentally benign selective oxidations [46]. However, this field has rapidly
expanded in recent years, and the aim of this chapter is to reflect some new trends
and achievements in the selective oxidation catalysis with POMs, focusing on the
catalysts systems that employ green oxidants. Given that a very recent review of
Weinstock and coworkers [33] covered practically all aspects of dioxygen activation
with POMs, including selective oxidations with O2, we discuss here mostly POM
catalyst systems which employ the second green oxidant––H2O2.

3.2 Homogeneous Selective Oxidations with POMs
and H2O2

3.2.1 Ti-POM Catalyzed Oxidations

The tremendous success of TS-1 in H2O2-based oxidations has stimulated the
research work directed at the synthesis of Ti-containing POMs and evaluation of
their catalytic performance. Early studies demonstrated that phosphotungstates of
the Keggin structure comprising isolated 6-coordinated Ti(IV) atoms (see Fig. 3.1
for the structure) are fairly good catalysts for one-electron oxidation processes, such
as oxidation of phenols [54, 55] and allylic oxidation of alkenes [56]. However,
similar to mesoporous Ti, Si-catalysts, such Ti-POMs are not able to accomplish
selectively two-electron oxidations using H2O2, in particular, they are poor catalysts
for epoxidation of alkenes with highly reactive allylic H atoms, such as cyclohexene
(CyH) [34–36]. Subsequent experimental and theoretical studies revealed that pro-
tonation of Ti-POMs is a useful tool which allows selectivity of epoxidation to be
increased through reducing the oxygen transfer barrier [57, 58]. Figure 3.2 demon-
strates how the addition of protons to the Ti-monosubstituted Keggin POM changes

Fig. 3.2 Effect of protons
on product distribution in
CyH oxidation over
TBA4[PTi(OH)W11O39]
(hereinafter, TBA stands for
tetrabutyl ammonium
cations)

0

20

40

60

80

100

2 eq.H+1 eq.H+

%

CyH conversion,%
 epoxide + diol selectivity, %
 en-ol + en-one selectivity, %



3 Recent Progress in Selective Oxidations … 65

the product distribution in CyH oxidation in favor of epoxide and trans-diol (het-
erolytic oxidation products) at the expense of allylic (homolytic) oxidation products.

Another way to enhance selectivity of epoxidation with Ti-POMs is to change the
coordination geometry of Ti(IV) sites. In 2006, the Mizuno group reported the syn-
thesis of a silicatungstate TBA8[{γ -SiTi2W10O36(OH)2}2(μ-O)2] of the γ -Keggin
structure comprising a tetranuclear Ti core and demonstrated its ability to catalyze
mono-oxygenation reactions [59]. By changing the central heteroatom from Si4+ to
P5+, the negative charge of the POManion decreases, and thus the catalytic activity for
electrophilic oxidation can be further improved. Indeed, the same group prepared a
P-containing tetra-Ti-POM, TBA6[{γ-PTi2W10O36(OH)2}2(μ-O)2], that turned out
more active and selective than its Si analog in a range of selective oxidations with
H2O2 [60].

In 2007, the Kortz team synthesized a unique sandwich-type POM,
[Ti2(OH)2As2W19O67(H2O)]8−, containing two unprecedented 5-coordinated Ti
atoms with square-pyramidal geometry in the belt (see Fig. 3.1 for the structure)
[61]. This POM is stable under turnover conditions and mimics well the catalytic
performance of TS-1: it is able to oxidize selectively alkenes to epoxides, thioethers
to sulfoxides, alcohols to ketones, and diols to ketols and dicarboxylic acids [62, 63].
In particular, it is an excellent catalyst for epoxidation of the “difficult” alkene sub-
strate cyclohexene: 81-94% selectivity toward epoxide at 74-80% alkene conversion
can be attained with only 1 equiv of H2O2, which implies fairly good oxidant utiliza-
tion efficiency. The unique catalytic performance of the sandwich Ti-POM in alkene
epoxidation is related to its ability to perform β-oxygen transfer from a hydroperoxo
species [Ti(OOH)As2W19O67]8− to C=C bond with a low energy barrier [64] and
high energy costs of homolytic O–O bond breaking in the hydroperoxo intermediate
[65].

Recently, the Proust group reported on the synthesis of a hybrid
Ti-POM with unprecedented (for POM) tetrahedrally coordinated Ti(IV),
[SbW9O33(tBuSiO)3Ti(OiPr)]3− [38]. In this compound, hydrophobicity provided
by tetrahexyl ammonium cations and t-butyl groups and rigidity of the POM frame-
work disfavor the increase of the Ti(IV) coordination number and prevent hydrolysis.
UV-vis and Raman studies implicated the formation of a titanium η1-hydroperoxo
species upon interaction with H2O2 capable of epoxidizing allylic alcohols but inert
toward unfunctionalized alkenes [38].

Table 3.1 briefly summarizes on the oxidation of representative unsaturated com-
pounds with H2O2 in the presence of various Ti-POMs.

3.2.2 V-POM Catalyzed Oxidations with H2O2

Research work published over the past decades has established the significant poten-
tial of V-POMs as homogeneous oxidation catalysts. Depending on the composition
and structure, V-POMs can be employed in combination with either molecular oxy-
gen or hydrogen peroxide. The capability of the mixed addenda Keggin POMs of
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the general formula [PVnMo12-nO40](3+n)− (HPA-n; n = 2–6) to oxidize organic sub-
strates and then to restore the initial state through reoxidation of VIV to VV with
molecular oxygen was discovered by Matveev in the late 1970s [66] and afterward it
has been widely explored by many research groups all over the world. The numerous
literature in this area has been thoroughly analyzed in the review papers of Neu-
mann and Khenkin [30, 44] and then in the more recent comprehensive review of
Weinstock and coworkers [33].

Absolutely different type of chemistry has been realized using H2O2 as oxi-
dant and divanadium-substituted polyoxotungstates of the γ-Keggin structure, [γ-
XW10O38V2(μ-O)(μ-OH)]n− (X = P or Si, n = 4 or 5). Mizuno and coworkers first
revealed that the di-V-POMs interact with H2O2 to produce highly reactive peroxo
species, which makes possible selective oxidation of a wide range of organic sub-
strates [31, 67–71]. The reactions usually require the presence of acid cocatalyst. The
nature of central atom in this POM is crucial for the catalytic performance: while the
di-V-POM with Si is an effective catalyst for epoxidation of electron-rich alkenes
[67], its P analog (hereinafter γ-PV2W10) is also able to perform epoxidation of
electron-deficient alkenes [69] and oxidation of alkanes [68]. Moreover, γ-PV2W10

turned out a unique POM that enables highly selective aromatic hydroxylation of
alkylbenzenes [72, 73]. The aromatic oxidations proceed with unusual regioselec-
tivity, indicating that steric factors control the oxygen transfer process. For example,
pseudocumene (PC) in the presence of γ-PV2W10 and H2O2 gives a mixture of 2,4,5-
and 2,3,5-trimethylphenols (TMP) with the ratio of ca. 7:1, whereas oxidation of
2-methylnaphthalene (2-MN) affords predominantly 6-methyl-1,4-naphthoquinone
(6-MNQ) rather than the most common isomer 2-MNQ (Fig. 3.3) [73].

The high selectivity of aromatic oxidation of alkylbenezenes and unusual regiose-
lectivity of these reactions have been rationalized in terms of an electrophilic oxygen
transfer mechanism from a sterically hindered peroxo species, [γ-PW10O38V2(μ-
O)2]3− [72, 74].

OH

MeCN/t-BuOH (1/1), 60oC

γ-PV2W10/H+/H2O2

OH

PC (excess)

+

2,4,5-TMP 7 : 1 2,3,5-TMP

O

O

O

O

+

2-MN 2-MNQ 6-MNQ

MeCN/t-BuOH (1/1), 60oC

γ-PV2W10/H+/H2O2 (3 eq.)

1 : 4

Fig. 3.3 Unusual regioselectivity in H2O2-based aromatic oxidations with γ-PV2W10
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Fig. 3.4 Quinone
production using H2O2 and
γ-PV2W10
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The capability of γ-PV2W10 to catalyze oxidationswithH2O2 was further realized
in the selective transformation of alkylphenols/naphtholes [75] and methoxyarenes
[76] to the corresponding p-benzoquinones (Fig. 3.4). The industrially relevant oxi-
dation of TMP afforded trimethyl-p-benzoquinone (TMBQ, Vitamin E precursor)
with a nearly quantitative yield, high oxidant utilization efficiency (80–90%), and
unprecedentedly high turnover frequency (TOF 500–1000 h−1) and space-time yield
(450 g L−1 h−1) [75, 77]. In contrast to other γ-PV2W10-catalyzed oxidations, the
oxidation of phenols does not require the use of acid cocatalyst. Another practically
important example is oxidation of 3,4,5-trimethoxytoluene (TMT) to 2,3-dimethoxy-
5-methyl-1,4-benzoquinone (ubiquinone 0 or coenzyme Q0), which is the key inter-
mediate for the synthesis of coenzyme Q10 and other vital biologically active com-
pounds (Fig. 3.4). The γ-PV2W10 catalyst retains its structure under the turnover
conditions and can be recycled and reused without significant loss of activity and
selectivity.

3.2.3 Nb-POM Catalyzed Oxidations

Although a large number of Nb-containing POMs have been reported in the liter-
ature, especially in relation to their antitumor and antiviral activity [78, 79], their
potential for selective oxidation catalysis was underestimated until recently. Indeed,
early works on the use of Nb-POM in H2O2-based oxidations were not too encour-
aging: TBA5H2[(NbO2)3SiW9O37] [80] and TBA4H2[(NbO2)3PW9O37] [81] could
accomplish epoxidation of allylic alcohols but were inert toward unfunctionalized
alkenes. Later on, the Mizuno group reported the synthesis of a di-Nb-substituted
POM, TBA5[γ-HSiW10O38Nb2(η2-O2)2], and its catalytic performance in the oxi-
dation of a few organic substrates with H2O2 [82]. Two equivalents of additional
protons were required for H2O2 activation over this POM.

Meanwhile, recent reports on high catalytic activity and selectivity of mesoporous
niobium-silicates in alkene epoxidation with H2O2 [22–24] have stimulated a new
round of research interest in oxidation catalysis by Nb-POMs. Surprisingly, Nb-
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monosubstituted tungstates of the Lindqvist structure, TBA3[Nb(O)W5O18] (see
Fig. 3.1 for the structure) andTBA4[(NbW5O18)2O], turnedout to be a highly efficient
catalyst for H2O2-based epoxidation of alkenes (Table 3.2) [39]. The oxidation of
cyclohexene, which is very prone to allylic oxidation, produced heterolytic oxidation
products (epoxide, diol, and ketol) with total selectivity as high as 92–93%. The oxi-
dant utilization efficiencywas incredibly high and reached 98%. Product, kinetic, and
spectroscopic studies revealed that the presence of a source of protons (Nb–OH or,
alternatively, Nb=O+H+) is critical for the oxidation catalysis because protons partic-
ipate in the formation of an active peroxo niobium species, TBA2[HNb(O2)W5O18]
(“HNb(O2)”), where peroxo ligand is attached to Nb(V) in a η2-coordination mode
while proton is located at Nb–O–W bridging oxygen. However, DFT calculations
revealed that peroxo species “HNb(O2)” is present in equilibriumwith a hydroperoxo
one, “Nb(η2–OOH)”, and the latter is the real epoxidizing species in CH3CN solution
since it has a lower activation barrier for the oxygen atom transfer to C = C bond of
alkene [39]. Subsequent studies by experimental and computational tools suggested
that the superior activity and selectivity of the Nb catalysts in alkene epoxidation
are due to (1) lower energy barrier of the heterolytic pathway leading to epoxida-

Table 3.2 Alkene epoxidation with H2O2 catalyzed by Lindqvist Nb-POM (adapted from [39])

Substrate Catalyst Time (h) Substrate
conversion (%)

Epoxide
selectivity (%)

TBA3[Nb(O)W5O18] 5 55 53a

TBA3[Nb(O)W5O18] 6 54 98

TBA4[(NbW5O18)2O] 3 55 100

TBA3[Nb(O)W5O18] 6 47 47b

TBA3[Nb(O)W5O18] 5 50c >99

H2C(H2C)6H3C

H3CO2C(H2C)7H2C

TBA3[Nb(O)W5O18] 6 45 94d

PhPh
TBA4[(NbW5O18)2O] 2 38 45e

Reaction conditions: 0.2 M alkene, 0.2 M H2O2, 0.004 M 2 or 0.002 M 1, 50 °C, 1 mL CH3CN
aOther products: trans-cyclohexane-1,2-diol (25%), 2-hydroxycyclohexanone (14%), and allylic
oxidation products (7% all). bOther products: benzaldehyde (41%), benzoic acid (7%), and 1-
phenyl-1,2-ethanediol (2%). c70 °C. dMethyl cis-9,10-epoxyoctadecanoate; main by-product:
methyl 9,10-dihydroxyoctadecanoate (6%). eCis-epoxide; other products: benzaldehyde (20%
yield) and trans-stilbene (8% yield)
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3% H2O2
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Fig. 3.5 Selective oxidation of 2-chloroethyl ethylsulfide with H2O2 catalyzed by PNb12V10

tion and (2) higher energy cost of homolytic O–O bond breaking in “Nb(η2–OOH)”
intermediate [39].

Polyoxoniobates possess a basic nature in aqueous media [83], and this feature
has been exploited in base catalysis reactions [84–86]. A combination of basic and
oxidizing properties was nicely realized in a structurally novel double-anion com-
plex, H13[(CH3)4N]12[PNb12O40(VVO)2(VIV

4O12)2] (PNb12V10), based on bicapped
polyoxoniobate and tetranuclear polyoxovanadate [87]. This POM revealed unprece-
dented activity and selectivity in both hydrolysis and H2O2-based oxidation reac-
tions. In particular, it transformed sulfurmustard simulant, 2-chloroethyl ethylsulfide
(CEES) to nontoxic 2-chloroethyl ethyl sulfoxide (CEESO) and vinyl ethyl sulfoxide
(VESO) without formation of the highly toxic sulfone using a quasi-stoichiometric
amount of 3% H2O2 with a turnover frequency (TOF) of 16 000 h−1 (Fig. 3.5).

3.3 New Approaches to Biphasic Catalysis with POMs

The development ofwell-adapted tools for catalyst recovery and recycling constitutes
a challenging goal of green chemistry [5, 6]. The use of two-phase water/organic
(w/o) systems enables recycling of a homogeneous catalyst by phase separation.
Since the pioneer works of Venturello [88] and Ishii [89] in the 1980s, biphasic
oxidation catalysis with POMs has been widely employed for the production of
oxygenated compounds using phase transfer, micellar, (micro)emulsion, and some
other approaches to enhance mass transfer and facilitate catalyst separation [90]. The
majority of research works in this filed was devoted to exploring the possibilities
of the Venturello complex {PO4[WO(O2)2]4}3− [88] that can be easily generated
in situ from commercially available reactants, e.g., H3PW12O40 heteropolyacid [89]
or tungstates in the presence of phosphoric acid and hydrogen peroxide [91 and
references cited therein].

Xi and coworkers managed to combine the advantages of both homogeneous and
heterogeneous catalysts in one system through reaction-controlled phase transfer of
the catalyst composed of quaternary ammonium heteropolyoxotungstates of the gen-
eral formula [π-C5H5N(CH2)15CH3]3[PW4O16] [92]. The catalyst itself was insol-
uble in the reaction medium, but under the action of H2O2, it formed soluble active
species (low-nuclearity oxoperoxotungstates) that selectively transferred oxygen to
organics substrates. At the end of the reaction (after complete H2O2 consumption),
the catalyst returned to its original state and precipitated from the reaction medium,
providing an easy separation and reuse.When coupledwith the 2-ethylanthraquinone
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(EAQ)/2-ethylanthrahydroquinone redox process for H2O2 production, O2 could be
employed for the epoxidation of propylene to propylene oxide with 85% yield based
on EAQ without any coproducts.

Through combining POM anions with various surfactants to form the so-
called surfactant-type catalysts (STC) and tuning the hydrophile–lipophile balance,
amphiphilic catalysts can be designed and adapted to different oxidation reactions. To
increase the interface area, Li et al. have studied emulsification properties of various
Q3[PW12O40] (Q= quaternary ammonium cations) salts and developed the catalytic
oxidation of S-compounds and alcohols with H2O2 in emulsion systems [93]. The
catalyst [(C18H37)2N(CH3)2]3[PW12O40] demonstrated 96% efficiency of the oxi-
dant utilization and nearly 100% selectivity to sulfones for real diesel. The catalyst
is distributed in the interface of two immiscible liquids and forms stable emulsion
droplets, which behave as a homogeneous catalyst (Fig. 3.6). The catalyst could be
separated and recycled by reversible demulsification and re-emulsification. The same
group found that another amphiphilic catalyst, [C18H37N(CH3)3]4[H2NaPW10O36],
assembled in emulsion exhibits high catalytic activity in the oxidation of benzoth-
iophene and its derivatives under mild conditions [94]. The sulfur level in a prehy-
drotreated diesel could be reduced from 500 to 0.1 ppm while that of a straight-run
diesel could be lowered from 6000 to 30 ppm after the oxidative desulfurization
process.

Liu and coworkers reported a new approach to form functional emulsions using
POM–organic hybrid amphiphilic molecules, viz. hexavanadates covalently func-
tionalized with long alkyl tails, and used these systems to perform oxidative desul-
furization [95]. The rate of thiophene oxidation was considerably increased due
to improved contact between the catalyst and the reactants at the w/o interface.
Song and coworkers suggested an efficient oxidative desulfurization system based
on an amphiphilic lanthanide-containing polyoxometalate DDA9LaW10/[omim]PF6
(DDA = dimethyldioctadecylammonium, omim = 1-octyl-3-methyl-imidazolium)

Fig. 3.6 Selective oxidations with H2O2 catalyzed by Q3[PW12O40] in emulsion droplets. Repro-
duced from ref. [93] with permission of Springer, Copyright 2005
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and aqueous H2O2 [96]. This system enabled deep desulfurization to be achieved in
only 14 min with 100% conversion of dibenzothiophene (DBT) under mild condi-
tions.

Another important application of POM-based STC is the production of
(di)carboxylic acids, which serve as intermediates in many large-scale industrial
processes of organic synthesis [97]. Zu et al. used surfactant-type peroxotungstates
for the oxidation of cyclohexene and 1,2-cyclohexanediol to produce adipic acid
in excellent yields with hydrogen peroxide and without any organic solvents and
cocatalysts [98].

Use of renewable resources in organic synthesis is one of the important tasks
in green chemistry. Oils and fats of vegetable and animal origin have recently
attracted growing interest as renewable raw materials in oleochemical industries
[99]. During the past decade, a great piece of research work was devoted to the
development of environmentally benign approaches to epoxidation and oxidative
cleavage of unsaturated fatty acids/esters (UFAs) that would replace the currently
employed processes based on peroxy acids and ozone, respectively, which are associ-
ated with hazardous reactants. A range of selective oxidations of UFAs was accom-
plished under solvent-free conditions using peroxopolyoxotungstates and various
phase-transfer agents [100–103]. Godard et al. compared four phase-transfer agents,
including cetylpyridinium chloride (CPC), methyltrioctylammonium chloride (Ali-
quat® 336), tetrabutylammonium chloride, and tetraoctylammonium chloride, in the
oxidative cleavage of the most widely distributed and abundant UFA oleic acid with
Q3{PO4[WO(O2)2]4} [102]. The best result was achieved with CPC that enabled the
production of azelaic and pelargonic acid with 81 and 86% yields, respectively, in
an organic solvent-free system (Fig. 3.7).

Neumann and coworkers suggested an interesting approach to aqueous biphasic
oxidation catalysis in the absence of organic solvent that involved electrostatic attach-
ment of catalytically active POMs to quaternary ammonium sites of the alkylated
polyethylenimine [104]. These catalysts possessed hydrophobic regions enabling the
solubilization or binding of hydrophobic substrates, thereby accelerating the selec-
tive oxidation of such substrates in water. In the oxidation of methyl oleate, such
system showed high selectivity toward nonanal (97% yield). Another interesting
approach to phase separation suggested by the same group employed polyfluorinated
quaternary ammonium to encapsulate a sandwich POM, [WZnM2(H2O)2
(ZnW9O34)2]12− (M = Mn(II), Zn(II)) known as a highly efficient catalyst for selec-

Fig. 3.7 Oxidative cleavage of oleic acid with H2O2 catalyzed by Q3{PO4[WO(O2)2]4}
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tive oxidations with aqueous H2O2 [105]. The catalyst became soluble in organic
medium upon heating but could be easily separated upon cooling.

Surfactant-encapsulated POM (SEP) catalysts have been prepared with dendritic
cationic surfactants and employed in a range of selective oxidations [106, 107].
Structurally well-defined enantiopure structures composed of chiral dendritic amines
and PW4 have been designed and used to catalyze asymmetric thioether oxidation
with aqueous H2O2 in two-phase systems [108, 109]. Although very modest ee
values (maximum 14%) were attained, the authors demonstrated chirality transfer
to the POM unit in an asymmetric transformation. Some of these catalysts could be
recovered and reused without significant loss of the catalytic properties.

Since the use of synthetic surfactants and organic solvents increases the environ-
mental impact, the development and implementation of surfactant-free and solvent-
free biphasic catalyst systems have become a challenging goal of green chemistry.
Some novel trends in the field of biphasic catalysis have recently been reviewed by
Pera-Titus and coworkers [110]. In particular, they considered interfacial catalysis in
Pickering emulsions, which are surfactant-free dispersions of two immiscible fluids
kinetically stabilized by colloidal particles, as a novel methodology with promising
green permits. Nardello-Rataj and coworkers prepared w/o Pickering emulsions sta-
bilized by catalytic POM nanoparticles incorporating alkylammonium chains and
used them to perform epoxidation of alkenes with an easy product and catalyst sep-
aration [111]. Zhang and coworkers suggested a composite catalyst on the basis of
[Bmim]3[PW12O40] (Bmim = 1-butyl-3-methylimidazolium) supported on SiO2 for
oxidative desulfurization with H2O2 [112]. The catalyst exhibited superior activity
in DBT oxidation owing to the formation of Pickering emulsions [110] and could be
easily separated by filtration and reused without reduction in activity [112].

Reversible assembly/disassembly between POM and specific light-sensitive
azobenzene-terminated surfactants was elegantly used to modulate catalytic per-
formance [113, 114], in particular, to control phase-transfer oxidation cataly-
sis. After catalytic reaction in a solvent of low polarity, a SEP complex of
[WZn3(H2O)2(ZnW9O34)2]12− with a weakly polar trans-azobenzene periphery was
separated from the reaction mixture and transferred into a polar aqueous phase due
to trans- to cis-isomerization of the azo-moiety upon 365 nm light irradiation (cis-
conformation has a higher polarity than the trans-one). After removal of the product
and addition of a fresh portion of substrate, the photosensitive catalyst could be
returned back to the organic phase using visible-light (450 nm) irradiation [114]. A
comprehensive review on organically encapsulated POM catalysts can be found in a
recent book chapter of Wu [115].

3.4 Selective Oxidations with Immobilized POMs

Heterogeneous catalysts have clear advantages of easy separation and recycling and
amenability to continuous processing and thus perfectly meet the requirements of
green chemistry, provided that they are stable toward metal leaching in the liquid
phase [4]. Various approaches to the preparation of POM-based heterogeneous cat-
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alysts have been proposed [45, 46, 116–122]. Traditional methodologies involve the
elaboration of insoluble POM salts using Cs+, Ag+, K+, NH4

+, and specific organic
polycations [107, 123–125], entrapment within silica by means of sol–gel synthe-
sis [56, 118, 126–128], electrostatic attachment accomplished by anion exchange
with layered double hydroxides [129–131] or silica modified by cationic functional
groups [132–136], anchoring through the formation of dative bonds between POM
and surface ligands [137, 138], and finally, covalent binding of organo-functionalized
POMs [48, 117, 119, 121, 139, 140]. In the last decade, some novel approaches
that involve combinations of various types of interactions, including supramolecular
ones, between POM and surface have been developed and successfully used for the
preparation of stable POM-based selective oxidation catalysts. Some of them will be
described in the following sections.

3.4.1 N-Doped Carbon Nanomaterials as Smart Supports
for Immobilization of POMs

Active carbons have long been used as supports of catalytically active POMs [141].
Van Bekkum et al. demonstrated that the surface structure and origin of the carbon,
along with the mode of its activation, strongly affect the strength and amount of
adsorption of heteropolyacids [142]. A survey of the early literature on this topic has
been done by Hill and Kholdeeva [46].

The synthetic mesoporous carbon Sibunit turned out one of the best carbon sup-
ports that enabled strong irreversible adsorption of catalytically active POMs with
retention of their structure and catalytic performance [118, 143]. However, the main
problem of the POM/Sibunit catalysts is their poor reusability: they lose activity
after the first use because of strong adsorption of oxidation products, which cannot
be removed by extraction or evacuation [118, 143] (calcination cannot be employed
for this type of catalysts).

In recent years, carbon nanomaterials (CNMs) have received great attention for
the preparation of hybrid inorganic materials for electronics, energy conversion and
storage, molecular sensors, and catalysis [144]. Composites based on POMs and
CNMs have been widely used as electrocatalysts for redox reactions in fuel cells and
splitting of water [145–150]. Song and coworkers, in their recent review paper [150],
identified two main pathways for the preparation of POM/nanocarbon composites,
viz. non-covalent and covalent functionalization. Non-covalent approaches involve
liquid-phase adsorption of POM onto the surface of CNMs [147, 149, 151] or its
impregnation with a POM solution [152, 153], as well as more sophisticated method-
ologies, e.g., post-modification of carbon surface by cationic functional groups fol-
lowed by electrostatic attachment of polyanions [145]. A typical covalent approach
employs POMs functionalized with a pendant amine which is then linked to oxidized
nanocarbons through the formation of amides [154].
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So far, only a few reports have been devoted to the application of POM/CNT
composites as catalysts for oxidations with H2O2 [152, 153]. A catalyst prepared
by deposition of Cs2.5H0.5PW12O40 on CNTs was used for the oxidative removal of
dibenzothiophene, with a desulfurization efficiency of up to 100% [153]. Unfortu-
nately, hot filtration tests [155] were not reported to prove unambiguously heteroge-
neous nature of the observed catalysis.

On the other hand, doping of carbon nanomaterials with nitrogen in the process
of their synthesis results in the formation of different types of surface N species, e.g.,
pyridine-like, pyrrole-like, and quaternary ones, which provide additional opportu-
nities for immobilization of catalytically active species and, moreover, may affect
hydrophilic and electronic properties of the supported catalysts [156, 157]. N-CNMs
have been employed as supports for metal [157–161] andmetal oxide [162] nanopar-
ticles.

In 2018, Evtushok et al. first reported the use of N-CNMs for immobilization
of POM [143]. The di-V-substituted γ-Keggin phosphotungstate [γ-PW10O38V2(μ-
O)(μ-OH)]4− was irreversibly adsorbed from a MeCN solution on N-doped carbon
nanotubes (N-CNTs) with bamboo-like morphology [143] and nanofibers (N-CNFs)
having herring-bone packing of graphite layers [163]. The presence of nitrogen in
the CNMs was crucial for molecular dispersion of γ-PV2W10 on the carbon surface
and catalyst stability toward leaching in polar media. The interplay of various non-
covalent interactions, such as electrostatic forces and hydrogen bonding, seems to
ensure the irreversible immobilization with retention of the POM structure.

Previous attempts of immobilization of γ-PV2W10 (in combination with α-SiW12)
onto commercially available Fe2O3 led to catalysts that were stable in a 1:1 mixture
of EtOAc/t-BuOH but lost POMs inMeCN [164]. Use of N-CNTs as supports has led
to the elaboration of highly efficient catalysts for selective oxidation of alkylphenols
to corresponding alkyl-p-benzoquinones with aqueous H2O2 in MeCN [143]. By
applying the optimal catalyst γ-PV2W10/N-CNTs enclosing 15 wt% of γ-PV2W10

and 1.8 at.% of N, TMBQ could be obtained with a nearly quantitative yield and
80% oxidant utilization efficiency (Fig. 3.8). The same parameters were achieved
with homogeneous γ-PV2W10 [75]. Immobilization using other approaches, such as
embedding into silica, electrostatic attachment to amine-modified SiO2 or metal–or-
ganic framework MIL-101, and adsorption on Sibunit resulted in a significant loss
of catalytic activity and selectivity of γ-PV2W10 (Fig. 3.9) [143].

Fig. 3.8 TMP oxidation to
TMBQ with H2O2 over
γ-PV2W10 immobilized on
N-CNTs. Reprinted from ref.
[143], with permission of
American Chemical Society,
copyright 2018
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Fig. 3.9 Comparison of
different approaches to
immobilization of γ-PV2W10
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The catalyst γ-PV2W10/N-CNTs demonstrated truly heterogeneous nature of the
catalysis and unprecedentedly high turnover frequencies (500 h−1) and space-time
yield (450 g L−1 h−1), did not suffer from metal leaching and, in sharp contrast
to the Sibunit-supported POM, could be used repeatedly without loss of the cat-
alytic performance. At least, 360 TON (turnover number) could be achieved after
six recycles with γ-PV2W10 supported on N-CNTs. FT-IR and XPS spectroscopy
confirmed the stability of γ-PV2W10 and N-CNT support under the turnover condi-
tions. Comparison of the catalytic performance of γ-PV2W10/N-CNTs with that of
mesoporous titanium-silicates (the most effective heterogeneous catalysts reported
so far for TMBQ production) [165, 166] demonstrates clear benefits of the former
in terms of H2O2 utilization efficiency, activity (TOF), space-time yield (STY), and
volume yield (Fig. 3.10).

Fig. 3.10 Comparison of
catalytic performances of
γ-PV2W10/N-CNTs and
mesoporous titanium-silicate
Ti-MMM-E [165] in TMP
oxidation with H2O2.
Adapted from ref. [143],
with permission of American
Chemical Society, Copyright
2018
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3.4.2 Encapsulation Within Covalently Anchored
Supramolecular Complexes

Although encapsulation of POMs within silica by the sol–gel technique may lead to
highly active and recyclable oxidation catalysts [56, 128], the size of pores in the
resulting composites is critical for catalyst stability with regards to POM leaching
[143]. Moreover, this approach is hardly applicable to POMs which are not soluble
in alcoholic media [143]. Therefore, one might anticipate that a combination of the
sol–gel approach with a covalent one would significantly contribute to the catalyst
stability.

Wu and coworkers have developed a novel methodology for the preparation
of heterogeneous POM catalysts that involves both covalent and non-covalent
interactions [115, 167, 168]. Through electrostatic interactions, the counterions
of a POM can be replaced by a hydroxy-terminated surfactant, such as di(11-
hydroxyundecyl)dimethylammonium (DOHDA), and then sol–gel co-condensation
of the surfactant-encapsulated POM complexes with tetraethyl orthosilicate (TEOS)
results in covalent anchoring of the SEP to the silica matrix (Fig. 3.11). This proce-
dure is not solvent-dependent and is amenable to different POMs. Supramolecular
interactions are not only crucial to the formation of the hybrid catalyst but also play
a significant role in promoting catalytic activity since the hydrophobic environment
around POM clusters facilitates catalyst ability to adsorb organic substrates of low
polarity and desorbing more polar oxidation products, thereby maximizing the cat-
alyst efficiency. Phosphotungstate PW12 immobilized using such approach revealed
superior catalytic performance in the selective oxidation of alkenes, alcohols, and
thioethers [167]. The catalyst could be easily recovered by simple filtration and
maintained the catalytic activity for at least five recycles.

Following the same methodology, Wu and coworkers introduced a chiral cationic
head into a surfactant-encapsulated sandwich [WZn3(H2O)2(ZnW9O34)2]12− [169].
The supramolecular chirality around the POM made possible kinetic resolution of
racemic alcohols via catalytic oxidation with H2O2.

Fig. 3.11 Schematic representation of the synthesis of supramolecular hybrid catalyst with SEP
covalently bound to silica
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3.4.3 Incorporation Within Metal–Organic Frameworks

In recent years, the incorporation of POMs into the structural nodes or cages of
metal–organic frameworks (MOFs) has attracted significant attention [170–172].
Férey and coworkers first demonstrated that a large cage of themesoporous chromium
terephthalate MIL-101 can accommodate up to five POMs of the Keggin structure
[173]. Maksimchuk et al. accomplished immobilization of a range of catalytically
active POMs using MIL-101 as an anion exchanger [174–176]. They also found
that only one POM anion per the MOF cage is strongly attached to the MOF by
electrostatic forces (Fig. 3.12) while the other four easily leach into solution. Studies
by XRD, FT-IR, and 31P NMR MAS spectroscopy confirmed maintenance of the
structure of both POM and MIL-101 in the resulting hybrid materials [173–176].

The combination of MIL-101 and a POM capable of activating H2O2 made pos-
sible use of hydrogen peroxide as an oxidant in a range of selective oxidations [174,
175]. The POM/MIL-101 hybrid materials (POM = [PW11TiO40]5−) catalyzed the
epoxidation of the natural terpene caryophellene with H2O2 and demonstrated a sig-
nificant improvement of epoxidation selectivity and alkene conversion compared to
MIL-101 and the POM taken separately [174]. Moreover, both epoxide selectivity
and substrate conversion increased with enlarging concentration of the oxidant, in
spite of increasing water concentration in the system (H2O2 was taken as a 30%
solution in water) [174].

A similar phenomenon was observed for PW12/MIL-101 hybrid catalysts, which
demonstrated superior activity and selectivity in the epoxidation of various alkenes
with H2O2 [175]. Importantly, the opposite trend was found in the presence of homo-
geneous PW12 (Fig. 3.13), which is more common, because the increasing concen-
tration of H2O2/H2O usually facilitates epoxide ring opening and enhances overoxi-
dation. The extraordinary behavior of the hybrid POM/MIL-101 catalysts in alkene
epoxidation with aqueous H2O2 was explained by the specific sorption properties of
MIL-101 [172]: the hydrophobic part of the terephthalate linkers favors adsorption
of nonpolar hydrocarbons and H2O2 and, oppositely, hinders adsorption of water.

Fig. 3.12 Keggin-type POM
within a large cage of
MIL-101. Reproduced from
ref. [172], with permission of
Elsevier, copyright 2016
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Fig. 3.13 Cyclohexene
conversion and epoxide
selectivity versus
concentration of H2O2 in the
reactions catalyzed by
heterogeneous
PW12/MIL-101 catalyst and
homogeneous PW12.
Reproduced from ref. [172],
with permission of Elsevier,
copyright 2016

Immobilization of POM within MIL-101 improved the thermal stability of the
MOF [173] and also increased the solvolytic stability of POM [175]. The overall
TON attained without degradation of PW12 was 770 and 155 for PW12/MIL-101
and homogeneous PW12, respectively [175]. In general, the stability of the hybrid
POM/MIL-101 catalysts toward POM leaching depends on the reaction conditions
employed [176].

Using the same approach, Balula et al. inserted a sandwich-type polyoxometalate
{(TBA)7H3[Co4(H2O)2(PW9O34)2]} withinMIL-101(Cr) [177]. They also prepared
a composite material through immobilization of the trivacant Keggin-type poly-
oxometalate ([A-PW9O34]9−, PW9) in the cavities of MIL-101(Cr) and used this
composite for the oxidation of monoterpenes and S-compounds with H2O2 [178].
Geraniol was converted to 2,3-epoxygeraniol within 30 min at room temperature,
while the total desulfurization of the model oil containing 1707 ppm of sulfur was
achieved after 2 h. In the oxidative desulfurization, the catalyst could be recycled
without a significant loss of activity. The catalyst stability and heterogeneous nature
of the catalysis were confirmed by several techniques and leaching tests.

Lin et al. synthesized water-stable MOFs with tunable window diameters, MOF-
808X, and used them as supports for immobilization of PW12 [179]. The catalyst
with 42% of PW12 could completely remove DBT in a model fuel with an initial
sulfur content of 1000 ppm within 30 min and could be reused in, at least, five
operation cycles without loss of activity. The high catalytic activity was attributed to
a cooperative effect of metal clusters in the host MOF and the guest PW12 molecules.

Recently, PW12 was encapsulatedwithin the highly stable Zr-basedmetal–organic
framework UiO-66 by a direct hydrothermal reaction of ZrCl4, terephthalic acid,
and H3PW12O40 in DMF [180]. The hybrid material was very active in the selective
oxidation of cyclopentene to glutaraldehyde (GA) with hydrogen peroxide as the
oxidant. A 95% substrate conversion and 78% yield of GA were attained with a 35
wt% PW12@UiO-66 catalyst, which did not suffer metal leaching and could be used
repeatedly.

Inclusion of POMmoieties directly intoMOF single-crystalmaterials was accom-
plished using various approaches, including: d/f-blockmetal ion-modified POMunits
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directly connected with organic ligands, POM anions residing within the cages of
MOFs as templates, and porous inorganic–organic materials with POM anions as
pillars [47, 170, 181, 182]. However, few of these materials have been employed
as selective oxidation catalysts. Hill and coworkers succeeded in combining the
catalytically active POM [CuPW11O39]5− with MOF-199 (HKUST-1) [183]. The
close matching of POM diameter and MOF pore size in the POM–MOF material,
[Cu3(C9H3O6)2]4[{(CH3)4N}4CuPW11O39H] resulted in a synergistic stabilization
of both the MOF and the POM and a dramatic increase in the catalytic activity of
the POM for aerobic oxidation of S-compounds. Zou et al. reported the synthesis of
a layered POM–MnIII–metalloporphyrin-based hybrid framework that demonstrated
a remarkable capability of scavenging of dyes and selective oxidation of alkylben-
zenes with the environmentally benign oxidant––tert-butyl hydroperoxide [184].
Duan and coworkers incorporated [BW12O40]5– polyanion, Ni(II) cations, and an
asymmetric organocatalytic group L- or D-pyrrolidin-2-ylimidazole within one sin-
gleMOF [185]. The resultingMOF served as a heterogeneous catalyst to accomplish
the asymmetric dihydroxylation of olefins, where enantiomeric excess (ee) values
could reach >95% at appreciable substrate conversions.

3.5 Conclusion and Outlook

Polyoxometalates undoubtedly have enormous potential as catalysts for the liquid-
phase selective oxidation of organic compounds using green oxidants, in particu-
lar, aqueous hydrogen peroxide. During the past two decades, several new highly
selective POM catalysts have been discovered and various strategies have been sug-
gested with regard to POM-based catalyst systems to better meet the demands of
green chemistry. The most developed and widely used methodologies that enable an
easy catalyst separation and recycling involve biphasic (liquid–liquid) catalysis and
immobilization of POMs on the surface of solid supports by means of different types
of chemical bonding and supramolecular interactions. These efforts certainly have
opened up new opportunities for environmentally friendly production of oxygenated
compounds and decontamination of toxic compounds using highly selective POM
catalysts. However, the practical application of POM-based catalyst systems will
depend on the progress made in overcoming the operation and economic obstacles,
such as cost of catalyst relative to the cost of products, catalyst lifetime, and possi-
bility of regeneration. The elaboration of new phase separation techniques and new
synthetic approaches to the preparation of leaching-tolerant porous solids is indis-
pensable to ensure the required purity of the target products. As usual, synthetic POM
chemists certainly outnumber researchers engaged in studying catalysis, and many
new POMs and POM-based materials still wait for the evaluation of their catalytic
potential for green and sustainable chemical processes.
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Chapter 4
Recent Developments in the Catalytic
Asymmetric Sulfoxidation Reactions

Konstantin Volcho

Abstract Chiral sulfoxides constitute an important class of organic compounds. The
progress in the asymmetric oxidation of prochiral sulfides to sulfoxides over the last
decade, from 2009 to 2018, is reviewed. Titanium- and vanadium-containing com-
plexes are most frequently used as catalysts for sulfoxidation reactions. Considerable
attention is paid to the asymmetric synthesis of chiral sulfoxides using complexes
with other metals, including manganese, iron, molybdenum, copper, tungsten, and
aluminum, as well as to organocatalysts.

Keywords Oxidation · Sulfide · Sulfoxide · Hydrogen peroxide · Oxygen ·
Catalysis

4.1 Introduction

Sulfoxides with different R1 and R2 substituents (Fig. 4.1) are chiral compounds; the
other two substituents inducing asymmetry are an oxygen atom and a lone pair of
electrons. Chiral sulfoxides are broadly used in asymmetric synthesis [1–3].

The high efficiency of using sulfoxides in asymmetric transformations is largely
due to high configurational stability of the sulfoxide group and significant steric and
electronic differences among the lone electron pair, oxygen, and aliphatic or aromatic
substituents [4, 5]. Considerable interest in chiral sulfoxides is also associated with
isolation of natural compounds containing an asymmetric sulfoxide group [6] as well
as the discovery of biologically active sulfoxides with a definite configuration [7–9],
including highly effective anti-ulcer drugs, e.g., esomeprazole [10].

The main approaches to production of chiral sulfoxides with high enantiomeric
purity include resolution of racemates of chiral sulfoxides, asymmetric synthesis
based on the addition of a sulfoxide group into an optically active compound, fol-
lowed, if necessary, by separation of diastereomers, and asymmetric oxidation of
sulfides [11]. The last approach is most atom-efficient and thus preferable from the
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Fig. 4.1 Structure of chiral sulfoxides

green chemistry perspective. In this review, we discuss modern approaches to the
asymmetric oxidation of sulfides to chiral sulfoxides using “green” oxidants, such as
hydrogen peroxide [12] or oxygen, which have been reported over the last decade,
from 2009 to 2018. These reactions are usually conducted in the presence of metal
complex catalysts. The review is structured in accordance with the used metals;
however, the applicability of organocatalysts is also discussed.

4.2 Oxidation of Sulfides to Chiral Sulfoxides Using
Aqueous Hydrogen Peroxide as an Oxidant

4.2.1 Asymmetric Synthesis of Chiral Sulfoxides Using
Titanium Complexes

The first catalyst systems for asymmetric oxidation of sulfides to sulfoxides using
metal complexes were proposed independently by Kagan [13] and Modena groups
[14] in 1984. Both systems were based on the Sharpless epoxidation reagent that had
been developed for asymmetric oxidation of allyl alcohols and included equimo-
lar titanium isopropylate (Ti(OiPr)4) and optically active diethyl tartrate as well as
tert-butyl hydroperoxide as an oxidizing agent [15]. While direct application of the
Sharpless system led to the formation of racemic sulfoxides only, the addition of one
equivalent of water (Kagan system [13]) or the use of a fourfold excess of diethyl
tartrate with respect to Ti(OiPr)4 (Modena system [14]) allowed for the production
of sulfoxides with high enantiomeric purity from aryl alkyl sulfides.

Strict limitations placed on these systems for water content during the reaction,
which are associated with instability of titanium isopropylate in the presence of
moisture, complicated the reaction and interfered with application of one of the most
environmentally friendly oxidants, aqueous hydrogen peroxide.

However, anion exchange intercalation of the titanium tartrate complex into the
interlayer of layered double hydroxides enabled the use ofH2O2 as an oxidant instead
of previously used organic peroxides [16, 17]. The oxidation of thioanisole 1 to
sulfoxide 2 (Scheme4.1) occurredmuch slower than in the case of a non-immobilized
complex, but with significantly greater enantiomeric excess amounting to 48% ee.
Somewhat greater enantioselectivity (up to 58% ee) was achieved using L-tartrate
anions pre-immobilized into the interlayer of layered double hydroxides, followed
by the inclusion of Ti (IV) centers [18].
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Replacement of diethyl tartrate by salicylaldehydimine 3 (Fig. 4.2) in Ti(OiPr)4-
catalyzed oxidation of thioanisole 1 led to the formation of the target sulfoxide 2
with good yield (up to 89%) and moderate enantioselectivity of 73% ee [19]. The
use of titanium and salicylaldehydimine 4 complexes (Fig. 4.2) was more effective
and yielded methylsulfinylbenzene 2 with up to 84% ee and with high conversion
and chemoselectivity [20].

Moderate enantioselectivity (51% ee) was observed in the oxidation of methyl
phenyl sulfide 1 in the presence of titanium-salan catalyst 5 (Fig. 4.3) [21]. Enan-
tioselective sulfide 1 oxidationwas accompanied by kinetic resolution of the resulting
sulfoxide 2 (preferential oxidation of one of the enantiomeric sulfoxides to sulfone),
which enhanced the enantiomeric excess, but led to a decrease in the sulfoxide yield.
Replacement of a solvent CH2Cl2 by ionic liquids led to a sharp decrease in the
reaction enantioselectivity.

The use of dimeric titanium-salan catalyst 6a (Fig. 4.3) for the oxidation of aryl
alkyl sulfides (Scheme 4.2) provided corresponding sulfoxides with an enantiomeric
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Fig. 4.2 Structures of ligands 3 and 4
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Fig. 4.3 Structures of complexes 5 and 6a, b
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Scheme 4.2 Oxidation of
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excess of up to 98.5% ee and good yields [22, 23]. The combination of asymmetric
sulfoxidation and kinetic resolutionwas critical for achieving high enantioselectivity.
The best results were obtained with a bulky benzyl substituent R.

Titanium-salan complex 6a (Fig. 4.3) and its analogs, substituted in aromatic rings,
were also used for the asymmetric synthesis of practically important compounds,
including anti-ulcer drugs, (S)-Omeprazole (Esomeprazole) and (R)-Lansoprazole
(Dexlansoprazole) (Scheme 4.3), which were obtained with up to 95% yields and
94% ee [24]. Interestingly, the temperature dependence of enantioselectivity in the
presence of complex 1 is non-monotonic, demonstrating an isoinversion behavior
as the temperature is decreased. It should be noted that Ti-catalyzed approaches
commonly used for the synthesis of esomeprazole are based on the use of organic
peroxides as oxidants [25, 26]. The use of titanium-salalen complex 6b (Fig. 4.3) for
(R)-Omeprazole and (R)-Lansoprazole synthesis was even more effective, providing
the sulfoxides with up to 96% yield at 96% ee [27].

New complexes 7 (Fig. 4.4) enabling effective oxidation of both bulky aryl benzyl
sulfides and small alkyl phenyl sulfides with high enantioselectivity (62–93% ee)
were created by removing bulky substituents at positions 3 and 3′ of the aromatic
rings and addition of halogen atoms into positions 5 and 5′ in complexes 6 (Fig. 4.3)
[28].

Considerable attention has been paid to the development of immobilized Ti-salen-
based catalysts that would enable asymmetric oxidation with water as a solvent and
could also be easily recovered from reaction mixtures for repeated use.

Metallomicelles containing Ti-salen complex 8 (Fig. 4.4) and azobenzene moi-
eties were successfully used for the UV-responsive asymmetric hydrogen peroxide-
based oxidation of aryl methyl sulfides to sulfoxides with excellent yield and enan-
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Scheme 4.3 Synthesis of (S)-Omeprazole and (R)-Lansoprazole
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tioselectivity (both up to 99%) [29]. An important advantage of this system is
the opportunity of using water as a solvent. Similar results were obtained with
micelles synthesized on the basis of thermo-responsive amphiphilic copolymers
of poly(N-isopropylacrylamide-co-N,N-dimethyl acrylamide) [30]. The use of cat-
alytic complex 5 (Fig. 4.3) attached to ionic liquid-functionalized graphene oxidewas
slightly less effective [31]. Deionized water was used as a solvent; the yield of aryl
methyl sulfoxides ranged from 76 to 98%, with the conversion being 80% and higher,
and the enantioselectivity ranging from 56 to 98% ee. Regardless of the substrate, the
graphene-containing complex was more active and provided higher enantioselectiv-
ity than the neat complex. Another approach to immobilization of Ti-salen systems
was their use in metal–organic frameworks (MOFs). The use of new chiral MOFs
prepared using unsymmetrical Ti-containing complex as a building block enabled
oxidation of aryl alkyl sulfides to corresponding sulfoxides with an enantiomeric
excess of up to 62% [32]. Dendritic chiral complexes obtained by attachment of a
salen Ti(IV) catalyst to a polyamidoamine dendrimer through a flexible ionic liquid
linker turned out to be good catalysts for the asymmetric sulfoxidation of methyl
aryl sulfides, with an enantiomeric excess reaching 85% ee at high conversion and
selectivity [33].

The use of dimeric salen complexes 9 (Fig. 4.5) with various polyethylene glycol-
based dicationic ionic liquid linkers [34] was also effective. Asymmetric oxidation
of methyl aryl sulfides in water resulted in sulfoxides with yields of 74–90% and
enantiomeric excess of up to 91% ee. Another type of artificial metalloenzyme 10
(Fig. 4.5) was produced using polymer-attached oxazole ligands [35]. Asymmetric
sulfoxidation of aryl alkyl sulfides using these catalysts led to the formation of the
corresponding sulfoxides with excellent yields and enantioselectivity (both up to
99%). Water was used as a solvent.
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4.2.2 Asymmetric Synthesis of Chiral Sulfoxides Using
Vanadium Complexes

A broadly used alternative to titanium-containing systems is vanadium ion com-
plexes [36, 37]. In 1995, Bolm’s group demonstrated that vanadium complexes with
ligands 11 and 12 (Fig. 4.6), synthesized from the corresponding salicylic aldehydes
and optically active β-amino alcohols, enabled production of sulfoxides from aryl
alkyl sulfides with good yields (up to 94%) and moderate enantioselectivity (usually
50–70% ee) [38]. Aqueous hydrogen peroxide was used as an oxidant, and chiral
complexes produced in situ via the interaction between VO(acac)2 and ligands were
used in catalytic amounts (0.01–1 mol%).

An important advantage of vanadium-based oxidative systems is their tolerance to
other functional groups. For example, selective oxidation of the sulfide group in the
presence of an olefinic double bond in compounds 13 to sulfoxides 14 (Fig. 4.6) was
carried out using catalyst 15 containing a ligand structurally similar to compounds

R2

R1

OH

N OH

11: R1=t-Bu, R2=NO2

12: R1=R2=t-Bu

I

I

O

N O
V

OEt
O
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S R

30% H2O2
Ar

S R

O
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Fig. 4.6 Structures of ligands 11 and 12 and catalyst 15, and oxidation of sulfide 13
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11 and 12 [39]. Products 14were formed with high enantioselectivity (up to 97% ee)
but only with moderate yields (43–57%).

The excellent enantioselectivity (up to 99% ee) and a satisfactory yield (55–65%)
were achieved in the oxidation of thioanisole 1 with naphthalene-based ligand 16
(Fig. 4.7) [40]. The use of another type of chiral ligand containing a naphthol moiety,
compound 17, on the contrary, provided a good yield (81%), but only moderate
stereoselectivity (50% ee) [41]. Ligand 18with a tetrahydroquinoline core (Fig. 4.7)
was proposed in ref. [42]. Oxidation of thioanisole 1with aqueous hydrogen peroxide
in acetone at 0 °C was optimal; the yield of sulfoxide 2 reached 89% with 71% ee.

An excellent enantiomeric excess of up to 99% ee (the yield of sulfoxide 2 was
81%) was achieved in the vanadium-catalyzed oxidation of thioanisole 1 using lig-
and 19 (Fig. 4.7) comprising two centers of chirality [43]. However, oxidation of
2-phenyl-1,3-dithiane 21 (Scheme 4.4) to sulfoxide 22, which resulted in the emer-
gence of two asymmetric centers, was most effective (up to 96% ee and a yield of
94%) in the presence of ligand 20 (Fig. 4.7) with a different structure of substituents
[44], indicating that these ligands may be finely tuned for each specific sulfide.

Another ligand with two chiral centers, compound 23 (Fig. 4.8), was derived from
benzothiophene [45]. The use of ligand 23 in the vanadium-catalyzed asymmetric
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R2 R3
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20: R1=t-Bu, R2=i-Pr, R3=Me

OH N

HO

I

16

OH N

HO17

N

OH
OH

18

Fig. 4.7 Structures of ligands 16–20
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oxidation of aryl alkyl sulfides resulted in yields and enantioselectivities comparable
to those for classical ligand 12. Using thiophene-based ligand 24 in the oxidation of
thioanisole 1 provided sulfoxide 2 with an optical purity of up to 96% ee and 90%
yield [46].

Despite abundance in nature and high optical purity, monoterpenoids have been
rarely considered as sources of chirality for vanadium-catalyzed oxidation of sulfides,
and enantiomeric excesses achieved in these studies are usually not large [47–49].
However, the use of camphor-derived Schiff base 25 (Fig. 4.8) enabled successful
asymmetric oxidation of various aryl alkyl sulfides with acceptable yields (60–74%)
and optical purities of the resulting sulfoxides up to 97% ee [50].

Of course, an attractive idea is to modify or immobilize the catalytic complex,
which would provide facile regeneration and reuse of the catalyst. A conjugate of
the catalytic complex with the Schiff base in ionic liquid was prepared (26, Fig. 4.9).
The conjugate could be easily recovered from the reactionmixture after sulfoxidation
and reused without reducing the yield and enantioselectivity; however, oxidation of
aryl methyl sulfides using catalyst 26 resulted in a moderate enantiomeric excess
(38–43% ee) [51]. Immobilization of various chiral vanadium-containing complexes
using mesoporous SBA-15 [52] and microcapillaries [53] also resulted in sulfoxides
with low ee (up to 33%). An example of successful immobilization is the attachment
of vanadium complex 27 (Fig. 4.9) to chitosan placed, in turn, on SiO2 [54]. The use
of this catalytic complex enabled oxidation of both model aryl alkyl sulfides (up to
67% ee) and, most importantly, production of (S)-Omeprazole (Scheme 4.3) with a
yield of 92% and 68% ee.

4.2.3 Asymmetric Synthesis of Chiral Sulfoxides Using Other
Metals

4.2.3.1 Manganese

A complex of ligand 28 (Fig. 4.10) with manganese, the source of which was
Mn(OTf)2, was successfully used to oxidize a large set of structurally different sul-
fides to the corresponding sulfoxides (up to 90% yield and up to 99% ee) using
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aqueous hydrogen peroxide as an oxidant. The reactions were conducted in the
presence of organic acids, either acetic acid [55] or 1-adamantanecarboxylic acid
[56]. The same catalytic system was used for the synthesis of chiral sulfoxides in a
continuous-flow microreactor [57].

Chiral salen complex 29 (Fig. 4.10) was triply immobilized using polysiloxane,
then axially coordinated by 3-aminopropyl functionalized SiO2, and dispersed into
ionic liquid [58]. The use of this catalyst enabled oxidation of thioanisole 1 to sul-
foxide 2with enantioselectivity of up to 92% ee. The catalyst can be repeatedly used,
but there is a significant decrease in enantioselectivity. Another approach providing
a heterogeneous Mn-containing catalyst for asymmetric reactions was based on the
production of a new phosphonate metal–organic framework (MOF) platform [59].
This catalyst was used for the oxidation of sulfides; in the oxidation of thioanisole 1,
the enantiomeric excess and yield were 92% ee and 93%, respectively.

4.2.3.2 Iron

A complex of salen ligand 30 (Fig. 4.11) with FeCl3 was used for the asymmetric
synthesis of sulfoxides 2; however, both the yield and the enantiomeric excess were
moderate (about 50%) [60]. Significantly higher enantioselectivity (up to 81% ee)
was achieved with the use of disalen ligand 31; in this case, Fe(acac)3 was used as a
source of iron [61]. Adding 2mol%of para-MeOC6H4COOH to the reactionmixture

OHN

NH2

Ph

Ph

Ph
Ph

Ph

30

OHN

OH

N

HO

31
Cl

Cl
OHN

OH

32

NMe2

CO2Li

33

Fig. 4.11 Structures of ligands 30–32, additive 33
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provided a further increase in the enantiomeric excess. Ligand 32 and additive 33
were most effective in iron-catalyzed synthesis of (S)-Omeprazole (Scheme 4.3) (up
to 99% ee) [62].

Chiral iron-porphyrin 34 (Fig. 4.12) was successfully used for asymmetric oxi-
dation of aryl methyl sulfides; an enantiomeric excess of sulfoxides reached 87%
[63, 64]. Although the reaction could be performed in water, the best results were
obtained with methanol as a solvent.

4.2.3.3 Molybdenum

The use of a complex produced bymixing β-cyclodextrin bearing an ethylenediamine
moiety with Na2MoO4 enabled the oxidation of thioanisole in aqueous medium [65].
The optical purity of sulfoxide 2 reached 53% ee, with yield being 89%. Moderate
enantioselectivity (up to 47% ee) was also observed for the catalytic complex formed
by [Mo(O)(O2)2(H2O)n], [PPh4]Br, and chiral imidazolium-based dicarboxylate lig-
and 35 (Fig. 4.12) [66, 67].

Theuse of another imidazolium-based charged ligand 36 for asymmetric oxidation
of thioesters 37 (Scheme 4.5) was highly effective; enantiomeric excess in sulfoxides
38 reached 94% with high chemical yields [68].

Scheme 4.5 Oxidation of
thioesters 37
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4.2.3.4 Copper

Salicylaldimine 32 (Fig. 4.11) and its analogs, in which chlorine atomswere replaced
by other halogens,were used as ligands in the copper-catalyzed asymmetric oxidation
of aryl benzyl sulfides to corresponding sulfoxides with 97% ee [69, 70]. A chiral
copper MOF was synthesized using binaphthol 39 as a building block (Fig. 4.13)
[71]. The use of this MOF for the asymmetric oxidation of methyl benzyl sulfide
led to the formation of the corresponding sulfoxides with ee of up to 82% [72].
The heterogeneous catalyst may be filtered off and reused, but the enantioselectivity
significantly decreased in this case.

4.2.3.5 Tungsten

A rare example of tungsten-containing catalytic systems used to synthesize chiral
sulfoxides is polyoxometalate Na12[WZn3(H2O)2(ZnW9O34)2] that forms spheri-
cal supramolecular assemblies in the presence of chiral amine hydrochloride 40
(Fig. 4.13) [73]. It should be noted that very moderate enantiomeric excess was
achieved in the presence of this catalyst rather through kinetic resolution of the
resulting racemic sulfoxide than through asymmetric sulfoxidation.

At the same time, the use of an Ag2WO4 complex with ligand 41 (Fig. 4.13) in the
presence of dihydrogen phosphates for the oxidation of heterocyclic sulfides enabled
the production of the target sulfoxides with high yields and enantioselectivities [74].
In particular, an anti-ulcer drug (S)-Lansoprazole (Scheme 4.3) was obtained with
81% yield and 90% ee.
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4.2.3.6 Aluminum

It was found earlier that aluminum (salalen) chiral complex 42 (Fig. 4.14) can be used
for highly enantioselective oxidation of aryl methyl sulfides with aqueous hydrogen
peroxide [75]. The complex was applied later [76] for the asymmetric oxidation of
dithioacetal 21 (Scheme 4.4) in the presence of pH 7.4 phosphate buffer which was
important for increasing the synthesis reproducibility. Among the solvents studied,
ethyl acetate was selected as the most effective one with respect to the reaction rate.
The yield of trans-sulfoxide 22 was up to 94% with excellent 99% ee.

4.2.4 Asymmetric Synthesis of Chiral Sulfoxides Using
Organocatalysts

Over recent years, particular attention has been paid to the development of organocat-
alytic methodologies [77].

A large group of effective organocatalysts for asymmetric sulfoxidations consists
of BINOL-derived chiral phosphoric acids. For example, oxidation of thioanisole
1 with 50% H2O2 in the presence of acid 43 (Fig. 4.15) led to the formation of
sulfoxide 2 with moderate yield and enantioselectivity (up to 78% ee) [78]. The use
of imidodiphosphoric Brønsted acid 44 comprising two BINOL moieties increased
the enantiomeric excess of sulfoxide 2 to 98% [79, 80]. The same chiral catalyst was
successfully used for the synthesis of (R)-Sulindac (Scheme 4.6) [81].

Another planar-chiral catalyst, flavinium salt 45 (Fig. 4.15), was also able to
catalyze the asymmetric oxidation of aryl alkyl sulfides to sulfoxides, but only with
amoderate enantiomeric excess (up to 54% ee) [82]. Theuseof its analog46 increased
the enantioselectivity up to 61% ee [83]. Finally, the use of flavin–β-cyclodextrin
conjugate 47 was the most effective, enabling the formation of aryl alkyl sulfoxides
with up to 80% ee [84]. The use of a physical mixture of β-cyclodextrin and flavin
led to the formation of racemic sulfoxides.
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Scheme 4.6 Synthesis of
(R)-Sulindac
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4.3 Oxidation of Sulfides to Chiral Sulfoxides Using
Oxygen as an Oxidant

Obviously, oxygen is the most “green” oxidant. However, asymmetric sulfoxida-
tion using oxygen is still a challenging target. One of the very few examples of
successful asymmetric oxidation of sulfides by air is associated with complex 48
(Fig. 4.16) [85, 86]. The reaction was carried out in AcOEt at atmospheric pressure
and room temperature under visible light irradiation with a halogen lamp. The irra-
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Fig. 4.16 Structures of
complex 48
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diation promotes the dissociation the bond between Ru and the NO ligand, affording
the catalytically active species [87]. The yields of sulfoxides upon oxidation of aryl
methyl sulfides ranged from 61% to 86%, with ee amounting to 96%. The use of
2-phenyl-1,3-dithiane 21 (Scheme 4.4) as a substrate resulted in a 98% enantiomeric
excess of sulfoxide 22 [85].

4.4 Conclusions

In the last decade, considerable progress has been made in the asymmetric sulfox-
idations using “green” oxidants, primarily aqueous hydrogen peroxide. Although
titanium- and vanadium-containing complexes remain the most frequently used cat-
alysts, considerable attention has been paid to asymmetric synthesis of chiral sulfox-
ides using othermetals, such asmanganese, iron,molybdenum, and copper.Although
some of the catalyst systems discussed have demonstrated high synthetic potential,
so far there have not been published reports on their industrial applications.

Application of organocatalysts fundamentally solves the problem of oxidation
product contamination with traces of heavy metals that are components of metal
complex catalysts, but examples of successful studies in this direction are not numer-
ous.

To date, a number of catalytic systems have exhibited good performance in the
oxidation of various aryl alkyl sulfides, mostly usually model compounds, to the
corresponding sulfoxides, ensuring high sulfoxide yields and enantioselectivities
up to 99% ee. Importantly, some catalysts have been demonstrated to be suitable
for the production of practically important, biologically active sulfoxides, such as
approved drugs (S)-Omeprazole and (R)-Sulindac. Despite the lack of truly universal
approaches to oxidation of structurally different sulfides, now there is the opportunity
of choosing an appropriate catalytic system (or its modification) for the oxidation of
sulfides of different types.

In the last decade, the only reported example of aerobic asymmetric oxidation of
sulfides has been the Katsuki’s catalyst system, relying on the use of the “second-
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generation” ruthenium salen complexes. So, the catalyst systems capable of utilizing
dioxygen in asymmetric sulfoxidations continue to be a challenge.

Also, different approaches to the synthesis of reusable, in particular, heteroge-
neous catalysts have been proposed. The results achieved so far have shown good
promise for the future, and further research in this area may be potentially highly
rewarding.
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Chapter 5
Non-covalent Organocatalytic Approach
in the Asymmetric Epoxidation
of Electron-Poor Alkenes: Recent
Developments

Alessandra Lattanzi

Abstract Chiral non-racemic epoxides are often endowedwith important biological
activities, butmost of all, they are fundamental building blocks, frequently involved in
the synthesis of natural and non-natural products, drugs and agrochemicals. Indeed,
a great variety of functionalizations are achievable via ring-opening reactions of
epoxides, where two contiguous stereocenters are fixed with predictable regio- and
stereochemistry. It is not surprising that over the years synthetic chemists focused
their interest in the development of new methodologies based on the asymmetric
epoxidation of alkenes, as the most straightforward and convenient route to obtain
epoxides. Unsurprisingly, this area has matured, gradually increasing the attention
to environmental concerns, availability of the catalysts to use under homogeneous
and heterogenous versions, suitable for recycling. This chapter collects the develop-
ments in asymmetric epoxidation of electron-poor alkenes,mediated by small organic
molecules able to activate the reagents via non-covalent interactions, reported since
2010. Epoxidation reactions mediated by peptides have been recently reviewed and
will be not included. The chapter has been divided into two sections, according to
the nature of the organocatalysts used to promote the epoxidation. The sections deal
successively with stereoselective epoxidation reactions promoted by phase-transfer
catalysts and bifunctional/multifunctional organocatalysts.

Keywords Asymmetric epoxidation · Stereoselective organocatalysis ·
Bifunctional organocatalysts · Phase-transfer catalysis · Electron-poor alkenes
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PTC Phase-transfer catalysis
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TEMPO 2,2,6,6-Tetramethyl-1-piperidinyloxy, free radical
TON Turnover numbers

5.1 Introduction

A consistent part of asymmetric transformations applied in organic synthesis [1]
relies on metal and more recently organocatalysed epoxidations, which have the
advantage to use readily available feedstocks, including the oxygen sources such
as hydrogen peroxide, molecular oxygen and tert-butyl hydroperoxide (TBHP)
[2–5]. The application of enzymatic catalysis is also a useful tool to achieve this
goal, although the efficiency and the level of enantioselectivity show a substrate-
dependence, thus limiting the successful application to specific cases [6, 7].

Among the variety of oxidation reactions, the preparation of chiral non-racemic
epoxides represents a milestone in organic synthesis. Epoxides are among the most
important heterocycles, being reactive key intermediates in several total syntheses
of natural and non-natural compounds, pharmaceuticals, agrochemicals and small
highly functionalized compounds [8, 9]. Optically active epoxides are also endowed
with different biological activities,which are often the result of inhibition of enzymes,
due to the formation of a covalent bond via ring-opening reactions of the oxirane
with nucleophilic groups present in the active site. As an example, (−)-depudecin,
featuring a bis-epoxy alcohol fragment, first isolated by a fungus, showed to have
selective inhibition of histone deacetylases I and II, thus gaining notable interest as
an antitumor agent (Scheme 5.1) [10].

Other well known examples of active drugs against breast, lung and prostate
cancers, featuring at least an optically active epoxide structural unit, are epothilones
and ovalicin [11].

The beginning of popularity and importance of chiral non-racemic oxiranes can
be dated back to 1980, when the first breakthrough was reported by Katsuki and
Sharpless [12]. The asymmetric titanium-tartrate based epoxidation of allylic alco-
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Scheme 5.1 Representative bioactive epoxides
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hols provides a practical, convenient and general methodology extensively applied,
with reliable stereochemical confidence, in both academia and industry [13]. Other
fundamental metal-based systems were developed thereafter by Katsuki [14], Jacob-
sen [15], Yamamoto [16] and Shibasaki [17] for the asymmetric epoxidation of a
great variety of alkenes, comprising challenging cis-alkenes with high efficiency and
level of enantioselectivity. General organocatalytic systems for the stereoselective
epoxidation of alkenes have been developed by Shi, via sugar-derived dioxiranes,
which can be applied with success to E-di, Z-di-, tri-, tetrasubstituted and terminal
alkenes [18].

The area of asymmetric epoxidation of alkenes [19] can be roughly divided into
two sections: (i) nucleophilic systems for the epoxidation of electron-poor alkenes,
(ii) electrophilic systems for the epoxidation of alkenes. The asymmetric organocat-
alytic epoxidation of electron-poor alkenes received a lot of attention over the last
decades as a convenient tool to prepare functionalized epoxides, which serve as valu-
able intermediates for further manipulations either at the epoxide and the electron-
withdrawing groups [20, 21]. The organocatalytic epoxidation is additionally par-
titioned in (i) covalent activation of the alkene, via formation of an intermediate
iminium ion with the secondary or primary amine catalyst; (ii) non-covalent activa-
tion of the alkene and the oxygen source via ion-pairing/hydrogen-bonding interac-
tions. The covalent activation of reagents has been significantly explored since 2005,
achieving great advances in the stereoselective synthesis of epoxides starting from
readily available α,β-unsaturated aldehydes and ketones. These developments have
been recently reviewed and will not be included [19, 22].

In this chapter, advances in the asymmetric epoxidation of electron-poor alkenes
will be described, where ion-pairing/hydrogen-bonding interactions is the key-
activation strategy exploited in the oxidation. Examples, collected from the literature
since 2010, will be illustrated.

5.2 Phase-Transfer Catalysis

In the area of organocatalytic methods for the asymmetric epoxidation of electron-
poor alkenes, a central role is played by phase-transfer catalysis (PTC) [19, 23].
The epoxidation reactions are generally performed under mild conditions, using cat-
alytic loadings of readily available or commercially available quaternary ammonium
salts, often derived from natural sources. Moreover, hydrogen peroxide is often the
most effective and cheap oxidant, being not particularly aggressive, with good atom-
efficiency, providing harmless side-products. All these features make the PTC, a
welcome tool also for industrial applications.

In 1976, Wynberg reported the asymmetric epoxidation of enones, promoted by
quinine and quinidine-derived quaternary ammonium salts, hydrogen peroxide as
the oxidant under biphasic conditions (NaOH/toluene) [24]. This first example of
PTC, useful to prepare enantioenriched epoxides, showcased the great potential of
ammonium salts in the area of asymmetric epoxidation to prompt significant interest
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and efforts in improving the stereocontrol and expanding the substrate scope [25, 26].
Over the years, structurally different ammonium salts were synthesized to develop
highly enantioselective epoxidation protocols of trans-enones, which represented
the focus of investigations, essentially aimed at checking the performance of newly
designed organocatalysts (Scheme 5.2). Dimers of originalCinchona-derived quater-
nary ammonium salts were active at as low as 1 mol% loading and in the presence of
surfactant [27]. PT catalysts bearing axial chirality, such as the well knownMaruoka
catalysts, provided the epoxides with excellent level of enantioselectivity [28].

Mixed ammonium salt/crown ethers or sugar-derived crown ethers could be also
employed, providing direct transfer of the inorganic salt into the organic phase [29,
30]. More recently, besides the design of new PT catalysts, the attention has been
also paid to expand the applicability of PTC to different classes of electron-poor
alkenes.

In 2013, Shibata and co-authors illustrated an interesting process for the asym-
metric epoxidation of the β,β-disubstituted enones bearing a β-trifluoromethyl group
(Scheme 5.3) [31]. Readily available Cinchona alkaloids derived quaternary ammo-
nium salt 1was used at 5mol% in the presence ofmethylhydrazine, an inorganic base
and molecular oxygen as the terminal oxidant. Under these mild and convenient con-
ditions, the corresponding challenging epoxides, bearing a quaternary stereocenter,
were isolated in excellent yields, diastereo- and enantioselectivity (up to >99% ee).
This reaction represents a first practical approach to optically pure CF3-substituted
epoxides, which can be important intermediates for the pharmaceutical industry.

Mechanistically, a single electron-transfer radical pathway has been suggested,
where methylhydrazine is oxidized by molecular oxygen, affording H2O2 as the
real in situ generated oxidant and producing methyl radicals (Scheme 5.4). When
using isotopically labelled 18O2, the incorporation of 18O in the epoxides was almost
quantitatively observed. Moreover, the epoxidation performed with 50% H2O2 as
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the oxidant afforded the product with the same level of enantioselectivity, although
in lower yield.

When the radical scavenger TEMPO was added, the O-methylated TEMPO was
detected, confirming the involvement of methyl radical species in the reaction mix-
ture.

Concurrently, the group of Chen disclosed a similar system for the asymmet-
ric epoxidation of β-trifluoromethyl-β,β-disubstituted unsaturated ketones, by using
30%H2O2 as the oxidant and 50%KOH as base in the presence of 3mol% loading of
a pentafluorine-substituted Cinchona alkaloids derived quaternary ammonium salt
2 (Scheme 5.5) [32]. The epoxides were obtained in good to high yields, excellent
diastereoselectivity and ee values. Aliphatic groups at the β-position of the enones
were tolerated, although the level of enantioselectivity achieved was up to 82% ee.
Gram-scale application demonstrated to be a feasible process, with the epoxide being
obtained with the same stereocontrol. Interestingly, the epoxidation carried out on
model Z-enone afforded the epoxide in stereospecific manner and 99% ee. More-
over, functionalized trifluoromethylated alcohols could be obtained by reductive
ring-opening reaction with maintained ee values.
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These ketoalcohols are valuable building blocks to prepare biologically active
compounds. Concerning the activation of reagents, a crucial role of the freeOHgroup
in the organocatalyst was attested by the inactivity demonstrated in the epoxidation
by the O-benzylated analogues. π–π Interactions were also invoked to be active in
the stereocontrol.

More recently, a supported version of catalyst 1 has been prepared by Liu et al.
through a thiol-ene click reaction with mesostructured silica and employed in a one-
pot procedure to ketoalcohols [33]. Conditions reported in Scheme 5.3 were applied
to a variety of β-trifluoromethyl-β,β-disubstituted unsaturated ketones to prepare
epoxides, followed by the addition of Zn/NH4Cl and EtOH in a one-pot fashion. A
straightforward synthesis of highly enantiomerically enriched ketoalcohols was thus
developed. The heterogeneous catalyst could be readily recovered by centrifugation
and recycled for up to eight reactions with a good performance in terms of yield and
stereoselectivity (91% yield, 95% ee for the last run).

Jeong and Park applied a similar O-allyl protected Cinchona alkaloids derived
quaternary ammonium salt 3 at 5 mol% loading in the highly enantioselective asym-
metric epoxidation of trans-chalcones, using an aqueous solution ofNaOCl in toluene
at 0 °C (Scheme 5.6) [34]. The trans-epoxides were recovered in good to high yields

Scheme 5.6 PT catalysed
asymmetric epoxidation of
trans-chalcones by
O-protected Cinchona
alkaloids derived ammonium
salt
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Scheme 5.7 PT catalysed
asymmetric epoxidation of
trans-chalcones by dimeric
Cinchona alkaloids derived
ammonium salt
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and excellent ee values. It is interesting to note that the presence of fluorine atoms
in the benzyl moiety on nitrogen appears to be important to achieve good results.

The same process was demonstrated to be efficiently catalysed by a dimeric qua-
ternary ammonium salt 4with hydrogen peroxide as the oxidant and aqueousCs2CO3

at room temperature (Scheme 5.7) [35]. Under mild reaction conditions, the epoxides
were recovered with high yields and enantioselectivity.

From all the data concerning the Cinchona alkaloids derived ammonium salts
mediated epoxidation reactions, it comes out that when the C9 free OH group is
present in the catalyst, the highest ee values are achieved using hydrogen peroxide as
the oxidant, whereas in the presence of the corresponding O-protected ammonium
salt, bleach is the best oxygen source.

A useful recent one-pot application of the asymmetric epoxidation of trans-
chalcones catalysed by the Lygo-Corey system [36, 37], has been illustrated for
the preparation of enantioenriched γ-butenolides [38], important subunits present in
natural products and bioactive compounds [39].

A first example of an asymmetric catalytic epoxidation of nitroalkenes to nitroe-
poxides has been recently reported by González and co-authors, using the Cinchona
alkaloids derived PT catalyst 5 and bleach as the oxidant, working at low temperature
in toluene (Scheme 5.8) [40].

The epoxidation of nitroalkenes to chiral non-racemic nitroepoxides has always
been a challenging goal, due to the high reactivity of nitroalkenes as Michael accep-
tors and their propensity to undergo polymerization as side reaction. Nitroepoxides
are interesting intermediates, amenable of further ring-opening and elaboration reac-
tions to α-functionalized carbonyl compounds [41], 1,2-diamines [42], heterocycles
[43]. The mild reaction conditions enabled the preparation of mostly α-methyl β-
aryl-substituted nitroepoxides in good to high yields and good to high ee values. The
protocol is not effective with β-alkyl-substituted nitroalkenes, which reacted slug-
gishly and with poor enantiocontrol. A DFT study of the process suggested that the
antracenyl portion of the catalyst would be important to establish π–π-interactions
with the aryl group of the nitroalkene, whereas the free OH group of the organocat-
alyst would be involved in H-bonding interaction with the ClO− anion, directing the
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Scheme 5.8 PT catalysed asymmetric epoxidation of nitroalkenes

face-selectivity. Within this framework, the lack of enantiocontrol observed when a
β-alkyl group was present in the nitroalkene, would be rationalized.

5.3 Bifunctional/Multifunctional Organocatalysts

5.3.1 L-Diaryl Prolinols as Organocatalysts

Commercially or readily available l-diaryl prolinols, are small bifunctional organic
molecules, embedding a β-aminoalcohol portion, in analogy to popular Cinchona
alkaloids, where a tertiary amine is present instead of a secondary amine group.
Highly popular Hayashi–Jørgensen catalyst, the l-diphenyl prolinol bearing the
trimethylsilyl protected OH group, has been extensively used in covalent activation
of aldehydes via formation of enamine/iminium intermediates [44]. l-diphenyl proli-
nol 6a and other aryl-substituted derivatives were found to be able to provide general
acid–base activation of reagents, in analogy to thewell knownbehaviour displayed by
Cinchona alkaloids [45]. This additional catalytic ability has been usefully applied in
organocatalysis for the stereoselective carbon–carbon and carbon-heteroatom bonds
formation [46].

In 2005, the l-diphenyl prolinol 6a/tert-butyl hydroperoxide (TBHP) system was
disclosed byLattanzi for the asymmetric epoxidation of trans-enones in hexane as the
solvent [47]. This simple protocol was successively improved in terms of efficiency
and investigated by the same and other groups in the epoxidation of electron-poor
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alkenes [45, 46]. The non-covalent general acid–base activation of the reactive part-
ners was supported by experimental and DFT studies [48]. This and related systems
proved to be of wider applicability in the asymmetric epoxidation of uncommon and
less-investigated trisubstituted electron-poor alkenes (Scheme 5.9). l-prolinols 6b or
6c/TBHP or CHP system turned out to be useful for the enantioselective epoxidation
of 2-arylidene-1,3-diketones, achieving good ee values for the epoxides, improved to
>90% ee by a single crystallization [49]. Optically enriched spiroepoxides, derived
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Scheme 5.9 Asymmetric epoxidation of trisubstituted electron-poor alkenes with the diaryl proli-
nols/TBHP system
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from alkyliden-1,3-indandiones, were used as the synthetic precursors of a potent
inhibitors series of the human papillomavirus HPV11 E1-E2 protein-protein inter-
action [50].

The epoxidation of trans-2-aroyl-3-substituted acrylonitriles was investigated by
the same group, using catalyst 6d at 10 mol% loading in m-xylene at −20 °C
(Scheme 5.9) [51]. The epoxides, bearing contiguous tertiary and quaternary stere-
ocenters, were isolated in high yields, complete trans-diastereoselectivity and good
enantioselectivity, easily improved to excellent level by crystallization. A controlled
reduction of the enantioenriched epoxides to anti-allylic alcohols was demonstrated
to be an alternative route to the direct Sharpless asymmetric epoxidation of poorly
reactive 2-cyano allylic alcohols mediated by the Ti/tartrate/TBHP system [52].

Finally, the asymmetric epoxidation of α-ylideneoxindoles esters was studied
by Gasperi and co-workers, using the 6a/TBHP system in hexane to give func-
tionalized spirocyclic oxiranes in good yields as a mixture of trans- and cis-
isomers (Scheme 5.9) [53]. Modest to good enantiocontrol was observed for the
trans-epoxides, whereas only modest ee values were achieved for the cis-epoxides.
The presence of cis-diastereoisomer can be justified according to the stepwise
Weitz–Scheffer mechanism of the nucleophilic epoxidation (Scheme 5.10).

After the first oxa-Michael addition step, the peroxy enolate intermediate would
give ring closure at significantly lower rate, to compete with the carbon–carbon bond
rotation, to justify the presence of the cis-epoxide.Moreover, the presence of halogen
substituents on the aromatic ring would compete for H-bonding interactions with the
organocatalyst, significantly affecting the trans/cis ratio.

An unusual oxidative approach to optically enriched α,β-epoxy ketones has been
reported by Siva and co-authors, reacting terminal alkenes, aryl aldehydes and TBHP
in the presence of a catalytic loading of a bifunctional C3-symmetric catalyst 7,
derived from l-proline (Scheme 5.11) [54]. The epoxide formation is the result of a
C–H functionalisation and C–C/C–O bond formation cascade process.

Different styrenes and aromatic aldehydes were converted at room temperature
to the corresponding α,β-epoxyketones in good to high yields and enantioselectivity.
The reaction performed on an aliphatic aldehyde was much less productive, showing
amodest conversion as well as ee value for the final epoxide. The authors suggested a
radical mechanism for the epoxidation, where tert-butoxy radicals, formed by a non-
catalytic bond homolysis, would be involved to produce acyl radicals of aldehydes,
which then would couple with styrenes to give benzyl-type radicals (Scheme 5.12).
The following coupling with tert-butylperoxy radicals produces mixed peroxides.
At this stage, the organocatalyst should abstract the α-proton and the carbon radical
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Scheme 5.10 Weitz–Scheffer mechanism for the epoxidation of electron-poor alkenes
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Scheme 5.11 Asymmetric cascade oxidative coupling to α,β-epoxy ketones catalysed by a C3-
symmetric proline-derived organocatalyst

Scheme 5.12 Radical oxidative mechanism of the epoxidation

would proceed, in a chiral environment, to ring closure with elimination of the tert-
butoxy radical and formation of the optically active epoxy ketone.

Although the role of the organocatalyst remains unclear, this process appears to
be a simple and alternative approach to obtain epoxyketones, starting from readily
available styrenes and aryl aldehydes.

5.3.2 Thiourea-Amines as Organocatalysts

Bifunctional thiourea-amines and simple thioureas have been introduced in
organocatalysis back in 2003 by the groups of Takemoto [55] and Schreiner [56].
Thereafter, an incredible number of examples of stereoselective methods have been
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developed for the formation of carbon–carbon and carbon-heteroatom bonds, includ-
ing cascade processes leading to a convenient synthesis of highly functionalized
carbo- and heterocycles [57, 58]. The thiourea moiety in the organocatalyst was sug-
gested to behave like a Lewis acid, complexing the electrophile, generally carbonyl
compounds or nitroalkenes, via a double H-bonding interaction. The amine group
serves as a useful hand for general base catalysis, involved in the activation of a
variety of pronucleophiles. The bifunctionality of thiourea-amines opened the door
to effective catalysis of several simple and more sophisticated reactions in organic
chemistry.

In the area of oxidation reactions, the first concern for their employment was
to check the stability under oxidative conditions of thioureas. A first idea came
from the use of bis-3,5-trifluoromethyl phenyl thiourea (Schreiner’s catalyst) in sul-
phides catalysed oxidation to sulfoxides at 1 mol% loading at room temperature with
TBHP as the oxidant [59]. The performance was found to be comparable in TON
(turnover numbers), to that of well known metal-catalysts used for this process and
catalyst’s degradation found to be a negligible side reaction. The area of asymmet-
ric organocatalysed epoxidation of electron-poor alkenes, exploiting a non-covalent
activation of the reagents was soon after investigated, showing the applicability of
thiourea-amines in asymmetric oxidation reactions.

Terminal epoxides are likely the most useful intermediates in synthetic appli-
cations, thanks to the high regioselectivity achievable in ring-opening reactions
with different nucleophiles. The most commonly used and available Cinchona alka-
loids derived thioureas were reported by Lattanzi and co-authors to be competent
organocatalysts in the first enantioselective epoxidation of α-aroyl acrylamides with
TBHP (Scheme 5.13) [60]. The reaction proceeded at room temperature in toluene
with 5 mol% of catalyst 8, affording the epoxides, bearing a quaternary stereocen-
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ter in excellent yield and high to excellent enantioselectivity. The presence of the
secondary amide in the alkene was important for fast conversion to the product, as
it would contribute to organize the catalyst-reagent complex, associated through H-
bonding interactions. Indeed, when a tertiary amide group was inserted in the alkene,
a complete lack of reactivity was observed.

In contrast to typical nucleophilic epoxidation reactions, the stereogenic centre
was formed in the second step of the Weitz–Scheffer mechanism (Scheme 5.10),
where the ring closure would occur preferentially in a catalyst adduct-complex to
give the enantioenriched epoxide. The formation of the peroxy adduct was detected
by NMR spectroscopy. The highly regioselective ring-opening of the optically active
epoxides with thiol and azide nucleophiles to prepare functionalized derivatives was
demonstrated.

Natural spiroepoxides, including fumagillin [61], luminacin d [62] and
FR901464, [63] show potent antibiotic, antiangiogenic and anticancer activities.
Catalytic methods to optically active spiroepoxides, based on the epoxidation of
alkenes, are quite limited and essentially restricted to spiro-epoxyoxindoles [53, 64].
4-Spiro-5-pyrazolones are heterocycles of interest as agrochemicals and inmedicinal
chemistry [65].

The first asymmetric synthesis of spiropyrazolone epoxides has been based on the
organocatalytic epoxidation of unsaturated pyrazolones as reported by Lattanzi and
co-workers (Scheme 5.14) [66]. The easily available thiourea-amine 9/TBHP system
afforded a variety of trans-spiroepoxides with good diastereoselectivity and high ee
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values. Interestingly, a quinidine-derived thiourea was the most effective catalyst
to produce the cis-spiroepoxides when working in trifluoromethyl benzene at room
temperature achieving higher diastereocontrol and excellent level of enantioselectiv-
ity (96–99% ee). This work illustrated, for the first time, that when relatively stable
peroxy enolate intermediates are involved in a nucleophilic epoxidation, a diastereo-
divergent process, leading to both diastereoisomeric epoxides in an enantioselective
manner, can be developed by proper choice of the organocatalyst.

Alkylidene malononitriles are quite reactive Michael acceptors, but in contrast to
carbonyl or nitro groups, the cyano moiety only moderately engages with H-bonding
donors, thus restricting their application as reagents in stereoselective organocatalytic
application.

Dicyanoepoxides are synthetic equivalents of dication ketenes and when are
treated with binucleophilic diamines, bioactive heterocycles such as 3-substituted
piperazin-2-ones are obtained [67].

Asymmetric epoxidation of these alkenes has been set-up by the same group, using
multifunctional thiourea-amines derived from Cinchona alkaloids able to engage in
larger network of hydrogen-bonding interactions with the alkene and the oxidant
(Scheme 5.15) [68].

Quinine-derived thiourea 10, bearing additional stereocenters and the OH donor
group, was the most efficient organocatalyst in the presence of cumyl hydroperox-
ide (CHP) as the oxidant, providing the aryl-substituted epoxides in good yields
and moderate to satisfactory level of enantioselectivity. Lower efficiency has been
observed when reacting alkyl-substituted dicyanoalkenes. A one-pot procedure was
also developed to directly obtain valuable enantioenriched 3-substituted piperazin-
2-ones from alkylidenemalononitriles, adding diamines after the formation of the
epoxides. Hence, a simple protocol to access substituted piperazin-2-ones, important
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pharmacophores, has been established. A one-pot procedure, starting from alkyli-
denemalononitriles, followed by the addition of diamines after the formation of the
epoxides, furnished the heterocyclic compounds in good yields and maintained ee
values.

The epoxidation would proceed through a ternary complex, where the alkene is
H-bonded with thiourea and the OH groups, whereas the oxidant is strongly engaged
in H-bonding interaction with the basic quinuclidine nitrogen (Scheme 5.16).

A similar epi-quinidine/dinaphthyl ethylenediamine derived thiourea 11/TBHP
system has been developed by the same group for the asymmetric epoxidation of
trans-α-cyano-α,β-unsaturated esters (Scheme 5.17) [69]. The reaction proceeded
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at −20 °C with 20 mol% loading of catalyst in toluene to give the aryl and alkyl-
substituted glycidic esters in excellent yields and high enantioselectivity.

The role of the NH2 group and well established thiourea groups in tuning the
stereocontrol in the epoxidation might be justified with the involvement of additional
H-bonding engagement with the cyano and ester groups of the alkene. This work
highlights the utility of uncommonmoieties such as primary amine groups as helpful
donor–acceptor H-bonding sites to exploit in non-covalent organocatalysis. Indeed,
their classical role is recognized in covalent activation of aldehydes and ketones, via
formation of iminium/enamine intermediates.

Optically active cyanoglycidic esters showed to be of synthetic interest as illus-
trated by chemo- and regioselective elaborations to prepare small molecules, hard to
access by alternative methods (Scheme 5.18).

Reduction with NaBH4 chemoselectively yielded the model enantioenriched
cyano epoxy alcohol, difficult to prepare via Sharpless Ti/tartratemediated asymmet-
ric epoxidation of cyano allylic alcohol. Hydrolysis of the cyano group and hydro-
genation of the epoxide led to α,β-dihydroxy amide or ester, bearing a quaternary
carbon stereocenter in good yield. Tosylation of the diol, followed by ring closure,
afforded challenging epoxy methyl ester maintaining the initial ee value (89% ee).
This terminal epoxide is a useful building block for the synthesis of a new class
of HIV-1 protease inhibitors [70] and Bicalutamide-like molecules, active against
prostate cancer cell lines [71].

Quinones are cis-alkenes, whose asymmetric epoxidation failed to achieve high
stereocontrol, likely due to their rigid and symmetric shape, which makes the two
faces of the olefin almost equivalent towards the attack of a chiral oxidative sys-
tem [19]. Enantioselective protocols for the epoxidation of 1,4-naphthoquinones are
highly desirable reactions to obtain optically active 1,4-naphthoquinone epoxides,
which are useful intermediates for the synthesis of bioactive compounds. Literature
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precedents showed that PT catalysis could serve to prepare epoxide of vitamin K3

(2-methyl-1,4-naphthoquinone) with up to 86% ee [72].
Recently, Nagasawa et al. reported a C2-symmetric guanidine-bisurea organocat-

alyst 12, active at 5 mol% loading in methyl tert-butyl ether/H2O at 0 °C in the
presence of TBHP as the oxidant and KOH as the inorganic base (Scheme 5.19)
[73].

The same group previously showed that a similar organocatalyst was very effec-
tive for the asymmetric epoxidation of trans-chalcones [74]. Interestingly, the bifunc-
tional hybrid catalyst 12 can activate the reagents via ionic interactions, typical of
PT catalysis and hydrogen-bonding, displayed by thioureas and ureas. A variety
of epoxides, bearing different alkyl moieties and electron-donating or withdrawing
groups in the 1,4-naphthoquinone scaffold, were isolated in good yields and good to
high ee values.

DFT study showed that halogen substituents in the urea groups are involved in
the control of the enantioselectivity, being engaged in intramolecular H-bonding
interactions, helpful for the stabilization of the transition state of the oxa-Michael
step. In the oxa-Michael addition, the quinone is H-bonded with one urea group and
partially by the guanidinium moiety. The peroxy anion is coordinated by the other
urea group, directing the attack to the quinone (Scheme 5.20).

The ring closure of the peroxyenolate H-bonded with the catalyst was found to
be the rate and stereoselectivity determining-step.

This protocol represents the most efficient system reported up to now for the
enantioselective epoxidation of 1,4-naphthoquinone.
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Scheme 5.20 Postulated mechanism for the asymmetric epoxidation of 1,4-naphthoquinones

5.4 Summary and Outlook

In the last years, significant advances in the area of non-covalent organocatalytic
asymmetric epoxidation of electron-poor alkenes have been reported. The most rel-
evant achievements concerned the application of Cinchona alkaloids derived PT
catalysts for the stereoselective preparation of new classes of functionalized epox-
ides, bearing quaternary and tertiary stereocenters, amenable of further elaboration
for the synthesis of pharmaceuticals and bioactive compounds. The reaction condi-
tions respect, in most cases, the basic principles of green chemistry and perspective
for large-scale application or recycling of the catalyst has been explored.

Besides the substrate scope enlargement of the known commercially available
diaryl prolinol/TBHP system, ready available amine-thioureas appeared in the catal-
ysis arena, as new useful organic catalysts. These bifunctional or multifunctional
promoters demonstrated to be stable for their employment, under oxidative condi-
tions, in the asymmetric epoxidation of challenging classes of alkenes, including ter-
minal olefins. Mixed urea-PT catalysts proved to be suitable promoters in the highly
enantioselective epoxidation of difficult targets, such as 1,4-naphthoquinones. Non-
covalent organocatalytic epoxidation reactions deserve an important place in the
area of asymmetric epoxidation of alkenes. However, improvements in terms of cat-
alytic efficiency and operational parameters are still necessary, to consider them a
practical and sustainable choice for industrial applications. Moreover, the design
of new organocatalysts is necessary to succeed in the asymmetric epoxidation of
α,β-unsaturated esters [75], and amides [76], whose epoxides are valuable synthetic
intermediates, but still hard to prepare due to their scarce reactivity.
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Chapter 6
Green Oxidative Kinetic Resolutions
of Secondary Alcohols

Hélène Pellissier

Abstract This chapter updates the field of nonenzymatic oxidative kinetic reso-
lutions of secondary alcohols, covering the literature since 2004. These practical
methodologies provide a simple access to chiral alcohols that are key interme-
diates in asymmetric synthesis. The chapter is divided into seven sections, deal-
ing successively with palladium-catalyzed reactions, vanadium-catalyzed reactions,
ruthenium-catalyzed reactions, manganese-catalyzed reactions, iron-catalyzed reac-
tions, reactions catalyzed by other metals and organocatalyzed reactions.

Keywords Oxidative kinetic resolution · Secondary alcohols · Metal catalysis ·
Organocatalysis · Nonenzymatic kinetic resolution · Chirality · Asymmetric
catalysis

6.1 Introduction

Along with asymmetric synthesis, kinetic resolutions [1–9] represent very simple,
direct, and practical methodologies to prepare chiral compounds [9–19]. In addi-
tion to enzymatic kinetic resolutions, metal-catalyzed and more recently developed
organocatalyzed kinetic resolutions have encounteredmuch progresswith the discov-
ery of novel types of catalysts since the publication of the first catalytic nonenzymatic
kinetic resolution by Fajans and Bredig in 1908 using chiral alkaloid catalysts [20].
Later in 1981, Sharpless reported the kinetic resolution of allylic alcohols using tar-
trate ligands [21], which still knows wide success [22, 23]. Among highly efficient
kinetic resolutions [24–27] are oxidative kinetic resolution of alcohols [28–31].

This chapter collects the developments in nonenzymatic oxidative kinetic reso-
lution of secondary alcohols reported since 2004. It is divided into seven sections
dealing successively with palladium-catalyzed reactions, vanadium-catalyzed reac-
tions, ruthenium-catalyzed reactions, manganese-catalyzed reactions, iron-catalyzed
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reactions, reactions catalyzed by othermetals, and organocatalyzed reactions. It must
be noted that special kinetic resolutions, including stoichiometric kinetic resolutions
[32], parallel kinetic resolutions [33, 34], and dynamic kinetic resolutions [35–43]
are not included in this chapter.

6.2 Palladium-Catalyzed Reactions

The groups of Stoltz and Sigman have independently developed palladium-catalyzed
aerobic oxidative kinetic resolutions of a wide range of allylic, benzylic, and cyclo-
propyl secondary alcohols in the presence of (−)-sparteine as ligand [44–53]. These
methodologies performed under oxygen atmosphere have allowed high selectivity
factors of up to 122 to be achieved by using, for example, catalyst 13 (Scheme 6.1,
first equation) [54–61]. Furthermore, this methodology was applied to the syntheses
of several alkaloids, such as (+)-amurensinine, (−)-aurantioclavine, (−)-lobeline,
and (−)- and (+)-sedamine [62, 63]. In the same area, another chiral palladium cata-
lyst in situ generated from Pd(nbd)Cl2 and (−)-sparteine was applied by Stoltz et al.
to the oxidative kinetic resolution of a functionalized secondary alcohol (Scheme 6.1,
second equation) [64]. The reaction was performed at 80 °C in toluene, affording
the (3R,5S)-alcohol with a high enantioselectivity (>95% ee) and a good selectivity
factor (s = 23) while the corresponding (3S)-ketone was obtained in 57% conver-
sion. This chiral alcohol was employed as intermediate in the synthesis of the natural
anticancer agent bielschowskysin.

Alongwith expensive sparteine, structurallymodified onlywith difficulty, another
chiral diamine derived from (−)-cystine was employed in 2008 by O’Brien et al.
for the oxidative aerobic kinetic resolution of indan-1-ol [65]. The process led to
indanone and recovered (R)-indan-1-ol in high enantioselectivity (92% ee) and a
selectivity factor of 8. It must be noted that the stereocontrol was lower than that
obtained by using sparteine to afford the corresponding (S)-product (98% ee) [66].
On the other hand, moderate enantioselectivities (≤42% ee) and selectivity factors
(≤4.6) were described by Sacchetti et al. by using sparteine analogs, such as novel
chiral 9-keto-bispidines, in the kinetic resolution of 1-phenylethanol [67]. In 2009,
Breuning et al. investigated the kinetic resolution of 1-(4-methoxyphenyl)ethanol
performed under oxygen atmosphere by using 9-oxabispidine ligand 14 [68]. The
reaction provided an excellent enantioselectivity (>99% ee) combined with a selec-
tivity factor of 19 (Scheme 6.2).

Novel chiral N-heterocyclic carbene ligands derived from BINAM and
H8-BINAMwere developed by Shi et al. to be investigated in the palladium-catalyzed
aerobic oxidative kinetic resolution of cyclic arylalkanols [69–71]. As shown in
Scheme 6.3, moderate to good selectivity factors (≤49) were obtained with mod-
erate to high enantioselectivities (≤99% ee) when the reaction was promoted by
catalyst 15 under oxygen atmosphere.

The kinetic resolution of unprotected diols is still undeveloped related to the diffi-
cult control of its regioselectivity [27]. In 2016, Hua et al. reported the aerobic oxida-
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Scheme 6.3 Aerobic oxidative kinetic resolution of cyclic arylalkanols catalyzed with an N-
heterocyclic carbene-derived palladium complex

tive kinetic resolution of trans-1,3- and trans-1,2-cycloalkanediols by using novel
chiral-substituted poly-N-vinylpyrrolidinones as ligands of a bimetallic (Pd/Au) nan-
ocluster derived from polymeric chiral pyrrolidinone 16 [72]. The kinetic resolution
of trans-1,3-cycloalkanediols performed in water in the presence of only 0.15 mol%
of catalyst loading led to the corresponding (S)-ketones in high enantioselectivities
(83–99% ee) and good yields (46–49%) alongwith (R,R)-trans-1,3-cycloalkanediols
in high enantioselectivities (79–92% ee) and good yields (50–53%), as shown in
Scheme 6.4. When applied to the kinetic resolution of trans-1,2-cycloalkanediols,
the process afforded the corresponding enantiopure (S)- ketones (99% ee) in good
yields (45–47%) along with (R,R)-trans-1,2-cycloalkanediols with high enantiose-
lectivities (87–88% ee) and good yields (50–54%).

6.3 Vanadium-Catalyzed Reactions

Chiral vanadium complexes are also compatible catalysts for oxidative kinetic reso-
lutions of secondary alcohols. For example, a chiral catalyst in situ generated from
VO(Oi-Pr)3 and Schiff base ligand 17 was applied in 2005 by Toste et al. to promote
the oxidation of a series of α-hydroxy esters under oxygen atmosphere with high
selectivity factors (≤50) [73]. In 2010, this catalyst system was also employed by
Li et al. in the kinetic resolution of methyl o-chloromandelate, a key intermediate
in the synthesis of the antiplatelet agent (S)-clopidogrel, which was achieved with
an excellent enantioselectivity (99% ee) [74]. The scope of this methodology was
extended to the kinetic resolution of other α-hydroxy esters with selectivity factors
of up to 88 (Scheme 6.5). It was shown that the steric hindrance of the tert-butyl
groups of the ligand had a great influence on the enantioselectivity of the process.
Furthermore, these reaction conditions were also applied by Toste et al. to the total
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syntheses of natural products, such as (−)octalactin A [75] and (−)-pantofuranoid
E [76].

A closely related chiral vanadium catalyst 18was employed by Chen et al. in 2006
in the oxidative kinetic resolution of α-hydroxy phosphonates, providing high selec-
tivity factors (≤100), as shown in Scheme 6.6 [77, 78]. The best results were achieved
in the reaction of various α-aryl- and α-heteroaryl-α-hydroxy phosphonates. In con-
trast, lower enantioselectivities were observed by using related catalyst 19 derived
from a ligand bearingmore hindered tert-butyl groups in these reactions. On the other
hand, remarkable selectivity factors of up to 1057 were obtained with this catalyst 19
in the kinetic resolution of α-hydroxy esters and α-hydroxy amides. Moreover, the
kinetic resolution of other α-hydroxy acid derivatives including α-hydroxy thioesters
was performed in the presence of the same catalyst with high selectivity factors of up

Scheme 6.6 Aerobic
oxidative kinetic resolutions
of α-hydroxy phosphonates,
α-hydroxy esters, and
α-hydroxy amides catalyzed
with N-salicylidene
vanadyl(V) carboxylate
catalysts
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Scheme 6.7 Aerobic oxidative kinetic resolution of α-hydroxy (thio)esters and α-hydroxy amides
catalyzed with a polystyrene-supported N-salicylidene vanadyl(V) carboxylate catalyst

to 500 [79]. These results show that this is through a judicious selection of the C3-
and C5-substituents in the N-salicylidene moiety of the catalyst that high enantios-
electivities could be achieved. For example, 3,5-di-tert-butyl-N-salicylidene-based
vanadyl complex 19 was selected as optimal catalyst for the kinetic resolution of α-
hydroxy esters, amides, and thioesters, whereas 3,5-dibromo-N-salicylidene-based
vanadyl complex 18 was the optimal catalyst for the kinetic resolution of α-hydroxy
phosphonates.

In 2011, a polystyrene-supported vanadium catalyst 20 was developed by the
same authors and further applied to promote the kinetic resolution of a wide range
of α-hydroxy (thio)esters and α-hydroxy amides under oxygen atmosphere with
high enantioselectivities of up to 99% ee and moderate yields (33–43%), as shown
in Scheme 6.7 [80]. Especially, uniformly high enantioselectivities (87–96% ee)
were obtained for mandelates and a α-hydroxy (thio)ester. High enantioselectivities
(80–99%ee)were also achieved in the kinetic resolution of various benzylα-hydroxy
amides (XR2 = NHBn) bearing different α-aryl and alkyl groups (R1). However, a
lower enantioselectivity (44% ee) was exceptionally observed in the reaction of a
substrate exhibiting a α-isopropyl group (R1 = i-Pr). Notably, the catalyst could be
recovered by filtration and reused four times.

6.4 Ruthenium-Catalyzed Reactions

In 2005, Chan et al. reported the synthesis of chiral arsinooxazoline–ruthenium(II)
complexes, such as 21, which were further investigated to promote the oxidative
kinetic resolution of substituted 1-arylalkanols [81]. As shown in Scheme 6.8,
remarkable enantioselectivities (>99% ee) and good conversions (>50%) were
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Scheme 6.8 Oxidative kinetic resolution of benzylic alcohols catalyzed with an arsinooxazo-
line–ruthenium(II) complex

obtained at room temperature in alkaline acetone as oxidant in the reaction of unhin-
dered aryl alcohols, such as 1-phenylethanol.

In 2007, enantioselectivities of up to 99% ee were described by Katsuki et al.
by using salen ruthenium complexes, such as 22, in the kinetic resolution of simple
secondary alcohols with air as hydrogen acceptor (Scheme 6.9) [82]. Selectivity
factors of up to 30were achieved by using at room temperature under photoirradiation
in the presence of an additive, such as 1,3-bis(p-bromophenyl)propane-1,3-dione.

Scheme 6.9 Aerobic
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secondary alcohols catalyzed
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Scheme 6.10 Aerobic
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In 2014, these reactions were also performed by the same authors without irra-
diation when catalyzed by a chiral aqua salen ruthenium complex 23 in air [83].
Enantioselectivities of up to >98% ee were obtained in the reaction of many aro-
matic and aliphatic alcohols (Scheme 6.10). Especially, the best results (selectivity
factors of up to 60) were achieved in the kinetic resolution of activated alcohols,
such as benzylic ones bearing a substituent at the para-, meta- or ortho-position,
while lower selectivity factors (2–26) were obtained for more challenging aliphatic
alcohols.

6.5 Manganese-Catalyzed Reactions

While expensive PhI(OAc)2 has been often employed as oxidant in the presence of
chiral salenmanganese catalysts [84–96] in kinetic resolutions of secondary alcohols,
greener oxidants, such as H2O2 [97], also provided good results in such reactions.
For example, Bryliakov et al. described in 2017 oxidative kinetic resolutions of
secondary benzylic alcohols with H2O2 catalyzed by a tetradentate aminopyridine
manganese complex 12 (Scheme 6.11) [98]. This catalyst was employed at only
0.06–0.1 mol% of catalyst loading in acetonitrile at −10 °C without any additive.
Under these conditions, a series of para-substituted 1-phenylethanols provided the
corresponding chiral alcohols with good conversions (64–68%) and low to excellent
enantioselectivities (22–95% ee). The reaction of unsubstituted (S)-1-phenylethanol
gave comparable results (69% conversion, 92% ee).

Soon after, Sun et al. reinvestigated these green reactions in the presence of
0.2 mol% of a closely related chiral tetradentate aminopyridine manganese com-
plex 11 [99]. In this case, the reaction was performed at 0 °C in the presence of
H2SO4 as additive. In this context, various secondary benzylic alcohols afforded the
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Scheme 6.11 Oxidative kinetic resolution of secondary benzylic alcohols catalyzed with another
tetradentate aminopyridine manganese complex and using H2O2 as oxidant

corresponding chiral alcohols with excellent enantioselectivities (90–96% ee) and
good conversions (60–74%), as shown in Scheme 6.12.

Scheme 6.12 Oxidative
kinetic resolution of
secondary benzylic alcohols
catalyzed by a manganese
complex derived from a
tetradentate aminopyridine
ligand and using H2O2 as
oxidant
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6.6 Iron-Catalyzed Reactions

In 2009, an inexpensive and environmentally benign metal, such as an in situ gener-
ated (R)-BINAM-derived iron catalyst 24, was applied by Sekar et al. to promote the
oxidative kinetic resolution of benzoins [100]. The reaction was performed at 60 °C
in hexanes in the presence of TEMPO and molecular oxygen as oxidant. In these
environmentally friendly conditions, selectivity factors of up to 10.6 were obtained,
as shown in Scheme 6.13. It must be noted that this study represented the first use of
a chiral iron catalyst in oxidative kinetic resolution of secondary alcohols.

Actually, the first general methodology for iron-catalyzed aerobic oxidative
kinetic resolution of secondary alcohols was reported in 2011 by Katsuki et al.
[101]. It was based on the use of 3 mol% of salen iron chiral complex 25 in toluene
at 50 °C in the presence of 1-naphthol as an additive (Scheme 6.14). A wide range
of chiral alcohols was achieved with good conversions (52–62%) and moderate to
excellent enantioselectivities (67–99% ee). Especially very good results (90–97%
ee) were obtained in the reaction of secondary benzylic alcohols regardless of the
electronic nature of the aryl substituents. 1-(2-Naphthyl)ethanol was also compati-
ble with 94% ee. However, a lower enantioselectivity (73% ee) was obtained in the
kinetic resolution of 1-phenylethanol. Cyclic carbinols were also tolerated, although
the observed enantioselectivities (67–88% ee) were found dependent on the ring size
of the substrates. The reaction of alkenyl carbinols was also highly enantioselective
(90% ee) as well as that of nonactivated dialkyl alcohols (86–99% ee).
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Scheme 6.13 Iron-catalyzed aerobic oxidative kinetic resolution of benzoins
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Scheme 6.14 Iron-catalyzed aerobic oxidative kinetic resolution of secondary alcohols

6.7 Reactions Catalyzed with Other Metals

In 2006, Gao et al. reported that an iridium(I) complex derived from chiral diamin-
odiphosphine 26 promoted the oxidative kinetic resolution of secondary arylalkanols
with excellent enantioselectivities (≤98% ee) [102]. The reaction was performed in
acetone as green oxidant and solvent in the presence of a base such as KOH, provid-
ing selectivity factors of up to 34 (Scheme 6.15, first equation). Excellent selectivity
factors (≤100) were also reported by Ikariya et al. by using chiral iridium complex
27 bearing an N-sulfonylated diamine ligand in the aerobic kinetic resolution of
secondary arylalkanols [Scheme 6.15 (second equation)] [103, 104].

Since many metals are expensive, the copper-catalyzed oxidative kinetic resolu-
tion of alcohols represents an economic challenge. The first copper-catalyzed oxida-
tive kinetic resolution of secondary alcohols was reported in 2009 by Sekar et al.
(Scheme 6.16) [105, 106]. High enantioselectivities of up to 98% ee were achieved
by using a catalyst in situ generated from Cu(OTf)2 and (R)-BINAM as ligand. In
particular, secondary biaryl alcohols, such as benzoins and amino alcohols, were
resolved in the presence of TEMPO under molecular oxygen as oxidant.

Moreover, cobalt-catalyzed oxidative kinetic resolutions of secondary alcohols
using simplemolecular oxygen have been developed.As an example, a chiral ketoim-
inatocobalt(II) complex 28 was applied in 2009 by Yamada et al. to promote the
aerobic kinetic resolution of various secondary benzylic alcohols with good to high
enantioselectivities (≤96% ee), as shown in Scheme 6.17 [107], whereas the use of
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Scheme 6.15 Iridium-
catalyzed oxidative kinetic
resolutions of secondary
arylalkanols
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Scheme 6.16 Copper-
catalyzed aerobic oxidative
kinetic resolution of
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toluene, 80 °C

(R)-BINAM (10 mol%)

Ar

OH

Ar' +Ar

OH

Ar' Ar

O

Ar'*

Ar = Ar' = Ph: conversion = 33%, ee = 92%
Ar = Ar' = p-ClC6H4: conversion = 28%, ee = 98%
Ar = Ar' = p-Tol: conversion = 20%, ee = 95%
Ar = p-NH2C6H4, Ar' = Ph: conversion = 20%, ee = 93%
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Cu(OTf)2

another cobalt complex bearing the Schiff base ligand 29was applied to promote the
kinetic resolution of α-hydroxy ketones and α-hydroxy esters with high selectivity
factors of up to 47 and 31.9, respectively [108, 109].

In another context, Shibasaki et al. demonstrated that mixed BINOL/biphenol
La/Li heterobimetallic complexes could be used to promote the oxidative kinetic
resolution of tertiary α-nitroalcohols with high enantioselectivities (≤97% ee) com-
bined with moderate to good conversions (30–47%) [110, 111]. Selectivity factors of
up to 58.2 were observed by using a 2:1 mixture of La-Li3(binaphthoxide)3 complex
and La-Li3(biphenoxide)3 complex 30 in THF at −20 °C, as shown in Scheme 6.18.
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Scheme6.17 Cobalt-catalyzed aerobic oxidative kinetic resolutions of secondary benzylic alcohols
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Scheme 6.18 Oxidative
kinetic resolution of
secondary alcohols catalyzed
by mixed La/Li
heterobimetallic complexes
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The synthesis of chiral surfactants bearing two long alkyl chains with hydroxyl
groups at their terminals was reported in 2014 by Wu et al. [112]. The latter was
employed to encapsulate a polyoxometalate through electrostatic interaction. These
thus formed chiral surfactant-encapsulated polyoxometalate complexes were further
covalently immobilized on silica. The formed chiral supramolecular hybrid catalyst
was found capable to promote the oxidative kinetic resolution of 1-phenylethanol
with high enantioselectivity (89% ee).

6.8 Organocatalyzed Reactions

It is only recently that the first examples of enantioselective organocatalytic oxidative
kinetic resolution of secondary alcohols were reported [113–115]. As an example,
organocatalyzed oxidative kinetic resolutions of aldol products were developed in
2010 by Cheng et al. (Scheme 6.19) [116]. The process was catalyzed by chiral
primary–tertiary amine organocatalyst 32 in acetone as green oxidant and solvent,
providing selectivity factors of up to 115. Itmust be noted that the diastereoselectivity
of the reaction remained unchanged.

Another type of chiral 1,2-diamines, such as (R,R)-1,2-di(1-naphthyl)-1,2-
ethanediamine (NEDA), was shown by Repo et al. to be an efficient catalyst for the
oxidative kinetic resolution of secondary benzyl alcohols by using TBHP as oxidant
[117]. As shown in Scheme 6.20, the reaction was performed at room temperature
in dichloromethane as solvent, leading to the corresponding chiral alcohols with
moderate to high enantioselectivities (52–98% ee) and good conversions (39–55%).
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Scheme 6.19 Organocatalyzed oxidative kinetic resolution of aldol products
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Scheme 6.20 Organocatalyzed oxidative kinetic resolution of benzylic secondary alcohols

Notably, even hindered cyclic carbinols, such as 1-tetranol and 1-indanol, were tol-
erated with moderate to good enantioselectivities (67–82% ee).

Another type of organocatalysts, such as quinine-derived urea organocatalyst 33,
was employed by Zhao et al. in 2013 to promote the oxidative kinetic resolution of
cis-1,2-diols [118]. This process involved N-bromophthalimide as oxidant in chlo-
roform as solvent. The scope of the methodology was extended to a cis-1,2-diol
that was resolved with a low enantioselectivity (13% ee) whereas the corresponding
α-hydroxyketone was obtained with 70% ee (Scheme 6.21).
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Scheme 6.21 Organocatalyzed oxidative kinetic resolution of a cis-1,2-diol

In addition, a kinetic oxidation of secondary aromatic alcohols through electro-
chemical oxidation was reported by Onomura et al. in 2008 [119]. These reactions
were promoted by chiral azabicyclo-N-oxyls derived from l-hydroxyproline, such
as 35, providing moderate enantioselectivities (39–76% ee) and selectivity factors
(5.3–21), as shown in Scheme 6.22.

Pt(+)-Pt(-), 20 mA

35 (10 mol%)
NaBr (4 equiv)

Ar

OH

Ar

OH
+

Ar

O

conversion = 45-60%, ee = 39-76%

aq. NaHCO3/CH2Cl2, 0 °C

Ar = Ph, 2,4,6-Me3C6H2, o-Tol, 2-Naph, 1-Naph

N
O

O

ClO

Scheme 6.22 Electrochemical oxidative kinetic resolution of secondary benzylic alcohols using
an l-hydroxyproline-derived azabicyclo-N-oxyl organocatalyst
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6.9 Conclusions

In the last decade, significant advances have been reported in the field of oxida-
tive kinetic resolution of secondary racemic alcohols by using chiral palladium,
vanadium, ruthenium, manganese, iridium, and cobalt complexes and more environ-
mentally benign and inexpensive copper and iron chiral complexes, in addition to
organocatalysts more recently developed. Among these versatile procedures, many
provided chiral alcohols with very high enantioselectivities and good conversions by
using these very different chiral catalysts and green oxidants, such as simple oxygen
atmosphere or environmentally benign H2O2. Furthermore, it is only in the last 9
years that the first organocatalyzed oxidative kinetic resolutions have been devel-
oped. Further progress is expected in the future with the discovery of novel green
chiral catalysts to be used with oxygen from air as simple and green oxidant.
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Chapter 7
Asymmetric Epoxidation Catalyzed
by Biologically Inspired Non-heme Iron
Catalysts and Hydrogen Peroxide

Laia Vicens and Miquel Costas

Abstract Asymmetric epoxidation is a very interesting reaction in organic synthe-
sis because it allows the transformation of highly abundant hydrocarbons in chiral
oxygenated products that can be further used in the preparation of more complex
chiral compounds. Different catalysts that perform this transformation with high
efficiency and with high levels of selectivity have been developed in the last years.
However, those based on the combination of iron and hydrogen peroxide as oxi-
dant are especially attractive. It is proposed that these catalysts worked through the
formation of high-valent species bearing metal-oxo moieties. Herein, we describe
the most relevant examples of bioinspired non-heme iron catalysts that have been
reported in the literature for asymmetric epoxidations using H2O2, and also provide
some considerations about the mechanism of this transformation.

Keywords Asymmetric epoxidation · Hydrogen peroxide · Iron · Bioinspired
catalysis · Catalyst design · Reaction mechanisms · Non-heme

7.1 Introduction

7.1.1 Iron-Catalyzed Epoxidation in Nature

Asymmetric epoxidation is a very useful reaction in organic synthesis. Olefins
are readily available feedstocks and epoxides have well-established rich chemistry
[1]. Chiral epoxides are currently used as intermediates in the synthesis of more
elaborated chiral products with applications in the pharmaceutical and chemical
industries [2]. For example, one of the synthetic pathways to synthesize the HIV
protease inhibitor Crixivan® involves the asymmetric epoxidation of indene [3],
and diastereoselective epoxidation is employed in the preparation of the proteasome
inhibitor Carfilzomib (Scheme 7.1), approved for the treatment of multiple myeloma
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Scheme 7.1 Schematic synthesis of Crixivan and Carfilzomib

(marketed asKaprolis®) [4].Owing to their enormous potential, catalytic asymmetric
epoxidation reactions have been actively explored over the last two decades. Metal-
catalyzed reactions and organocatalysis have contributed in providing methods that
permit epoxidation of a wide variety of olefins with high levels of enantioselectiv-
ity [5, 6]. Arguably, the major reagent versatility provided by organocatalysis has
contributed in a more extensive manner to extend the substrate scope of the reac-
tion [7–9]. However, the common limitation of organocatalysts, namely the large
catalyst loadings and long reaction times usually required makes metal catalysis a
competitive or preferable alternative in a number of cases.

Base metals constitute the most attractive option for metal catalyst development
because of their availability and cost [10–12]. Among them, iron represents the opti-
mum case [13–19]. Besides being the most abundant transition metal in the earth
crust, it is readily accessible and it has minimum, if any, environmental impact. Iron
indeed is a crucial element for life and plays a key role in red–ox processes taking
place in living organisms. Notoriously, iron is prevalent in a number of enzymes
that catalyze the oxidation of organic molecules. Epoxidation is also a notable
reaction in the reactivity portfolio of oxygenases. For example, P450 catalyzes the
epoxidation of arachidonic acid [20, 21], and non-heme iron-dependent epoxidases
have been reported in various biosynthetic pathways, for example Hyoscyamine 6β-
hydroxylase (H6H) in scopolamine [22], DdaC in Nβ-epoxysuccinamoyl-DAP-Val
[23], PntD in pentalenolactone [24], and the recently discovered AsqJ in quinolone
alkaloid biosynthesis (Scheme 7.2) [25].

The ability of heme and non-heme enzymes to catalyze stereoselective epoxida-
tions has promoted the development of synthetic iron complexes as chiral epoxida-
tion catalysts [16, 26–29]. Historically, iron-catalyzed asymmetric epoxidationswere
first based in iron porphyrins [30–39]. Non-heme complexes capable of engaging in
enantioselective epoxidation did not appear until more recently but have gained very
rapid interest because of their improved performance with regard to hemes [19, 27,
28]. The structural versatility of non-heme catalysts also suggests that their potential
applications and substrate scope are far superior to porphyrins.
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Among the oxidants employed, hydrogen peroxide and dioxygen stand up as par-
ticularly interesting from the point of view of atom economy, cost, and minimization
of residues [11, 29, 40]. Hydrogen peroxide is particularly convenient. It is readily
available and easy to handle in the form of aqueous solutions, and its byproduct is
only water [41]. The use of metal catalysts effectively activates this molecule and
oxidations can be performed without the need of elevated temperatures, as otherwise
is often required when O2 is employed as oxidant. This makes hydrogen peroxide
a more convenient oxidant in terms of safety. Finally, hydrogen peroxide is a 2e-
oxidant, and because of that its chemistry is simple to accommodate to 2e-oxidation
reactions such as epoxidations. Instead, dioxygen is a 4e-oxidant and their use in
epoxidation requires a cosubstrate or other 2e-source.



164 L. Vicens and M. Costas

N
N

N

N
NCCH3

Fe

H3CCN

[Fe(tpa)(CH3CN)2]2+

H2
16O/H2

18O2

[Fe(tpa)(CH3CN)2]2+

O
OH

OHCH3CN, 25ºC, 30 min
+

16O: 10%
18O: 90%

16O/18O: 97%
18O/18O:   3%

[Fe(tpa)(CH3CN)2]2+

H2
18O/H2

16O2
O

OH

OHCH3CN, 25ºC, 30 min
+

16O: 81%
18O: 19%

16O/18O: 86%
18O/18O:   1%

2+

Scheme 7.3 Isotopic labeling experiments performed by Que and coworkers in the oxidation of
cyclooctene using [Fe(tpa)(CH3CN)2]2+ and H2O2

7.1.2 Non-heme Oxygenases as Models for Epoxidation
Catalysts Development

The last decade has seen a very important advance in our knowledge of the number,
structural, and chemical versatility of non-heme iron-dependent oxygenases [42–45].
These studies have shown that iron centers ligated to imidazole and carboxylic acid-
containing protein residues can generate high-valent iron-oxo species competent for
selective oxygen atom transfer to organic substrates [46], such as epoxidation. In
parallel, synthetic bioinorganic chemistry has provided solid evidence that selected
non-heme iron complexes, upon reaction with hydrogen peroxide, generate high-
valent iron-oxo species and not hydroxyl radicals [18, 19, 47, 48]. A landmark study
in this regard was described by Que and coworkers, who showed that the complex
[Fe(tpa)(CH3CN)2]2+ (Scheme 7.3) upon reaction with hydrogen peroxide, oxidizes
cyclooctene to a mixture of cyclooctene-epoxide and cyclooctane-1,2-syn-diol [49].
Most remarkably, the formation of the two products proceed with stereoretention,
and 18O-isotopic labeling studies showed that hydrogen peroxide and water were the
origin of the oxygen atoms incorporated into products, while atmospheric O2 was
not incorporated.

These reactions were performed with low substrate conversion conditions (<5%),
and had no synthetic relevance. However, they revealed that these complexes have
the potential to become selective olefin oxidation catalysts.

7.2 Iron Catalysts for Asymmetric Epoxidation Using H2O2

7.2.1 Early Examples with In Situ Generated Catalysts

One of the first described examples of a non-heme iron asymmetric epoxidation was
reported by Jacobsen and Francis in 1999 [50]. The authors used a combinatorial
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approach in which they combined a large set of chiral peptides with different metal
salts. The resulting library of 5760 metal–ligand complexes was tested in the asym-
metric epoxidation of trans-ß-methylstyrene. The best results were obtained with
the iron complexes (up to 78% yield when FeCl2 was used in combination with 2,
Scheme 7.4), although only low enantioselectivities of up to 20% were achieved,
probably due to the small control over the first coordination sphere around the metal,
which was not identified. However, close inspection of the series of peptides 1–3
reveals common structural features; the three contain a pyridine or quinoline hetero-
cycle, and a meridional Ocarbonyl-NH/imine-Npy/quin donor set can be identified, along
with a hydroxyl moiety, from a threonine residue.

In 2007, Beller and coworkers developed a practical methodology for the asym-
metric epoxidation of olefins [51]. It consists, in the in situ generation, of iron catalyst
bymixingFeCl3·6H2O, pyridine-2,6-dicarboxylic acid, and a chiral diamine (4). This
system is applied in the epoxidation of trans-stilbene derivatives, obtainingmoderate
to excellent yields and enantioselectivities (up to 92% yield and 97% ee). It was also
tested in the epoxidation of styrene derivatives, but only moderate enantioselectivi-
ties were achieved (up to 53% ee) [52]. Despite its simplicity, the limited substrate
scope of this system constitutes its most obvious limitation (Scheme 7.5).

FeCl2 (5 mol%)
1-3 (5 mol%)
H2O2 (1.5 equiv.)

CH2Cl2 / tBuOH (1/1)
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O H
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OMe N
H

O H
N
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N
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HO

N
N
H

O H
N

O
N

HO
N

1: 20% ee (R,R) 2: 20% ee (R,R) 3: 15% ee (S,S)

Scheme 7.4 Asymmetric epoxidation using FeCl2 and peptide ligands (1–3) evolved from a com-
binatorial library

FeCl3·6H2O (5 mol%)
H2pydic (5 mol%)
(S,S)-4 (12 mol%)
H2O2 (2 equiv.)

2-methylbutan-2-ol, rt, 1h
R

R

R

R
O

R = Me: 92% yield, 64% ee (2R,3R)
R = tBu: 82% yield, 81% ee (2R,3R)

H
N

HN Bn

S
O

O
Ph

Ph

(S,S)-4FeCl3·6H2O (10 mol%)
H2pydic (10 mol%)
(S,S)-4 (24 mol%)
H2O2 (4 equiv.)

2-methylbutan-2-ol, 10ºC, 1h
But

40% yield, 97% ee (2R,3R)

But

O

Scheme 7.5 Asymmetric epoxidation of olefins with FeCl3, H2pydic, and a chiral diamine (4)
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[FeIII
2(μ-O)Cl4(Spp)] (5)

5 (2 mol%)
AcOH (20 mol%)
H2O2 (1.5 equiv.)

CH3CN, 0ºC, 3minR

R = H: 95% yield, 43% ee (R)
R = Cl: 90% yield, 42% ee (R)

R

O

Scheme 7.6 Asymmetric epoxidation of styrene derivatives catalyzed by the Fe-hexapyridine com-
plex (5)

7.2.2 Early Examples with Well-Defined Coordination
Complexes as Catalysts

Amore elaborated catalyst from the point of view of the ligand and the coordination
structure of the iron center was reported 1 year later by Kwong and coworkers [53].
The catalyst was based on a hexapyridine ligand containing a pinene group attached
at two of the pyridine rings. When the ligand is combined with two equivalents of
FeCl2, an oxo-bridged dimer is generated, which is able to epoxidize styrenes using
H2O2 in the presence of acetic acid in very short reaction times, obtaining high
yields of the epoxide (50–100%), but only moderate levels of enantioselectivity (up
to 43% ee) (Scheme 7.6).

7.2.3 Catalysts Based on Nitrogen-Based Tetradentate
Ligands

Arguably, themost successful family of non-heme iron catalysts developed for asym-
metric epoxidation are those basedon tetradentate ligandswith a linearbis-amine-bis-
pyridine (or related heterocycle) structure [54]. These catalysts bear structural simi-
larities to the early described Fe(tpa) catalyst; in first place, they have an N-donating
tetradentate ligand combining pyridine and aliphatic amine donors; in second place,
the ligand leaves two labile binding sites in the octahedral coordination sphere of
the iron center, readily available for peroxide binding and activation. Finally, these
can be seen as strong field ligands that favor low-spin states. Furthermore, when
these ligands are bonded to the metal, they form three five-membered chelate cycles,
which provides high stability to the complexes. In an octahedral complex, linear
bis-amine-bis-pyridine ligands can be bound to the metal center via three different
topologies: cis-α, cis-ß, or trans (Fig. 7.1, left) [55–57]. So far, cis-α complexes have
been most commonly and successfully explored in asymmetric epoxidation cataly-
sis. In this topology, the two pyridines are trans to each other, and the two aliphatic
diamines are in cis. These leave two cis-labile coordination sites, which will be used
to activate H2O2. Moreover, the aliphatic diamine of the ligand defines the chirality
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Fig. 7.1 Topologies for octahedral iron complexes with linear tetradentate ligands (left) and enan-
tiomeric forms of [Fe(OTf)2(mcp)], OTf = trifluoromethanesulfonate anion, depending on the
chirality of the diamine backbone (right)

at the metal (� or �) [56, 58, 59]. Therefore, although the chiral diamine is not at
the same site of the complex where the peroxide is activated, its chirality is effec-
tively translated toward the chirality at the metal, and the latter effectively impacts
the enantioselectivity of the reactions (Fig. 7.1, right).

The epoxidation activity of this class of complexes was first described by Que and
Jacobsen. The latter described their ability to catalyze alkene epoxidation on prepar-
ative scales. Jacobsen used [FeII(men)(CH3CN)2](SbF6)2 (22), a complex based on a
non-chiral linear ligand that combines two pyridines and a dimethylethylenediamine
unit [60]. Using acetic acid as an additive, high yields were obtained (61–90%) in
the epoxidation of a series of aliphatic alkenes (Scheme 7.7). Although this complex
does not produce chiral epoxides, its discovery as a particularly effective epoxida-
tion catalyst and the straightforward possibility of designing related chiral versions
was recognized by different authors in the field as the basis for the preparation of
chiral epoxidizing iron complexes (Fig. 7.2). The main strategy pursued is based on
changing the aliphatic diamine of the catalyst and installing readily available chiral
diamines [28].

In parallel, Que and coworkers studied the asymmetric epoxidation ability
of (R,R)-[FeII(OTf)2(mcp)] (6), in which the mcp ligand contains a chiral 1,2-
cyclohexanediamine as the backbone. In this case, only low enantioselectivity (up to
12% ee) was obtained in the epoxidation of trans-2-heptene [61]. However, in 2011,
Sun and coworkers reexamined the use of the same complex in the epoxidation of
other families of substrates (i.e., trans-chalcones), obtaining remarkably improved

22 (3 mol%)
AcOH (30 mol%)
H2O2 (1.5 equiv.)

CH3CN, 4ºC, 5 min O

85% yield

N
N

N

N

Fe
NCCH3
NCCH3

2+

(SbF6)2

[Fe(OTf)2(men)] (22)

Scheme 7.7 Epoxidation of olefins with [FeII(men)(CH3CN)2](SbF6)2 (22) and H2O2
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Fig. 7.2 Examples of iron complexes used in the asymmetric epoxidation of olefins

enantioselectivities up to 54% ee when acetic acid was used as additive [62]. The
authors also reported a structurallymore elaborated catalyst inwhich aromatic groups
were introduced in the pseudo-benzylic positions (7–8), achieving up to 78% ee in
the epoxidation of substituted trans-chalcones using 8. A few years later, 6 was
further modified by the same authors by replacing the pyridines of the ligand by ben-
zylimidazoles (9), and it was successfully applied in the asymmetric epoxidation of
chalcone derivatives, improving the enantioselectivity up to 95% [63]. Probably the
main limitation of this system is that high enantioselectivities have so far only been
described in the epoxidation of aromatic trans-α,ß-enones (Scheme 7.8; Table 7.1).

Shortly afterward, the same group reported a new catalyst in which the ligand
diamine backbone was based on proline (10) [64]. This complex is significantly

O

Cl

O O

F

Cl O

O

F

O

O O O O

OO

O
8 (2 mol%) or 9 (0.5 mol%)
AcOH (5 equiv.)
H2O2 (2 equiv.)

CH3CN, rt, -15ºC

8: 73% (87% ee)
9: 91% (95% ee)

8: 61% (82% ee)
9: 91% (90% ee)

R1 R2

O

R1 R2

O

8: 80% (83% ee)8: 90% (84% ee)
9: 96% (94% ee)

8: 56% (74% ee)
9: 97% (84% ee) 9: 54% (84% ee)

8: 52% (78% ee)
9: 72% (91% ee)

O
O

9: 95% (96% ee)

Cl Cl

O
O

Scheme 7.8 Representative substrate scope of catalysts 8 and 9
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Table 7.1 Asymmetric epoxidation of chalcone with the series of catalysts 6–9 and H2O2, showing
the progressive improvement in enantioselectivity

O O
O

6-9 (2 mol%)
AcOH (5 equiv.)
H2O2 (2 equiv.)

CH3CN, rt, 2h

Entry Catalyst Yield (%) ee (%) Ref.

1 6 47 54 [62]

2 7 45 71 [62]

3 8 47 72 [62]

4a 8 52 78 [62]

5b 9 94 90 [63]

aT = −30 °C
b0.5 mol% 9, T = −20 °C

different from the previously described examples because this diamine provides C1

symmetry to the catalyst. This catalyst was applied in the asymmetric epoxidation of
trans-chalcone obtaining moderate yields and enantioselectivities (up to 68% yield
and 56% ee). However, these results were substantially improved when the pyridines
of the catalyst were substituted by benzylimidazoles (11–13), where up to 99%
yield and 98% ee were obtained in the epoxidation of the same kind of substrates
(Scheme 7.9; Table 7.2).

In parallel, Talsi, Bryliakov, and coworkers explored the use of (S,S)-
[Fe(OTf)2(pdp)] (14) in the asymmetric epoxidation of aromatic enones [65]. This
complex had been previously reported by Que and coworkers [66] replacing the ace-
tonitrile ligands present in the original catalyst described by White and Chen [67],
by triflate anions. The White-Chen catalyst was originally used in C–H oxidation

O
12 (2 mol%)
AcOH (3 equiv.)
H2O2 (1.2 equiv.)

CH3CN, -20ºC, 2h
R1 R2

O

R1 R2

O

O O O O

O O

O O O O

OO

99% (97% ee)

O
O

O
O

90% (91% ee) 78% (80% ee) 93% (92% ee)

99% (97% ee)98% (97% ee)82% (87% ee)90% (91% ee)

Cl

MeO Cl

Cl

F

Scheme 7.9 Representative substrate scope exhibited by C1-symmetric catalyst 12
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Table 7.2 Asymmetric
epoxidation of chalcone with
the series of catalysts 10–13
and H2O2 [64]

O O
O

10-13 (2 mol%)
AcOH (3 equiv.)
H2O2 (1.2 equiv.)

CH3CN, -20ºC, 2h

Entry Catalyst Yield (%) ee (%)

1 10 68 56

2 11 89 92

3 12 90 88

4 13 83 86

reactions under similar conditions to those employed in the epoxidations. This work
demonstrated that the replacement of the cyclohexyldiamine by a bis-pyrrolidine
backbone results in a catalyst that provides better enantioselectivities (up to 71%
ee). Moreover, in this work, the authors demonstrated that different carboxylic acids
could be used instead of acetic acid, having a high influence in the yield and the
enantiomeric excess of the final epoxide (Table 7.3). Also, this catalyst was applied
to other substrates distinct from chalcones, such as styrene derivatives, but only
moderate enantioselectivities were then obtained (Scheme 7.10).

Closer in time, Cussó et al. modified the family of bis-pyrrolidine-based com-
plexes by introducing different groups in position 4 of the pyridines in the ligand,
with the final goal to study the impact of tuning the electronic properties of these
tetradentate ligands on the catalytic properties of the corresponding iron complexes
[FeII(OTf)2(xpdp)] (15–19) [68]. This set of catalysts was tested in the asymmetric
epoxidation of cis-ß-methylstyrene and it was observed that the yield and the stereos-

Table 7.3 Asymmetric epoxidation of chalcone with catalyst 4, H2O2, and different carboxylic
acids [65]

O O
O

14 (1 mol%)
RCOOH (1.1 equiv.)
H2O2 (2.0 equiv.)

CH3CN, -30ºC, 30 min

Entry RCOOH Conv (%) Yield (%) ee (%)

1 AcOH 92 92 71

2 FA 10 10 65

3 BuA 97 91 72

4 iBuA 97 97 78

5 2-eha 100 98 86

OH

O

H OH

O

OH

O

OH

O

OH

O

AcOH FA BuA iBuA 2-eha



7 Asymmetric Epoxidation Catalyzed by Biologically Inspired … 171

Scheme 7.10 Substrate
scope of catalyst 14 beyond
chalcones

R1 R3

14 (1 mol%)
AcOH (1.1 equiv.)
H2O2 (2.0 equiv.)

CH3CN, -30ºC, 30 min

R2
R1 R3

R2O

CN

O

O

O

O O

48% (27% ee) 99% (33% ee) [a] 28% (26% ee)
[a] 51% (62% ee)

[a] 2-eha was used instead of AcOH

electivity of the productwere systematically dependent on the electronic properties of
the ligand: the more electron donating was the ligand the higher was the yield and the
enantioselectivity of the resulting epoxide (the yield improved from 13 to 87% and
the enantioselectivity from 16 to 62% ee) (Table 7.4). Moreover, using the complex
bearing the most electron-donating ligand (19), the chemoselectivity and the enan-
tioselectivity of the epoxidation remained unaltered when only catalytic amounts of
acetic acid were used. This behavior was not observed with the less electron-rich cat-
alysts as a decrease of the yields was observed when the amounts of acetic acid were
reduced (Table 7.4). Using the best catalyst of the series, [FeII(OTf2)(Me2Npdp)] (19),
different carboxylic acidswere tested, finding that (S)-ibuprofen and 2-ethylhexanoic
acid provided the best enantioselectivities in the epoxidation of a large scope of sub-
strates (Scheme 7.11).

Table 7.4 Impact of the electronic properties of the complexes in the efficiency and enantioselec-
tivity of the series of catalysts 14–19 [68]

14-19 (1 mol%)
AcOH (3 mol%)
H2O2 (1.6 equiv.)

CH3CN, -30ºC, 30 min

O

Entry Catalyst Conv (%) Yield (%) ee (%)

1 15 57 33 15

2 16 44 22 19

3 14 61 38 21

4 17 44 27 31

5 18 64 37 39

6 19 100 82 60

7a 19 100 87 62

8a 15 32 15 16

a3 mol% AcOH
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Scheme 7.11 Representative substrate scope of the catalyst 19

Building in these precedents, the authors explored the combination of catalyst
19 with N-protected amino acids as co-ligands instead of aliphatic carboxylic acids
[69]. A different series of amino acids were tested in the asymmetric epoxidation of
cis-ß-methylstyrene. Since amino acids are chiral, possible match–mismatch effects
resulting from the combination of the chirality of the catalyst and the amino acid
were investigated. The best results were obtained using (R,R)-19 in combination
with N-Npha-Ile-OH (23). Under the optimal conditions, the reaction was explored
against styrene substrates with a different type of substitutions at the olefinic site
(Fig. 7.3). Interestingly, α-methylstyrene, a substrate particularly difficult for current
epoxidation methods, was epoxidized in good yield and enantioselectivity.

Exploration of the substrate scope of the system against a series of 1,1-
disubstituted styrenes showed that the enantioselectivity improves systematically
as the alkyl substituent changes from methyl to isopropyl and t-butyl, obtaining up
to 90% yield and 97% ee (Scheme 7.12).

The same complex was then tested in combination with peptides containing a
terminal free carboxylic acid as co-ligands (Scheme 7.13) [70]. In this approach,
the peptide is envisioned to shape a second coordination sphere around the metal,
resulting in a more elaborated system. Different peptides, some of them previously
used in organocatalytic asymmetric reactions [71, 72],were tested taking into account
the two possible enantiomeric forms of the catalyst, in order to investigate possible
match–mismatch effects with the chirality of the peptide (Scheme 7.13).
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Fig. 7.3 Representation of the stereoselectivity on the epoxidation of structurally different styrenes
with (R,R) and (S,S) forms of catalyst 19. The bars containing “R” represent the enantiomeric excess
obtained when (R,R)-19 is used and the ones containing “S” represent the ee obtained when (S,S)-19
was used. When chirality is not specified, (S,S)-19 was used

Optimum results were obtained with peptide 28 and (S,S)-19, for which up to
82% yield and 92% ee was observed in the epoxidation of α-alkyl styrenes, includ-
ing ortho-substituted ones (Scheme 7.14). Control experiments demonstrated that
the combination of the peptide and the catalyst is necessary for good catalytic activ-
ity (Table 7.5), and remarkably, replacement of 24 by peptide 24-OMe, where the
carboxylic acid moiety has been esterified, resulted in a very poor catalytic system.
Therefore, the carboxylic acid at the peptide effectively acts in combination with the
catalyst in the activation of H2O2.

As both amino acids and peptides constitute natural ligands in non-heme iron-
dependent oxygenases, these two last examples can be considered a significant
advance toward the design of biologically inspired oxidation catalysts.

More recently, Cussó et al. reported a new family of C1-symmetric catalysts
[FeII(OTf)2(x,ypdp)] that consists in a chiral bis-pyrrolidine combined with two dif-
ferent pyridines or related heterocycles, and applied it to the epoxidation of cyclic
enones [73]. The best results in the asymmetric epoxidation of 2-cyclohexenonewere
obtained using the complex that combines a bulky pyridine substituted in position 5
with a bulky tris-isopropylsilyl group and a benzylimidazole, [FeII(OTf2)(bz,tipspdp)]
(20). This system was the first example of iron catalysts competent to epox-
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(R,R)-19 (2 mol%)
23 (3 mol%)
H2O2 (1.8 equiv.)

CH3CN, -30ºC, 30 min
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O
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70% (80% ee)

52% (75% ee)

Scheme 7.12 Representative substrate scope of catalyst 19 in combination with N-Npha-Ile-OH
(23)

idize cyclic aliphatic enones in high yields and excellent enantioselectivities
(up to 95% ee) (Scheme 7.15).

It is remarkable to note that for cyclopentenone, a notoriously difficult substrate
[74, 75], the epoxide was obtained in a 75% isolated yield and in 90% ee. These
excellent results were also obtained with cyclohexenone, but a slight decrease in
enantioselectivity was observed when the cycle was enlarged up to seven- and eight-
membered rings (84%and81%ee respectively). Important effectswere also observed
when alkyl substituents were introduced in the two sites of the olefin of the cyclic
enones. In general, substitutions at the olefinic sites (α and β) produced an erosion
of the ee and yields of the products, probably due to steric reasons. In an opposite
manner, when the substituents were located in the other positions of the ring (α′,
β ′, or γ ), the enantioselectivities tend to improve. This is an important observation
since α and α′ substituted enones are not suitable substrates for most organocatalytic
methods, which rely on the covalent interaction between the catalyst and the carbonyl
moiety. Cyclohexene-1-ketones, substrates that also lack suitable direct epoxidation
alternatives [76, 77], could be also epoxidized with good yields and excellent enan-
tioselectivities. Different results were obtained depending on the nature of the alkyl
chains, observing a decrease in enantioselectivity when branched groups are present,
such as tert-butyl and cyclopropyl.

Interestingly, this catalyst is able to epoxidize, in a regioselective manner,
dienones, obtaining only the product resulting from the epoxidation at the more
electron-rich site with excellent yields and stereoselectivities (Scheme 7.16). There-
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Scheme 7.13 Structure of representative peptides studied in the asymmetric epoxidation of a-
methylstyrene catalyzed by 19 and graphical representation of the enantioselectivities obtained.
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corresponds to the ee obtained with (R,R)-19



176 L. Vicens and M. Costas

N H

OO

O

N N

OH

ONH

OH

O

O

28

(S,S)-19 (2 mol%)
28 (4 mol%)
H2O2 (2.3 equiv.)

CH3CN, -30ºC, 30 min
R2

R1

R2

R1

OO O O

80% (66% ee) 81% (64% ee) 75% (68% ee) 80% (92% ee)

O

61% (86% ee)

R3 R3
O

F
CF3

F

O

82% (84% ee)

Cl

O

67% (90% ee)

Br

O

88% (90% ee)

F

O

66% (90% ee)

O

99% (86% ee) 84% (90% ee) 70% (91% ee)
NO2

O O

Scheme 7.14 Substrate scope of the system (S,S)-19/peptide 28

Table 7.5 Control experiments performed in the epoxidation of α-methylstyrene

Iron source (2 mol%)
28 (4 mol%)
H2O2 (2.3 equiv.)

CH3CN, 0ºC, 30 min

O

Entry Iron source Peptide Conv. (Yield) (%) ee (%)

1 (S,S)-19 28 92 (81) 58

2 – 28 – –

3 (S,S)-19 – Traces nda

4 Fe(OTf)2(CH3CN) 28 – –

5 (S,S)-19 28-OMeb 23 (12) 21

aNon-determined
bThe peptide contains a terminal methyl ester instead of a carboxylic acid

fore, the system shows an orthogonal selectivity with organocatalytic methods based
in nucleophilic peroxides (Scheme 7.17).

These works by Cussó et al. evidenced that the reactivity and the stereoselectivity
of an iron catalyst can be improved by enhancing the electron-donating properties
of the ligand and by introducing steric encumbrance. Taking these elements into
consideration, Sun and coworkers reported in 2017 a new iron catalyst that contains a
bulky and strong electron-donating morpholine group on the pyridines of the ligand,
(R,R)-[FeII(OTf)2(MPmcp)] (21) [78]. This catalyst, in combination with catalytic
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[a] 3 mol% catalyst

Scheme 7.16 Representative substrate scope of the regioselective epoxidation of dienones using
20

Ot-BuNH2 (0.3 equiv.)
H2O2 (5 equiv.)

MeOH, 25ºC, 24h

O

O

20 (3 mol%)
2-eha (1.4 equiv.)
H2O2 (2.3 equiv.)

CH3CN, -30ºC, 30 min

O
O

59% (+ 6% diepoxide) 92% (94% ee)

Scheme 7.17 Comparison of the products obtained using nucleophilic peroxides (left) and catalyst
20 (right)
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90% (53% ee)[a]74% (83% ee)90% (99.9% ee)91% (91% ee)

[a] 2-eha was used instead of CPA

Scheme 7.18 Representative substrate scope of catalyst 21 in combination with CPA

amounts of camphoric acid (CPA), exhibit excellent yields and enantioselectivities
in the asymmetric epoxidation of chalcones (up to 93%yield and 94%ee) and alkenyl
amides (up to 91% yield and 99.9% ee) (Scheme 7.18).

7.3 Mechanistic Considerations

7.3.1 Mechanistic Considerations from Product Analysis

The reaction mechanisms of olefin oxidation with iron catalysts bearing tetradentate
ligands that enforce two cis-labile sites and hydrogen peroxide, in the absence of car-
boxylic acids, were first explored byQue and coworkers [49, 79]. It was proposed that
catalysts can be grouped inClassA andClass B. ClassA catalysts contain strong field
ligands and operate via a reactive FeV(O)(OH) species, formed via a water-assisted
O–O lysis of a ferric hydroperoxide precursor FeIII(OOH)(H2O) (Scheme 7.19) [49].

Computational analyses indicate that reaction of the FeV(O)(OH) intermediate
with olefins can occur via two different paths; epoxidation results from the attack
of the oxo ligand to the olefin. Instead, syn-dihydroxylation results if the hydroxyl
moiety first attacks the olefin (Scheme 7.19) [80, 81]. Class B catalysts are proposed
instead to operate via a side-on peroxide species, which mainly undergoes syn-
dihydroxylation of olefins [79, 82–84]. So far, only Class A catalysts have found use
as enantioselective epoxidation catalysts and the mechanistic discussion that follows
is only based on these.

Addition of alkyl carboxylic acids (usually acetic acid) changes the chemoselec-
tivity of the reactions, favoring epoxidation and inhibiting the syn-dihydroxylation
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Scheme 7.19 Reaction
mechanism proposed for the
oxidation of olefins with iron
catalysts containing
tetradentate ligands.
Tetradentate ligand is
omitted for clarity. S stands
for solvent molecules

reaction. In addition, product yields were substantially improved [60]. Que and
coworkers proposed that carboxylic acids play a similar role as water molecules,
helping in the heterolytic cleavage of the O–O bond of a ferric hydroperoxide species
(FeIII(OOH)(HO2CR)). O–O cleavage is proposed to form a FeV(O)(O2CR) reactive
intermediate and a water molecule [85]. This mechanistic picture was instrumental
to explain the reaction mechanism of the pdp series of catalysts (Scheme 7.20) [68].

Of notice, the carboxylate moiety that results from O–O cleavage and water for-
mation becomes a ligand in the active species FeV(O)(O2CR), which explains the
influence of the carboxylic acid on the enantioselectivity of the reactions. In addition,
it was proposed that the electron-donating character of the electron-rich pyridines
exert a push effect that facilitates the O–O cleavage. Finally, the electron-donating
ability of the ligand stabilizes the resulting high-valent iron-oxo species. This stabi-
lization is proposed to enforce a closer approximation of the olefin to the metal-oxo,
which implies the existence of a later transition state for the O-atom transfer to the
olefin, which is translated into the improvement in enantioselectivity observed as
the ligand becomes more electron rich [68]. More recent, computational studies by
Wang and coworkers suggested that Ic is best described as a FeIV(O) species with an
unpaired electron delocalized over one of the pyridine rings and theMe2N substituent
in the ligand [86].
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Scheme 7.20 Mechanistic scheme initially proposed for the pdp series of catalysts [68]

Computational analysis by Shaik, Que, and coworkers on the
Fe(pdp)/H2O2/AcOH system (14) suggested that the FeV(O)(OAc) species may
be very close in energy to a ferric peracetate complex FeIII(OOC(O)CH3), and
a FeIV(O)(·OAc) electromer [87]. A logical consequence of this proposal is that
analogous reactive species should be formed in reactions performed with either
H2O2/AcOH or peracetic acid (AcOOH) as oxidant. On the other hand, Bryliakov,
Talsi, and coworkers proposed that the active species depend on the oxidant; a high-
valent FeV(O)(OAc) is formed when H2O2/AcOH is used as oxidant, while the use
of peracids is proposed to form a ferric peracetate (acylperoxide) FeIII(OOC(O)CH3)
oxidant, exhibiting different selectivity properties [88]. This can be exemplified
in the asymmetric epoxidation of chalcone with catalyst 14 (Scheme 7.21). When
H2O2/2-eha is used as oxidant, the epoxide is obtained with 82% ee. Instead, if
peracetic acid is used instead of H2O2, the ee is reduced to 67% suggesting the
implication of a less enantiodiscriminating oxidant.

In contrast, experiments by Cussó et al. showed that the epoxide resulting from the
asymmetric epoxidation of cis-β-methyl styrene with catalyst 18 produced the same

Scheme7.21 Enantioselective
epoxidation of chalcone
using 14 and different
oxidants

O O
O

14 (1 mol%)
H2O2 (2 equiv.)

2-eha (0.55 mol%)

82% ee

67% ee

CH3CN, 0ºC, 30 min + 2.5h

14 (1 mol%)
CH3CO3H (2 equiv.)
2-eha (0.55 mol%)

CH3CN, 0ºC, 30 min + 2.5h
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enantioselectivity (61% ee) irrespective of the oxidant; H2O2/AcOH, TBHP (tert-
butyl hydroperoxide)/AcOH, or AcOOH [68]. This comparison could be extended to
pairs of reactions performedwith (a)H2O2/RCO2H, (RCO2H= acetic acid, nonanoic
acid, cyclohexyl carboxylic acid, and 2-ethyl butanoic acid) and (b) the corresponding
alkyl peracid (RCO3H) are used as the oxidant [89]. For three different substrates (cis-
β-methyl styrene, 1-cyclohexenone, and benzalacetone) and pdp type of catalysts
(14, 19 and 29; Fig. 7.4), enantioselectivities of the reactions were the same for
each pair of conditions (see Scheme 7.22 for the results in the epoxidation of cis-ß-
methyl styrene with catalyst 18). This suggested that both conditions resulted in the
formation of a common oxidant.

The interpretation of the overall results is that carboxylic acids assist the cleavage
of the O–O bond when peroxides are used as oxidants. In this process, they become

N N

N NFe

TfO OTf

N N

N NFe

TfO OTf

N N

N NFe

TfO OTfN N MeO OMe

(S,S)-[Fe(OTf)2(pdp)] (14) (S,S)-[Fe(OTf)2(Me2Npdp)] (19) (S,S)-[Fe(OTf)2(DMMpdp)] (29)

Fig. 7.4 Catalysts used in the study by Cussó et al. [87]

Scheme 7.22 Comparison between the enantioselectivity in the asymmetric epoxidation of cis-ß-
methylstyrene when using (i) H2O2/RCO2H, (ii) tBuOOH/RCO2H, and (iii) RCO3H (bottom)



182 L. Vicens and M. Costas

FeIII FeIII

O
O

R'

O O
R

H
FeV

O
O

R'

O

FeIII

O
O

R''

O
R''CO3H

FeV

O
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R''

O

Carboxylate ligand originates
from the carboxylic acid
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ROOH, R = H, tBu
R'CO2H

ROH

Scheme 7.23 Proposed mechanism for the formation of the FeV(O)(RCO2) species when peracids
(left) and peroxides (right) are used as oxidants

a ligand in the final FeV(O)(RCO2) oxidizing species. Instead, peracids (R′CO3H)
do not require carboxylic acid assistance. Intramolecular cleavage of the O–O bond,
presumably via a cyclic ferric peracetate complex, generates the FeV(O)(R′CO2)
species without the incorporation of the external carboxylic acid (Scheme 7.23).

7.3.2 Mechanistic Considerations from Spectroscopic
Analysis of Reaction Intermediates

More recent work by Que and coworkers identified reaction conditions that permit
accumulation of a transient species with high anisotropy g values (gx = 1.72, gy =
2.38 and gz = 2.58) in approximately 50% yield when electron-rich [Fe(OTf)2(tpa*)]
(30) reacts with H2O2 in the presence of acetic acid (Fig. 7.5). These species
were spectroscopically and computationally characterized as a low-spin acylper-
oxoiron(III) intermediate and proved to be kinetically not competent for reacting

N
N

N

N
OTfFe

TfO
OMe

MeO

MeO

[Fe(OTf)2(tpa*)] (30)

Fe
OTfN

N

N
N OTf

[Fe(OTf)2(PyNMe3)] (31)

Fig. 7.5 Structure of catalysts used to stabilize reaction intermediates
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with an olefin. Instead, rate-determining O–O cleavage was presumed to generate
the active oxidant [90].

Identification of the FeV(O)(OAc) species in catalyticmixtures of Fe(pdp) systems
was first reported by Bryliakov and Talsi using EPR on catalytic mixtures at −
70 °C [91]. A transient species with low anisotropy in the g values (g1 = 2.07,
g2 = 2.01 and g3 = 1.96) was observed besides a series of signal characteristics
of low-spin ferric species. The unusual spectroscopic features were proposed to
arise from a high-valent iron-oxo species, responsible for the epoxidation reaction.
Furthermore, in subsequent work, the authors suggested that the electronic structure
of the high-valent iron-oxo species was dependent on the nature of the carboxylic
acid [92]. For carboxylic acids with primary and secondary α-carbon atoms (acetic
acid, butyric acid, caproic acid), the active species exhibit electron paramagnetic
resonance (EPR) spectra with large g-factor anisotropy (g1 = 2.7, g2 = 2.4, and
g3 = 1.7), whereas for those with tertiary α-carbon atoms (2-ethylhexanoic acid,
valproic acid, and 2-ethylbutyric acid), the active species display EPR spectra with
small g-factor anisotropy (g1 = 2.07, g2 = 2.01, and g3 = 1.96). The former was
assigned to FeV(O)(RCO2) species. On the other hand, the low anisotropy values
are assigned to FeIV(O)(RCO2·) species, where the carboxylate ligand has a radical
character. Unfortunately, the compounds accumulated <2% of the total iron content
of the sample, preventing further spectroscopic characterization.

Iron species with very similar EPR spectroscopic features were observed when a
different iron complex [Fe(OTf)2(PyNMe3)] (31) reacts with peracids at low temper-
ature [93]. In this case, an intermediate with low anisotropy g values (g1 = 2.07, g2 =
2.01, and g3 = 1.95) accumulates in 35–50% amounts and spectroscopic characteri-
zation could be pursued [94]. A combination of Mössbauer, EPR, X-ray absorption
spectroscopy, resonance Raman, mass-spectrometry, and DFT analyses led to the
conclusion that the intermediate was best formulated as a FeV(O)(O2CR) species.
Interestingly, close analysis of the EPR spectra of catalytic mixtures reveal that these
species appear to be in fast equilibrium with a ferric component, presumed to be
its FeIII(OO(O)CR) precursor, displaying EPR parameters characteristic of low-spin
mononuclear ferric complexes (g1 = 2.20, g2 = 2.19, and g3 = 1.99) (Scheme 7.24)
[93]. Interestingly, an analogous equilibriumwas later observed in catalytic reactions
with Fe(tpa) type of catalysts [95].

FeII
NCCH3N

N

N
N NCCH3

CH3CO3H (5 equiv) FeIIIN
N

N
N

OO
O FeV

O
N

N

N
N O

O

2+

MeCN:acetone 1:3

-60ºC

2+2+

Scheme 7.24 Proposed mechanism for the formation of the FeV(O)(RCO2) species with the
Fe(PyNMe3) system
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In subsequent work, it was showed that the [FeV(O)(O2CR)(PyNMe3)] interme-
diate is very reactive against olefins [96]. Reactions were extraordinarily fast and
needed to be measured by stopped-flow at −60 °C in acetone:acetonitrile solvent
mixtures. The catalytic relevance of the intermediate was evaluated in competition
experiments in which two different olefins were reacted at the same time under
catalytic conditions in a [FeII(PyNMe3)(CH3CN)2]2+/AcOOH system. The relative
amounts of the two epoxide products produced from the catalytic oxidation were
compared with the rate constants (k2) obtained for the reaction of the intermedi-
ate with the individual alkenes (previously determined by the stopped-flow method
at −60 °C). Reactions occurred with stereoretention and the relative amount of
the two epoxides formed after each competition reaction matched the ratio of the
corresponding k2 values measured individually for the reaction of the intermedi-
ate with each olefin (kA2 /k

B
2 ). This result provided strong evidence that the trapped

[FeV(O)(O2CR)(PyNMe3)] species was a relevant intermediate in catalytic epoxi-
dation reactions. Furthermore, the EPR characteristics of this compound compare
well with the transient species observed for Fe(pdp) and Fe(tpa) catalysts [89, 93],
suggesting that it represents a good model for the key oxidizing species operating in
the reactions of these catalysts.

Interestingly, a recent computational study by Ye and coworkers based in high-
level multiconfigurational calculations suggests that the [FeV(O)(O2CR)(PyNMe3)]
intermediate is best described as a [FeIV-O·O2CR)(PyNMe3)] complexwhere the oxo
ligand and an oxygen atom from the carboxylate form a weak single electron bond,
and the iron center is in the FeIV state [97], suggesting that this structure is close to
[FeIV(O)(RCO2·)(pdp)] proposed by Talsi and coworkers for the intermediate with
similar g values (g1 = 2.07, g2 = 2.01, and g3 = 1.96) [92]. The computations also
explain the unusually high reactivity of the complex in C–H and C=C oxygenation
reactions. Thus, despite the spectroscopic characterization of the complex being quite
exhaustive, the precise description of the electronic structure of this magnificent
reagent is still a matter of debate.
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7.4 Concluding Remarks

Notable examples of efficient and highly enantioselective iron-catalyzed epoxida-
tion reactions with hydrogen peroxide have been described during the last decade
(Table 7.6). The identification of iron coordination complexes that activate this per-
oxide in a controlled and efficient manner, without significant production of hydroxyl
radicals has been key for enabling this reaction. Mechanistic understanding has been
key for successful catalyst design, and also for devising reaction conditions where
epoxidation occurs in a stereoretentive, highly enantioselective manner. So far, the
substrate scope for the reaction is rather limited. However, the coordination com-
plexes described so far as catalysts have a very versatile structure and therefore, it
is envisioned that the substrate scope of the reaction will be extended in the near
future. From a mechanistic perspective, our current understanding is very much
advanced, and there is little doubt nowadays that reactions are performed by high-
valent iron-oxo species. However, the extraordinary reactivity of these species makes
their identification and characterization a major challenge for the near future.
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Chapter 8
Recent Advances in Bioinspired
Asymmetric Epoxidations with Hydrogen
Peroxide

Roman V. Ottenbacher

Abstract Bioinspired asymmetric epoxidation of olefins with green oxidant hydro-
gen peroxide attracted much research interest in recent years. A variety of catalyst
systems based on transition metal complexes has emerged, providing useful tech-
niques to obtain chiral epoxides from different classes of olefins. In this chapter, we
discuss themajor advances in the field, with focus on ligands design, catalyst activity,
enantioselectivity, and substrate scope of asymmetric epoxidations, as well as some
mechanistic aspects of these reactions.

Keywords Epoxidation · Enantioselective · Asymmetric catalysis · Hydrogen
peroxide · Titanium · Manganese

8.1 Introduction

Asymmetric epoxidation of olefins is one of the most beneficial and widely applica-
ble reactions in asymmetric syntheses [1–4], because the resultant chiral epoxides,
containing one or two stereogenic centers (Fig. 8.1), serve as proper precursors to
optically pure drug molecules or other valuable compounds of fine chemical indus-
try [5–7]. The first discoveries in the field of catalytic asymmetric epoxidations in
the presence of vanadium [8] and molybdenum [9] chiral complexes were reported
more than 40 years ago. The next decade brought the milestone achievements by

Fig. 8.1 A general scheme
for the catalyzed asymmetric
epoxidation reaction
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Sharpless,who introduced titaniumcatalyzed asymmetric epoxidation of allylic alco-
hols [10] and by Jacobsen [11] and Katsuki [12] who independently presented the
asymmetric epoxidation of unfunctionalized olefins catalyzed by manganese-salen
complexes. All the above catalyst systems employed such oxidants as alkylhydroper-
oxides, sodium hypochlorite, and iodosylbenzene, which are not the best choice from
the environmental viewpoint, and besides, have low active oxygen content. Hydro-
gen peroxide had attracted significant attention as a “greener” and cheaper alter-
native, having high (47%) active oxygen content, and producing water as the only
by-product. The use of this oxidant falls into the paradigm of biomimetic oxidation
catalysis [13], aimed at modeling catalytic functions of metalloenzymes by synthetic
catalysts, conducting oxidation processes in a highly selective fashion with nontoxic
reagents in mild conditions. Historically, iron complexes catalyzed oxidations held
the central position as they were considered as models of both heme (cytochrome
P450) and nonheme type (Rieske oxygenase, methane monooxygenase) enzymes
[14]. However, in the last 15 years, other transition metal-based catalysts were also
successfully developed and applied in bioinspired oxidations realm, particularly in
the asymmetric epoxidations of various olefinswith hydrogen peroxide [15–17]. This
chapter is devoted to the suchlike catalyst systems excluding iron ones, considered
in the previous chapter. Manganese, titanium, and some other metal-based systems
will be overviewed with attention to ligands design, catalyst activity and enantios-
electivity, substrate scope of asymmetric epoxidations, and mechanistic aspects of
those reactions. The time span of this review is from 2005 up to 2018.

8.2 Manganese-Based Catalyst Systems

In 2009, Sun and coworkers reported [18] a family of manganese(II) complexes (1a-
c) which were designed on a basis of the original Stack’s complex 1d (Mn-mcp)
[19], with the ligand bearing two additional centers of chirality (Fig. 8.2). Sun’s
complexes efficiently catalyzed the asymmetric epoxidation of various olefins using
1 mol% catalyst loading and performing up to 100 turnovers (TN) with hydrogen
peroxide added in excess (6 equivalents relative to the substrate). The catalyst sys-
tem showed high enantioselectivity in the epoxidation of α,β-unsaturated ketones
(up to 89% ee), and moderate enantioselectivity in the epoxidation of unfunctional-
ized alkenes (up to 46% ee) in the presence of acetic acid as an additive (5 equiv. vs.
substrate). More recently, Abdi with coworkers reported structurally related complex
1e (Fig. 8.2), which was tested in epoxidations of different olefins with hydrogen
peroxide and showed high efficiencies (800–1000 TN) and moderate to good enan-
tioselectivities (43–88% ee) [20]. Again, acetic acid additive was employed to ensure
high catalytic activity and efficiency. In 2016, Nam and Sun with coworkers devel-
oped [21] a related manganese(II) complex 1f (Fig. 8.2), which was able to catalyze
asymmetric epoxidation with hydrogen peroxide using sulfuric acid as co-catalytic
additive. The molecule of sulfuric acid was shown to be important for the catalytic
reaction, the SO4

2− anions and H+ cations both being necessary. The catalyst per-
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Fig. 8.2 Ligands and manganese complexes for asymmetric epoxidations

formed 100–500 TN in the epoxidation of various olefins (unfunctionalized alkenes,
α,β-unsaturated esters and ketones) with moderate to excellent enantioselectivities
(60–98% ee, Table 8.2, entries 1, 18). Very recently, Sun with coworkers reported
[22] the catalyst system based on complex 1f and graphene oxide (GO). GO was
employed as an additive (in reduced amounts: 14 mg of GO per 1 mmol of substrate).
The authors explained its co-catalytic activity by the presence of surface carboxylic
groups in the GO, presumably playing the same role as “traditional” acetic acid (vide
infra). The complex was used at 0.5% loadings, mediating the asymmetric epoxida-
tion of chromenes (90–92% ee), substituted chalcones (82–99% ee), cinnamic esters
(84–93% ee), and styrenes (41–49% ee).
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Originally, Stack’s chiral complex 1d was applied [19] in non-stereoselective
epoxidations of alkenes with peracetic acid, however, its C2-symmetrical N-donor
tetradentate ligand had provided a good platform for structural modifications at both
the diamine backbone and the pyridyl units. The first alternative in the chiral diamine
backbone architecture was suggested by Talsi and coworkers who contributed [23]
2,2′-bipyrrolidine basedmanganese(II) complex 2a (Fig. 8.2,Mn-pdp) as an efficient
catalyst for the asymmetric epoxidations with peracetic acid and hydrogen peroxide.
Complex 2a was capable of producing epoxides, performing typically 1000 TN, and
demonstrating moderate to good enantioselection (up to 89% ee). In reactions with
H2O2, the oxidant was used in only slight excess relative to a substrate (1.3 equiv.),
which is attractive from the practical point of view; this protocol was adopted from
the report of Costas and coworkers who applied [24] it in epoxidations with achiral
Mn complex. The group of Costas described [25] further modifications in Mn-pdp
catalyst as novel complexes 3a and 3b (Fig. 8.2) were synthesized. In contrast to
the parent complex, the latter ones’ ligands contained 4,5-pinene-appended pyridine
rings. Such alteration did not turn out to be notably effective: the catalysts furnished
good to excellent yields (80–100%, TN up to 1000) in the asymmetric epoxidation
of various olefins by H2O2 (1.2 equiv.) in the presence of acetic acid additive (14
equiv. vs. substrate), demonstrating moderate enantioselectivities (66–73% ee) for a
few substrates and low (4–54% ee) for others.

Sun and coworkers synthesized a family of manganese(II) complexes (4a [26],
4b [27] and 4c [28]) with N4-donor ligands, bearing benzimidazole units instead of
pyridine ones (Fig. 8.2), featuring various chiral backbones. Catalyst 4a exhibited
good enantioselectivity in the epoxidation of substituted chromenes (72–79% ee)
and isopropyl cinnamate (74% ee) and high enantioselectivity in the epoxidation of
substituted chalcones (up to 95% ee, Table 8.2, entries 5, 14) with H2O2, performing
typically 300–500 TN [26].

All of the abovementioned Mn-catalyzed asymmetric epoxidations with H2O2

required externally added acetic acid to promote the catalytic reaction. Talsi and
coworkers revealed [29] that the use of more sterically demanding carboxylic acid
instead of acetic acid resulted in remarkable improvement of enantioselectivity of
Mn-pdp catalyzed epoxidations (Table 8.1). In particular, the enantioselectivity
increased with rising steric demand of the carboxylic acid, branched at the α-carbon;
2-ethylhexanoic acid (EHA) had demonstrated the best performance. These obser-
vations indicated that the active oxidizing species incorporated the carboxylic acid
moiety, providing simple and efficient approach to tuning the catalyst’s enantiose-
lectivity.

Another approach for effective catalyst tuning was reported [30] by Costas and
coworkers who constructed a series of Mn complexes (including 2b and 2c, Fig. 8.2)
with electron-donating substituents at pyridine moieties of the ligand. Catalyst 2c
bearing –NMe2 group (at 0.5 mol% cat. loading) mediated the epoxidation of olefins
with excellent enantioselectivity (up to 98% ee, Table 8.2, entries 3, 8, 11, 15, 19)
by H2O2 (2 equiv.) and EHA as the additive. Besides, catalyst 2b (Mn-dpo) was
shown to be active toward diastereoselective β-epoxidation of unsaturated steroids
affording products which are considered as valuable biologically active compounds
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Table 8.1 Asymmetric
epoxidation of chalcone in the
presence of different
carboxylic acids catalyzed by
Mn-pdp

H2O2 (1.3 eqiuv.),
-30o C, CH3CN,
additive

Mn-pdp (0.1 mol.%)O O
O

Entry Additive Epoxide yield, % ee, % (config.)

1 – 0 –

2 AcOHa 98 78 (2R, 3S)

3 BAb 69 80 (2R, 3S)

4 VAc 48 80 (2R, 3S)

5 CAd 40 80 (2R, 3S)

6 IBAe 100 82 (2R, 3S)

7 PAf 47 86 (2R, 3S)

8 EHAg 97 93 (2R, 3S)

aAcOH= acetic acid. bBA= n-butyric acid. cVA= n-valeric acid.
dCA = n-caproic acid. eIBA = i-butyric acid. fPA = pivalic acid.
gEHA = 2-ethyl-hexanoic acid

[30]. Bryliakov and coworkers developed manganese complexes 2d [31] (and its
enantiomer 2e [32]) and 2f (Fig. 8.2). Complex 2d comprised –NH2 substituents
at para-positions and—Me groups at meta-positions of the pyridine units. It was
documented that the complex efficiently catalyzed the enantioselective epoxidation
of various electron-deficient olefins with up to 99% ee (Table 8.2, entries 4, 16, 20,
21), performing 200–1000 TN. Moreover, a series of conjugated cis-olefins was suc-
cessfully epoxidized in the presence of 2ewith good to excellent enantioselectivities
(74–97% ee, Table 8.2, entries 9, 12). EHA was used as a necessary additive.

Subsequently, attempts to apply other sterically demanding carboxylic acids were
also made. Sun with coworkers examined a family of manganese complexes (1g–i,
Fig. 8.2) bearing two additional aromatic groups (as in 1a–c) and with electron-
donating –NMe2 substituents at the pyridyl units [33]. Complex 1g was capable
of catalyzing the enantioselective epoxidation of different unfunctionalized olefins
with H2O2 in the presence of 2,2-dimethylbutanoic acid additive with good yields
(70–95%). As for enantioselectivity, cis-alkenes, substituted styrenes and trans-
stilbenes were oxidized to the corresponding epoxides with up to 98% ee (Table 8.2,
entries 7, 13), 80% ee, and 90% ee, respectively, while trisubstituted and aliphatic
alkenes appeared to be challenging substrates, producing epoxideswith only 31–64%
ee.

Gao with coworkers synthesized [34, 35] a family of novel non-aminopyridine
“porphyrin-inspired” ligands (5a–i, Fig. 8.2), and documented that the correspond-
ing complexes with Mn(OTf)2, prepared in situ, catalyzed the asymmetric epoxida-
tion of olefins with H2O2 in a highly enantioselective fashion (up to 99% ee). The
catalyst system exhibited superior results in the epoxidations of cis-alkenes (93%
ee for indene and 96% ee for 1,2-dihydronaphthalene, Table 8.2, entry 10), 2,2-
dimethylchromene derivatives (up to 99% ee, Table 8.2, entry 17), trans-stilbene
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Table 8.2 Highly enantioselective epoxidations of olefins with H2O2 in the presence of Mn com-
plexes

H2O2 (1.3 eqiuv.),
-30o C, CH3CN,
additive

Mn-pdp (0.1 mol.%)O O
O

Entry Substrate Catalyst
(mol.%)

Epoxide yield,
%

ee, % (config.) Ref.

1 O 1f (0.2) 94 97 [21]

2 2a (0.1) 97 93 (2R, 3S) [29]

3 2c (0.5) 95 96 (2R, 3S) [30]

4 2d (0.2) 100 98 (2R, 3S) [31]

5 4a (0.1) 93 92 [26]

6 7b (0.2) 85 96 [37]

7 1g (0.1) 75 93 [33]

8 2c (0.1) 86 92 [30]

9 2e (0.1) 98 91 [32]

10 Mn(OTf)2 +
5b

99 96 [34]

11

CO2Et

2c (0.1) 77 98 [30]

12 2e (0.1) 98 94 [32]

13

O

NC 1g (0.1) 95 98 [33]

14 2a (0.1) 100 93 (3R, 4R) [29]

15 2c (0.1) 95 97 [30]

16 2d (0.1) 100 99 (3R, 4R) [31]

17 Mn(OTf)2 +
5b

90 98 [35]

18a

OR

O 1f (0.2) 55 95 [21]

19a 2c (0.5) 93 92 [30]

20b 2d (0.2) 88 96 (2R, 3S) [31]

21 O

Ph

2d (0.2) 90 93 (2R, 3S) [31]

22 7b (0.2) 82 99 [37]

23

NHMe

O 7b (0.05) 91 96 [37]

aR = Et. bR = t-Bu
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(97% ee). At the same time, other tri-substituted and trans- olefins were converted to
corresponding epoxides with much lower enantio-induction (51–67% ee). The cata-
lyst loadings were in the range of 0.5–1.0 mol%; the system also required carboxylic
acid additive, in particular acetic [34] and 1-adamantanoic or cyclohexanoic [35]),
and as high as 2–4 equivalents of H2O2 relative to the substrate.

Bryliakov with coworkers established that achiral catalysts 6a and 6b (Fig. 8.2)
can also mediate olefin epoxidation with well discernible enantioselectivity when
used with additive of optically active N-Boc-(L)-proline, yielding chalcone epoxide
with 32% and 50% ee, respectively. This phenomenon was documented as a rare
case of chiral environment amplification [36].

There is also a recently reported [37] precedent of successful replacement of
2,2′-bipyrrolidine backbone with its phenyl-fused analog 1,1′-biisoindoline. Huang
with coworkers synthesized complexes 7a–c (Fig. 8.2), that exhibited excellent enan-
tioselectivities (94.9–99.6% ee, Table 8.2, entry 23) in the epoxidation of a series
of trans-cinnamic acid amide derivatives and of α,β-unsaturated ketoamides with
H2O2 in the presence of acetic acid. Also, α,β-unsaturated ketones (chalcone and
its analogs and derivatives) were epoxidized with high stereoselectivity (82–99% ee,
Table 8.2, entries 6, 22). The catalysts carried out 400–500 TN with consumption of
almost stoichiometric amount of hydrogen peroxide (1.2 equiv.).

The mechanism of the enantioselective epoxidation with hydrogen peroxide, cat-
alyzed by manganese(II) aminopyridine, and related complexes, captured significant
research attention [29, 31, 36, 38–40]. Although to date no direct spectroscopic data
on the nature of the active epoxidizing species has been reported, a series of docu-
mented indirect experimental data has allowed proposing the nature of active centers
in the catalytic system and the mechanism of epoxidation (vide infra).

It has been shown [29] that the additive of a carboxylic acid played a dual role
in manganese aminopyridine catalyzed epoxidations: on the one hand, the presence
of a carboxylic was necessary for the catalytic reaction to proceed with nonzero
conversion, thus, it was suggested that a carboxylic acid participates in the generation
of active species; on the other hand, the enantioselectivity of epoxidation correlated
with the steric bulk of a carboxylic acid (vide supra), pointing to the presence of the
latter (or its part) in the structure of active centers.

Manganese complex 2b was found to catalyze the epoxidation of styrene in
the presence of 18O-isotopically labeled water [31] without added carboxylic acid,
affording 18O-labeled epoxide (35% enrichment) along with mono-labeled diol.
These data were interpreted in favor of the formation of MnV(O)(OH) active species.
It was suggested that in the presence of carboxylic acid, the reaction pathway is simi-
lar, butwith participation of the acidmolecule in promoting theO–Obond heterolysis
(Fig. 8.3) to form MnV(O)(OC(O)R) active species [31]. It was also demonstrated
that the active species were electrophilic, with Brown–Okamoto constant ρ+ of −
1.51 observed in oxidations of p-substituted chalcones. Partial epimerization (5–7%)
in 2a and 2b catalyzed epoxidations of cis-stilbene implied that the active species
interaction with a substrate likely generated short-lived acyclic carbocationic inter-
mediates [31].
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Fig. 8.3 Proposed “carboxylic acid-assisted” asymmetric epoxidation mechanism in the presence
of Mn aminopyridine catalysts

The formation of manganese(V)-oxo species required two labile cis-coordination
sites in octahedral complex structure. Indeed, all catalytically active manganese
aminopyridine complexes with reported X-ray characterization featured cis-α lig-
and coordination topology, while the only reported trans-complex was shown to be
catalytically inactive [31]. Very recently, Nam and Sun with coworkers confirmed
[40] the importance of the availability of two out of six coordination sites. They
elaborated two manganese complexes (8a and 8b, Fig. 8.2) containing ligands with
very similar steric demand but with different amount of N-donor units. Complex
8a bearing tetradentate N4-ligand did catalyze asymmetric epoxidation of olefins in
anticipated fashion, while complex 8b with pentadentate N5-ligand was not able to
mediate the reaction with H2O2 even in the presence of carboxylic acid.

Manganese complexes with chiral ligands of other types were also studied as
catalysts of asymmetric epoxidation by H2O2. A number of papers focusing on
Mn(III)-salen complexes with macrocyclic type ligands were reported by Abdi and
coworkers [41–43]. As a rule, the catalyst systems required 2.5–5 mol% loadings,
which is quite high as far as each catalyst molecule contained twomanganese centers.
The reactions were conducted with urea-hydrogen peroxide adduct (1.5–2 equiv.
vs. substrate) as oxidant and pyridine-N-oxide as co-catalytic additive. The sub-
strate scope was restricted to styrene, indene, and substituted chromenes, which
showed good epoxidation yields and good to high enantioselectivity (up to 93% ee).
Sfrazetto and coworkers studied [44] epoxidations with H2O2 (excess of 8 equiv. vs.
alkene) using Jacobsen’s catalyst [11] in aqueous media. The reaction was promoted
by dimethyltetradecylamine-N-oxide that acted as both surfactant and co-catalyst.
Simonneaux and coworkers explored [45] asymmetric epoxidation of styrenes in
the presence of manganese(III)-porphyrin complexes 9a–c (Fig. 8.2). It was demon-
strated that the highest asymmetric induction (13–55% ee) was provided by catalyst
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9b (2.5 mol%) bearing electron-deficient nitro-group. The catalyst system consumed
5 mol of hydrogen peroxide per mole of alkene.

8.3 Titanium-Based Catalyst Systems

Katsuki and coworkers were the first to explore titanium(IV) complexes with chiral
salan (tetrahydrosalen) and salalen (dihydrosalen) ligands as catalysts in asymmetric
epoxidation reactions. In 2005, the pioneering work was published [46], in which the
authors reported the synthesis of homochiral dimeric di-μ-oxo Ti(IV)-salalen com-
plex 10 (Fig. 8.4). The complex was studied in asymmetric epoxidation catalysis
with stoichiometric amount of hydrogen peroxide, furnishing epoxides of conju-
gated alkenes with high yields and high enantioselectivity (88–99% ee, Table 8.3,
entries 1, 11, 17, 22) and excellent efficiency (up to 4600 TN). The latter value was
attained under slow oxidant addition (during 8 h) protocol, whereas, typically, the
oxidant was added in one portion to the mixture containing 1 mol% of catalyst. Also,
Katsuki with coworkers employed ent-10 at 0.5–2.0 mol% loadings in the highly
enantioselective (>99% ee, Table 8.3, entry 37) epoxidation of cis-alkenylsilanes.
The resulting epoxysilanes can be easily converted to optically pure styrene oxides
and geminally disubstituted epoxides. Simultaneously, complex 10was tested [48] in
the asymmetric epoxidations of aliphatic terminal and cis-alkenes. It was shown that
the enantio- and regioselectivity in the epoxidation were mainly dictated by steric
factors and the olefinic substitution pattern, the highest ee value was documented in
reaction with vinylcyclohexane (95%, Table 8.3, entry 34). Other substrates in most
cases afforded satisfactory yields (50–90% using 2–3 mol% of the catalyst), along
with good ee’s (70–82%, Table 8.3, entry 31).

In original work, Katsuki described [46] the construction of 10 by in situ
intramolecularMeerwein–Ponndorf–Verley reduction of the correspondingTi(salen)
complex. This synthesis was not universal, possibly applicable to this complex only;
this problem was solved by Berkessel and coworkers who developed a general
approach to the synthesis of unsymmetrical salalen ligands, and screened 13 cor-
respondings in situ generated Ti(salalen) catalysts (ligands 11a–m, Fig. 8.4) in the
asymmetric epoxidations of alkenes with hydrogen peroxide [49]. The best cat-
alyst 11m performed only 10 TN; the most suitable substrates were indene and
1,2-dihydronaphthalene, yielding the epoxides in about 90% yields with 95–97% ee
(Table 8.3, entries 12, 18), while aliphatic alkenes, as well as trans-β-methyl-styrene,
showed poor conversions (<20%) with 30–81% ee. Further, Berkessel et al. studied
[50] the mechanism and degradation pathways in the catalyst system by means of
ESI-MS and kinetic data (monodeuteration of the salalen ligand). It was proposed
that mononuclear titanium salalen is the catalytically active species, which degrades
during reaction to the inactive Ti(salen) by the oxidation of N–H unit of the ligand.
Earlier, Katsuki speculated [46] that the presence of N–H group was vital for epoxi-
dation activity due to intramolecular hydrogen bonding with the peroxo moiety. The
latter process is responsible for the activation of the peroxide bond and facilitates
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Fig. 8.4 Salan and salalen ligands and Ti complexes employed asymmetric epoxidations
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Table 8.3 Highly enantioselective epoxidations of olefins with H2O2 in the presence of Ti com-
plexes

R2

R1
R3

R4

R2

R1
R3

R4
O

*
*H2O2,

CH2Cl2

Ti catalyst

Entry Substrate Catalyst Epoxide yield, % ee, % Ref.

1 10 90 93 [46]

2 12d 47 82 [51]

3 Ti(OiPr)4 + 13b 68 89 [52]

4 Ti(OiPr)4 + 15d 71 98 [57]

5 17 70 90 [59]

6 21d 76 86 [65]

7 Ti(OiPr)4 + 16f 95 80 [58]

8 17 90 96 [59]

9 Ti(OiPr)4 + 20h 90 90 [63]

10 21e 85 82 [65]

11 10 87 99 [46]

12 Ti(OiPr)4 + 11m 88 97 [49]

13 12d 72 95 [51]

14 Ti(OiPr)4 + 13b 86 98 [52]

15 17 89 97 [59]

16 21e 96 97 [65]

17 10 99 >99 [46]

18 Ti(OiPr)4 + 11m 91 96 [49]

19 12d 87 96 [51]

20 Ti(OiPr)4 + 13g 93 98 [52]

21 21e 94 98 [65]

22 10 64 88 [46]

23 12d 69 90 [51]

24 Ti(OiPr)4 + 13g 92 96 [52]

25 17 92 92 [59]

26

O

NC 12d 77 99 [51]

27 Ti(OiPr)4 + 13b 75 >99 [52]

(continued)
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Table 8.3 (continued)

R2

R1
R3

R4

R2

R1
R3

R4
O

*
*H2O2,

CH2Cl2

Ti catalyst

Entry Substrate Catalyst Epoxide yield, % ee, % Ref.

28 Ti(OiPr)4 + 16f 92 99 [58]

29 17 90 99 [59]

30 21e 93 >99 [65]

31
C6H13

10 85 82 [48]

32 Ti(OiPr)4 + 18f 88 94 [60]

33 Ti(OiPr)4 + 19d 80 94 [61]

34 10 72 95 [48]

35 Ti(OiPr)4 + 18f 88 94 [60]

36 Ti(OiPr)4 + 18g >99 94 [62]

37
SiMe3

ent-10 87 >99 [47]

38

O

O

OMe ent-10 90 >99 [55]

39 OAc Ti(OiPr)4 + 13b 93a 96 [56]

a4,5-monoepoxide

the enatioselective oxygen transfer step. It was noted that the lifetime of Ti(salalen)
catalyst in the presence of hydrogen peroxide is long enough for the epoxidation
of electron-rich conjugated olefins, and at the same time is too short for effective
oxygen transfer to electron-poor non-conjugated ones.

In parallel, titanium(IV) salan complexes emerged as easier prepared analogs of
Ti-salalens. Katsuki and coworkers prepared four di-μ-oxo Ti(IV)-salan complexes
(12a–d, Fig. 8.4) and probed them as catalysts in the asymmetric epoxidation of
1,2-dihydronaphthalene [51]. Complex 12d exhibited the best performance in terms
of activity and enantioselectivity. Other conjugated alkenes (6 examples) were also
epoxidized with 1.5 equivalents of H2O2 in the reaction catalyzed by 12d (5 mol%
loadings), furnishing epoxides in high ee’s (82–99%, Table 8.3, entries 2, 13, 19, 23,
26) and acceptable yields (44–77%). The only tested aliphatic substrate, 1-octene,
turned out to be a poor substrate for this catalyst system,with only 25%yield and 55%
ee. In a subsequent paper, the authors modified [52] the 3,3′-positions of the salan
ligand of 12d and screened overall 14 Ti(salan) complexes (prepared in situ from
Ti(OiPr)4 and ligands 13a–n, Fig. 8.4). It was demonstrated that catalysts Ti(13b) and
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Ti(13g) ensured enhanced yields and asymmetric induction, as compared with the
parent Ti(13a). The catalyst system comprised 5 mol% of Ti(OiPr)4 and 6 mol% of
chiral salan ligand and required nearly stoichiometric amount of hydrogen peroxide
(1.1 equiv.). For 8 tested conjugated alkenes, excellent enantioselectivities (87–99%
ee, Table 8.3, entries 3, 14, 20, 24, 27) and good yields were achieved. The above
catalyst system was improved by the addition of phosphate buffer (pH 7.4–8.0) [53].
It was observed that the reaction media became more acidic in the course of the
reaction, causing significant by-product formation, thus it was necessary to maintain
the pH at neutral levels. As a side effect of such conditions modification, reaction rate
deceleration was observed, that forced the authors to raise the temperature of asym-
metric epoxidation to 40 °C. In this optimized condition the catalyst Ti(13b) required
much lower loadings (1.3 mol%) to afford the epoxides of conjugated alkenes in high
yields (65–99%) without significant loss in asymmetric induction (88–99% ee). Sub-
sequently, the synthesis of peroxide-containing intermediate in Ti(salan) catalyzed
epoxidations was reported by Katsuki and coworkers who obtained X-ray quality
crystals of the μ-oxo-μ-η2:η2-peroxo titanium complex 14 (Fig. 8.4) by oxidizing
dimeric complex [TiO(ent-13b)]2 with 30% hydrogen peroxide [54]. It was shown
that complex 14 was not an active oxidizing species itself but rather served as a
reservoir, slowly converting into the active species.

Katsuki and coworkers expanded the substrate scope, making use of complex ent-
10 in the asymmetric epoxidation of (Z)-enol esters with hydrogen peroxide [55].
The catalyst performed up to 50 TN in reactionswith both aliphatic and aromatic enol
esters at room temperature, furnishing epoxides with generally high enantioselectiv-
ity (86–99% ee, Table 8.3, entry 38). It was shown that the obtained epoxides could
be transformed into the corresponding 1,2-diols without erosion of enantiomeric
excess. Falck and coworkers applied the in situ prepared catalyst Ti(13b) in diastereo-
and enantioselective monoepoxidation of conjugated dienes with hydrogen peroxide
[56]. The values of de/ee were in the range 88–98% (Table 8.3, entry 39), along
with generally good yields (>80%), using 5 mol% of Ti(OiPr)4 and 6 mol% of 13b.
The regioselectivity in some cases was complementary to that achieved using Sharp-
less and other directed epoxidations. A strong preference for Z- over E-olefins was
observed.

Alternative structures of the chiral diamine backbone were also investigated. The
group of Katsuki synthesized [57] a novel family of proline-derived C1-symmetrical
salan ligands (15a–d, Fig. 8.4) and examined the corresponding in situ prepared
Ti(salan) complexes in the asymmetric epoxidation 2-vinylnaphthalene as a model
substrate. Under optimized conditions, at −20 °C the catalyst Ti(15d) promoted the
asymmetric epoxidation of a series of substituted styrenes with excellent enantios-
electivity (96–98% ee, Table 8.3, entry 4) and good yields (66–84%), albeit high
catalyst loadings required (10 mol%).

Sun and coworkers designed and prepared [58] a series of salan and salalen lig-
ands (16a–f, Fig. 8.4) derived from chiral binaphthol. The corresponding titanium
complexes catalyzed the asymmetric epoxidation of conjugated alkenes with hydro-
gen peroxide in 71–99% ee (Table 8.3, entries 7, 28) performing up to 10 TN;
however, aliphatic terminal alkenes were somewhat less suitable substrates for this
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catalytic system, giving only 44–67% ee. In subsequent paper, the authors developed
[59] a dinuclear μ-oxo titanium complex 17 (Fig. 8.4) with a single salalen ligand
containing an intramolecular biaryl bridge. The complex 17 was examined in the
asymmetric epoxidation of a few alkenes with H2O2, exhibiting enhanced robust-
ness (up to 93 TN) and excellent enantioselectivity (90–99% ee, Table 8.3, entries
5, 8, 15, 25, 29) for aromatic terminal and cis-olefins. Aliphatic terminal substrates
again demonstrated poorer results (10–56% yield and 61–78% ee). Also, compar-
ative experiments with Berkessel’s similar yet non-bridged complex [TiO(11m)]2
were carried out showing better performance of Sun’s novel catalyst 17.

The challenging enantioselective epoxidation of aliphatic alkenes was investi-
gated by Berkessel and coworkers who reported a series of titanium complexes
with salalen ligands (18a–g, 19a–d, Fig. 8.4) based on cis-1,2-diaminocyclohexane
(cis-DACH) backbone rather than trans-one [60–62]. Initially, they studied in situ
prepared Ti(18a) complex along with its trans-counterpart Ti(11m) in the asym-
metric epoxidations of different alkenes with H2O2, and revealed that cis-DACH-
based catalyst was more suitable for non-conjugated terminal olefins [60]. Further
modifications of the parent ligand gave birth to the catalyst Ti(18f) which afforded
excellent enantioselectivities (89–95% ee, Table 8.3, entries 32, 35) for substrates of
this type. In the next paper, the authors examined the role of ortho substituents of
phenolic moieties in more detail, presenting 14 novel cis-DACH ligands (selected
examples are at Fig. 8.4) [61]. The catalyst screening resulted in complexes Ti(19b)
and Ti(19d) which optimally combined high activity and enantioselectivity (82–94%
ee, Table 8.3, entry 33) in the epoxidation of terminal aliphatic alkenes. The cata-
lyst loadings could be reduced from regular 10 to 0.1 mol% when conducting the
reaction in 1,2-dichloroethane. The next ligand structure optimization was the intro-
duction of fluorinated substituents. In that manner, the catalyst Ti(18g) was explored
in the asymmetric epoxidation of different aliphatic alkenes with H2O2 [62]. Termi-
nal alkenes of various nature gave epoxides with excellent ee’s (up to 99%, Table 8.3,
entry 36) and high yields, while cis-, trans- and 1,1-disubstituted alkenes demon-
strated poorer results (84, 4 and 15% ee, respectively). The catalyst was used at
relatively high loadings (10 mol%), with, typically, 1.5 equiv of oxidant relative to
alkene.

Bryliakov with coworkers studied the influence of steric bulk and electronic prop-
erties of the chiral salan ligands on the enantioselectivity of epoxidation with H2O2

catalyzed by a series of titanium(IV) complexes (20a–j, Fig. 8.4) [63]. It was shown
that the electronic properties influenced the catalytic activity without affecting the
enantioselectivity, whereas the steric bulk (governed by variation of the ortho-aryl
substituents) determined the enantioselectivity of epoxidation. A number of conju-
gated alkeneswere epoxidized in presence of complexesTi(20e), Ti(20h), andTi(20i)
with up to 99.7% ee (Table 8.3, entry 9), the catalysts performed up to 20 TN. The
electrophilic nature of the active species was established by competitive oxidations
of para-substituted styrenes, the enantioselectivity in these reactions was virtually
constant irrespective of the substituent. On the basis of these findings and UV/Vis
monitoring of the catalyst system, the reaction mechanism was suggested (Fig. 8.5).
According to it, in the first (rate-limiting) step, an alkene coordinates to the active
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Fig. 8.5 Proposed mechanism of Ti(salan) catalyzed asymmetric epoxidations with H2O2 [63]

(presumably, titanium(η2-peroxo)) species, followed by intramolecular enantioselec-
tive oxygen transfer. The authors also reported [64] more elaborated titanium salan
catalyst with ligand 13o (Fig. 8.4). The excess of steric bulk in the catalyst structure
resulted in poor yield of styrene epoxidation and lower enantioselectivity compared
with parent Ti(20i) complex. In the next paper, Bryliakov and coworkers explored the
asymmetric epoxidation catalyzedby anumber of titaniumsalalen complexes (21a–e,
Fig. 8.4) [65]. The catalysts 21d and 21e exhibited good asymmetric induction in
the epoxidations of conjugated alkenes and 1-decene (70–99% ee, Table 8.3, entries
6, 10, 16, 21, 30) with as low as 0.8 mol% catalyst loadings. Hammett correlation
of the rate of epoxidation of para-substituted styrenes revealed electrophilic active
species. Like for the Ti(salan)-based catalyst systems, the epoxidation enantioselec-
tivity was independent of the para-substituents, implying a stepwisemechanismwith
separate rate-limiting and enantioselectivity determining steps. Thus, for Ti(salalen)
catalyst systems, a mechanism analogous to that shown in Fig. 8.5, was proposed. A
comparative catalytic and kinetic study of related salan and salalen complexes was
undertaken; it was established that Ti(salalen) catalysts demonstrated higher activity
and similar or slightly lower epoxidation enantioselectivity [65].

8.4 Catalyst Systems Based on Other Metals

Complexes of other metals were also examined as catalysts of asymmetric epox-
idation with hydrogen peroxide. A few most recent examples will be overviewed
below.

Katsuki and coworkers used chiral salan ligands as the chirality sources in niobium
catalyzed asymmetric epoxidations of allylic alcohols [66]. The catalystwas prepared
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in situ fromNb(Oi-Pr)5 (4mol%) and salan ligand (5mol%, 22a–c, Fig. 8.6). Accept-
able yields (40–82%) and high enantioselectivities (74–95% ee, Table 8.4, entries 1,
3) were documented in the epoxidation of trans-, cis-, trisubstituted, and geminally
substituted allylic alcohols with aqueous hydrogen peroxide (1.5 equiv.). For the lat-
ter substrates, significant amount (10–20%) of overoxidation products (aldehydes)
were observed. The catalyst system was found to be inactive toward epoxidation of
unfunctionalized alkenes pointing that precoordination of allylic alcohol was essen-
tial for this epoxidation. It was suggested that monomeric peroxo heptacoordinated
niobium species was the active intermediate.

Park with coworkers reported a heterogenized copper(II) complex immobilized
on mesoporous silica containing chiral ligand 23 (Fig. 8.6) derived from ortho-
phenylenediamine and (L)-proline [67]. The catalyst mediated the asymmetric epox-
idation of α,β-unsaturated ketones with hydrogen peroxide under solvent-free condi-
tions, showing good yields (88–92%) and enantioselectivities (82–83% ee, Table 8.4,
entry 5) in the presence of triethylamine additive. The catalyst could be recycled sev-
eral times without significant degradation.

Feng and coworkers developed a scandium(III)-based catalyst prepared in situ
from Sc(OTf)3 and chiralN,N′-dioxide ligand 24 (Fig. 8.6) [68]. The catalyst, used at
5 mol% loading, conducted the asymmetric epoxidation of α,β-unsaturated ketones
with H2O2 (3 equiv.). The corresponding epoxides were obtained in high yields
(70–99%) and extremely high ee’s (up to 99% in a few cases, Table 8.4, entry 6).
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Fig. 8.6 Chiral ligands and metal complexes employed in asymmetric epoxidations
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Table 8.4 Enantioselective epoxidations of olefins with H2O2 in the presence of various metals
complexes

Entry Substrate Catalyst Epoxide yield, % ee, % Ref.

1 OH Nb(OiPr)5 + 22b 40 83 [66]

2 WO2(acac)2 + 27 87 84 [72]

3
But OH

Nb(OiPr)5 + 22c 52 95 [66]

4 WO2(acac)2 + 27 88 98 [72]

5 O Cu(23) on INC-2a 88b 83 [67]

6 Sc(OTf)3 + 24 99 98 [68]

7 28 85b 55 [73]

8

COPh

COPh Sc(OTf)3 + 24 74 98 [69]

9

Ph Ph

COPh Sc(OTf)3 + 24 95 99 [70]

10
Ph

Ph MTOc + 26 99 19 [71]

aThe amino functionalized mesoporous silica. bConversion. cMethyltrioxorhenium

The catalyst system was also explored in the asymmetric epoxidation of a series of
2-arylidene-1,3-diketoneswith hydrogen peroxide, affording chiral epoxides of good
to excellent optical purity (82–99% ee, Table 8.4, entry 8) [69]. Very recently, Feng
and coworkers expanded the substrate scope of this scandium(III)-based catalyst at
the expense of 2-arylidene-1,3-diketones with electron-deficient groups [70]. The
catalyst loadings of 0.5–2.0 mol% were sufficient to mediate the asymmetric epox-
idation by hydrogen peroxide with high yields (90–97%) and enantioselectivities
(95–99% ee, Table 8.4, entry 9).

Beller with coworkers reported the in situ generated complexes of methyltriox-
orhenium (MTO) with ligands 25 and 26 (Fig. 8.6), that catalyzed the epoxidation
of unfunctionalized alkenes with 53–99% conversion and modest enantioselectivity
(not exceeding 19% ee, Table 8.4, entry 10) [71]. The loadings of the ligand were
four times higher (12mol%) than the amount ofMTO (3mol%). The system required
twofold excess (vs. substrate) of hydrogen peroxide.

Wang and Yamamoto studied a tungsten-based catalyst in the asymmetric epoxi-
dations of allylic and homoallylic alcohols with hydrogen peroxide [72]. The catalyst
was prepared in situ bymixingWO2(acac)2 (2mol%)with chiral bishydroxamic acid
ligand 27 (2.4 mol%, Fig. 8.6). The corresponding chiral epoxides were obtained
in high yields, demonstrating generally high asymmetric induction (80–98% ee,
Table 8.4, entries 2, 4).
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Belokon with coworkers examined [73] cobalt(III) catalyst 28 (Fig. 8.6) in the
asymmetric epoxidation of chalcones with hydrogen peroxide under phase-transfer
conditions. The oxidant was used in high excess relative to olefin (5 equiv.), the
catalyst performing up to 10 TN. Moderate asymmetric induction was documented
(35–55% ee, Table 8.4, entry 7).

8.5 Summary and Outlook

This chapter summarizes recent advances in the asymmetric olefin epoxidations with
hydrogen peroxide, mediated by bioinspired transition metal complexes, excluding
iron. The last 15 years have been the time of milestone discoveries in the field,
bringing the new families of chiral aminopyridine manganese(II) and salan/salalen
titanium(IV) catalysts. Systems of these two classes have complementary catalytic
properties: manganese catalysts demonstrate excellent efficiencies and enantioselec-
tivities (typically 1000 TN, up to 99% ee) in the epoxidation of electron-deficient
olefins (e.g., various α,β-unsaturated carbonyl compounds), while titanium cata-
lysts demonstrate perfect results with electron-rich olefins (typically 20–100 TN, up
to 99% ee). Other transition metal complexes were also employed: scandium, nio-
bium, and tungsten stand out among others. Scandium complexes were successfully
used in the epoxidations of α,β-unsaturated ketones, while niobium and tungsten
complexes were studied in reactions with allylic and homoallylic alcohols. Today,
the available choice of catalysts is reaching enough to carry out the epoxidation
with H2O2 of a wide range of olefinic substrates in a highly enantioselective fashion.
Nonetheless, certain future developments are needed for the catalyst systems to meet
practical (industrial) requirements. In particular, catalysts containing elaborate chi-
ral ligands are awaiting improvements of catalytic activity and efficiency. The other
shortcoming, specific for some of the systems, is low oxidant efficiency, resulting
in overconsumption of hydrogen peroxide (in some cases up to 5–6 equiv. of H2O2

vs. substrate). Overall, further discoveries and improvements are anticipated in this
booming area of biomimetic asymmetric epoxidations.
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Chapter 9
Organometallic C–H Oxidation with O2
Mediated by Soluble Group 10 Metal
Complexes

Andrei N. Vedernikov

Abstract Selective catalytic C–H functionalization of organic compounds with O2

as the terminal oxidant is an important and challenging practical goal justified from
both economic and environmental perspective. Recent advances in organometallic
palladium-catalyzed aerobic C–H functionalization chemistry are reviewed with an
emphasis on themechanism of the reaction basic steps. These steps include activation
of alkenes, arenes, and alkanes at a palladium(II) center to form organopalladium
intermediates with new Pd–C bonds, C–X bond-forming reactions at palladium(II)
or palladium(IV) center, O2 activation by palladium(II) hydrocarbyls, palladium(II)
hydrides, and palladium(0) complexes. Some limitations of the current palladium-
based systems and directions toward their possible future development are discussed.
Considering organometallic aerobic C–H functionalization catalysis by other group
10 metals, a brief review is provided of a few existing platinum-based systems.
Although no such catalytic systems based on nickel complexes have been reported
yet, some relevant stoichiometric reactions at a nickel center have already been
discovered which promises possible future development of organometallic aerobic
C–H functionalization catalysis by this metal.

Keywords Selective aerobic C–H functionalization · Dioxygen activation ·
Mechanism · Organometallic catalysis · Palladium complexes · Platinum
complexes · Nickel complexes

9.1 Introduction

Selective oxidative functionalization of hydrocarbonswithO2 as the terminal oxidant
is an attractive goal. From an economic standpoint, atmospheric oxygen is one of the
least expensive and abundant oxidizing agents. From an environmental perspective,
the development of selective aerobic oxidation processes could minimize or even
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eliminate chemical waste. Organotransition metal catalysis is a viable approach to
achieve these goals. In this Chapter, catalytic transformations of hydrocarbon C–H
bonds will be considered that involve the use of O2 as terminal oxidant and soluble
organometallic group 10 metal complexes as catalysts or catalytic intermediates. As
it will be shown in this Chapter, the involvement of organometallic species may allow
for diverse transformations of their metal–carbon bonds [1] leading toward various
value-added hydrocarbon functionalization products. Along with an overview of
representative examples of major reaction types, a discussion of the mechanisms of
the reactions will be provided.

Among the transition metals, and the group 10metals, in particular, palladium has
played a prominent role in the development of selective organic oxidation reactions
with O2 (“aerobic oxidation reactions”). A classic example of such processes is the
oxidation of ethylene with O2 to acetaldehyde in the presence of aqueous [PdIICl4]2–

and CuIICl2 cocatalysts (theWacker process) developed in the 1950s (Eq. 9.1) [2–4]:

2CH2=CH2 +O2 → 2CH3CH=O (9.1)

The Wacker process is an organometallic oxidation involving reactive alkylpal-
ladium(II) species as key intermediates. The [PdIICl4]2–complex is responsible for
ethylene oxidation to acetaldehyde with palladium(0) as another reaction product,
which is a known stoichiometric reaction. In turn, the role of the copper cocata-
lyst is twofold. In its oxidized form, CuIICl2, it can convert palladium(0) back to
palladium(II) producing copper(I) species as another product. In its reduced form,
[CuICl2]–, it activates O2 with concomitant conversion of copper(I) species back to
copper(II). Reaction (9.1) has been used on an industrial scale since the 1960s.

The use of soluble platinum complexes in aerobic oxidation of organic substrates
has been known since the 1980s. An early example of such transformations utilizing
O2 as the oxidant is the Shilov reaction, conversion of methane to CH3X products
(X=OH, Cl) catalyzed by aqueous [PtIICl4]2– and a heteropolyacid redox cocatalyst
(Eqs. 9.2, 9.3) [5]:

2CH4 + O2 → 2CH3OH (9.2)

2CH4 + O2 + 2HCl → 2CH3Cl + 2H2O (9.3)

The original version of the reaction reported about 10 years earlier [6] utilized
expensive H2PtCl6 as the oxidant. It was then discovered that H2PtCl6 could be used
in a catalytic fashion with O2 as the terminal oxidant when a heteropolyacid redox
cocatalyst is employed [5]. The Shilov reaction, similar to Wacker process, is also
an organometallic oxidation process which involves methylplatinum(II) intermedi-
ates resulting from methane activation by platinum(II), as well as their methylplat-
inum(IV) derivatives resulting from oxidation of the former [7, 8]. The Shilov reac-
tion’s main limitations are low catalyst turnover numbers (TON) resulting from
gradual conversion of platinum(II) catalyst to inactive platinum(IV) and platinum(0)
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species, as well as poor (≤50%) selectivity in CH3X-type products due to “overox-
idation” of methane leading to formaldehyde, formic acid, and CO2. Aerobic C–H
functionalization reactions mediated by soluble platinum complexes have gained, so
far, no practical applications although they remain in the focus of academic research
[9, 10].

Finally, organometallic functionalization reactions of organic substrates mediated
by nickel complexes are under development [11, 12] and the use of O2 as the terminal
oxidant in such reaction has not yet been reported.

This quick introduction suggests that themost part of this chapterwill be dedicated
to organopalladium catalysis with much less attention paid to reactions of the other
two group 10 metals.

9.2 Homogeneous Organometallic Palladium-Catalyzed
Aerobic C–H Functionalization

Various types of organometallic palladium-catalyzed C–H oxidation (Eq. 9.4) and
aerobic oxidative coupling of C–H (R–H) and X–H fragments (Eq. 9.5) leading to
products with new C–X (R–X) bonds have been reported:

2R−H + O2 → 2ROH (9.4)

2R−H + 2X−H + O2 → 2R−X + 2H2O (9.5)

In an ideal case of a 100%selective transformation, reactions of thefirst typewould
produce no chemical waste. In the second case, ideally, the only by-product would
be water. An extensive recent review covering aerobic functionalization of olefinic
substrates is available [13]. Some representative examples of reactions of both types,
(Eq. 9.4) and (Eq. 9.5), are listed in Table 9.1 and structures of the specific ligands
1–11 used in these reactions are given in Fig. 9.1. A literature analysis shows that
oxidative aerobic transformations of olefinic substrates and arenes are explored better
than those of alkanes. While compiling representative organometallic palladium-
catalyzed aerobic C–H functionalization reactions, preference was given to more
challenging processes involving arene, olefin, or alkane C–H activation (all entries
except 9–12). The assignment of the type of a C–H bond involved in oxidative
functionalization is purely formal for some reactions involving olefins serving either
as hydrocarbon substrates (entries 9–12) or as coupling partners (entries 20–26). In
these specific examples, the relevant organopalladium intermediates result from the
addition of palladium(II) species across an olefin C=C bond (olefin insertion into
PdII-ligand bond) and not from the olefin C–H bond activation. As an alternative to
the olefin insertion, activation of olefins at a PdII center may involve direct allylic
C–H bond cleavage leading to allylpalladium(II) intermediates (entry 5).
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Fig. 9.1 Ligands 1–11 used in reactions in Table 9.1

The reactions in Table 9.1 are organized according to the type of the func-
tional group introduced and new C–X bond formed, the type of the substrate C–H
bonds involved, and the type of the X–H coupling partner, when applicable. Reac-
tions leading to functionalization of substrate C(sp2)–H bonds include hydroxylation
(entry 1), acetoxylation (entry 2), amidation/amination (entries 6–9), imidoylation
(entries 13–15), homocoupling (entry 16), arylation (entries 17–19), alkenylation
(entries 20–24), and alkylation (entry 26). Transformations of substrate C(sp3)–H
bond include acetoxylation (entries 3–5), chlorination (entry 4), amidation/amination
(entries 10–12), alkenylation (entry 25), and oxidative dehydrogenation of cyclohex-
ane derivatives (entries 27–29). Besides X–H type coupling partners, boronic acid
derivatives were also used in some cases (entry 19). Notably, the use of chiral sup-
porting ligands may lead to a highly enantioselective product formation with the
product enantiomeric excess up to 98% (entry 11).

The key to understanding and overcoming challenges associated with the devel-
opment of aerobic C–H functionalization reactions and, in particular, most difficult
aerobic functionalization of alkanes, lies in the understanding of their mechanisms.
Notably, in the past two decades, the rapid development of Pd-catalyzed aerobic
oxidative C–H functionalization has become possible thanks to close attention paid
to mechanisms of palladium-mediated C–H bond activation [46] and O2 activation
reactions [47]. Accordingly, in the subsequent discussion, some key mechanistic
details of these reactions will be considered.
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9.2.1 General Mechanisms of Palladium-Mediated Aerobic
C–H Functionalization

Three plausible catalytic cycles showing major steps of palladium-catalyzed aerobic
C–H functionalization are given in Scheme 9.1. In the “non-redox” PdII—only cat-
alytic cycle A, the metal oxidation state remains the same during three major steps,
the substrate activation step a, the O2 activation step b, and the product-releasing
step c leading to the substrate functionalization product (hydrocarbyl-OH).

In mechanism B, a PdII/Pd0 redox couple is involved. The +2 metal oxidation
state is not changed at the substrate activation step a. The step b leading to substrate
functionalization product (hydrocarbyl-X) involves elimination of C–X bond from a

A

[PdIIY2]

+ hydrocarbon 
(hydrocarbon moiety of a substrate)

[PdIIY(hydrocarbyl)][Pd0]

+ 0.5O2

B

+ 2HY

[PdIIY2]
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Scheme 9.1 Plausible simplified catalytic cycles for palladium-mediated aerobic C–H bond func-
tionalization
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palladium(II) center with concomitant reduction of PdII to Pd0, and the O2 activation
step c leads to reoxidation of Pd0 to PdII.

Finally, the mechanism C is also palladium redox-based and involves PdII/PdIV

redox couple. The PdII center does not change its oxidation state during the substrate
activation step a and subsequent reaction with a coupling partner HX, step b. Two
other steps, c and d, involve oxidation of PdII hydrocarbyls to their PdIV derivatives
and C–X elimination of the product (hydrocarbyl-X) from the palladium(IV) center
with concomitant reduction of PdIV to PdII, respectively.

9.2.1.1 Substrate Activation Step

All the basic mechanismsA–C in Scheme 9.1 imply that substrate activation leading
to hydrocarbylpalladium(II) species (step a) occurs without change of the metal
oxidation state +2.

Even in the cases where palladium(0) complexes are used as pre-catalysts (exam-
ples in entries 13–15 in Table 9.1), the authors argue that the actual catalytically
active species are palladium(II) complexes. The latter result from oxidation of pal-
ladium(0) species with O2 involving N–H acidic substrates, O-methyl hydroxamic
acids, which serve as a source of anionic amido ligands for the resulting PdII center
(see step b, mechanism B) [29], see, e.g. Eq. 9.6:

2
[
Pd0

] + O2 + 4H−N(OMe)(COR) → 2
[
PdII(N(OMe)COR)2

] + 2H2O (9.6)

Similar may be the role in Pd0 recycling of protected aminoacids 6 and 7 (Fig. 9.1)
used as ligands in some aerobic C–H functionalization reactions (examples in entries
19–21, 24, Table 9.1).

Importantly, all the mechanisms of substrate activation by palladium(II) com-
plexes discussed below require prior substrate coordination to the metal. Hence, the
slow rates of ligand substitution in catalytically active metal species and strong coor-
dination to palladium(II) center of a supporting ligand or substrate may decrease dra-
matically the overall catalyst turnover frequency. As a result, the judicious choice of
supporting ligand for a catalystmaybe very important,which is, in particular, a reason
for the success of catalytic systems utilizing weakly coordinating 2-fluoropyridine 4
[31, 32] or bidentate 4,5-diazafluoren-9-one 2 [25] ligands (Fig. 9.1).

Holding these considerations in mind, it is very remarkable that the Pd
0

2(dba)3 -
based catalytic system in examples in entries 13–15, Table 9.1 is very tolerant of het-
erocyclic donor groups present in substrates. These donor groups can strongly bind to
palladium(II) center and severely inhibit catalysis of C–H functionalization by palla-
dium(II) complexes. A possible explanation to this tolerance is that the palladium(II)
centerwhich is generated in reaction (9.6) above is coordinated to basic amido ligands
and as such can be involved in substrate C–H bond activation/deprotonation (vide
infra), experiencing minimal inhibiting effect of coordinating heterocyclic donor
groups of the substrates [29].
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Olefin Insertion into PdII-Ligand Bond

Following substrate coordination to a palladium(II) center, its activation by the metal
leading to hydrocarbylpalladium(II) species may proceed either as the substrate C–H
bond cleavage or, for unsaturated substrates, as an addition (insertion) reaction. For
olefinic substrates, even with available relatively acidic allylic C–H bonds, step a
may not involve the substrate C–H activation, as it is the case in oxidative amination
of olefins in the examples in entries 9–12, Table 9.1. Instead, based on available
mechanistic tests, authors of these catalytic systems propose that formation of alkyl-
palladium(II) intermediates in step a occurs as cis-aminopalladation of the olefinic
C=C bonds (Scheme 9.2), and not as allylic C–H bond cleavage [27].

Deprotonation of PdII–Coordinated C–H Bonds

Allylic C–H Deprotonation of Olefins

In turn, in the absence of strongnucleophilic ligands such as amides in examples given
in entries 9–12, Table 9.1, olefinic substrates with available allylic C–H bonds can
undergo allylic C–H deprotonation by the action of a metal-coordinated carboxylate
(Scheme 9.3) [19] or a similar basic ligand [29], or even a free carboxylate serving as
a base, as it was found computationally [48]. Some representative reactions involving
activation of olefinic substrates via allylic C–H bond cleavage are given in entries 5,
27–29, Table 9.1.
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Directed C–H Activation. Concerted Metallation–Deprotonation Mechanism

Considering non-olefinic substrates in Table 9.1, their quick inspection shows that
many of them have metal-coordinating heteroatoms, e.g., carboxylate oxygens,
examples in entries 1, 19–20, 24, a quinoline nitrogen, entry 3, an oxime or pyri-
dine nitrogen in entries 4, 25, an anionic amide nitrogen resulting from N–H bond
deprotonation in entries 6–8, 13–15, 17, 23, in a close proximity to C–H bonds
involved in subsequent oxidative functionalization reaction. It was shown that func-
tionalized hydrocarbon substrates containing suitable donor groups undergo C–H
bond activation only after prior coordination of the donor group to the metal [49].
As a result, only those C–H bonds of the substrate that are accessible for the donor
group-coordinated metal can be involved in subsequent transformations. Hence, the
position of the donor groups relative to the substrate’s various C–H bonds deter-
mines the regioselectivity of the C–H activation step a. Formation of five-membered
palladacyclic intermediates is usually kinetically favored over six-membered met-
allacycles. Notably, metallacyclic intermediates with both smaller and larger rings
can form. As a result, for arene derivatives with donor groups (DG) attached to one
of the arene carbon atoms, such as CO2

–, CH2CO2
–, CONR2, NHCOR, CH2NR2,

2-pyridyl, 2-oxazolyl, 2-imidazolyl, N=NAr, CH2SR, or CH2OH selective metalla-
tion and subsequent functionalization is most facile for the arene C–H bonds that
are positioned ortho- to the donor group [49, 50] (examples in entries 1, 6–8, 13–15,
17–20, 23–24, Table 9.1). Similar rules apply for alkane C–H bond functionalization
when dealing with functionalized alkane substrates bearing directing groups [49, 51]
(examples in entries 3, 4, 25, Table 9.1). Importantly, by changing the length and
configuration of a tether between an arene carbon to which the tether is attached and
the donor group, one can achieve a rare selective meta-C–H bond functionalization
of the arene, as it is the case in an example in entry 21 in Table 9.1 [37].

The considerations above also imply that for substrates having several types of
chemically nonequivalent C–H bonds, selective functionalization of some of them
may be a daunting problem in palladium catalysis. At the same time, this is one of
the points of growth and development of this area [37, 47], where joint experimental
and computational modeling efforts are especially promising [52].

Themechanism of C–H activationmost common for substrates with donor groups
and substrates not having directing groups such as non-functionalized arenes or alka-
nes (entries 2, 16, Table 9.1) is the concertedmetallation–deprotonation (Scheme 9.4)
[46], which was also studied computationally [53, 54]. In either case, before the
deprotonation step can occur, a substrate C–H bond has to be coordinated to the
metal center. Such coordination can enhance dramatically the C–H bond acidity and
facilitate subsequent C–H deprotonation. Expectedly, C–H bonds of nonactivated
alkane fragments are the least acidic and, as such, are most difficult to activate and
functionalize.

A substrate C–H bond coordination to the metal is greatly facilitated when the
substrate has a donor group that can coordinate to the metal, thanks to the absence
of the entropic penalty for the C–H bond coordination step (Scheme 9.4, top). Since
hydrocarbon C–H bonds are very poor electron donors, the latter effect is of immense
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importance for metal-mediated C–H activation and functionalization. Interestingly,
coordination of a substrate C–H bond to the metal center can be facilitated when a
palladium(II) carboxylate is a strained chelate, such as palladium(II) pyridine-2,6-
dicarboxylate (Scheme 9.5, top) [16, 17]. Dissociation of a carboxylate arm from the
metal relives the chelate ring strain and is, therefore, facilitated, which accelerates
coordination of the substrate C–H bond to be functionalized. Non-strained analogs
with larger chelate size are less reactive (Scheme 9.5, bottom).
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9.2.1.2 C–X Bond Formation Step

This step is the most critical for achieving a desirable type of C–H bond functional-
ization. Since the key reaction intermediates produced at the step a are organopalla-
dium(II) species, knowledge of their reactivity [1] is very important when designing
new catalytic reactions. This step can be viewed as functionalization of transient
organopalladium species.

In any of the mechanismsA–C (Scheme 9.1), the C–X bond formation may result
already at the step a when the substrate is an olefin involved in an insertion reaction
(see, e.g., Scheme 9.2).

If step a involves a substrate C–H bond cleavage which results in a hydrocarbyl-
palladium(II) intermediate, then the C–X bond formation occurs typically at the step
b (mechanisms A, B) or d (mechanism C).

O2 Insertion into PdII–C Bond

According to mechanism A in Scheme 9.1, the PdII–C bond functionalization (step
b) may be as “simple” as O2 insertion into PdII–C bond which does not involve the
metal redox change, (see an example in entry 1 in Table 9.1 as well as a discussion in
the next section, “O2 activation step”). The expected O2 insertion product is a hydro-
carbylperoxo complex. A few such well-defined stoichiometric reactions are known.
They involve methylpalladium(II) complexes [55–59]. One of the first reported O2

insertion reactions (Scheme 9.6, top) involves a dimethylpalladium(II) species and
is a radical chain process [55], similar to a reported later analogous O2 insertion
involving a neutral monomethylpalladium(II) compound [56]. Another reaction in
Scheme9.6 is photochemical and involves cationicmonomethylpalladium(II) species
(Scheme 9.6, bottom) [57–59]. All of these reactions occur in aprotic media and the
resulting methylperoxo palladium(II) species are formed in high yields.

Protonolysis of the products of O2 insertion into PdII–CH3 bond in Scheme 9.6
can lead to free methylhydroperoxide, an unstable and explosive chemical. Hence,
the practical value of such products may be low. In this regard, an in situ con-
version of hydrocarbylperoxo metal species into palladium(II) alkoxo complexes
or free alcohols would be more desirable. In fact, both MeO2H and MeOH form
in a photocatalytic reaction of O2 with a water-soluble anionic methyl palladium
complex [(dpms)PdIIMe(OH)]–, besides ethane which is a major reaction product
(Scheme 9.7, top) [60]. Importantly, the formation ofMeO2H can be fully suppressed
by a slight modification of the reaction conditions with a concomitant increase of the
MeOH yield up to 50% with the rest of the balance being ethane. It was shown that
various hydroperoxides RO2H (R=H, Me, t-Bu) react cleanly and rapidly with the
methylpalladium(II) reagent, [(dpms)PdIIMe(OH)]–, to form the correspondingROH
in high yields. A proposed reaction sequence shown in Scheme 9.7 (center and bot-
tom) involves formation of a hypothesized highly electrophilic methylpalladium(IV)
species responsible for the production of various Me–X products detected in the
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Scheme 9.6 Some reported
examples of direct thermal
[55] or photochemical
[57–59] O2 insertion into
PdII–CH3 bond of
methylpalladium(II) species
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mixtures with various nucleophiles and resulting from their attack at the CH3–PdIV

fragment of the proposed methylpalladium(IV) transient.

Reductive Elimination of C–X Bond from a PdII or a PdIV Center

According to mechanisms B and C (Scheme 9.1), C–X bond formation occurs as a
result of reductive elimination from PdII(X) hydrocarbyls (mechanism B, step b) or
PdIV(X) hydrocarbyls (mechanism C, step d) species. The ligands X necessary for
such reductive coupling are introduced into palladium(II) coordination sphere prior
to the C–X bond elimination (mechanism B) and, typically, but not always, prior to
the PdII to PdIV oxidation step c (mechanism C) as a result of a ligand exchange,
olefin insertion into palladium(II)-ligand bond (examples in entries 20–26) or, rarely,
C–H bond activation at the electrophilic PdIV center [61].

Mechanism C involving a PdII/PdIV redox couple is rare in aerobic C–H func-
tionalization chemistry. In particular, the authors of the catalytic system in entry 2
[15], Table 9.1, proposed involvement of a PdII/PdIV redox couple with a C(sp2)–O
reductive elimination from a PdIV hydrocarbyl resulting from the oxidation of its PdII

precursor with HNO3. Similarly, possible involvement of the PdII/PdIV redox couple
was discussed for reactions in entries 3 [16] and 4 [18] leading to C(sp3)–X (X=O,
Cl) reductive elimination from PdIV species which, in fact, occurs as an SN2 process.
In the latter system, the oxidant responsible for the generation of PdIV hydrocarbyls



240 A. N. Vedernikov

Scheme 9.7 Photochemical
dioxygen activation by a
water-soluble
methylpalladium(II)
complex and conversion of
RO2H to ROH [60]

photochemical functionalization of Pd-CH3 with O2 in water
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is HNO3, similar to the reaction in entry 2. In turn, for the catalytic system in entry
3, the PdIV hydrocarbyls were speculated to be produced aerobically from their PdII

precursors [16]. It was shown computationally that the formation of PdIV transients
is thermodynamically viable thanks to the ability of the tripod ligand 1 (Fig. 9.1)
to adapt a facial coordination mode. At the same time, a mechanism involving an
O2 insertion into PdII–C bond also could not be excluded [17]. Notably, there are
precedents of reactions between O2 and dimethylpalladium(II) complexes supported
by facially chelating ligands that lead to palladium(IV) derivatives [62, 63].

The involvement of PdII/Pd0 redox catalysis (mechanism B) is most commonly
proposed in various aerobic C–H functionalization reactions. The relevant examples
in Table 9.1 are the reactions leading to C(sp3)–O bond formation, such as in the
catalytic system in entry 5, C(sp2)–N bond formation, such as in arene and alkene
amination reactions in entries 6–12, and C–C bond formation, such as in the arene
imidoylation reactions (entries 13–15), arene homocoupling (entry 16), arene ary-
lation (entries 17–19), arene and alkane alkenylation (entries 20–25) and alkylation
(entry 26).
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Finally, a special case of the product forming step associatedwith themechanismB
which does not require the presence of an actual coupling partner is dehydrogenation
of various cyclohexane derivatives in reactions in entries 27–29. In this case, the new
C=C bonds result from β-hydrogen atom elimination of palladium(II) hydrocarbyl
intermediates.

O2 Activation Step

Another stepwhich is critical for any catalytic aerobic C–H functionalization process
is O2 activation. Direct O2 insertion into PdII–C bond is one of the possibilities which
has been already characterized in section “O2 Insertion into PdII–C Bond”.

O2 Activation by Redox Cocatalysts

O2 activation carried out by a redox cocatalyst is very common in aerobic Pd-
catalyzed C–H functionalization, especially in its older versions. Some redox cocata-
lysts that were proven efficient are copper(II) complexes, heteropolyacids, and lower
nitrogen oxides NOx (x = 1, 1.5, 2). These cocatalysts in their reduced form, e.g.,
copper(I) orNO, react rapidlywithO2 to form species capable of oxidizing palladium
center from lower to higher oxidation states, Pd0 to PdII (mechanism B, Scheme 9.1)
or, in some cases, converting PdII hydrocarbyls to PdIV hydrocarbyls (mechanism
C). Some of the catalytic systems in Table 9.1 utilize these cocatalysts, CuX2 (entries
7, 8, 23), NOx (entries 2, 4), and a heteropolyacid H4[PMo11VO40] (entry 25). While
copper(II) cocatalysts are traditionally assumed to support recycling of Pd0 to PdII

species (mechanism B), the systems utilizing NOx as redox mediators (entries 2, 4)
are proposed to support reactions involving a PdII/PdIV redox couple (mechanism C,
Scheme 9.1).

The presence of a redox-active cocatalyst in a catalytic system, such as those
mentioned above, does not exclude the option that O2 activation will actually be
carried out by palladium species. In particular, the authors of the reaction in entry 16
have observed only negligible effect of Cu(OTf)2 additive on Pd0 reoxidation. They
have concluded that themajor role of Cu(OTf)2 cocatalyst in the palladium-catalyzed
oxidative homocoupling of o-xylene is not O2 activation but rather that of a Lewis
acid enhancing reactivity of Pd(OAc)2 [31].

O2 Activation by Pd0 Species

The catalytic systems where O2 activation is carried out by Pd0 species are becoming
increasingly important practically and are interesting mechanistically. These reac-
tions convert Pd0 complexes to PdII peroxo species (Eq. 9.7), e.g., Pd(PPh3)4 is
oxidized to Pd(κ2-O2)(PPh3)2 [64]. Notably, triphenylphosphine liberated in the lat-
ter reaction can reduce palladium peroxide and form corresponding phosphine oxide.
This fact suggests that the practical value of phosphine ligands in aerobic palladium
catalysis may be limited.
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Fig. 9.2 Some palladium
complexes characterized in
O2 activation NN
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O2 activation by Pd0 species can be most efficient when suitable ligands are
present. For instance, a PdL2 complex 12 with very bulky N-heterocyclic car-
bene (NHC) ligands L=N,N’-bis(2,2”,6,6”-tetramethyl-m-terphen-5’-yl)imidazole-
2-ylidene) (Fig. 9.2) reacts with O2 at room temperature even in a solid state [65].

LnPd
0 + O2 → cis-L2Pd

II(O2) + (n − 2)L (9.7)

The resulting palladium(II) peroxo complexes are relatively basic and can react
stepwise with acids to form first palladium(II) hydroperoxo complexes (Eq. 9.8) and,
eventually, H2O2 (Eq. 9.9):

cis-L2Pd
II(O2) + HX → PdIIX(OOH)L2 (9.8)

PdIIX(OOH)L2 + HX → PdIIX2L2 + H2O2 (9.9)

In turn, H2O2 released in the last reaction may act as an oxidant with respect
to Pd0 and/or reactive hydrocarbyl PdII species (e.g., Scheme 9.7, bottom) [60] or
decompose into O2 and H2O.

In the absence of suitable ligands, the rate of the oxidation reaction in Eq. 9.7
may be too slow and/or the stability of Pd0 complexes may be too low, so that a
catalyst deactivation leading to the formation of catalytically inactive Pd black may
become highly competitive with the reaction (9.7). Such catalyst deactivation is the
major reasonwhymany palladium-based catalytic systems involving PdII/Pd0 couple
(mechanism B, Scheme 9.1) require high catalyst loading, 10–20% and even higher
(see Table 9.1 for examples). Notably, at some intermediate stages leading to the
formation of palladium black, palladium(I) species [25, 66] and, ultimately, soluble
palladium clusters/nanoparticles may be produced which often are also catalytically
active in aerobic oxidation reactions [67, 68].
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Interestingly, until recently, the utilization of organic ligands in aerobic func-
tionalization catalysis by palladium compounds was not practiced, although some
polar solvents such as DMSO that can coordinate to palladium(II) center were used
successfully in a number of aerobic palladium-catalyzed C–H functionalization reac-
tions (examples in entries 6, 22, Table 9.1). This situation is, in part, a reflection of
a formerly poor understanding of the underlying aerobic chemistry of Pd0 species
[47]. One of the important reasons for this lag is related to the fact that rates of
aerobic C–H functionalization by soluble palladium complexes are often zero order
in [O2], and their turnover-limiting step is the substrate C–H activation, so making
the characterization of the O2 activation step difficult in such systems.

O2 Activation by PdII Hydrides Versus Pd0 Species

Catalytically competent palladium(0) species are expected to result fromC–X reduc-
tive elimination of PdII(hydrocarbyl)X complexes in mechanism B, Scheme 9.1.
Alternatively, palladium(0) speciesmaybe produced as a result ofH–Yelimination of
palladium(II) hydrides (Eq. 9.10) which, in turn, are formed as a result of β-hydrogen
atom elimination of suitable palladium(II) alkyl, alkoxo, or similar species.

LnPd
II(H)Y → LnPd

0 + HY (9.10)

Importantly, palladium(II) hydrides are also able to react with O2. The reaction
proceeds via O2 hydrogen atom abstraction/radical recombination pathway leading
to O2 insertion into Pd–H bond and formation of palladium(II) hydroperoxides [69]
(Eq. 9.11), so allowing to return PdII back to the catalytic cycle.

LnPd
II(H)Y + O2 → LnPd

II(OOH)Y (9.11)

The reaction between O2 and a (PCP)PdII(H) complex 13 (Fig. 9.2) was charac-
terized kinetically to reveal a first-order dependence of its rate on pO2 and a large
deuterium kinetic isotope effect, kPdH/kPdD = 5.8, all consistent with an H-atom
abstraction mechanism. The mechanism was also analyzed computationally [70].

More extensive studies of reactions between various palladium(II) hydride com-
plexes andO2 (Eq. 9.11) have led to a conclusion that an alternative reaction sequence
(9.10)–(9.7)–(9.8), that is HY reductive elimination—oxidation, leading to palla-
dium(II) hydroperoxo complexes can be faster than the direct route (9.11) [71],
although, in general, both pathways may be very competitive kinetically [72, 73].
In some cases, just a minor variation in the electronic properties of the anionic lig-
and Y, e.g., a p-substituted benzoate in bis-NHC palladium(II) hydride complexes
trans-L2PdII(H)(O2CC6H4-p-X) 14 (Fig. 9.2), can lead to a change in the reaction
mechanism from the direct O2 insertion (Eq. 9.11), with a large deuterium kinetic
isotope effect, kPdH/kPdD = 3.1 for X = OMe [73], to a stepwise transformation
(9.10)–(9.7)–(9.8), with a very small kPdH/kPdD = 1.3 for X = H [71]. Interest-
ingly, benzoquinone additives which are often present as a cocatalyst in palladium-
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catalyzed aerobic C–H functionalization reactions (see, e.g., an example in entry 19
in Table 9.1) were found to accelerate the reaction sequence (9.10)–(9.7)–(9.8) [74].

Notably, the HY reductive elimination—oxidation reaction sequence
(9.10)–(9.7)–(9.8) and, in particular, its first step (9.10), is strongly favored in
palladium(II) complexes bearing labile monodentate L-type ligands since three-
coordinate LPdII(H)Y species resulting from a ligand L dissociation eliminate H–Y
at faster rates (Eq. 9.10, n = 1 vs. n = 2). The use of bidentate ligands appears to also
favor the HY reductive elimination—oxidation reaction sequence, as compared to
the direct pathway (Eq. 9.11), when one of the ligand’s donor atoms is basic enough
to deprotonate the PdII–H bond. That is usually the case for N-donor ligands. The
deprotonation can occur upon this donor atom dissociation from the metal. As a
result, the authors of [47] conclude that the O2 activation in most aerobic catalytic
systems used till date is carried out, most typically, by Pd0 species and not by
palladium(II) hydrides.

9.3 Homogeneous Organometallic Platinum—Catalyzed
Aerobic CH Oxidation

As it was mentioned in the introduction, the first-ever developed platinum-based cat-
alytic system for aerobic C–H functionalization allowed to carry out an overall very
challenging transformation, the conversion of gaseous methane to CH3X products
(Eqs. 9.2, 9.3), albeit with low [PtCl4]2– catalyst turnover (≤6) and poor selectivity in
CH3X products (≤50%) [5]. The reaction mechanism [7, 8] is similar to mechanism
C shown in Scheme 9.1 for aerobic palladium catalysis. Notably, the heteropoly-
acid used in these experiments as a redox mediator was also shown by the authors
to oxidize methanol, so contributing to the overall low reaction selectivity in CH3X
products. Subsequent attempts to developmore efficient variants of the reaction were
made. In 2001, some modifications to the aerobic system were undertaken by intro-
ducing aqueous CuCl2 as a redox mediator instead of a heteropolyacid and using
water-soluble alkanesulfonic acids as substrates which are much easier to handle
than gaseous methane. Water was used as the reaction medium [75]. These changes
allowed to achieve the catalyst turnover numbers up to 43–52 after 4 h of reaction at
160 °C for ethanesulfonic acid as a substrate (Eq. 9.12):

2C2H5SO3Na + O2 → 2HOCH2CH2SO3Na (9.12)

The reaction was ~50–76% selective with respect to the methyl group oxidation
product, 2-hydroxyethanesulfonic acid shown in Eq. 9.12, with the rest of the balance
being mostly the corresponding aldehyde and carboxylic acid.

A more recent reinvestigation of the Shilov reaction was undertaken in 2010 [9].
The authors used microfluidics technique and screened a number of redox mediators
for the reaction of CH4 with O2 in water at 180 °C. They observed up to 49 catalyst
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Scheme 9.8 Aerobic stoichiometric C–H functionalization of arenes mediated by platinum(II)
complex 15 [10]

turnovers after 6 h with the selectivity in CH3OH ~50% using either Fe2(SO4)3 or a
heteropolyacid as a redoxmediator. Formic acid accounted for the rest of the balance.

Although the catalyst turnover numbers in both cases are much better than in
the original Shilov publication [5] and, in fact, in many palladium-based systems
listed in Table 9.1, the resulting oxidation products, 2-hydroxyethanesulfonic acid
and methanol, may, most likely, be readily available at a lower cost using traditional
methods of their preparation. Further reaction developments are in order.

Notably, learning from recent progress in aerobic catalytic C–H functionalization
by palladium complexes, a possible direction for future research in catalytic platinum
chemistrymay target a better understanding of the underlyingC–Hactivation, aerobic
oxidation, and C–X reductive elimination chemistry of platinum species involved
and rational design of ligands for these transformations [76]. As an example of such
efforts, platinum(II) complex 15 supported by a newly designed sulfonated pincer
ligand in Scheme 9.8 supports facile aerobic stoichiometric C–H functionalization
of a series of arenes leading to derived arylplatinum(IV) complexes 17 [10]. The
reaction is more efficient for electron-rich arenes. The minor products of the arenes
functionalization are oxidatively C–C coupled complexes 18. The fraction of the
undesirable product 16 forming along with 18 can be significantly reduced in the
presence of p-hydroquinone.

9.4 Development of Homogeneous Organometallic
Nickel-Catalyzed Aerobic CH Oxidation

Nickel-based catalytic systems for organometallic aerobic C–H functionalization are
still at an early stage of development. In fact, no such systems have been reported
so far. At the same time, some basic step of a plausible catalytic cycle incorpo-
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rating nickel complexes can be envisioned. A recent publication [77] discloses a
possible approach toward donor group/auxiliary 19-directed C(sp3)–H activation at
a nickel(II) center to produce metallacyclic nickel(II) alkyls 20 (Scheme 9.9). The
behavior of the reported system resembles that of similar palladium(II) systems,
although at somewhat higher temperatures for the nickel-based one. The kinetics
of the reaction in Scheme 9.9 has been characterized in detail, including a large
deuterium kinetic isotope effect, kH/kD ~ 7, and the reaction was proposed to oper-
ate a concerted metallation—deprotonation mechanism also common in palladium
chemistry.

Notably, although not shown to involve organonickel intermediates, hydrogen
atom transfer (HAT) chemistry involving C–H bonds of a series of alkylarenes such
as 9,10-dihydroanthracene, toluene, and ethylbenzene has also been demonstrated
in their reactions with a few isolated nickel(III) complexes [78].

In turn, stoichiometric aerobic Ni–C bond functionalization reactions have been
known for a long time. Examples of aerobic oxidative C(sp2)–O [79] and C(sp3)–N
[80] coupling reactions are given in Scheme 9.9, bottom.

Finally, there is a substantial body of recent work detailing the intimate chemistry
of dioxygen activation at a nickel(I) center supported by various chelating ligands
which can lead to nickel(II) superoxo or peroxo complexes and even nickel(III)
peroxo species [81].

Overall, the fact that the key steps of a potential catalytic cycle of aerobic C–H
functionalization by nickel are established, may be viewed as a promise of possible
future development of the related catalytic chemistry.

Scheme 9.9 Auxiliary-
directed C(sp3)–H activation
at a nickel(II) center (top)
[77] and aerobic oxidative
functionalization of
NiII-C(sp3) bonds (bottom)
[78, 79]
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9.5 Conclusions

Aerobic organometallic C–H functionalization catalysis by palladium complexes has
shown a significant development over the past two decades. The major driving force
behind this success was an increased attention to and an improved understanding of
the reaction mechanisms and the role that the ligand environment at the metal plays
in such reactions. Numerous challenges remain on the way toward making hydrocar-
bon C–H bonds a “functional group” that can be readily and selectively transformed
to another “classic” functional group by using the right catalytic system. Under-
standing the mechanism of C–H activation and the factors that control its selectivity
in substrates with chemically non-equivalent C–H bonds can drive the progress in
this area. A collaboration of experimentalists and computational chemists in such a
challenging area of research may become fruitful. While organometallic palladium
aerobic oxidation catalysis has already been an established and has a solid reputa-
tion among synthetic chemists, analogous platinum-based systems for aerobic C–H
functionalization are scarce. Slower reaction rates of reactions involving platinum
species, as compared to analogous palladium chemistry, maybe a reason behind such
poor performance in aerobic platinum catalysis. But as in the case of the recent devel-
opment in aerobic palladium catalysis, greater attention to reaction mechanisms and
ligand design might help improve the situation. Finally, organometallic nickel aero-
bic oxidation catalysis is not established yet but there are some promising reports that
suggest possible future development of this field. Overall, selective catalytic aerobic
C–H functionalization reactions are poised to grow in their importance in the coming
years and the group 10 metals can continue contributing to this development.
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Chapter 10
Direct C–H Oxidation of Aromatic
Substrates in the Presence of Biomimetic
Iron Complexes

Oleg Y. Lyakin and Evgenii P. Talsi

Abstract This chapter is dedicated to one of the most challenging areas of oxi-
dation catalysis—direct oxidation of aromatic C–H groups. The development of
environmentally friendly catalyst systems for the direct hydroxylation of aromatic
hydrocarbons is an important task of modern catalysis. Biomimetic approach, based
on the functional modeling of enzymes by iron complexes of a relatively simple
structure, is considered as a promising approach for designing catalyst systems for
direct aromatic hydroxylation, relying on nontoxic hydrogen peroxide used as the
oxidant. The mechanism of catalytic performance of biomimetic systems is a ques-
tion of primary importance; deep insight into this issue can both substantially ratio-
nalize the development of novel practical catalyst systems for the direct oxidation
of aromatic hydrocarbons and enrich our knowledge on the mechanisms of natural
metalloenzyme-mediated oxidations. In this chapter, the state-of-the-art in this area
is provided, with the mechanistic part based mostly on the authors’ own works.
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Electrophilic substitution · Enzyme models · EPR spectroscopy · Hydroxylation ·
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IBA Isobutyric acid
IVA Isovaleric acid
Me3HQ 2,3,5-Trimethylhydroquinone
NHC N-heterocyclic carbene(s) ligand
PDP N,N′-bis(2-pyridylmethyl)-(S,S)-2,2′-bipyrrolidine ligand
PhSH Thioanisole
TPA Tris(2-pyridylmethyl)amine ligand
TOF Turnover frequency of the catalyst
TN Turnover number of the catalyst
UV-Vis Ultraviolet-visible spectroscopy

10.1 Introduction

The search for new, highly efficient catalyst systems for the selective oxidation of
hydrocarbons, relying on complexes of cheap and nontoxic iron and hydrogen per-
oxide as “green” oxidant, is a highly challenging task, due to the growing demands
of fine chemical and pharmaceutical industry, as well as toughening environmen-
tal constraints in general [1–3]. Remarkable selectivity and versatility of the reac-
tions mediated by iron oxygenases encourage researchers to mimic their catalytic
properties by relatively simple synthetic iron complexes (a so-called biomimetic or
bioinspired approach) [4–6].

Phenols are important intermediates in the production of drugs, agrochemicals,
and plastics such as polycarbonates, phenolic, and epoxide resins [7, 8]. At present,
the annual world demand for phenol exceeds 10 million tons. Phenol is mostly
(>95%) produced from petroleum-derived benzene, via three-step cumene process,
involving (1) benzene alkylation with propylene to form cumene, which is typically
catalyzed by acidic compounds or zeolites; (2) oxidation of cumene with O2 to form
cumene hydroperoxide, CHP; (3) CHP cleavage to phenol and acetone, catalyzed by
sulfuric acid [7].

Cumene process, affording relatively cheap phenol, is not ecologically sustain-
able. Rather low overall efficiency (5%), as well as the formation of toxic and explo-
sive intermediates, inspires the search for greener andmore atom-economical alterna-
tives of the cumene process of phenol production [7]. Apparently, the most tempting
route to phenols is the direct hydroxylation of aromatic hydrocarbons. However, the
high stability of the aromatic motif toward oxidation so far limits the success of
such one-stage processes. The catalytic systems to be developed should be highly
reactive, capable of hydroxylating very strong aromatic C–H bonds (BDE for C6H6

112 kcal/mol) [9], and at the same time, highly selective—to avoid subsequent phenol
oxidation. That is why the oxidation of benzene by molecular oxygen is defined as
one of the “top-10 challenges in catalysis” [10]. Several synthetically useful direct
aromatic hydroxylation protocols have been reported so far [11–18]. All of them
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have serious drawbacks, e.g., the use of catalysts based on toxic metals (V, Ni, Ru,
Pd), high reaction temperature, or low substrate conversion.

In nature, the catalytic aromatic hydroxylations are mediated mainly by iron-
containing oxygenases [19], such as cytochrome P450 [20–22] and nonheme
diiron hydroxylases, such as methane monooxygenase [23, 24] and toluene-4-
monooxygenase [25–27]. All aforementioned metalloenzymes exhibit remarkable
catalytic activity toward the aromatic C–H hydroxylation, thus inspiring the search
for their synthetic mimics [28]. A number of synthetic iron-based catalyst systems
for the direct hydroxylation of arenes has been developed in the last two decades.
This chapter surveys such systems based on bioinspired nonheme iron complexes
and hydrogen peroxide, with a focus on oxidation efficiency and selectivity, and
their correlation with the structure of the Fe complex. Available mechanistic details
of aromatic C–H oxidation by nonheme iron-based systems are discussed.

10.2 Oxidation of Arenes with Bioinspired Iron Catalyst
Systems

10.2.1 Under Biomimetic Conditions

In 2002, Mansuy with coworkers designed the nonheme ferrous complex
Fe(TPAA)(ClO4)2 (1) bearing the ligand of the 2-aminopyridine family (Fig. 10.1)
[29]. Unexpectedly, 1 demonstratedmuch better performance in the catalytic hydrox-
ylation of aromatic C–H groups with H2O2 than in the epoxidation of alkenes, that
are much more prone to oxidation. Benzene was transformed into phenol, cata-
lyst 1 performing 22 turnovers (TN), which corresponds to 22% yield (based on
oxidant) under substrate-excess (“biomimetic”) conditions (Table 10.1, entry 1). A
CH3CN/H2O (v/v 9:1) mixture was used as a solvent. No other benzene oxidation
products were reported by the authors. Unexpectedly, high chemoselectivity (89%)
toward aromatic ring (rather than benzylic) oxidation was observed in the case of
toluene, o- and p-cresol being the major reaction products (Table 10.2, entry 1). Sim-
ilarly, catalytic oxidation of chlorobenzene and anisole led to equimolar mixtures of

Fig. 10.1 Ligands and
corresponding iron-based
catalysts applied for the
aromatic C−H hydroxylation

NH
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o- and p-hydroxylated products with 10.6 and 2.6 TN, respectively (53% and 13%
yields based on H2O2).

It should be noted that the data obtained under substrate-excess conditions should
be interpreted with care. Indeed, under such conditions, extensively used in the
model and mechanistic studies (see below), the arene conversions remain low, rarely
exceeding several percents. Extending the reaction to higher conversions, the reported
high oxidation selectivities may become unachievable, owing to pronounced further
oxidative transformations of the primary oxidation products. So, the use of substrate-
excess conditions may mask the synthetic limitations of the corresponding catalyst
systems.

Bianchi and coworkers developed [30, 31] a catalytic protocol for hydroxy-
lation of aromatic hydrocarbons with H2O2, using the three-component system
FeSO4·7H2O/pyrazine-3-carboxylic acid N-oxide ligand/trifluoroacetic acid (molar
ratio 1:3:10) in a biphasic reaction medium, containing water, acetonitrile, and aro-
matic substrate (for ligand structure, see Fig. 10.1). The use of biphasic mixtures
allowed a convenient recovery and recycling of the catalyst by phase separation
techniques. Again, catalytic experiments were performed under substrate-excess
conditions (10:1 substrate:oxidant molar ratio). Oxidation of benzene in the pres-
ence of in situ generated catalysts 2 and 3 (Fig. 10.1, Table 10.1, entries 2 and 3)
demonstrated good oxygenation efficiencies (35.8–36.6 TN) and very high selectiv-
ity toward phenol (97–99%). At higher temperatures, the turnover frequency (TOF)
of catalyst 2 in benzene oxidation substantially increased (from 37 h−1 at 37 °C to
>230 h−1 at 70 °C), while the oxidation efficiency sharply decreased (from 84%
to 55%). The only detected by-product was 1,4-benzoquinone. When toluene was
used as a substrate, much lower oxidation efficiency was documented (8.3–12.1 TN;
Table 10.2, entries 2 and 3). Moreover, significant amounts of benzylic oxidation
products were detected, which deteriorated the selectivity toward aromatic oxidation
(57 and 64% for 2 and 3, respectively). Benzaldehyde was the main by-product.
For ethylbenzene, the side-chain oxidation was even more pronounced, resulting in
only 21% selectivity toward cresols for catalyst 2. Conversely, the oxidation of tert-
butylbenzene yielded para-tert-butylphenol as virtually the only product with 97%
selectivity, resulting from the low reactivity toward oxidation and strong directing
effect of the bulky tert-butyl moiety. For all alkylbenzenes studied, the formation
of over-oxidation products was negligible. At the same time, anisole was oxidized
into a complex mixture of high-molecular-weight oligomers with polyoxygenated
aromatic rings.

Banse and coworkers reported the use of aminopyridine iron complexes 4 and
5 with hexadentate N6-donor ligands (Fig. 10.2) in the catalytic aromatic hydrox-
ylation of benzene, ethylbenzene, chlorobenzene, and anisole [32]. To improve the
yields of phenols, a number of reducing agents, such as 2,3,5-trimethylhydroquinone
(Me3HQ), thioanisole (PhSH), and 1-naphthol, was added to the catalyst systems.
The oxidation of aromatic substrates with hydrogen peroxide was conducted under
biomimetic conditions ([Fe]:[H2O2]:[C6H6] = 1:20:3000, T = 20 °C, t = 2 h). Ben-
zene oxidation, catalyzed by complexes 4 and 5, afforded low phenol yields (9.2 and
5 TN, Table 10.1, entries 4 and 8). Similarly, for complex 1 [29], no phenol over-
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Fig. 10.2 Iron complexes for catalytic aromatic hydroxylation

oxidation products were reported for catalyst systems based on 4 and 5. The addition
of the reducing agents did not noticeably improve the phenol yield (Table 10.1,
entries 5–7 and 9–11). Similarly, the low effect of additives was documented for the
oxidation of chlorobenzene. On the contrary, the addition of 1-naphthol to complex
4 and PhSH to complex 5 substantially enhanced the efficiency of anisole hydroxy-
lation from 8.2 to 18.8 TN and from 3.6 to 8.2 TN, respectively. 2-Methoxyphenol
was the major hydroxylation product, phenol and 4-methoxyphenol being the only
detected by-products. Without additives, 4 and 5 are poor catalysts for the aromatic
hydroxylation of ethylbenzene, producing predominantly benzylic oxidation prod-
ucts 1-phenylethanol and acetophenone, and performing 3.4 and 0.6 TN toward
ethylphenols with 26 and 8% selectivity toward aromatic hydroxylation. The addi-
tion of 1-naphthol substantially improved both the yield of ethylphenols (7.7 and 3.1
TN) and the aromatic hydroxylation selectivity of catalysts 4 and 5 (55 and 49%).
For all studied substrates, 4was shown to be a better aromatic hydroxylation catalyst
than 5 [32].

In 2015, Biswas with coauthors reported the aromatic hydroxylation catalyzed
by an oxo-bridged diiron(III) complex 6 (Fig. 10.2), mimicking dinuclear iron core
of toluene-4-monooxygenase [28]. Benzene oxidation with H2O2 in the presence
of 6 under substrate-excess conditions exhibited very poor phenol yield (1.4 TN,
Table 10.1, entry 12), yet with >99% selectivity (p-quinone was the only minor side
product). The addition of acetic acid did not substantially improve the phenol yield
(Table 10.1, entry 13). In toluene oxidation, catalyst 6 performed 1.2 TN with 83%
selectivity toward cresols (Table 10.2, entry 4); these values increased to 2.6 TN and
92% upon the addition of acetic acid (Table 10.2, entry 5).

10.2.2 Under Catalytic Conditions

Kühn and coworkers have designed iron complex 7 (Fig. 10.2) with N-heterocyclic
carbene (NHC) ligand that is excellent σ -donor compared to other ligands [33];
moreover,NHC-based complexes are very stable toward oxidative ligand destruction,
which is crucial for designing metal-based catalysts for hydrocarbon oxygenation
[33–35]. Unlike in papers discussed so far, where the high substrate excess was used,
the remarkable stability of the Fe(NHC) complex allowed the use of “real catalytic
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conditions”, with the equimolar substrate/H2O2 ratio or excess of the oxidant. In
the former case, the benzene conversion was 7.4% (7.4 TN) with the selectivity of
94% for phenol (Table 10.3, entry 2), whereas 1,4-benzoquinone was identified as
the major by-product [33]. Although stoichiometric reactants were used, with only
1 mol% of Fe, high selectivity toward phenol was achieved. The influence of the
oxidant/substrate ratio on the catalytic benzene oxidation in the presence of 7 was
examined. Similarly, high selectivities were documented when the molar ratio of
H2O2/C6H6 was changed from 0.5 to 5 (Table 10.3, entries 1–4). Only when a 10-
fold excess of H2O2 was applied, the phenol selectivity dropped from 94% to 87%
(Table 10.3, entries 2 versus 5). Upon a 20-fold increase of the H2O2 loading, the
phenol yield has only doubled (5.6 versus 11.2 TN, entries 1 versus 5), implying a
pronounced decomposition of hydrogen peroxide at high concentrations. Moreover,
the catalyst suffers deactivation over time as proven by the second addition of H2O2,
which caused no significant change in the phenol yield. The reaction temperature was
probed as a factor influencing the catalytic performance. The following tendencywas
revealed: at elevated temperature, the selectivity toward phenol decreased drastically
(from 94% at 25 °C to 36% at 60 °C, Table 10.3, entries 2 and 6–9). At the same time,
a two-fold rise of the benzene conversion (from 7.4% to 15.1%) was accompanied
by a slight decrease of the phenol yield (from 6.9 to 5.5 TN), which means that
over-oxidation predominates at elevated temperature.

Complex 7 catalyzed the oxidation of toluene ([Fe]:[H2O2]:[C7H8] = 1:100:100)
with 15.2% conversion to o-/m-/p-cresols as main products and benzyl alcohol and
benzaldehyde as minor products (Table 10.4, entry 2), demonstrating rather high
selectivity toward ring oxidation (78%). In addition, 17% of consumed toluene was
converted to benzylic oxidation products and residual 5% was over-oxidized to 2-
methyl-p-quinone.Ortho- and para-positions of toluene were clearly preferred upon
oxidation. The ratio of o-/p-cresol was about 1.6, which is close to the expected
stochastic value of 2. The higher conversions of toluene (Table 10.4) compared to
benzene (Table 10.3) were explained by the more electron-rich aromatic system
in toluene. Only a slight increase in toluene conversion was observed when going
from 50 to 1000 equiv. of H2O2 (Table 10.4, entries 1–5). The side-chain oxidation
was more pronounced at higher H2O2 concentration. However, the selectivity of
aromatic ring hydroxylation was still 75% with 1000 equiv. of hydrogen peroxide.
Interestingly, the formation of m-cresol was accelerated at higher amounts of H2O2.
Furthermore, the hydroxylation of the aromatic ring was clearly preferred at a lower
temperature (Table 10.4, entries 6–8). At higher temperature, benzylic oxidation
became as likely as aromatic ring hydroxylation (Table 10.4, entries 9–11).

In 2016, Silva andCarneiro reported the direct benzene hydroxylationwith hydro-
gen peroxide in the presence of a number of iron complexes with acetylacetonate
and N2O2-, N4-donor Schiff base ligands (complexes 8–13, Fig. 10.3) that can be
easily prepared in high yields from readily available precursors [36]. Iron complex
8 with the N4-donor Schiff base ligand was found to be the most active and selec-
tive catalyst for the hydroxylation of benzene under substrate-limited conditions
([Fe]:[H2O2]:[C6H6] = 1:300:100), affording 65% conversion of benzene and 98%
selectivity toward phenol in 3 h at 50 °C (Table 10.3, entry 10). Themajor by-product
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Fig. 10.3 Iron complexes with acetylacetonate and Schiff base ligands

was 1,4-benzoquinone. Extending the reaction time did not improve the phenol yield.
Increasing the catalyst loading to 2 mol% did not improve the phenol yield in TN
or percent (Table 10.3, entry 11), the higher catalyst load probably facilitating H2O2

decomposition and thus deteriorating the phenol yield. The increase in H2O2 amount
improved the phenol yield, i.e., doubling its quantity resulted in 77 TN phenol yield
(entry 12) versus 64 TN (entry 10). Iron complex 9 with the N2O2-donor Schiff
base ligand also demonstrated good catalytic performance (55% conversion of ben-
zene and 90% selectivity toward phenol, Table 10.3, entry 13). The introduction of
electron-donating (CH3) or electron-withdrawing (Br) groups to the iron complex 9
with the N2O2-donor Schiff base ligand did not improve the benzene conversion, 43
and 26 TN phenol formation being observed for catalysts 10 and 11, respectively
(Table 10.3, entries 14 and 15). The ferrous and ferric acetylacetonate complexes 12
and 13 catalyzed benzene oxidation with 96% selectivity toward phenol but showed
lower efficiency (21 and 19 TN to phenol, Table 10.3, entries 16 and 17). Hence,
the incorporation of nitrogen atoms into the ligand structure substantially increases
the catalytic efficiency of the corresponding iron complexes (Fig. 10.3) in benzene
oxidation.

Very recently,Di Stefanowith coworkers designed iminopyridine ferrous complex
14 (Fig. 10.4) that can be easily prepared in situ by self-assembly of commercially
available starting materials (2-picolylamine, 2-picolylaldehyde, and iron(II) triflate)
[37]. Complex 14was found to mediate catalytic benzene hydroxylation with hydro-
gen peroxide under mild conditions (room temperature, 1 mol% of the catalyst). At
1:1 H2O2/C6H6 ratio, benzene was oxidized with 18% conversion and 83% selec-
tivity for phenol (Table 10.3, entry 18), p-benzoqinone being the only by-product.
Remarkably, no products of radical coupling, such as biphenyl, were detected, sug-
gesting that radical-driven oxygenation mechanism is not the case. The increase of
the hydrogen peroxide amount up to [H2O2]:[C6H6]= 3.5 enhanced the phenol yield
up to 24% but also increased over-oxidation to p-benzoqinone, slightly deteriorating
phenol selectivity to 75–80% (Table 10.3, entries 19–21). The authors concluded that
the best H2O2 amount for the catalytic benzene hydroxylation was 2.5 equiv. with
respect to benzene. Increasing the catalyst loading to 3–5 mol% caused a significant
loss in the phenol yield and selectivity (Table 10.3, entries 22 and 23), thus indicat-
ing that 1 mol% of Fe is the optimal catalyst loading. At higher catalyst loading,
oxidative degradation of 14 may take place, reducing the catalytic efficiency and/or
triggering side reactions.
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Fig. 10.4 Iron complexes that catalyze aromatic hydroxylation

The effect of the reaction time on the catalytic performance was examined. While
the increase from 30 to 90 min was necessary to improve the benzene conversion
(Table 10.3, entries 24, 25 and 20), further increase to 180 min or longer decreased
the substrate conversion and the selectivity toward phenol (Table 10.3, entries 26
and 27). The yield of p-benzoquinone increased with time that is consistent with
phenol over-oxidation. The obtained catalytic data outlined the following optimized
conditions for the benzene hydroxylation: catalyst 14 loading 1 mol% Fe, 250 mol%
H2O2, reaction time 90 min (conditions of entry 20 in Table 10.3). Using catalyst 14,
benzene oxidation was scaled up without loss in catalytic efficiency. The catalytic
reaction was performed on a 0.5 g scale affording 26% phenol yield.

Next, the catalytic oxidation of other aromatic substrates was studied under the
optimized conditions described above. Oxidation of toluene afforded a mixture of
cresols as the main products with 20% yield (o:m:p = 10:2.5:7.5), along with ben-
zaldehyde (2%) and 2-methyl-1,4-benzoquinone (3%), indicating high selectivity
(92%) of catalyst 14 for aromatic over aliphatic oxidation (Table 10.4, entry 12).
Achieving high chemoselectivity in the oxidation of substituted benzenes is chal-
lenging, since aliphatic chain can compete with the aromatic ring for the oxidation.
The propensity for benzylic oxidation usually correlates with the energy of aliphatic
C–H bonds, that is, C–H groups with lower BDE are more prone to oxidation. When
ethylbenzene was used as a substrate possessing secondary aliphatic C–H bonds,
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the selectivity toward the aromatic ring oxidation was, however, maintained (92%),
providing 15% yield of ethylphenols with the o:m:p ratio of 3:1:2, 3% of 2-ethyl-
1,4-benzoquinone, 1% of acetophenone, and 0.5% of 1-phenylethanol. Cumene was
converted mainly to isopropylphenols (21% yield, o:p = 1:2). Also, the formation of
2-phenyl-2-propanol (6% yield) and 2-isopropyl-1,4-benzoquinone (3% yield) was
detected, leading to 80% aromatic oxidation selectivity, which is somewhat smaller
than for toluene and ethylbenzene. This is consistent with a much weaker tertiary
benzylic C–H bond in cumene.

The oxidation of tert-butylbenzene with H2O2 catalyzed by complex 14 pro-
vided the best results in the series (28% yield of phenols, 3% of tert-butyl-1,4-
benzoquinone), demonstrating 100% selectivity toward aromatic C–H oxidation.
Note that in all these cases, hydroxylation on the o- and p-positions of the alkylben-
zenes was favored, exhibiting a selectivity pattern resembling that for electrophilic
aromatic substitutions. Fluoro-, chloro-, and bromobenzeneswere smoothly oxidized
with H2O2 to the corresponding halogenated phenols (with 9%, 17%, and 29% yield,
respectively), along with some 1,4-benzoquinones (2, 3 and 4%). Halogens are o-/p-
directing substituents in aromatic substitution reactions. In line with this, only o- and
p-halogenophenols were observed.

Electron-withdrawing groups (such as trifluoromethyl and cyano group), deac-
tivating the aromatic rings toward electrophiles, completely prevented the aro-
matic oxidation. On the contrary, anisole was oxidized with 21% yield (10% of
2-methoxyphenol, 8% of 4-methoxyphenol, and 3% of p-benzoquinone), since
electron-donating groups increase the electron density of the aromatic ring and thus
favor its oxidation. A preference for the oxidation of electron-rich aromatic ringsmay
allow selective hydroxylation of only one aromatic ring in substrates with different
aromatic rings. For example, catalyst system 14/H2O2 preferentially hydroxylated
the more electron-rich phenolic ring over the benzoylic moiety of phenyl benzoate,
providing mainly o- and p-phenols (20, 2, and 24% yields of o-, m-, p-phenols) with
the total conversion of 52%and the selectivity toward phenolic ring oxidation of 92%.
Themost electron-donating substituentwas found to determine the regioselectivity in
the oxidation of disubstituted benzene derivatives, 5-bromo-2-methoxyphenol being
the only phenolic product obtained upon the oxidation of p-bromoanisole. So, the
chemoselectivity of the catalytic reaction can be finely tuned by just modifying the
electronic properties of substituents at the aromatic ring.

In 2018, Talsi with coworkers reported [38] the aromatic hydroxylation catalyzed
by the aminopyridine diferric complex 15 that previously demonstrated high effi-
ciency and enantioselectivity in the asymmetric alkene epoxidations [39, 40]. It is of
note that a carboxylic acid (generally, acetic acid) should be present in the catalyst
systems based on aminopyridine diferric complexes in order to enable catalytic oxy-
genation [41]. Applying catalyst 15 (1 mol% Fe) in the presence of acetic acid at the
[C6H6]:[H2O2]:[CH3COOH] ratio of 1:2:1 provided only a few percent conversion
of benzene. Increasing the reaction temperature from −30 to 25 °C increased ben-
zene conversion from 2.6 TN to 4 TN, but drastically reduced the selectivity toward
phenol (from 88 to 25%, Table 10.3, entries 28–30), hydroquinone being the only
detected by-product. This indicates that catalyst systems based on 15 favor phenol
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over-oxidation at ambient temperature, demonstrating very low substrate conversion.
Thus, the reaction condition tuning is needed to improve the benzene conversion.

The increase of the oxidant and acetic acid amounts has proved useful for this
purpose. When 4 equiv of H2O2 and 10 equiv of CH3COOH (with respect to ben-
zene) were applied, much higher benzene conversion was observed (15.6% with
1.24 mol% Fe). However, over-oxidation of phenol to hydroquinone became the pre-
dominant process, demonstrating 90% selectivity toward hydroquinone (Table 10.3,
entry 31). Under the same conditions, 20.3% of toluene was converted into the oxi-
dized products, 1.9 TN cresols (o:p= 3:4), 8.2 TNmethylhydroquinone, and 4.9 TN
4-(hydroxymethyl)phenol being formed, giving as high as 91% selectivity toward
aromatic oxidation (Table 10.4, entry 13).

Conversions and aromatic oxidation selectivities for the oxidations of different
alkyl-substituted benzenes in the presence of 15 are provided in Table 10.5, left data
columns. Catalyst 15 performed 10.8–13.5 TN and 23.1–30.8 TN toward the aro-
matic oxidation of mono- and dialkyl-substituted benzenes, respectively (the only

Table 10.5 Oxidation of substituted benzenes with H2O2 catalyzed by biomimetic aminopyridine
iron complexes 15 and 25a

H2O2 (4 equiv)
cat. (1.24 mol.% Fe)

CH3COOH (10 equiv) OH

aromatic oxidation
products (major)

+

aliphatic oxidation
products (minor)

R R R'OH

OH

R'OH

+

No. Substrate Catalyst 15 Catalyst 25

Conv.
(%)

Aromatic
oxida-
tion
yield,
TNb

Aromatic
oxida-
tion
selec.
(%)c

Conv.
(%)

Aromatic
oxida-
tion
yield,
TNb

Aromatic
oxida-
tion
selec.
(%)c

1 ethylbenzene 20.5 13.5 82 27 18.9 86

2 cumene 17.0 10.9 80 15.5 10.4 83

3 isobutylbenzene 16.9 10.8 79 25.5 18.2 89

4 o-xylene 32.2 23.1 88 34.5 25.3 91

5 m-xylene 57.5 42.5 91

6 p-xylene 36.5 30.8 84 51.5 38.3 92

7 2-ethyltoluene 21.7 14.4 66 32 17.4 68

8 3-ethyltoluene 33.8 28.4 84 41 27.0 76

9 4-ethyltoluene 29.4 25.1 85 33 19.9 74

aReaction conditions: 100μmol of substrate, 400μmol ofH2O2, 1000μmol ofCH3COOH, catalyst
loading 1.24μmol Fe (1.24mol%), 0 °C, reaction time 2.5 h, solvent CH3CN [38]. bYield expressed
in TN, turnover number of the catalyst=moles of products/mol Fe. cSelectivity toward oxidation of
the aromatic ring, including products simultaneously oxygenated at aromatic and aliphatic positions
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exception was 2-ethyltoluene which demonstrated only 14.4 TN yield of aromatic
oxidation products). In the latter case, the yields were higher, since dialkylben-
zenes are more electron-rich than monoalkylbenzenes. Again, for dialkylbenzenes,
higher selectivities toward aromatic oxidation were documented (84–88%), com-
pared with those for monoalkylbenzenes (79–82%), except the 66% selectivity for
2-ethyltoluene (Table 10.5).

Soon after, Bryliakov with coworkers undertook a systematic study of iron com-
plexes with aminopyridine ligands, bearing different substituents at pyridine rings,
and different counteranions, in the aromatic oxidation of a variety of substituted ben-
zenes [42]. The effect of counteranion on the catalytic properties of aminopyridine
diiron complexes in the oxidation of o-xylene has been studied (15–19, Fig. 10.4).

Triflate complex 15 demonstrated the best catalytic performance in the series,
yielding 32.2% conversion of o-xylene with 88% selectivity toward aromatic oxida-
tion (Table 10.6, entry 1). Perchlorate complex 16 exhibited slightly lower catalytic
activity (22.5% conversion) and selectivity (77%, Table 10.6, entry 2). Complexes
with NO3, Cl, and BPh4 counteranions proved to be much less efficient and selective
(Table 10.6, entries 3–5). A similar counteranion effect was observed for complexes
21 and 22 (Table 10.6, entries 7 and 8). Interestingly, in the presence of an amino
group instead of a methoxy group, virtually the same efficiency and selectivity were
observed (compare complexes 21, 22 and 15, 16 in Table 10.6). Diferric complex
20 (Fig. 10.4), bearing 3-methyl and 4-trifluoroethoxy substituents at the pyridine
ring of the common PDP core, demonstrated results similar to those of the parent
complex 15 with 3,5-dimethyl and 4-methoxy groups (Table 10.6, entries 1 versus
6). Complex 23 of the Fe-PDP series, possessing NMe2 groups, appeared to be less
efficient (Table 10.6, entry 9), as well as the Fe(TPA) complex 24 (Table 10.6, entry
10). The parent complex 25 appeared to be the most active and selective catalyst in
the series of Fe-PDP type complexes, affording 34.5% conversion of o-xylene and
91% selectivity toward oxidation of the aromatic ring (Table 10.6, entry 11).

Further, complex 25 was studied in the catalytic oxidation of benzene, toluene,
and different alkyl-substituted benzenes under the previously identified optimized
catalytic conditions (1.24 mol% Fe, [arene]:[H2O2]:[CH3COOH] = 1:4:10, 0 °C).
The oxidation of benzene, catalyzed by complex 25 afforded predominantly hydro-
quinone (9.6 TN), with only 19% phenol selectivity (Table 10.3, entry 32). Hence,
Fe-PDP complexes 15 and 25 (Fig. 10.4) demonstrate very close activities in the ben-
zene oxidation (entries 31 and 32). The same is true for toluene, the latter complex
exhibiting higher conversion (26% versus 20.3%, Table 10.4, entries 13 and 14). For
both complexes, similar toluene aromatic oxidations selectivities were documented
(91% and 93%, respectively). For some alkyl-substituted benzenes, much higher
conversions were observed (up to 57.5% for m-xylene), along with high selectivity
toward aromatic oxidation (up to 91–92% for o-,m-, p-xylenes, Table 10.5, right data
columns). As a general trend, the conversions of dialkylbenzenes were higher than
those of monoalkylbenzenes, that is consistent with the increasing electrophilicity
of the aromatic ring bearing electron-donating alkyl substituents.

Previously, the structure of carboxylic acid was reported to have a dramatic effect
on the catalytic performance of iron aminopyridine complexes in the asymmetric
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Table 10.6 Catalytic oxidation of o-xylenewithH2O2 in the presence of biomimetic aminopyridine
iron complexesa

H2O2 (4 equiv)
cat. (1.24 mol.% Fe)

CH3COOH (10 equiv)

aromatic oxidation products (major)

aliphatic oxidation products (minor)

+HO

OH

OH

+

OH

OH +
O

O OH+

No. Catalyst Conversion of o-xylene
(%)

Aromatic oxidation
product yields, TNb

Selectivity for aromatic
oxidation (%)c

1 15 32.2 23.1 88

2 16 22.5 14.0 77

3 17 5.7 3.0 65

4 18 2.8 1.2 52

5 19 3.8 1.7 55

6 20 22 13.8 78

7 21 32.5 20.4 78

8 22 21 12.9 75

9 23 13.5 8.1 72

10 24 10 5.3 67

11 25 34.5 25.3 91

aReaction conditions: 100μmol of o-xylene, 400μmol ofH2O2, 1000μmol of CH3COOH, catalyst
loading 1.24 μmol Fe (1.24 mol%), 0 °C, reaction time 2.5 h, solvent CH3CN. bYield expressed in
TN, turnover number of the catalyst = moles of products/mol Fe. cSelectivity toward oxidation of
the aromatic ring, including products simultaneously oxygenated at aromatic and aliphatic positions
[42]

olefin epoxidation reactions [39, 43]. Bryliakov with coworkers studied the effect of
different carboxylic acid additives on the efficiency and selectivity of aromatic hydro-
carbon oxidations, mediated by Fe-PDP complexes [44]. First, different carboxylic
acids (Fig. 10.5) were tested in the oxidation of m-xylene, catalyzed by complex 25,

Fig. 10.5 Carboxylic acids
used as the catalytic
additives in the
iron-catalyzed aromatic
hydrocarbon oxidation

F3C OH
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OHOH

O

IVA
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since this substrate/catalyst combination provided the highest conversion and aro-
matic oxidation selectivity among the aminopyridine iron-catalyzed aromatic oxi-
dations (Table 10.5). In the presence of the strongest trifluoroacetic acid, m-xylene
demonstrated negligible conversion (1.6%, Table 10.7, entry 1)—even lower than
without added carboxylic acid (8%, entry 9). The use of branched carboxylic acids
(IBA, IVA, and EHA) resulted in a higher m-xylene conversion (up to 75–98%,
Table 10.7, entries 6–8), compared with linear acids and cyclohexanecarboxylic acid
(17.5–67%, entries 2–5). Similarly, the selectivity for aromatic ring oxidation was
higher with the use of branched acids. In the case of isovaleric and 2-ethylhexanoic
acids, the aromatic oxidation selectivity exceeded 99% (entries 7 and 8). Thus, 2-
ethylhexanoic acid proved to be the best carboxylic acid additive, ensuring the highest
conversion of m-xylene (98.3%) and selectivity (>99%) at the same time.

Table 10.7 Oxidation ofm-xylene with H2O2 catalyzed by complex 25 in the presence of different
carboxylic acidsa

H2O2 (4 equiv)
25 (1.24 mol.% Fe)

RCOOH (10 equiv)

aromatic oxidation products (major)

aliphatic oxidation products (minor)

+HO
OH

+ OH

O OH
+

HO
HO

No. Carboxylic acid
additive

Conversion of
m-xylene (%)

Aromatic oxidation
product yields, TNb

Selectivity for
aromatic oxidation
(%)c

1 FAA 1.6 0.8 62

2 AA 67 49.4 98

3 CA 17.5 13.0 96

4 BA 46.4 34.8 99

5 CHA 31 22.5 99

6 IBA 75.1 56.0 99

7 IVA 83.3 61.9 >99

8 EHA 98.3 77.8 >99

9 – d 8.0 5.3 55

aReaction conditions: 100μmol ofm-xylene, 400μmol ofH2O2, 1000μmol ofCH3COOH, catalyst
loading 1.24μmol Fe (1.24mol%), 0 °C, reaction time 3 h, solvent CH3CN. bYield expressed in TN,
turnover number of the catalyst = moles of products/mol Fe. cSelectivity toward oxidation of the
aromatic ring, including products simultaneously oxygenated at aromatic and aliphatic positions
[44]. d Carboxylic acid was not added; 3 mmol of exogenous H2O was present in the reaction
mixture from the beginning of the reaction.
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In conclusion, to date, the highest conversion (77% or 77 TN) and phenol selectiv-
ity (almost 100%, Table 10.3, entry 12) in the iron-catalyzed benzene oxidation with
H2O2 has been obtained with the complex 8 bearing N4-donor Schiff base ligand
(Fig. 10.3) studied by Silva and Carneiro [36]. The highest efficiency and selec-
tivity toward aromatic oxidation of alkyl-substituted benzenes have been reported
by Brylaikov and coworkers: m-xylene was oxidized with H2O2 in the presence of
aminopyridine iron complex 25 (Fig. 10.4) and 2-ethylhexanoic acid, demonstrating
98.3% conversion and virtually 100% selectivity toward the aromatic ring oxidation
(Table 10.7, entry 8) [44].

10.3 Active Species of Iron-Catalyzed Oxidation
of Aromatic C–H Groups

The search for novel perspective catalyst systems requires a deep understanding of
catalytic reaction mechanisms. Getting deep insight into the nature of active sites
and the overall oxidation mechanism is crucial for the rational design of efficient and
chemoselective iron-based catalyst systems for the aromatic hydroxylation.However,
in situ investigation of active species of this catalytic process is a very difficult task,
due to very low concentration and extremely high reactivity of active species.

A number of studies have been undertaken in order to shed light on the mecha-
nism of the aromatic hydroxylation catalyzed by biomimetic iron complexes under
substrate-limited conditions. In the majority of studies, the authors were unable to
directly observe active species of the aromatic hydroxylation and utilized indirect
methods such as isotopic labeling studies (using fully or particularly deuterated sub-
strates and H18

2 O), addition of radical scavengers, comparison of chemo- and regios-
electivity patterns in the oxidation of different arenes, and DFT calculations [32, 33,
37, 45]. In some cases, ferric precursors of putative active species were monitored
by UV-Vis and EPR spectroscopy [28, 46].

Gratifyingly, Talsi with coworkers managed to trap the iron(V)-oxo reactive inter-
mediate 15a, formed upon the interaction of aminopyridine diferric complex 15,
hydrogen peroxide, and acetic acid (molar ratio of 1:6:20) at very low tempera-
ture (−75 … −85 °C) by EPR spectroscopy [41]. On the basis of the characteristic
EPR parameters (g1 = 2.07, g2 = 2.01, g3 = 1.96) of 15a and its high reactivity
toward olefin epoxidation, virtually identical to those for previously characterized
oxoiron(V) complexes [47, 48], 15a has been assigned to the low-spin (S = 1/2)
iron(V)-oxo species (Fig. 10.6) [41].

In 2018, Talsi and coworkers observed structurally similar intermediates 15a and
15b at −70 °C in the systems 15/peracetic acid/acetic acid and 15/peracetic acid/2-
ethylhexanoic acid, respectively [38]. These species were found to be very unstable
even at −70 °C, demonstrating half-life time of 5–7 min. The application of per-
acetic acid proved to produce iron(V)-oxo species in 10-fold higher concentration
compared with H2O2-containing systems (the maximum observed concentration of
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Fig. 10.6 Proposed structures of the active perferryl intermediates of aromatic hydroxylations [38,
42, 44]

ca. 10% versus 1% with respect to the total iron concentration). This allowed direct
evaluation of the reactivity of nonheme iron(V)-oxo intermediates toward aromatic
C−H oxidation at −70 °C. The second-order rate constants k2 for the reaction of
the number of substituted benzenes with 15a and 15b were determined. For more
electron-rich arenes, much higher k2 values have been observed, increasing in the
order nitrobenzene < acetophenone < chlorobenzene < benzene < toluene. For the
last two substrates, very rapid oxidation by oxoiron species occurred, thus allow-
ing only rough estimation of the second-order rate constant (k2 > 10 M−1 s−1). For
nitrobenzene, acetophenone, and chlorobenzene, the rates of the interaction with 15a
and 15bwere determinedmore precisely (3.4× 10−3 and 1× 10−3 M−1s−1, 0.25 and
0.16M−1s−1, 6 and 2M−1s−1, respectively).A somewhat lower reactivity of 15bmay
be caused by the more sterically hindered 2-ethylhexanoate moiety, in comparison
with the acetate moiety of 15a. Close values of the phenol yield, predicted from the
kinetic data and the experimental phenol yieldmeasured byGC at−70 °C, supported
the key role of the iron(V)-oxo species in the aromatic hydroxylation catalyzed by
aminopyridine iron complex 15. The above data, as well as an inverse kinetic iso-
tope effect (kH/kD = 0.9), is consistent with the electrophilic aromatic substitution
mechanism of arene hydroxylation by the catalyst system 15/H2O2 [38].

Shortly after, Bryliakov and coworkers trapped a similar oxoiron(V) active species
20a (Fig. 10.6) [42]. The observed pseudo-first-order rate constant of the decay
of intermediate 20a at −85 °C dramatically increased in the presence of benzene
(0.02 M), thus providing the opportunity to evaluate the second-order rate constant
for the direct reaction of 20a with benzene (k2 ~ 5 M−1 s−1).

Finally, the active species of the best aromatic oxidation catalyst system based on
complex 25 and EHA was probed by in situ EPR spectroscopy. It has been clearly
established that the iron(V)-oxo intermediate 25b (Fig. 10.6) with characteristic EPR
parameters (g1 = 2.07, g2 = 2.01, g3 = 1.96) is the active species responsible for the
oxidation of aromatic C−H groups catalyzed by Fe-PDP complex 25 [44]. Species
25b directly reacted with benzene at−80 °C (k2 = 0.6M−1 s−1) and with toluene (k2
> 1M−1 s−1), thus giving strong evidence for its key role in the selective oxygenation
of aromatic substrates.



10 Direct C–H Oxidation of Aromatic Substrates in the Presence … 273

10.4 Summary and Outlook

Direct selective hydroxylation of aromatic C–H groups is a particularly challeng-
ing task of synthetic chemistry. This process requires catalyst systems, at the same
time exhibiting high reactivity toward very strong aromatic C–H bonds and tolerat-
ing aliphatic side chains of alkylarenes; high resistance to self-oxidation is needed,
too. Biomimetic philosophy, based on modeling the functional properties of natural
oxygenases using relatively simple iron complexes, is considered as a promissory
approach for designing catalyst systems for the direct aromatic hydroxylation.

To date, there have been no reports on catalyst systems for the aerobic selective
C–H oxidation of arenes (aside from phenols). The most likely reason for this is the
absence of catalysts, capable of activating dioxygen molecule via a heterolytic path-
way, which is a prerequisite for achieving high C–H oxidation selectivity. Designing
such catalysts, desirably requiring no sacrificial co-reductants, has been a longstand-
ing target of biomimetic catalysis, which so far has no general solution.

At the same time, iron-catalyzed biomimetic aromaticC–Hoxidationswith hydro-
gen peroxide have demonstrated appreciable progress in the last 10–15 years. A num-
ber of synthetic iron complexes have been synthesized and studied in the oxidation
of benzene and alkylarenes with the environmentally friendly oxidant H2O2. The
vast majority of the reported catalyst systems demonstrated moderate catalytic effi-
ciency in the C–H oxidation of arenes (≤25 TN), although high aromatic oxidation
selectivities (up to 99%) have been occasionally observed.

Gratifyingly, in 2018, novel iron aminopyridine-based catalyst systems were
reported, capable of conducting the oxidation of alkyl-substituted benzenes with
H2O2 with >98% substrate conversion (150 TN) and virtually 100% aromatic oxi-
dation selectivity. The active species of aromatic C–H hydroxylation in these sys-
tems have been trapped using in situ EPR spectroscopy, and their reactivities toward
aromatic substrates have been evaluated. On the basis of the EPR and reactivity
data, the active species were identified as perferryl complexes of the type [(L)FeV

= O(OC(O)R)]2+ (L = aminopyridine N4-donor ligand, RCOOH = acetic or 2-
ethylhexanoic acid).

Further studies, focused on designing more efficient catalyst systems with
improved productivity, oxidant efficiency, and selectivity toward particular oxy-
genated products, as well as on detailed mechanisms of C–H oxidation, are foreseen.
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Chapter 11
Catalytic Asymmetric C–H Oxidation
with H2O2 and O2

Konstantin P. Bryliakov

Abstract This chapter surveys the existing catalyst systems, either organocatalytic
or metal-based, for the chemo- and stereoselective oxidation of C–H groups with the
environmentally benign oxidants H2O2 and O2, reported in the last 30 years. Both the
approaches relying on “classical” asymmetric oxidation andoxidative desymmetriza-
tion of complex substrates are considered, with focus on the catalytic properties of
the catalysts, such as chemo- and stereoselectivity, activity, efficiency, and substrate
scope. Currently available data on the nature of the catalytically active sites, the
mechanisms of oxidant activation and C–H activation, and of oxygen transfer, are
presented.

Keywords Asymmetric oxidation · C–H oxidation · Dioxygen · Homogeneous
catalysis · Hydrogen peroxide · Mechanism

11.1 Introduction

In the last decades, predictably selective catalytic oxidation of C–H groups of com-
plex organicmolecules has been regarded as one of themost urgent topics of synthetic
chemistry [1–4], which encouraged active search for designing novel catalyst sys-
tems, both organocatalytic and metal-based, for these challenging transformations.
Direct C–H oxidations, occurring without intermediate formation of C-metal bonds,
have attracted great interest in the oxidation of challenging substrates like alkanes
that contain no π-electrons and thus are not prone to coordinating to the catalyst
(which stage is indispensable for subsequent formation of organometallic interme-
diate) [5, 6]. Catalyzed C–H oxidations of various substrates by environmentally
benign oxidants H2O2 and O2 are considered in Chaps. 1, 2, 9 and 10. Herewith, we
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Fig. 11.1 Examples of
catalyzed asymmetric
oxidation of CH2 groups
with enantiotopic hydrogen
atoms (top) and oxidative
desymmetrization (bottom)
of prochiral substrates.
Bottom sketch: both the
lactol and lactone products
are chiral
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overview direct C–H oxidations in the presence of chiral catalysts, occurring with
generation of asymmetric induction in the course of the oxidative transformation.

In this chapter, we survey in detail only those asymmetric catalytic C–H oxi-
dations that comply with the Henry Kagan’s definition (i.e., those occurring with
control of the enantioselective reaction by a chiral catalyst [7]). Both the approaches
relying on asymmetric oxidation of CH2 groups with enantiotopic hydrogens and
catalyzed oxidative desymmetrization are considered; in the latter case new C*–O
asymmetric centers are not necessarily created, the asymmetric induction being gen-
erated as a result of loss of symmetry elements of prochiral substrates (Fig. 11.1).
Enantio- and diastereospecific catalytic reactions, occurring without creation of new
centers of chirality, and diastereoselective reactions on chiral substrates involving
a chiral catalyst are not covered. Biocatalytic asymmetric oxidations are excluded
from consideration, too.

In the last three decades, various transition metal-based catalyst systems,
capable of oxidizing prochiral substrates with different oxidants (typically 2,6-
dichloropyridine N-oxide, iodosylarenes, or iodobenzene diacetate) in a stereose-
lective fashion, have been reported [8–19]. However, it is only in the last few years
that transition metal-based catalyst systems emerged, capable of mediating enantios-
electiveC–Hoxidationswith the environmentally benign oxidant hydrogen peroxide.
Within similar timeframe, the asymmetric organocatalytic α-hydroxylation of car-
bonyl compounds with dioxygen was developing. The latter area is also overviewed
in this chapter.

Catalytic properties, i.e., activity, chemo- and stereoselectivity, efficiency, and
substrate scope, are the major focus of this contribution. At the same time, given the
importance of establishing the mechanisms of stereoselective C–H activation and
oxygen transfer, as well as the mechanisms of activation of the oxidants, H2O2 or
O2, available mechanistic details of these transformations are discussed briefly.
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11.2 Organocatalytic α-Hydroxylation of Carbonyl
Compounds

In 1988, Shiori with coworkers pioneered the enantioselective α-hydroxylation of
carbonyl compounds with molecular oxygen in the presence of chiral phase-transfer
catalysts (CPTC)—quaternary ammonium salts, derived from either cinchona alka-
loids (cinchonine and cinchonidine) or from ephedrine and cyclohexanediamine [20].
Cinchonine derived compounds of type 1 (Fig. 11.2) were identified as the best cata-
lysts in the series (1a–1d) for the asymmetric hydroxylation of 2-alkyltetralones and
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Fig. 11.2 Phase-transfer catalysts for the aerobic α-hydroxylation of carbonyl compounds
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2-alkylindanones (up to 98% yield and up to 79% ee); some examples are presented
in Fig. 11.3. The reaction required 5 mol% catalyst loading and 50% aqueous NaOH
solution (the alkali served to deprotonate the substrate and so initiate molecular
oxygen capture), and typically proceeded within 5–48 h.

The reaction proceeded via oxidation of the tertiary C–H group with oxygen to
the corresponding hydroperoxide; the latter was in situ reduced with excess of tri-
ethylphosphite (EtO)3P to the target α-hydroxy carbonyl compound. It was proposed
that the asymmetric induction originated from ion pairing between the CPTC and
the substrate (Fig. 11.4) [20].

Dehmlow with coworkers studied several structural analogs of Shiori’s catalysts
of type 2 (Fig. 11.2) in the oxidation of 2-ethyltetralone [21]. As compared with
complexes of type 1, catalysts of type 2 exhibited lower enantioselectivities, not
exceeding 66% ee (Fig. 11.3) [21].

Much later, Itoh with coworkers screened a series of quaternary ammonium salts
and identified cinchonidine derived compounds of type 3 (Fig. 11.2) as highly enan-
tioselective catalysts for the oxidation of 3-substituted-2-oxindoles to the correspond-
ing 3-hydroxy-products (Fig. 11.3) [22]. The reaction proceeded in toluene at−20 °C
under ambient atmosphere, in the presence of 50% KOHaq, and required 4 equiv. of
(EtO)3P. The oxygenated products were obtained in high yields (>90%) and good to
high enantioselectivities (67–93% ee). At 20mol% catalyst loadings, excellent yields
(91–98%) were reported within 4 h. Reducing the catalyst loading to 5–10 mol%
resulted in a dramatic drop of the enantioselectivity.

More recently, Meng with coworkers screened several cinchonine derivatives as
catalysts of the aerobic C–H hydroxylation of various indane-based adamantyl β-
keto esters [23]. The authors used K2HPO4 solution as the deprotonating agent, and
conducted the reaction under visible light irradiation,with tetraphenylporphine (TPP)
serving as sensitizer. With 4a, the best catalyst (5 mol%) in the series, moderate to
good enantioselectivities (up to 75% ee) and good yields were achieved at −18 °C
(81–98%). The authors postulated the involvement of singlet oxygen 1O2 in the
reaction. Subsequently, the authors developed catalyst 4bwith aryl substituent at the
quinoline C2 [24], which demonstrated superior efficiency and enantioselectivity (up
to 90% ee) in the aerobic oxidation of various indanone- and tetralone-derived β-keto
esters (Fig. 11.3). Under irradiation with 3W LED yellow lamp (or sunlight) in a 8:2
toluene:chloroform mixed solvent, the oxidation was complete within 30–60 min at
2.5 mol% catalyst loading; in the dark, the reaction did not occur [24]. Later, the
authors explored a series of cinchona-derived N-oxides (with 5 being the best in
the series) as asymmetric phase-transfer catalysts of various β-keto esters and β-
keto amides [25]. Under 3W LED irradiation, high yields (>90%) and good to high
enantioselectivities (up to 83% ee) were reported; the reaction required 0.5 up to 4 h
at room temperature in the presence of 5 mol% catalyst loadings. It was reported that
the N-oxide catalysts of this type can be separated and reused with only a minor loss
of reactivity and enantioselectivity.

Zhao with coworkers constructed the more elaborate phase-transfer catalyst 6
(Fig. 11.2), which demonstrated moderate to high yields (34–98%) and good enan-
tioselectivities (62–98% ee) in the oxidations of various cyclic ketones (mostly 2-
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Fig. 11.4 Proposed
transition states for the
oxidation of cyclic ketones
with dioxygen in the
presence of CPTC N

O N

Br-

CF3O
R

H

O2

ref. 20 ref. 27

O

O
N

O

On
NaO

R

alkyltetralones and 2-alkylindanones) (Fig. 11.3) [26]. At 5 mol% catalyst loadings,
the reaction proceeded in benzene within 18–72 h at 10 °C. In some cases, essentially
for the oxidation of 2-substituted tetralones, catalyst 6 demonstrated the highest ever
enantioselectivities (up to 98% ee). Moreover, it was successfully applied to the oxi-
dation of various acyclic ketones, with moderate to high enantioselectivities (up to
88% ee, Fig. 11.3). Plausible oxidation mechanism was proposed, explaining the
distinctions between the catalytic reactivity of 6 toward cyclic and acyclic ketones.

Chiral phase-transfer catalysts of other types have also been reported.Brusseewith
coworkers synthesized several crown ethers of type 7 (Fig. 11.2) and tested them in
the aerobic oxidation of several 2-substituted tetralones and indanones in toluene at
10 mol% catalyst loadings [27]. For 7a, the best catalyst of the series, moderate to
good enantioselectivities (43–72%) were reported, along with generally high yields
(80–95%); at the same time, unsubstituted 1-indanone, as well as a tetralone-derived
β-keto ester, was inert under the reaction conditions. The authors proposed a model
of the transition state, assuming the oxidation of the enolate form of the ketone
(Fig. 11.4) [27].

Tan with coworkers examined a series of pentanidium catalysts of type 8
(Fig. 11.2) in the enantioselective α-hydroxylation of 3-substituted-2-oxindoles with
molecular oxygen [28]. Without co-reductant, the catalyst system gave a mixture of
the alcohol (major product) and the hydroperoxide (minor product), having oppo-
site absolute configurations. Under optimized conditions (5 mol% of 8d, toluene, −
60 °C, 72–96 h), the system afforded the desired alcohols in high yields (84–92%) and
enantioselectivities (86–98% ee). The catalytic reaction apparently occurred in two
steps: the initially formed non-racemic hydroperoxide oxindole further underwent
kinetic resolution, yielding the target alcohol.

UV-light assisted oxidation of aldehydes [29] and ketones [30] in the presence of
chiral amino acids of type 9 (Fig. 11.2) was reported by Córdoba with coworkers.
The oxidation of aldehydes was conducted in DMF at 0 °C, with TPP as sensitizer;
the initially formed α-carbonyl hydroperoxides were in situ reduced by NaBH4 to
afford optically active diols (Fig. 11.5). The oxidation of ketones was performed at
room temperature in DMSO [30]. For the oxidation of aldehydes, α-methyl-proline
9b showed the highest enantioselectivity (up to 66% ee), while for the oxidation of
ketones, alanine and valine were most stereoselective (28–72% ee). Subsequently, a
family of protected diaryl prolinol based catalysts of type 10 (Fig. 11.2) was reported
[31]. Oxidation of aldehydes in chloroform in the presence of catalyst 10a, followed
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Fig. 11.5 Synthesis of
optically active 1,2-diols
from aldehydes
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by reduction with NaBH4, yielded chiral 1,2-diols with up to 98% ee (Fig. 11.5).
The main drawback of this catalyst system is the high loading (20 mol%) of the
aminoacid catalyst [29–31].

In addition to the above aerobic asymmetric catalytic α-hydroxylations of car-
bonyl compounds, there have been two reports on the use of hydrogen peroxide as
oxidant for this purpose. In 2014, Meng with coworkers examined several analogs
of lappaconitine as catalysts in the enantioselective α-hydroxylation of β-keto esters
with commercially available hydrogen peroxide [32]. At 10 mol% loadings, catalyst
11 (Fig. 11.2) ensured the highest yields (73–98%) and enantioselectivities (82–92%
ee) in the oxidation of a series of indanone-derived β-keto esters (Fig. 11.6). The
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Fig. 11.6 Asymmetric α-hydroxylation of β-keto esters and 3-substituted oxindoles with hydrogen
peroxide
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reaction proceeded within 6–48 h at 15 °C, and required neither aqueous base nor co-
reductant. The authors postulated the oxidation of the enolate form of the substrates
[32].

More recently, Ooi with coworkers applied a series of chiral 1,2,3-triazolium
salts in the oxidation of 3-substituted oxindoles with H2O2 [33]. Salt 12 (5 mol%)
demonstrated the highest enantioselectivities in the series (90–98% ee), along with
good to high yields (58–96%within 24 h) at−10 °C. To activate hydrogen peroxide,
the authors used trichloroacetonitrile: the latter reacted with H2O2, affording peroxy
trichloroacetimidic acid,whichwas believed to play the role of the actual electrophilic
oxygenating agent. The reaction was shown to occur in the absence of the triazolium
salt, too, yet in non-enantioselective fashion.

11.3 Transition Metal Catalyzed Asymmetric C–H
Hydroxylations

Direct asymmetric C–H oxidation of prochiral substrates with the environmentally
benign oxidants H2O2 and O2 has been extremely challenging; to the best of our
knowledge, there have been no reported asymmetric C–H oxidations using dioxygen
as the terminal oxidant. At the same time, several transition metal-mediated oxida-
tions relying on H2O2 as oxidant appeared in the last few years; existing catalysts
either mediate the enantiotopic hydroxylation of CH2 groups or desymmetrization of
prochiral substrates; in the latter case, the reaction center and the chirality center(s)
may be different.

The first report on the direct asymmetric hydroxylation of the CH2 groups was
contributed by Simonneaux with coworkers. The authors synthesized several chiral
manganese porphyrins [34, 35] and tested them as catalysts in the oxidation of several
arylalkanes with 5 equiv. of H2O2 [34, 35]. The water-soluble, sulfonated Halterman
porphyrin 13 (Fig. 11.7) showed the best results. In water–methanol solutions, at
2.5 mol% catalyst loadings (and 10 mol% of catalytic additive, imidazole), the reac-
tion took 1 h at room temperature. Good conversions (88–100%) were reported,
along with moderate enantioselectivities (32–57% ee) (Fig. 11.8). Importantly, the
system ensured good to very high alcohol selectivities, the alcohol/ketone ratios vary-
ing from 1.3 (for ethylbenzene) to 13 (for 4-ethyltoluene), which apparently rules
out significant contribution of kinetic resolution (if any); the asymmetric induction
appears at the C–H oxidation step itself. Modified Halterman porphyrins, with the
SO3

− groups substituted with H, NO2, or NMe2, exhibited lower alcohol selectivities
and enantioselectivities.

Bryliakov with coworkers studied the oxidation of arylalkanes with H2O2 in the
presence of chiral manganese aminopyridine complex 14 (Fig. 11.7) and its enan-
tiomer [36]. Very low catalyst loadings (only 0.05–0.1 mol%) were sufficient to
perform the oxidation within 3 h in acetonitrile at 0 °C in the presence of catalytic
additives—carboxylic acids (preferentially 2-ethylhexanoic acid). Enantioenriched
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Fig. 11.7 Transition-metal-based catalysts for the asymmetric C–H oxidations with H2O2

1-arylethanols having up to 50% ee were obtained. However, the resulting alcohols
were very prone to further oxidation to ketones under the reaction conditions, which
required high excess of substrate to obtain alcohol as the major product. Subse-
quently, N-Boc-L-Proline (15–50 mol%) was used as the chiral additive, which, in
combination with ent-14, afforded chiral 1-arylethanols with up to 86% ee [37]. The
optical purity of 1-phenylethanol slightly increased over the reaction course (from
71 to 83% ee), which is an indication of minor contribution of oxidative kinetic
resolution to the observed enantioselectivity.

The mechanism of manganese catalyzed asymmetric C–H oxidation has so far
remained debatable. Apparently, the overall reaction rate is limited by the C–H
bond-breaking step, i.e., either a hydrogen atom transfer or hydride transfer at the
benzylic position (reflected by the primary kH/kD of 3.5–3.6 in CH3CN [37] and
3.2 in trifluoroethanol [38]), followed by O-rebound affording the target product
(Fig. 11.9).

Company, Bietti, and Costas with coworkers suggested that acetonitrile be
replaced with 2,2,2-trifluoroethanol, which resulted in significantly improved alco-
hol/ketone ratios in the presence of 1 mol% of manganese complexes 15 and 16,
and 2-ethylhexanoic acid, with moderate to good enantioselectivities (up to 66%
ee, Fig. 11.8) [39]. Complex 16 demonstrated higher alcohol yields but somewhat
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Fig. 11.8 Asymmetric oxidation of 1-arylalkanes with H2O2 in the presence of manganese com-
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lower enantioselectivities than catalyst 15. The origin of the observed increase of the
alcohol formation selectivity in trifluoroethanol was not entirely clear. Presumably,
this effect could be ascribed to the formation of hydrogen bonds between this solvent
and the alcohol hydroxyl group, which resulted in relative deactivation of the α-H
toward hydrogen abstraction (Fig. 11.10) [39].

Bryliakov with coworkers monitored the kinetics of ethylbenzene oxidation with
H2O2 in the presence of 0.1 mol% 14 and 2-ethylhexanoic acid in different solvents
at−30 °C (Fig. 11.11) [38]. The alcohol selectivity increased in the following order:
acetonitrile < 2-fluoroethanol < 2,2-difluoroethanol (DFE) < 2,2,2-trifluoroethanol
(TFE); in the latter case, maximum alcohol yield (47%) was achieved (at 75% ethyl-
benzene conversion), acetophenone being the major reaction byproduct. Evidently,
the alcohol selectivity is governed by the relative rates of the first oxidation step
(the oxidation of ethylbenzene to 1-phenylethanol) and the second step (the oxida-
tion of 1-phenylethanol to acetophenone). The ratios of the apparent rate constants
for the first and second steps, k1/k2, were evaluated in different solvents, and were
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Wiley and Sons)

found to increase in the order: CH3CN < monofluoroethanol < difluoroethanol <
trifluoroethanol (Fig. 11.11).

At the same time, difluoroethanol solvent ensured higher enantioselectivity
with 2-ethylhexanoic acid (61% ee) than trifluoroethanol (59% ee). Replacing
2-ethylhexanoic acid with chiral additive N-Boc-L-Proline in DFE afforded 1-
phenyl ethanol having 77% enantiomeric excess in 32% chemical yield, which
corresponds to 320 mol of alcohol per mol 14 [38]. Oxidation of several
alkylarenes in 2,2-difluoroethanol afforded the corresponding alcohols with 56–89%
ee (Fig. 11.12) [38].

It has been shown that the nature of the transition state of benzylic C–H oxidation
apparently changes when passing from CH3CN to trifluoroethanol media. In the
former case, competitive oxidation of p-substituted ethylbenzenes witnessed linear
correlation between the Log(kX/kH) and the polar σ + substituent parameters (ρ+= −
1.4). In the latter case, correlation with the non-polar substituent parameter σ (ρ =
−2.7) has been observed [38], reflecting formally non-electron-deficient transition
state. The origin of this apparent difference is unclear at the moment.

11.4 Desymmetrization of Prochiral Substrates, Occurring
via Catalyzed C–H Oxidation

In 2016, Hua with coworkers reported the preparation of a new class of chiral poly-
N-vinylpyrrolidinones, containing asymmetric center at pyrrolidinone C5 [40]. The
chiral polymers were used to stabilize Cu/Au nanoparticles, serving as the active
components of oxidation catalysts. The resulting materials were used to oxidize
prochiral cycloalkanes with H2O2. The oxidation preferentially occurred at the C3
position, affording the corresponding C3-ketone with a new center of chirality at the
tertiary or quaternary C1 position (Fig. 11.13). The unprecedented high selectivity
toward the C3 methylenic sites was remarkable, resulting in high yield of ketones
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(87–98%within 7 days at 1 mol% catalyst loading and at 50 °C), having high optical
purities (81–93% ee, Fig. 11.13). Despite the restricted substrate scope, a severe
limitation of the reported system is the high oxidant consumption, which required
adding 30 equivalents of H2O2 (vs. substrate).

A complementary approach, relying on homogeneous catalysts based on chiral
manganese complexes was proposed by Milan, Bietti, and Costas [41]. The authors
synthesized aminopyridine complexes 17 and 18 (Fig. 11.7) and tested them in the
oxidation of monosubstituted cyclohexanes with H2O2 in the presence of carboxylic
acid additives at −40 °C (Fig. 11.14). In most cases, the catalyst system showed
good to very high selectivity for the oxidation at the C3 position (K3/K4 = 2 to >99).
With cyclopropanecarboxylic acid, the best catalytic additive, enantioselectivities up
to 96% ee were achieved. The highest K3/K4 and enantioselectivities were achieved
with a series of amide substituted cyclohexanes (Fig. 11.14).

The authors hypothesized that the enantioselectivity originated at the first, pre-
sumably hydrogen atom transfer (HAT), step. The key role of the basic amine moiety
in dictating regio- and enantioselectivity has remained not well understood [41].

Nam and Sun with coworkers developed a similar approach for the oxidative
desymmetrization of spirocyclic β-ketones in the presence of several benzimidazole
derived manganese aminopyridine complexes at −30 °C [42]. C1-Symmetric cata-
lyst 19 (Fig. 11.7) was the most stereoselective in the series, affording spirocyclic
β,β ′-diketones in reasonably good yields and good to excellent enantioselectivities
(Fig. 11.15). The authors demonstrated scalability of the oxidation protocol to gram
quantities, and proposed further ketone reduction protocol (to alcohols), retaining
the enantiomeric purity [42]. Subsequently, the authors reported the similarly high
enantioselectivities for the oxidation of Boc-protected spirocyclic oxindoles and
dihydroquinolines in the presence of 2 mol% of the same catalyst 19 (Fig. 11.15)
[43].
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Giving credit to the proposed system for the high stereoselectivity, the sub-
strate scope of the system, so far restricted to the spirocyclic compounds shown
in Figs. 11.15 and 11.16, maybe a practical limitation of the proposed catalytic oxi-
dation protocol.
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11.5 Conclusions

This chapter surveys the existing catalyst systems, capable of conducting enan-
tioselective oxidation of C–H groups in organic molecules with the environmen-
tally benign oxidants O2 and H2O2. The systems for the enantioselective α-
hydroxylation of carbonyl compounds with O2 and H2O2, relying on chiral phase-
transfer organocatalysts, are not numerous. The substrate scope of the reported cata-
lyst systems has so far been restricted to cyclic aromatic ketones (mostly substituted
tetralones and indanones), some acyclic ketones, cyclic β-keto esters, 3-substituted
oxindoles, and a few aldehydes. In several cases, perfect enantioselectivities were
documented (up to 98% ee). The aerobic oxidation protocols typically require exter-
nal co-reductant (for in situ reduction of the hydroperoxide intermediate); in some
cases, the reaction can be appreciably accelerated by UV or visible light irradia-
tion. Common drawback of all systems is the low efficiency, the existing oxidation
techniques requiring 5 up to 20 mol% chiral catalyst loadings.

So far, examples of enantioselective hydroxylation of prochiral CH2 groups with
H2O2 have been restricted to the systems of Simonneaux [34, 35] and Bryliakov
[36–38]. To date, the reported enantioselectivities do not exceed 89% ee [38]. The
major drawbacks of those catalyst systems are the narrow substrate scope (lim-
ited with substrates bearing benzylic CH2 moieties), moderate enantioselectivities,
and significant overoxidation to ketone, deteriorating the yield of the target chiral
alcohol. However, replacing acetonitrile solvent with polyfluorinated alcohols sig-
nificantly improves the selectivity for the target reaction product, the chiral alcohol
yield exceeding 40%.

Recently reported catalyst systems for the oxidative desymmetrization of prochiral
substrates with H2O2 [41–43] in several cases demonstrate excellent enantioselec-
tivities (up to 98% ee), but have so far been applied to specific substrates only, which
also leaves much room for further developments. Gratifyingly, the overwhelming
majority of stereoselective catalyst systems rely on manganese-based C–H oxida-
tion catalysts, which success initially could not be foreseen [44]. The author expects
that the current success of manganese will predetermine its dominance in medium-
term perspective.

Overall, both the organocatalytic and transition metal-based systems are very
far from maturity; the development of highly efficient and at the same time highly
chemo- and enantioselective oxidation methods with broad applicability remains a
challenging goal, which inspires rapid progress in this area. The author would be
particularly eager to witness the emergence of so far unprecedented direct aerobic
enantiotopic hydroxylation of non-activated CH2 groups. However, at present, vir-
tually any amendment of the existing catalyst systems surveyed above is welcome
and may be potentially highly rewarding.
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