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Chapter 1
Non-Heme Iron Oxidation Chemistry and Biochemistry

Abstract
The last two decades have witnessed the development of a vast number of synthetic non-heme
iron complexes, inspired by the active sites in iron-containing enzymes. These biomimetic iron
complexes have been widely used in catalytic oxidative transformations, e.g., aliphatic C−H
oxidations and alkene epoxidations. This chapter aims at providing a background on the
biochemistry and chemistry of non-heme iron enzymes and synthetic non-heme iron complexes.
First, three typical iron-containing enzymes together with some reported synthetic iron
complexes mimicking these enzymes are described, revealing their importance to the
development of this field. Then, typical features of synthetic non-heme iron coordination
chemistry are described, followed by a discussion of different oxygenated intermediates that
have been identified in enyzmes and model systems. Finally, some selected catalytic examples
using non-heme iron oxidation catalysts are briefly presented in view of the aim of this thesis.
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1.1 Introduction
Next to the heme iron enzymes, comprizing an iron ion within a typical exogenous porphyrin
type coordination setting in the active site, the past decades have witnissed a lot of interest in
the (bio)chemistry of so-called non-heme iron enzymes, in which the mono-nuclear or dinuclear iron active site is typically ligated by endogenous nitrogen and oxygen donors. The
easy identification of heme type enzymes due to their distinct optical properties, including their
color, is contrasted by the initial difficulties in the identification of non-heme type enzymes.
The latter is largely due to the non-distinctiveness of the high-spin Fe(II) ion typically found in
these enzymes, i.e. the difficulties often faced in the spectroscopic characterization of such ions.
With the advancement of analytical techniques, the number of known and identified non-heme
iron enzymes has vastly increased over the past decades.[1]
Amongst the many functions of enzymes containing a non-heme iron active site, their role in
oxidative reactions, making uses of O2 as the oxidant, stand out.[2,3] The number of oxidative
transformations carried out by non-heme iron enzymes is very large and rivals those known for
heme iron enzymes. Many of these transformations are unprecedented in synthetic chemistry
and some of these, such as the oxidation of methane to methanol, are amongst synthetic
chemistry’s ‘dream reactions’.[4,5] It is therefore not surprizing that a lot of effort is being spend
on understanding the mechanisms by which these enzymes operate. Next to investigations on
the enzymes themselves, these efforts also include the development of model systems that aim
to mimic the structure and action of the enzymes. The latter efforts are aimed at an increased
understanding of the chemical reactivity of the enyzmes, as well as at the development of
catalysts for chemical synthesis.
This chapter is aimed at providing the reader with a background on the biochemistry and
chemistry of non-heme iron enzymes and synthetic non-heme iron complexes. It starts with the
description of three enzymes that have been of importance to the development of the field and
that highlight the power of non-heme enzymes as oxidation catalysts. Accordingly, mononuclear Rieskes dioxygenases and α-ketoglutarate-dependent enzymes, as well as soluble
methane mono-oxygenase are descibed in some detail, together with some efforts in modelling
these enzymes. Due to the large number of enzymes currently being identified to contain a nonheme iron active site, these examples are meant to illustrate typical active site topologies and
reactivity patterns. The chapter then continues with a description of typical features of synthetic
non-heme iron coordination chemistry and with a section that describes the different
oxygenated intermediates that have been identified in enyzmes and model systems. Finally, a
2
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selection of examples of synthetic non-heme iron oxidation catalysts is presented, followed by
an outline of the aim and scope of this thesis.

1.2 Typical Non-heme Iron Enzymes
1.2.1 Rieske dioxygenases
The cis-dihydroxylation of arenes is regarded as the initial step in the biological degradation of
aromatic substrates. This is believed to be a challenging process since the substrates are
dearomatized in these transformations. Non-heme iron enzymes from bacterial sources, called
Rieske dioxygenases, are known to catalyze the cis-dihydroxylation in an enantioselective
manner.[3,6] They are the only known examples among both heme and non-heme iron enzymes
that are able to catalyze this reaction (Scheme 1).[7] Next to cis-dihydroxylation, enzymes from
the larger family of Rieske dioxygenases also catalyze other oxidations such as desaturation,
sulfoxidation, and O- (and N-)dealkylation.[8] To date, more than 50 different Rieske
dioxygenases have been identified,[9] among them naphthalene 1,2-dioxygenase (NDO, Figure
1) is one of the best studied examples. NDO catalyzes the cis-dihydroxylation of naphthalene
to generate cis-(1R, 2S)-1,2-naphthalenediol.
OH

Rieske dioxygenase
R

OH
R

O2

Scheme 1. Rieske dioxygenase-catalyzed cis-dihydroxylation of arenes.

NDO is an α3β3 hexamer[10] consisting of three components: a reductase component (a NADHdependent flavoprotein),[11] a ferredoxin component containing a Rieske-type [2Fe:2S] cluster,
and an oxygenase component in which O2 activation and substrate oxidation takes place (Figure
1).[10] Electrons are transferred from NADH to the Rieske ferredoxin cluster via the flavoprotein
reductase. The ferredoxin [2Fe:2S] cluster connects to the protein via two sulfur linkages of
cysteinate residues and two histidine side chains. The α subunit contains this Rieske-type
[2Fe:2S] cluster and a mononuclear non-heme iron(II) center, in which the metal center is
coordinated by two histidines (His) and an aspartic acid (Asp) residue in a facial manner (Figure
1). The latter structural motif is typical for a so-called 2-His-1-Carboxylate facial triad found
in a large number of mononuclear non-heme iron enzymes.[6] Within one α subunit, the Rieske
cluster is positioned about 44 Å away from the mononuclear iron center, which prevents
electron transfer within the same protein subunit. However, the distance between the Rieske
3

Chapter 1 Non-Heme Iron Oxidation Chemistry and Biochemistry

cluster and the mononuclear iron center from a nearby α subunit is much smaller (12 Å),
allowing electron transfer between two neighbouring subunits.[10]
Cys81
S

His83
Fe S

S
Cys101

S

Fe

N

NH

His213
HN

N
NH
His104

HN
O

OH2
N
N

Fe O
O C Asp362

His208

C
Asp205
reductase component O
Rieske [2Fe:2S] cluster

oxygenase component
catalytic iron center

Figure 1. Active site structure of NDO, showing the oxygenase (mononuclear iron) and reductase
([2Fe:2S] cluster) components from two different protein subunits in close proximity.[10]

The actual mechanism by which NDO and other Rieske dioxygenases operate is not completely
clear. Based on the crystal structure of oxygenated NDO, in which dioxygen is bound as a sideon peroxo ligand to iron(III) in the presence of an indole substrate with similar polarization of
the Fe-O bonds and orientation to the substrate, it was proposed that both oxygens could be
engaged in a concerted attack on the substrate, thereby explaining the cis-product outcome.[12]
More recent studies seem to favor the initial protonation of the iron-peroxo intermediate prior
to the electrophilic oxidation of the substrate. These studies include the crystal structure of
another oxygen-bound Rieske dioxygenase (carbazole 1,9a-dioxygenase) in which an end-on
binding mode of the (hydro)peroxo ligand was observed,[13] and single turnover studies on NDO
in which radical intermediates have been observed.[14] Whether it is an Fe(III) hydroperoxo
intermediate that attacks the substrate, as is suggested by computational studies,[15] or whether
this species first isomerizes to a high-valent HO–Fe(V)═O intermediate before oxygen-transfer
takes place is not clear at this moment (Scheme 2). Both pathways seem to involve a subsequent
Fe(IV) intermediate that carries out the second and cis-selective attack on the substrate.
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Scheme 2. Postulated mechanisms for Rieske dioxygenases.

In 2005, Que and co-workers described the iron(II) complex [(Ph-dpah)2Fe](CF3SO3)2 (where
Ph-dpah = (di-(2-pyridyl)methyl)benzamide, Figure 2, left) with the bio-inspired N,N,O-ligand
Ph-dpah mimicking the facial N,N,O site of the mononuclear iron center in Rieske
dioxygenases. This complex is able to perform the cis-dihydroxylation of alkenes in a highly
selective manner (with diol:epoxide ratios up to >100:1).[16] Three years later, Klein Gebbink
and co-workers reported iron complexes that are capable of catalyzing both the epoxidation and
the cis-dihydroxylation of alkenes (Figure 2, right). In this case, the bio-relevant tripodal
N,N,O-ligand PrL1 (propyl 3,3-bis(1-methylimidazol-2-yl)propionate) was employed.[17]
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Figure 2. Biomimetic iron complexes with a facial N,N,O-ligand system.
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1.2.2 α-Ketoglutarate-dependent enzymes
Iron(II) α-ketoglutarate-(α-KG)-dependent enzymes encompass a large subfamily of non-heme
iron enzymes, which catalyze a variety of oxidative transformations, including hydroxylation,
epoxidation, desaturation, ring closure, ring expansion, and others.[18] This subfamily of
enzymes plays a versatile role in the hydroxylation of structural proteins, synthesis of
antibiotics, degradation of selected lipids, and repair of alkylated DNA/RNA.[19-22] Taurine/αKG dioxygenase (TauD, taurine = 2-aminoethane-1-sulfonic acid) is the most widely studied
and prototypical example of this enzyme family.[23] TauD catalyzes the hydroxylation of taurine,
followed by the elimination of sulfite (can serve as a nutritional source of sulfur), and eventually
leading to the formation of aminoacetaldehyde (Scheme 3).[24] In doing so, one equivalent of
a-KG is converted to succinic acid and CO2.

SO3

H 2N

TauD

H 2N

taurine

OH

O

O

O

O
O

SO3

O

+

O2

O

O

+ CO2

O

H 2N
+

HSO3

O

Scheme 3. TauD-catalyzed hydroxylation of taurine.

The non-heme iron active site in TauD is a typical example of a 2-His-1-Carboxylate facial
triad active site (see above) (Figure 3).[18,25] In addition to the three endogenous donors, in
substrate and co-factor bound enzyme the C1-carboxylate and C2-keto group of α-KG bind to
the iron(II) center in a bidentate way. Taurine is not directly bound to the iron(II) center, but
instead binds to Arg270 and His70 via its sulfonate group. The observation that the primary
substrate does not directly bind to the iron center is a typical feature for both heme and nonheme enzymes involved in oxidation reactions.
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taurine

Asp 101
Fe

His 99

-KG

His 255

Figure 3. Active site structure of TauD (1OS7 pdb file).

The first step in the catalytic cycle of TauD-catalyzed taurine hydroxylation is believed to be
the displacement of two iron-bound water molecules through bidentate α-KG coordination,
forming an iron(II)-α-KG complex (Scheme 4). Upon binding of the taurine substrate in close
proximity to the iron center, a third aquo ligand is lost to form a five-coordinated iron(II) species
that is now set up to react with O2. Binding of dioxygen to the ferrous ion is proposed to give
rise to an superoxo iron(III)-α-KG-taurine complex.[26] Decarboxylation of the resulting
intermediate through a cyclic intermediate formed after attack of the superoxo on the α-KG
moiety leads to cleavage of the O–O bond, the formation of carbon dioxide, succinate, and a
high-valent iron(IV)═O intermediate J. The latter is considered to be the key species that carries
out substrate oxidation through a typical rebound mechanism, in which C–H bond cleavage to
form an Fe(III)–OH intermediate and an organic (carbon-based) radical is followed by
recombination (‘rebound’) of the hydroxyl moiety with the radical to form the initial
hydroxylated product and the reduced, succinate-coordinated Fe(II) enzyme.
Mechanistical studies revealed the configuration of the short-lived intermediate J as a high-spin
(S = 2) species using Mössbauer and EPR spectroscopic techniques.[27] To date, an increasing
number of (transient) spectroscopic studies support the asignment of J as an iron(IV)−oxo
intermediate, including Raman spectroscopic studies.[28] Intermediate J represents the first
observation of an iron(IV)-oxo species in mononuclear non-heme enzymes. Such iron(IV)−oxo
species were later also observed in prolyl hydroxylase,[29] α-KG-dependent halogenases,[30-32]
and pterin-dependent hydrolases.[33,34]
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Scheme 4. Consensus mechanism for the hydroxylation of taurine catalyzed by TauD.

[23,25]

High-spin iron(IV)−oxo moieties like TauD intermediate J are of particular interest because of
their ability to oxidize strong C−H bonds.[35] More than sixty synthetic iron(IV)−oxo complexes
have been characterized in the past decade,[36] however, most of these were found to have a
low-spin (S = 1) electronic configuration.[37] Que and co-workers have reported on a limited
number of high-spin iron(IV)-oxo complexes.[37-40] Very recently, they reported on a welldefined high-spin (S = 2) FeIV═O complex mimicking

intermediate J of TauD,

2+

[Fe(IV)(O)(TQA)(NCMe)] (TQA = tris(2-quinolylmethyl)amine) (Figure 4).[37] Replacement
of all three pyridine donors in the proto-typical TPA (tris(2-pyridylmethyl)amine) ligand with
quinolines weakens the ligand field around the FeIV═O unit to the extend that
[FeIV(O)(TQA)(NCMe)]2+ is a high-spin S = 2 complex.[41] This latter non-heme oxoiron(IV)
complex shows a comparable rate for the oxidation of cyclohexane to that of the oxidation of
taurine catalyzed by TauD (after proper adjustment for the different reaction conditions).
Compared to other reported S = 2 iron(IV)-oxo complexes, [FeIV(O)(TQA)(NCMe)]2+ shows
the closest spectroscopic similarity to intermediate J and highest hydrogen atom transfer
reactivity. Interestingly, this compound is one of few Fe(IV)-oxo complexes with the proven
ability to epoxidize olefins and does so at similar rates at which it abstracts C–H bonds.
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MeCN

O
FeIV

N

N
N

N

Figure 4. High-spin iron(IV)oxo complex [FeIV(O)(TQA)(NCMe)]2+.

1.2.3 Soluble methane monooxygenase
Bacterial multicomponent monooxygenases (BMMs) are a subfamily of non-heme iron
enzymes containing a carboxylate-bridged diiron center. These catalyze the biological
oxidation of hydrocarbons. Based on the substrates oxidized, BMMs are classified into soluble
methane monooxygenase (sMMO),[42] toluene/o-xylene monooxygenase (ToMO),[43] and
phenol hydroxylase (PH).[44] Among them, sMMO catalyzes the challenging oxidation of
methane to methanol. Considering the importance of methanol for a bio-based econnomy and
that methane is a greenhouse gas, this conversion of a hydrocarbon into an alcohol is of great
interest.[45] Consequently, a lot of effort has gone into studying the structure and action of
sMMO.[46]
sMMO is a three-component enzyme system consisting of a 251 kDa hydroxylase (MMOH), a
38.5 kDa reductase (MMOR), and a 15.9 kDa regulatory protein (MMOB) (Figure 5A). MMOH
is a heart-shape (αβγ)2 heterodimer with a 2-fold axis of symmetry[47,48] and is the central
catalytic component of this enzyme system, in which O2 activation and C–H bond
functionalization take place. MMOR contains a bound flavin adenine dinucleotide (FAD) and
a N-terminal [2Fe:2S]-ferredoxin (Fd)[49], that transfer electrons to MMOH with consumption
of NADH.[45] MMOB docks onto the MMOH α-subunit,[48] forming a specific MMOH-MMOB
complex, and plays an important role in structural changes in MMOH required for reactivity.
Figure 5B shows the diiron active site of sMMO, which is located in each α-subunit in the
(αβγ)2 heterodimer. Fe1 (left) is coordinated by His147, Glu114, and a water molecule, and Fe2
(right) is coordinated by His246, Glu243, and Glu209.[48,50] The iron ions are linked to each
other by a bridging glutamate (Glu144) and two bridging hydroxides.
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B)

A)

Glu 114

Glu 243
Fe

His 147

Fe

Glu 209

His 246
Glu 144

Figure 5. (A) Enzyme architecture of sMMO from Methylococcus capsultus (Bath). Reprinted with
permission from ref. 46. Copyright 2010 Royal Society of Chemistry. (B) Oxidized diiron center of
sMMO (1MTY pdb file).

A proposed mechanism for O2 activation and methane hydroxylation by sMMO is illustrated
in Scheme 5. First, the oxidized diiron(III) center (MMOHox) is activated by MMOR via twoelectron reduction, resulting in the reduced diiron(II) center (MMOHred), which reacts with O2
in the presence of MMOB. Via a putative superoxodiiron(II, III) species, a peroxo diiron(III)
intermediate P* is formed,[51] which in turn is transformed into a singly carboxylate bridged,
peroxodiiron(III) species (MMOHperoxo) upon proton transfer. This species is able to carry out
the nucleophilic oxidation of organic substrates (e.g. diethyl ether), but not of methane.[52,53]
On the other hand, MMOHperoxo serves as the precursor to the dioxo diiron(IV) intermediate Q
upon proton coupled electron transfer (PCET) induced O−O bond cleavage. Intermediate Q,
featuring a FeIV2(µ-O)2 diamond core, is able of electrophilic oxidation and either involved in
methane hydroxylation, or decays to an inactive intermediate Q* in the absence of methane,
then eventually to the starting diferric state MMOHox. For the actual methane oxidation step
both radical rebound and concerted mechanisms have been proposed.[46]
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Scheme 5. Catalytic cycle of sMMO (PT = proton transfer, PCET = proton coupled electron transfer; a
bridging glutamate (E144) found in each intermediate is not shown for clarity).[46]

In the past decade, many efforts have been spent to synthesize and characterize dinuclear
oxoiron(IV) complexes by amongst other the groups of Que and Lippard. Next to the purpose
of preparing low molcular weight synthetic models of Q that would facilitate the study of this
diamond core species, one of the aims was to understand whether or not the reactivity of active
dioxo-diiron(IV) intermediates depends on the iron spin state.[54] Based on the fact that
intermediate Q has an oxygen-rich ligand set and on DFT calculations,[55-57] the iron centers of
this diiron(IV) species are proposed to be in a high-spin state.[54] However, no access to models
containing an diiron(IV) core in the same (S = 2) spin state as intermediate Q of sMMO had
been achieved for a long time. In 2012, Kodera and co-workers reported on the reaction of the
dinuclear Fe(III)-aquo complex 1 derived from the bis-TPA ligand 6-hpa with hydrogen
peroxide (Scheme 6).[58] The resulting µ-oxo-diiron complex was found to exist as an
equilibrium

mixture

of

the

(µ-oxo)peroxodiiron(III)

species

(2a)

and

the

(µ-

oxo)dioxodiiron(IV) species (2b). Not only does this system nicely show the (equilibrium)
transformation of peroxo-diiron species to dioxo-diiron species, dioxo species 2b also turned
out to be the first example of a synthetic S = 2 diiron(IV) complex. It was found that 2a/2b can
be trapped by olefins to form the corresponding epoxides,[58] and that 1 catalyzes the
epoxidation and cis-dihydroxylation of olefins in combination with H2O2.[59] More recently, 1
has been reported to be capable of the activation of strong C−H bonds as well.[60]
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Scheme 6. Synthesis of an oxodiiron(IV) complex mimicking intermediate Q.

1.3 The Coordination Chemistry of Non-heme Iron Complexes
The synthetic coordination chemistry of iron is very rich and for a full account of its
characteristics a chapter like this one is not appropriately fit. Yet, in order to picture typical
coordination chemistry features one may encounter in studying synthetic non-heme iron
complexes, a number of these are discussed in brief in this section.
1.3.1 Typical ligands and ligand topologies
Ligands used to synthesize iron complexes aimed at mimicking either structural and/or
functional aspects of mono-nuclear non-heme iron enzymes typically constitute nitrogen and
oxygen donor atoms. Historically, the focus has for a long time been more on the use of allnitrogen ligands, while more recently mixed N,O ligands are also more widely studied. The
denticity of these ligands varies from 2 to 6, i.e. these ligands contain from 2 up to 6 donor
atoms that can coordinate to a single iron center. Bidentate ligands like bipyridine (bpy) and
phenanthroline (phen) have been used to some extent. The difficulty with such bidentate ligands
is that they easily lead to an increased speciation of iron upon dissolution of well-defined solid
complexes, which may make further studies more complicated.
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Figure 6. Typical ligands for non-heme iron complexes.
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Tridentate ligands come in many variations and some of the successes in non-heme iron
chemistry have been achieved using such ligands. Depending on the ligand backbone, tridentate
ligands either coordinate in a meridonal or a facial manner to iron and depending on their steric
demands only one or instead two tridentate ligands can bind to a single iron center. Some typical
tridentate ligands are shown in Figure 6. The trispyrazolylborate (Tp) ligands have a long
history in the coordination chemistry of iron. Their use in biomimetic chemistry has amongst
others been explored by Kitajima,[61] Que,[62-65] and more recently Limberg.[66] Sterically
encumbered Tp ligands tend to form 1:1 complexes with iron provided that sufficiently strong
co-ligands are used. The use of biologically relevant (bidentate) co-ligands has been very
fruitfull in providing structural as well functional models of non-heme iron enzymes. Mixed
N,O tridentate ligands were recently studied by Que,[16] Klein Gebbink,[17,67-70] and others.[71,72]
In case of the Ph-dpah and BAIP ligands this has led to Fe(II) complexes that are able to catalyze
the epoxidation and cis-dihydroxylation of olefins (vide infra). Solid state structures of the
complexes employed in catalysis showed coordinatively saturated 2:1 (ligand:iron) complexes,
clearly pointing out that the catalytically competent species were formed after complete
dissociation of one of the ligands or partial dissociation of both ligands, respectively. These
examples point out that care should be taken in translating solid state to solution state structures
and that predictions on catalytic (in)activity based on coordinative saturation in the solid state
may be misleading (vide infra).
Further extention of the number of donor atoms leads to tetra- and pentadentate ligands, for
which even more imaginative structures are possible. A small selection of such ligands is shown
in Figure 6. The advantage in the use of these ligands is that the increased number of donor
atoms leads to the formation of discrete 1:1 ligand complexes. These ligands are typically
comprised of four nitrogen donors (N4). In the case of tetradentate ligands with a linear
structure, this may still lead to the formation of different complexes though. Depending on the
way a linear tetradentate ligand ‘wraps’ itself around the iron, either cis complexes with two
cis-positioned open coordination sites are formed, or trans complexes are formed in which these
open coordination sites are positioned trans with respect to each other (Scheme 7a). In the cis
topologies, two possible configurations can be formed, i.e., cis-a or cis-b. Two labile sites are
trans to the N1 or N2 donor in a cis-α coordination topology, causing them to be chemically
equivalent. Whereas, one of the two labile sites is cis to N1 and the other one is trans to N2 in
the cis-b topology (Scheme 7a). Amongst these N4 ligands, bis-alkylamine-bis-pyridine
(N2Py2) ligands in a cis-a topological configuration have been shown to be the most
effective.[73] This ligand platform has two pyridine moieties linked to a bis-alkylamine
backbone (Scheme 7b), which allows versatile modifications on both bis-amine and pyridine
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fragments. Typical N2Py2 ligands like BPMEN, BPBP, BPMCN and bqen (Figure 6) have
already been widely used for the synthesis of non-heme iron oxidation catalysts.
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Scheme 7. a) Different topologies for Fe complexes with linear N4 ligands. X is the open coordination
site. b) Generic structure of the N2Py2 ligand platform.

Branched all-nitrogen tetradentate ligands like TPA, PyTACN, bpqa, and bqpa form iron
complexes in which the cis-positioning of open coordination sites is guaranteed. This feature is
part of the succes of these ligands, as it seems to result in catalytically active iron complexes
for both linear and branched tetradentate ligands (vide infra). Increasing the steric bulk of these
ligands may result in the formation of 5-coordinate instead of 6-coordinate complexes, such as
in the case of TMG3tren.[74] The use of cyclic tetradentate all-nitrogen ligands also results in
complexes with either cis or trans postioned open sites. Use of cyclam, TMC, TAML, and
related ligands results in complexes with trans open sites and complexes of this type have been
widely explored for the generation and study of high-valent iron-oxo species (vide infra). In
contrast, the cyclic ligands L-N4Me2[75,76] and PyNMe3[77,78] enforce the formation of complexes
with cis-positioned open sites. Mixed N,O tetradentate ligands have also been used for
synthesizing iron complexes, most of them are derived from the N2O2 coordinating salen ligand.
For pentadentate ligands the speciation and topology of iron complexes seems pretty obvious,
as these ligands leave only one open site for further chemistry upon coordination to a single
iron center. These pentadentate ligands are typically of the ‘branched’ type, as the use of linear
pentadentate ligands holds the risk of (ill-defined) coordination polymer formation. Typical allnitrogen pentadentate ligands include N4Py, PY5, and PaPy3H (Figure 6). Extending the tmc
ligand or replacing one nitrogen donor in N4Py provides access to mixed N,O ligands.[35,79-82]
Due to the well-defined and rigid topology of these pentadentate ligands they have been used
to generate and study high-valent iron intermediates of biological relevance and also to study
catalytic radical processes such as those related to lipoxygenase activity and oxidative DNA
cleavage. One example is the use of the mixed N,O pentadentate ligand BDPP for the generation
of an Fe(III)-superoxo complex (vide infra).

15

Chapter 1 Non-Heme Iron Oxidation Chemistry and Biochemistry

Finally, hexadentate ligands have not been widely studies within the realm of non-heme iron
chemistry due to their anticipated inreactivity as a result of the saturated coordination
environment brought about by such ligands. There are however exceptions to this general
assumption, as will be discussed later.
The above examples examplify the importance of ligand design in mono-nuclear non-heme iron
chemistry and show the richness of this chemistry. Similar considerations in ligand design as
those mentioned for mono-nuclear systems also apply for the design and development of
dinucleating ligands aimed at bio-inspired dinuclear non-heme iron complexes. A selection of
prototypical ligands used in dinuclear non-heme iron chemistry is shown in Figure 7. In view
of the overall length of this chapter, these examples are not discussed in detail here and the
interested reader is referred to reviews by Lippard[46] and others[83]. One important consideration
in the design of dinuclear complexes is the use of so-called ‘unsupported’ bridging carboxylate
ligands, which can be used to bring together two formally mono-nuclear complexes to arrive at
biomimetic, carboylate-bridged dinuclear structures. The use of bridging carboxylate ligands
arises from the bridging carboyxlate moieties found in sMMO. Examples of this approach can
be found amongst others in the work of Lippard[84-86] and Tolman.[87,88] Dinuclear complexes
may also form through the reaction of mononuclear complexes with appropriate oxidants or
water to form hydroxo and/or oxo bridged complexes. The prototypical example in this case is
found in the work of Que and co-workers on dinuclear Fe-TPA complexes (vide infra).
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1.3.2 Spin states
Spin states of coordination compounds play an important role in influencing molecular structure,
bonding, and reactivity, which is also reflected in non-heme iron chemistry.[44] Whether a
certain complex is high-spin state or low-spin state depends on both the d-orbital energy gap
(or splitting of d-orbitals Δ) and the pairing energy. The magnitude of the d-orbital energy gap
is determinded by a number of factors, including the position of the metal in the periodic table,
the oxidation state of the metal ion, the field strength of the ligand(s), and the coordination
geometry. The d-orbital energy gap will increase with the charge of the metal center and upon
descending a periodic group. The field strength of the ligands relies on the orbital interaction
between the metal and the donor atoms of the ligands, and it has a determinative effect on the
size of the energy gap.[89] The pairing energy refers to the electron repulsion associated with
paired electrons sharing the same orbital. Thus, when the d-orbital energy gap is larger than the
pairing energy, electrons tend to fill up the lower energy orbitals to pair up with electrons in
these orbitals before they start to fill the higher energy orbitals, resulting in low-spin state
complexes. On the other hand, if the pairing energy is larger than the d-orbital energy gap, it is
energetically more favorable for the electrons to occupy the empty orbitals first, regardless of
the energy of the orbitals. As a result, high-spin state complexes are obtained. For the typical
ions encountered in non-heme iron chemistry (Fe(II), d6; Fe(III), d5; Fe(IV), d4) both low and
high spin configurations are possible within each of the typical coordination geometries
encountered. The electronic configuration of non-heme iron complexes is therefore largely
determined by the employed multidentate ligand.
Typical for iron complexes is that high-spin state and low-spin state configurations can in many
cases be switched by changes in external conditions, such as temperature, pressure or irradiation
with light, and is commonly associated with a color change. This phenomenon of spin crossover
in iron(II) compounds leads to greater structural differences between the spin states than for
other coordination compounds.[90] Spin state switching is accompanied by changes of magnetic
and optical properties, which indicates potential applications of spin crossover compounds in
switching sensors and devices.[91]
1.3.3 Two state reactivity
A consequence of dealing with the reactivity of enzymes and metal complexes in with the active
iron center has a particular spin state is that reaction intermediates and products, but also the
transition states that lead to these, will have spin states features of their own which may have
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consequences for the overall energetics of the reaction pathway that is followed. Considerations
about the relation between spin state and energy of reaction intermediates in organometallic
chemistry have prompted Schröder, Shaik, and Schwarz to propose the so-called model of ‘two
state reactivity’.[92] In this model, the reaction partner in its lower energy spin state does not
necessarily follow the energetically most favorable reaction pathway, i.e. of lowest activation
energy, when compared to the reaction partner in its higher energy spin state. Accordingly, a
change in spin state (spin crossing) along the reaction coordinate may enable the system to
follow a different energy pathway. When such a spin crossing takes place in the rate limiting
step of a reaction, it may affect the overall rate of the reaction. Initially being proposed as a
general concept in organometallic chemistry, the concept of two-state reactivity was more
recently demonstrated to have important implications on the reactivity of both heme and nonheme iron enzymes and model systems.[93]

1.4 Reactive Intermediates
A key feature in non-heme iron oxidation chemistry is the formation of reactive intermediates
in the reaction of low-valent Fe(II) and Fe(III) complexes with external oxidants. These
intermediates are not only of interest from a biomimetic point of view, as these offer the
possibility of studying transient oxygenated intermediates found to form in non-heme iron
enzymes in greater detail, but are also of interest within the realm of catalyst development. In
this section a number of typically encountered reactive intermediates in non-heme iron
chemistry are discussed in more detail.
1.4.1 Iron(III) superoxo, hydroperoxo and peroxo species
The initial reaction of O2 with the low-valent Fe(II) state of non-heme iron enzymes leads to
intermediate species in which the O–O bond is still (partially) intact and in which iron is
oxidized to the Fe(III) state.
Ferric hydroperoxo species are often suggested as a “second electrophilic oxidant” in many
biological oxidation reactions,[94] such as alkene epoxidation and alkane hydroxylation.
Activated bleomycin (ABLM) is one of most extensively studied ferric hydroperoxo
intermediates. Bleomycin (BLM) is a natural glycopeptide antibiotic with anti-cancer activity
that is able to oxidatively cleave single- and double-stranded DNA.[95] ABLM is believed to be
a BLM−FeIII−OOH complex based on electrospray mass spectrometry.[96] EPR spectroscopy
revealed the presence of a low-spin (S = 1/2) iron center,[97] which is coordinated by five N18
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donor atoms of BLM and an end-on hydroperoxo ligand (Figure 8). To date, it is generally
accepted that BLM−FeIII−OOH acts as the active species responsible for abstraction of the C4′ hydrogen atom from a backbone deoxyribose sugar (Figure 8), rather than a high-valent
iron−oxo

species

formed

via

heterolytic

or

homolytic

O−O

cleavage

of

the

iron(III)−hydroperoxo species. The evidences mainly come from studies of Solomon and coworkers, who have used circular dichroism kinetics to demonstrate that the ABLM + DNA
reaction is appreciably faster and has a lower Arrhenius activation energy than does ABLM
decay.[98] This is consistent with their previous theoretical studies on the reaction of ABLM
with DNA, which revealed that the iron(III)−hydroperoxo species is thermodynamically and
kinetically competent of direct hydrogen atom abstraction.[99]
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Figure 8. Direct hydrogen atom abstraction by ABLM.[36]

Although ferric hydroperoxo intermediates exhibit oxidizing capability in some biological
reactions, biomimetic ferric hydroperoxo complexes are mainly found to be sluggish oxidants.
Recently, a well-characterized high-spin ferric hydroperoxo complex, [FeIII(TMC)(OOH)]2+
(TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane, Figure 9), which is generated
upon protonation of peroxo complex [FeIII(TMC)(OO)]+, was reported by Valentine, Solomon,
Nam, and co-workers.[100] In this study, the electrophilic reactivity of [FeIII(TMC)(OOH)]2+ was
investigated in the oxidation of alkylaromatic compounds with weak C−H bonds such as
xanthene (BDEC–H = 75.5 kcal/mol) and 9,10-dihydroanthracene (DHA, BDEC–H = 77 kcal/mol).
The results showed that [FeIII(TMC)(OOH)]2+ is indeed capable of hydrogen atom abstraction
from weak C−H bonds. [FeIII(TMC)(OOH)]2+ turned out to be more reactive than the
corresponding iron(III)−peroxo complex in a number of oxidation reactions.[100,101]
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In order to understand parallels and differences between high-spin FeIII−OOH species and lowspin FeIII−OOH species in electrophilic hydrogen atom abstraction reactions and mechanisms
of O−O bond homolysis, Nam, Solomon, and co-workers compared theoretical and
experimental

results

of

C−H

bond

activation

of

xanthene

by

the

high-spin

[FeIII(TMC)(OOH)]2+ and low-spin [FeIII(N4Py)(OOH)]2+ complexes (Figure 9), concluding
that both complexes are able to carry out hydrogen atom abstraction, and that the high-spin
[FeIII(TMC)(OOH)]2+ is slightly more reactive than the low-spin [FeIII(N4Py)(OOH)]2+.[102]
However, the reaction coordinates were found to be very different and the reduction potential
of high-spin FeIII−OOH is higher than that of low-spin FeIII−OOH. As a result, low-spin
FeIII−OOH complexes should be more reactive toward substrates with strong C−H bonds as in
ABLM, while high-spin FeIII−OOH complexes should be more reactive toward substrates with
low ionization potentials and weak C−H bonds.[102] However, to date, there are no synthetic
examples of ferric hydroperoxo complexes capable of activating relatively strong C−H bonds
directly,[23] in contrast to ABLM, which contains a low-spin FeIII−OOH core and is able to
abstract strong C−H bonds (92 kcal/mol).
It is important to note that biological Fe(III)-hydroperoxo intermediates form after initial
reaction of an Fe(II) site with O2, resulting a transient Fe(III)-superoxo intermediate, followed
by single electron transfer to form an Fe(III)-peroxo intermediate, and by subsequent
protonation. Superoxo intermediates play important roles themselves as the reactive
intermediates in enzymes like isopenicillin-N-synthase (IPNS; C–H bond activation) and
homoprotocatechuate-2,3-dioxygenase (2,3-HPCD; aromatic ring cleavage). A few synthetic
mononuclear Fe(III)-superoxo complexes have also been reported. In a study by Lee and coworkers, use of the dianionic, mixed N,O pentadentate ligand BDPP results in the formation of
a Fe(III)-superoxo complex upon reaction of the Fe(II) precursor with O2 at –80 ºC.[103] This
complex was found to have a high-spin configuration, through exchange coupling between
Fe(III) and the superoxo ligand, and is able to abstract relatively weak C–H bonds like to ones
in DHA.
Dinuclear iron-superoxo complexes have also been reported, amongst others by Que[104] and
Lippard.[105] In 2005, Que and Shan reported the reaction of [Fe2(µ -OH)2(6-Me3-TPA)2]2+ (6Me3-TPA = tris(6-methyl-2-pyridylmethyl)amine) with O2 in CH2Cl2 at −80 °C, giving rise to
two intermediates, a diiron(II, III) complex 4 and a diiron(III)-hydroperoxide complex 5
(Scheme 8).[104] Based on Raman experiments intermediate 4 was assigned to be a diiron
superoxo species with an end-on bound superoxide. The reactivity of 4 has been evaluated in
the reaction with 2,4-di-tert-butylphenol (DTBP). Compared to the final oxygenated product,
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the diiron-peroxo complex 6, which shows no reaction with DTBP at −60 °C, 4 is capable of
oxidizing this substrate to give 3,3’,5,5’-tetra-tert-butyl-2,2’-biphenol as product at −80 °C.
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Scheme 8. Diiron-superoxo species and diiron-hydroperoxide species in the oxygenation of [Fe2(µ OH)2(6-Me3-TPA)2]2+.

Fe(III)-peroxo intermediates were found to play a role in the activity of enzmyes like sMMO
(diiron-peroxo) and NDO (mono-iron-peroxo) (vide supra). These intermediates can be formed
upon one-electron reduction of their preceding Fe(III)-superoxo intermediates and can be
engaged in both electrophilic and nucleophilic reactions. A number of synthetic iron peroxo
species have been synthetized. These include dinuclear iron peroxo complexes like the one
reported by Kodera (vide supra) and mononuclear complexes such as the one reported by Nam
and Valentine (vide supra).
1.4.2 Iron(IV) and iron(V)–oxo species
Oxygen activation may ultimately lead to the formation of high-valent iron-oxo intermediates
upon full cleavage of the O–O bond in enzymes and similar species have been proposed and
observed in synthetic non-heme iron chemistry. In general, these species are considered as
strong oxidants due to their high-valent nature and the presence of a ‘bare’ oxo moiety. Since
the first kinetic and spectroscopic evidence for a non-heme iron(IV)–oxo intermediate (J) in
the reaction of TauD,[27] more evidence has been provided to support the involvement of such
species in biological oxidative transformations (vide supra).
The distinguished oxidative abilities shown in biological reactions encouraged chemists to
investigate the formation and nature, and pursue the use in oxidation reactions of synthetic
iron(IV)–oxo

complexes.

The

first

biomimetic

non-heme

iron(IV)–oxo

complex

[FeIV(O)(cyclam-CH2CO2)]+ (Figure 10, left) was reported by Wieghardt and co-workers in
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2000, where they used Mössbauer spectroscopy to assign it as a low-spin (S = 1) complex.[106]
Three years later, a crystal structure of the low-spin (S = 1) iron(IV)–oxo complex
[FeIV(O)(TMC)(NCCH3)]2+ (Figure 10, right) was reported, which was synthesized through the
reaction of [FeII(TMC)(OTf)2] with iodosylbenzene (PhIO) in high yield (> 90%), allowing for
the complete characterization of an iron(IV)–oxo species for the first time.[107] Since then, over
60 additional iron(IV)–oxo complexes have been generated and spectroscopically
characterized.[36] Most of the synthetic iron(IV)–oxo complexes are in a low-spin (S = 1) ground
state, in contrast to the iron(IV)–oxo species in non-heme enzymes that have a high-spin (S =
2) state.
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Figure 10. Synthetic S = 1 iron(IV)–oxo complexes.

One reason that low-spin state iron(IV)–oxo complexes dominate the synthetic examples in the
literature is because of the use of relatively strong-field ligands, tertiary amines and pyridines,
and the six-coordinate pseudo-octahedral geometry these complexes adopt.[108] The
combination of these two factors makes the electrons preferentially fill up the lower energy
orbitals, resulting in a low-spin state. In this regard, one strategy toward a high-spin state is
employing tripodal tetradentate ligands, which can give rise to a C3-symmetric trigonalbipyramidal geometry, instead of the six-coordinate pseudo-octahedral geometry (Figure 11).
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Figure 11. Splitting patterns for d-orbitals of iron(IV)–oxo complexes in pseudo-octahedral (left) and
trigonal-bipyramidal (right) geometries.[108]
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Based on this strategy, an S = 2 iron(IV)–oxo complex, [FeIV(O)(TMG3tren)]2+ (TMG3tren =
1,1,1-tris{2-[N2-(1,1,3,3-tetramethylguanidino)]ethyl}amine, Figure 12, left), was prepared
through reaction of [FeII(TMG3tren)(OTf)](OTf) with 2-(tert-butylsulfonyl)-iodosylbenzene
(tBuSO2C6H4IO) and fully characterized by Que and co-workers in 2009.[74] The very bulky
TMG3tren ligand contributed in stabilizing the iron(IV)–oxo moiety, and furthermore, enforced
a trigonal-bipyramidal geometry at the iron center.[74] Spectroscopic studies of
[FeIV(O)(TMG3tren)]2+ revealed that it shares several similarities with TauD-J. For example,
like TauD-J, [FeIV(O)(TMG3tren)]2+ exhibits a near-UV charge-transfer band that is likely to
be associated with an oxo-to-iron(IV) charge-transfer transition and, as a result, resonanceenhanced Fe═O vibrations were observed.[74]
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Figure 12. Synthetic S = 2 iron(IV)–oxo complexes.

More recently, Britt, Chang and co-workers reported another iron(IV)−oxo complex supported
by a trigonal ligand platform, which was obtained upon treatment of the [FeII(TPAPh)]− complex,
in which TPAPh is a bulky tri-anionic trispyrrolide ligand, with trimethylamine N-oxide in
acetonitrile solution.[109] It was concluded to be a high-spin (S = 2) [FeIV(O)(TPAPh)]− complex
(Figure 12, right) by a number of spectroscopic techniques, including Mössbauer, XAS, FTIR,
UV−Vis, and parallel-mode EPR. Its reactivity with organic substrates showed this complex is
capable of mediating intermolecular C−H oxidation as well as oxygen atom transfer reactions .
Although some synthetic iron(IV)−oxo complexes have been demonstrated to be able to
perform the oxidation of substrates containing strong C−H bonds, such as cyclohexane,[110,111]
they are relatively poor oxidants, compared to the iron(IV)−oxo intermediates in enzymes.
Moreover, the factors that determine the reactivity of the iron(IV)−oxo complexes remain
unclear. To date, all of the theoretical studies predicted that iron(IV) species are better oxidants
in a high-spin (S = 2) state than in a low-spin (S = 1) state.[112-114] The recent observation by
Que and co-workers of the high reactivity of a (pseudo)octahedral iron(IV)-oxo species with S
= 2 spin state (vide supra) may shed further light on this matter.
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As discussed in the Rieske dioxygenases section, a HO−Fe(V)═O species is postulated as a key
intermediate in the catalytic cycle of these enzymes (mechanism B, Scheme 2). Direct evidence
for the involvement of such a species in synthetic non-heme iron chemistry was revealed by
isotope-labeling experiments reported by Que and co-workers. In this study, all of the alcohol
products were detected to incorporate some 18O from added H218O, which indicated a stepwise
mechanism involving an oxidant that allowed participation of water in the catalytic cycle (the
alcohol products do not themselves exchange with solvent H218O based on control
experiments).[115] Based on these results a HO−Fe(V)═O species was proposed as the actual
oxidant rather than a FeIII−OOH species, where the Fe(V) species would derive from the
FeIII−OOH intermediate via water-assisted O−O bond cleavage.
In 2011, evidence for a HO−Fe(V)═O intermediate was reported by Cronin and Costas using
variable-temperature mass spectrometry (VT-MS).[116] In their investigation on the reaction of
[FeII(Me,HPyTACN)(OTf)2]

(Me,HPyTACN

=

1-(2′-pyridylmethyl)-4,7-dimethyl-1,4,7-tri-

azacyclononane) with H2O2 at temperatures between 20 and −40 °C, two possible active
intermediates, [FeIII(OOH)(Me,HPyTACN)(OTf)]+ and

[FeV(O)(OH)(Me,HPyTACN)(OTf)]+

(Figure 13), were postulated. The alternative FeIII−OOH species was excluded on the basis of
isotopic labeling experiments with H218O, as oxygen exchange between H2O2 and water did not
happen readily. Subsequent EPR spectroscopic studies assigned this HO−Fe(V)═O species as
a low-spin (S = 1/2) complex.[117]
The first synthesis of an iron(V)–oxo complex was reported in 2007. The reaction of
[PPh4][FeIII(TAML)(H2O)] (where TAML is a tetra-anionic, tetraamido macrocyclic ligand)
with mCPBA (mCPBA = meta-chloroperoxybenzoic acid) in n-butyronitrile at −60 °C resulted
in a long-lived intermediate (several hours at −60 °C), which was identified as
[FeV(O)(TAML)]− (Figure 13) by various spectroscopies, including ESI-MS, Mössbauer, EPR
and EXAFS.[118] This complex exhibits a low-spin state (S = 1/2) with g values of about 1.99,
1.97, and 1.74. Notably, EXAFS analysis showed an O scatterer at 1.58 Å, which was assigned
to the oxo atom of an Fe–O unit. Reactivity studies showed that this iron(V)–oxo complex is
competent in oxidizing a variety of substrates, including thioanisole, styrene, cyclooctene,
ethylbenzene, and DHA.
More recently, a room temperature stable iron(V)–oxo complex, [FeV(O)(TAML-NMe)] − (see
Figure 13), has been synthesized from equimolar solutions of (Et4N)2[FeIII(Cl)(biuret-amide)]
and mCPBA in CH3CN at room temperature (where the biuret-amide ligand is an amide
analogue of the TAML ligand).[119] Thanks to the higher stability, reactivity studies with alkanes
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at room temperature showed that this iron(V)–oxo complex is able to oxidize a series of alkanes
containing strong C−H bonds, such as those in cyclohexane (with a C−H bond dissociation
energy (BDE) of 99.3 kcal/mol).
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Figure 13. Selected examples of spectroscopically characterized iron(V)–oxo complexes.

Subsequently, inspired by this study, Talsi and co-workers reported spectroscopic evidences
for two new iron(V)–oxo complexes. In their study on the catalyst systems
[FeII(TPA)(CH3CN)2]/peroxide and [FeII(BPMEN)(CH3CN)2]/peroxide (peroxide = mCPBA,
CH3CO3H, or H2O2), EPR spectra were tentatively assigned to (TPA)FeV═O and
(BPMEN)FeV═O species (Figure 13), respectively.[120] Notably, compared to the EPR spectrum
for [FeV(O)(TAML)]−, the EPR spectra for these two new FeV═O species displayed distinct
differences, which were proposed to be caused by the different ligand fields. That the
assignment of these high-valent species is not a trivial exercise was later shown by Shaik and
co-workers, who showed that the Fe(V)oxo-acetate species initially proposed as the active
oxidant for Fe(BPBP) catalysts in combination with H2O2 and acetic acid is more likely to be
an cyclic Fe(III)peracetate complex that transforms into a Fe(IV)–oxo–AcO. radical species as
the actual oxidant.[121] These findings do not only underscore the difficulties in pinning down
the true identity of the highly reactive and transient oxidized species involved in non-heme iron
chemistry, they also show the richness of different species that may form depending on the
ligand framework, the employed sacrificial oxidant, and any sort of additive such as acetic acid
that is used.
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As mentioned earlier, many different sacrificial oxidants are used in non-heme iron catalysis
and for the generation of reactive intermediates. Starting from O2 and H2O2, also oxidants like
peracetic acid, mCPBA, and alkylhydroperoxides are used. Each of these may form unique
types of intermediates (vide infra). Within this context it is worthwhile to mention that adducts
of iodosylbenzene, a popular single oxygen-transfer reagent, have been reported by
McKenzie[122] and Nam[123], and of hypochlorite, another single oxygen transfer agent, by De
Visser.[124] In each of these cases the oxygen transfer reagent is intact and coordinates to Fe(III)
through its terminal oxygen atom. Interestingly, the complex reported by McKenzie constitutes
a seven-coordinated iron center formed from the reaction of iodosylbenzene with a sixcoordinated iron complex.
Besides mononuclear high-valent iron-oxo species, a number of dinuclear iron complexes with
high-valent unites have also been reported. The first example of a synthetic complex
comprizing a dinuclear FeIV2(µ-O)2 core was prepared and characterized by Que and co-workers,
providing a biomimetic precedent for intermediate Q of sMMO.[125] One-electron oxidation of
its FeIIIFeIV precursor 7 (Scheme 9) at –40 °C gave rise to [FeIV2(µ-O)2L2]4+ (8 in Scheme 9; L
is an electron-rich TPA variant), which is capable of oxidizing weak C–H bonds such as those
in DHA, yet revealing a 100-fold lower reactivity than its corresponding mononuclear FeIV═O
analogue ([FeIV(O)(L)(NCMe)]2+). On the other hand, the addition of water or methanol to
complex 7, which is sluggish in the oxidation of C–H bonds, resulted in much more reactive
complexes with an open-core structure [(X)(L)FeIII–O–FeIV═O(L)]2+ (9a and 9b, Scheme 9).[126]
The significant improvement of reactivity was proven by DHA oxidation experiments using 9b
as the oxidant, which has a second-order rate constant that is 3.6 × 107-fold larger than that for
complex 8. In addition, 9b is capable of cleaving C–H bonds as strong as 96 kcal/mol.[126,127]
Notably, the fact that 9a and 9b, which contain a high-spin FeIV═O unit, are much more reactive
than the corresponding diiron(IV) complex (11 in Scheme 9) with a S = 1 FeIV═O moiety,
shows that the spin state of the FeIV═O unit significantly influences the overall reactivity.[126]
However, despite of the reported dinuclear iron species having strong oxidizing capability, to
date, there is still no example of a carboxylate- or oxygen-bridged diiron structural model of
sMMO capable of selective methane oxidation.[23,126]
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Scheme 9. Diiron complexes with high-valent iron unit based on ligand L.

Very recently, a species with a novel O═FeIV−O−FeIV═O core was reported by Bominaar, Que,
Münck, and co-workers.[54] The treatment of 11, containing a HO−FeIV−O−FeIV═O core, with
strong base at −80 °C gives rise to its conjugate base 12 (Scheme 9). Depending on the solvent
used, complex 12 exhibits two spectral forms, that is 12a and 12b, which have been extensively
characterized by Mössbauer and parallel mode EPR spectroscopy. 12a has two
antiferromagnetically coupled high-spin (Sloc = 2) sites, resulting in a cluster St = 0 state. 12b ,
on the other hand, has an St = 3 state, based on Mössbauer and EPR data, resulting from two
ferromagnetically coupled local sites (Sloc1 = 1 and Sloc2 = 2). DFT calculations showed that
complex 12 has six spin multiplets within an energy range of ca. 1000 cm−1, which is in sharp
contrast to intermediate Q (has no low-lying excited spin states).

1.5 Some Catalytic Examples
Next to the development of synthetic non-heme iron complexes for the purpose of biomimicry,
many of the complexes discussed above have been used as synthetic catalysts for organic
transformations in their own right. This section provides a short overview of the
accomplishments in non-heme iron catalysis, with some emphasis on oxidative transformations.
1.5.1 Mononuclear iron species
1.5.1.1 Selective C–H oxidations catalyzed by mononuclear iron complexes
Oxidation of alkane hydrocarbons is of fundamental interest in both industry and organic
synthetic chemistry, due to the extensive presence of oxidized alkane frameworks in industrial
products and biological molecules. In the past decades, a large number of bioinspired
mononuclear iron complexes have been reported that are able to achieve selective C–H
oxidations. However, selective oxidation of alkyl C–H bonds in an environmentally friendly
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manner still remains as a challenge for organic chemists.[128] A selected number of examples
are presented here.
In 1997, highly stereospecific oxidations of cis- and trans-1,2-dimethylcyclohexane with >99%
retention of stereochemistry were described by Que and co-workers employing the iron
complex [Fe(TPA)(CH3CN)2](ClO4)2 as catalyst and hydrogen peroxide as the oxidant.[129] This
is the first example of a non-heme iron complex capable of stereospecific alkane hydroxylation.
Later, they studied the reactivity of various TPA-based iron(II) complexes with differently
substituted pyridine moieties (Figure 14), concluding that the 5-Me3-TPA-based iron complex
is a more efficient catalyst than [Fe(TPA)(CH3CN)2](ClO4)2, while the introduction of either
two or three 6-Me substituents decreases the reactivity.[130,115]
5-Me3-tpa: R1=Me, R2=R3=R4=H

R1
R2

6-Me-tpa: R1=R3=R4=H, R2=Me

N

R4

R4

6-Me2-tpa: R1=R2=R4=H, R3=Me

N
R3
R1

N

N
R4

R1
R3

6-Me3-tpa: R1=R4=H, R2=R3=Me
6-Me-tpa: R1=R2=R3=H, R4=Me

Figure 14. TPA-based ligands used for the preparation of iron(II) complexes.

In 2007, Chen and White introduced a remarkably predictable and selective C–H oxidation
protocol for the synthesis of complex molecules via so-called late stage functionalization.[131]
By employing iron catalyst [Fe(BPBP)(CH3CN)2](SbF6)2 (BPBP = N,N’-bis(2-pyridylmethyl)2,2’-bipyrrolidine, Scheme 10) and H2O2 as the oxidant, predictable and selective C–H bond
oxidations were achieved on the basis of the electronic and steric properties of the different C–
H bonds present within the same substrate. That is, oxidation of C–H bonds preferentially
occurs at the most electron-rich or the less hindered tertiary C–H bond. Interestingly, when
considering the electronic and steric effects in a single substrate, steric effects can override
electronic effects in site selectivities. Moreover, selective aliphatic C–H oxidation of complex
natural products can be achieved utilizing this strategy, showing the functional group tolerance
of the catalyst (Scheme 10). Later, the same group studied the combined effects (i.e., electronic,
steric, and stereoelectronic factors) on selective secondary C–H bond oxidation using the same
iron catalyst.[132] In this case, predictable and highly selective methylene C–H oxidations in a
number of natural products were obtained. The reliability and activity of this and related catalyst
systems are such that the C–H bond can itself be put forward as a functional group in organic
synthesis.
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Scheme 10. Predictable selective aliphatic C–H oxidation by [Fe(BPBP)(CH3CN)2](SbF6)2.

Another interesting ligand is BPMCN (or mcp, i.e. N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)cyclohexane-trans-1,2-diamine), which is based on the cyclohexyldiamine backbone. While
this catalyst has been studied for some time, a very recent report by Costas and co-workers
shows the ability of the iron catalyst [Fe(OTf)2(BPMCN)] (Scheme 11) to perform selective
oxidation of methylenic sites in alkanes.[133] Similar to [Fe(BPBP)(CH3CN)2](SbF6)2, this
selectivity is dependent on the electronic and stereoelectronic environments of the C–H bonds.
In some cases though, [Fe(OTf)2(BPMCN)] appears to be an even more sterically sensitive
catalyst than the BPBP-based catalyst in distinguishing between multiple methylene C–H bonds
within a single substrate. A remarkable example is the oxidation of trans-decalin; the former
catalyst preferentially oxidizes at the least hindered methylene site C-3 (the ratio of C-3
oxidation to C-2 oxidation is 1.5:1), while [Fe(OTf)2(BPBP)] yields a 1:1 ratio of products
(Scheme 11).
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N
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Scheme 11. Methylene oxidation by [Fe(OTf)2(BPBP)] and [Fe(OTf)2(BPMCN)].

Substitution of the pyridine rings, especially at the β-position, has been shown to affect the siteselectivity in C–H oxidations. For instance, in 2013, White et al. proposed to introduce electronwithdrawing, rotationally blocked aryl rings to the β-positions on the pyridines of the BPBP
ligand (Fe(CF3-BPBP), Figure 15).[134] These bulky aryl rings restrict the cone of possible
trajectories by which substrate approach the metal center, resulting in improved methylene siteselectivity. More recently, a similar but simpler strategy was adopted by Klein Gebbink and
Costas, in which a bulky triisopropylsilyl (TIPS) group is positioned at the β-pyridine position
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(Fe(TIPSBPBP) and Fe(TIPSBPMCN), Figure 15).[135] This ligand modification led to even more
enhanced selectivity for secondary C–H bond oxidation, and allowed for the site-selective
oxidation of steroidal substrates. Notably, the preferentially oxidized sites in steroids were
switched by the opposite catalyst enantiomers.
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1.5.1.2 Alkene oxidations catalyzed by mononuclear iron complexes
Stereoselective epoxidation and cis-dihydroxylation are useful transformations in organic
chemistry. They are valuable strategies for the formation of new C–X bonds, thus generating
building blocks for organic bulk and fine chemicals. The requirement for chemo- and
enantioselective alkene oxidations with H2O2 on a technical scale in modern chemistry
stimulates researchers to develop more efficient, selective, and green alkene oxidation
protocols.[136]
A practical iron-catalyzed alkene epoxidation procedure at room temperature and under aerobic
conditions was developed by Beller and co-workers.[137] In this work, a combination of
commercially available FeCl3·6H2O, pyridine-2,6-dicarboxylic acid, and an organic base (such
as pyrrolidine, benzylamines, or methylimidazole derivatives) yields the iron catalyst in situ,
which activates H2O2 to perform the epoxidation of a variety of substrates (such as 1,2disubstituted aromatic olefins and 1,3-dienes) in a chemo- and stereoselective manner (Scheme
12, left). By replacing the organic bases with a chiral 1,2-diphenyl-ethylene-1,2-diamine
derivative (Scheme 12, right), the asymmetric version of this reaction was achieved, which
allows for the epoxidation of trans-stilbene derivatives with 40-94% yield and 10-97% ee.[138]
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Scheme 12. A practical protocol for the epoxidation of alkenes.

More recently, Costas and co-workers investigated electronic ligand effects on the catalytic
epoxidation activities of the iron BPBP family of complexes with the general formula
[Fe(OTf)2(XBPBP)] (Figure 16). Using cis-β-methylstyrene as a model substrate, they
concluded that the enantioselectivity of the epoxidation reactions improves with the increase of
the electron-donating properties of the BPBP ligand.[139] Like with many other non-heme ironcatalyzed epoxidation reactions using H2O2, catalytic amounts of carboxylic acids such as acetic
acid were utilized as additives/co-ligands to promote O−O cleavage. In this case though, the
authors have introduced chiral carboxylic acids to improve the enantioselectivity. Using chiral
amino acids, they were also able to extend the substrate scope of these systems to more
challenging terminal olefins obtaining the desired epoxides with high enantioselectivity.[140]
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Figure 16. Structures of [Fe(OTf)2 (S,S-XBPBP)] and [Fe(OTf)2(XPyTACN)].

In 2008, Costas and co-workers developed a family of bioinspired non-heme iron complexes
[Fe(OTf)2(XPyTACN)]

(Figure

16),

which

are

based

on

a

pyridinyl-derivatized

triazacyclononane (TACN) backbone, and have studied their catalytic properties in both
epoxidation and cis-dihydroxylation of alkenes.[141] These iron catalysts exhibit high efficiency
by yielding the corresponding epoxides and cis-diol with high turnover numbers (up to 252).
Notably, it was concluded that substituents on the N atoms of the triazamacrocycle and on the
pyridine ring play a key role in the selectivity of the corresponding iron complexes.
1.5.1.3 Catalytic transformations beyond C–H/C═C oxidations catalyzed by mononuclear
iron complexes
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In addition to aliphatic C–H oxidation and alkene oxidation, mononuclear iron complexes are
used for other catalytic oxidative transformations as well. Halfen and co-workers reported on
non-heme iron complexes that are able to perform catalytic alkene aziridinations with Ntosyliminophenyliodinane (PhINTs).[142] By employing the linear triamine ligand 1,1,4,7,7pentamethyldiethylenetriamine (Me5dien) supported iron(II) complex [(Me5dien)Fe(OTf)2]
and the related macrocyclic ligand 1,4,7-triisopropyl-1,4,7-triazacyclononane (iPr3TACN)
supported iron(II) complex [(iPr3TACN)Fe(OTf)2], both styrene and 1-hexene can be converted
to the corresponding aziridine products with 26% to 95% yield (Scheme 13). Like in the case
of many non-heme epoxidation and cis-dihydroxylation catalysts, cis labile coordination sites
on the iron center are required for efficient reactivity. In a subsequent mechanistic study, an
imidoiron(IV) species (Figure 17) was proposed as an intermediate for the alkene aziridination
based on experimental and computational studies.[143]
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Scheme 13. Alkene aziridination catalyzed by mononuclear iron(II) complexes.
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Figure 17. Imidoiron(IV) intermediate proposed in the catalytic cycle of alkene aziridination.

Sulfoxidation reactions catalyzed by mononuclear iron complexes using a variety of different
sacrificial oxidants have also been studied. Very recently, high-spin iron(III) iodosylarene
intermediates bearing an N-methylated cyclam ligand were synthesized by Latour, Nam, and
co-workers from the reaction of [FeII(13-TMC)(OTf)2] (13-TMC = 1,4,7,10-tetramethyl1,4,7,10-tetraazacyclotridecane) with iodosylarenes at −40 °C. Two intermediates,
[FeIII(OIPh)(13-TMC)]3+

and [FeIII(OIPhF5)(13-TMC)]3+

formed,

depending on

the

iodosylarenes used (PhIO or pentafluoroiodosylbenzene (F5PhIO), respectively).[123] These two
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intermediates were characterized by various spectroscopic methods, such as coldspray
ionization time-of-flight mass spectrometry (CSI-TOF MS), UV/Vis absorption, EPR,
Mössbauer, and resonance Raman (rRaman) spectroscopies. They were found to be highly
reactive oxidants not only capable of alkane hydroxylation, but also sulfoxidation reactions. It
was also concluded that the iron(III) iodosylarene intermediates are much more reactive than
the corresponding iron(IV)-oxo complex [FeIV(O)(13-TMC)]2+.
1.5.2 Dinuclear iron species
The use of non-heme dinuclear iron complexes as catalysts has been inspired by the reactivity
of the BMMs. In particular, their potential to oxidize methane to methanol has motivated
numerous groups to investigate the catalytic potential of sMMO reactive site mimics in various
oxidative reactions. Although, to the best of our knowledge, a mimic that is able to oxidize
methane to methanol has not been described yet, dinuclear non-heme iron complexes have
proven to be active catalysts for several transformations such as epoxidations, aziridinations
and sulfoxidations.
1.5.2.1 Alkene oxidations catalyzed by dinuclear iron complexes
In 1986 Que and co-workers reported the use of (Me4N)(FeIII2(µ-L)(µ-CH3CO2)2 (Figure 18) as
a catalyst for the epoxidation of cyclohexene, cis-stilbene, and styrene with turnover numbers
between 1.6 and 3.2.[144] The reactions were performed in DMF using H2O2 as the oxidant.
Although the TON and chemoselectivity of this system are low, it can be seen as the first
synthetic dinuclear non-heme iron complex able to catalyze epoxidation reactions.

(Me4N)
O
O
O

N

N
O

Fe
O

O
O

Fe
O
O
O

O
O
O

Figure 18. Que’s epoxidation catalyst (Me4N)(FeIII2(µ-L)(µ-CH3CO2)2.

Jacobsen and co-workers reported in 2001 a self-assembled MMO mimic suitable for the
catalytic epoxidation of olefins.[145] Compared to previously reported systems their catalyst
([Fe2(µ-O)(µ-CH3CO2)(BPMEN)2], Scheme 14) was shown to be more active in epoxidation
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reactions, being able to perform at low loadings (3 mol%) at 4 oC in MeCN using aqueous H2O2
as the oxidant and yielding the desired epoxides in a range between 61 and 90%. This
corresponds to TONs between 20 and 30. The system described by Jacobsen can be seen as the
first MMO model system applicable in preparative oxidation chemistry. A similar system
([((phen)2(H2O)FeIII)2(µ-O)](ClO4)4) has been developed by Stack.[146]
self-assembled diiron complex cation:
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[Fe(II)(BPMEN)(MeCN)](SbF6)2 (3 mol%)
H2O2 (1.5 equiv.)
R2
CH3CO2H (30 mol%)
R1

MeCN, 4

oC,

R2

N

N

O

O

Fe

R1

5 min

N

N

51-90% yield
rac

O

N

Fe
N

O

N

N

[Fe(III)2(μ-O)(μ-CH3CO2)(BPMEN)2]

Scheme 14. Olefin epoxidation catalyzed by [Fe2(µ-O)(µ-CH3CO2)(BPMEN)2].

The first enantioselective epoxidation catalyzed by a dinuclear non-heme iron catalyst has been
described by Jin and co-workers.[147] PhIO (iodosobenzene) has been employed as the oxidant.
The catalyst gave only poor yields with moderate enantiomeric excess. More recently, the
groups of Ménage[148] and Kwong[149] have reported diiron catalysts that are able to epoxidize
olefins with high yields and moderate to good enantiomeric excess (Scheme 15 and 16). Both
reports focus mainly on styrenes as substrates. The catalyst described by Ménage is an oxygenbridged dimer able to reach enatiomeric excess up to 63%. Kwong’s catalyst is based on a
sexipyridine as ligand and also comprises a bridging oxo-moiety.
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Scheme 15. Ménage’s catalyst for enantioselective epoxidation.
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Scheme 16. Kwong’s catalyst for enantioselective epoxidation.

Dinuclear iron complexes have not only been found to be able to epoxidize olefins. They were
also shown to be suitable catalysts for the oxidation of C–H bonds in alkanes. Examples have
been reported by Nordlander and co-workers using a monocarboxylate-briged diiron(III) µoxido complex and hydrogen peroxide as the oxidant.[150] The described catalyst is able to
oxidize cyclohexane to a mixture of cyclohexanol and cyclohexanon (1.2/1.0) yielding a TON
of 19. More recent studies by Norlander and Repo described a novel diiron complex that
features lithium ions in its structure (Figure 19).[151] This complex is able to catalyze the
oxidation of various alkanes and alkenes. A TON of 51 was found for the oxidation of
cyclohexane to cyclohexanol and cyclohexanon, yielding the same ratio as for the earlier
reported system. Olefinic substrates such as cyclohexene yield mixtures of the corresponding
epoxide, allyl alcohol, and allyl ketone.
2+

N

N
N

N
Fe
O

O

O

Li

Li
O

N

O

O

N

N

O

Fe

N

N
N

Figure 19. Structure of [Fe2(µ-O)(LiDPCPMPP)2]2+.
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1.5.2.2 Catalytic transformations beyond C═C oxidations catalyzed by dinuclear iron
complexes
Besides epoxidations and alkane oxidations, dinuclear non-heme iron complexes have also been
shown to transform olefines into aziridines. An example is the system of Latour that is shown
in Scheme 17.[152] Styrene, cyclooctene, and 1-hexene have been converted in yields between
50 and 69% to the corresponding aziridination products. The reactions proceed at room
temperature using acetonitrile as solvent and iodosylbenzene/tosylamine as the oxidizing
reagent mixture. Recent studies provided evidence for the involvement of an FeIIIFeIV=NTosyl
intermediate.[153] Furthermore, Latour and co-workers have shown that their catalyst is able to
catalyze the amidation of thioanisole.[152]
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Scheme 17. Alkene aziridination catalyzed by dinuclear iron(II) complexes.

Bryliakov and co-workers demonstrated the iron-catalyzed oxidation of thioethers with
iodosylarenes (Scheme 18).[154] The catalyst used is a chiral, oxygen bridged diiron-salen
complex. The reactions proceed under mild conditions with the use of different iodosylarenes
such as PhIO or MesIO as sacrificial oxidant. Beside the shown dimers also monomeric ironsalen complexes have been shown by the authors to be suitable catalysts for this transformation.
Interestingly, the product ee’s obtained by the dinuclear catalysts are gerenally higher than for
the tested mononuclear catalysts. The desired sulfoxides have been obtained in high yields and
moderate to good enantiomeric excess (up to 84%). Mahy and co-workers reported recently on
the oxidation of dibenzothiophene, a typical fuel contaminant, and thioanisole using hydrogen
peroxide as the oxidant.[155]
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Scheme 18. Sulfoxidation reactions catalyzed by dinuclear iron complexes.

1.6 Aim and Scope of this Thesis
As an introductory text, this chapter has aimed to provide the reader with an entry into the
exciting and flourishing field of non-heme iron chemistry and biochemistry. Inspired by
enzymes containing either a mono- or a dinuclear non-heme iron active site, an impressive set
of iron coordination compounds have been developed over the years. While some of these
compounds have been illustrative with respect to the intricate reactivity of the enzymes and
putative reaction intermediates involved in their chemistry, others have been turned in to useful
catalysts with impressive activity and selectivity. Parallel to the realization of the widespread
involvement of non-heme iron enzymes in biology, the field has by now established the richness
of non-heme iron systems in synthetic chemistry, which forms the basis of the research
described in this thesis.
The general aim of this thesis fucoses on bio-inspired iron oxidation catalysts based on the bisalkylamine-bis-pyridine (N2Py2) ligand platform. Where Chapters 2-4 solely focus on iron
complexes, in Chapter 5 manganese complexes with the N2Py2 ligand platform are also studied.
Through the development of modified N2Py2 ligand platforms, the practical use of the
corresponding iron (and manganese) complexes in selective catalytic oxidations have been
studied in this thesis.
In Chapter 2, a new N2Py2 ligand, N,N′-bis(2-picolyl)-2,2′-bis-isoindoline (BPBI), has been
developed, which has a further rigidified bis-alkylamine backbone based on the well-known
BPBP ligand. This ligand modification follows the principle of improving the rigidity of bisalkylamine moiety of the N2Py2 ligand platform, with the aim of achieving enhanced C–H
oxidation selectivities.[131] Next to the parent BPBI ligand, a derivative
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tris-(isopropyl)silyl groups at the 5-position of the pyridine moieties has also been synthesized.
The corresponding iron complexes are applied to selective C−H oxidations with several
benchmark alkane substrates to test their catalytic performance, with a particular focus on siteselectivity. Additionally, site-selective oxidations of steroidal compounds are also investigated
using these Fe(BPBI) complexes.
Chapter 3 describes the practical use of Fe(N2Py2) complexes (including Fe(BPBI) ones
developed in Chapter 2) in the selective epoxidation of poly-unsaturated fatty acid esters, using
methyl linoleate (ML, C18:2) as a model substrate, with a specific attention on the selectivity
between partial and full epoxidation. The corresponding partial and full epoxide products are
industrially interesting products that can be used in different domains, as their physicochemical
properties are different. The influence of various reaction parameters on the outcome of the
catalytic epoxidation, including iron catalyst, solvent, temperature, and loading of reagents,
have been studied. Slow addition protocols for H2O2 oxidant or iron catalysts are used to obtain
insight into their influences on the catalytic outcomes via tracking of the reactions over time.
Finally, the selectivity of O-distribution to mono- or di-epoxides for different catalysts are
explored as well.
Although Fe(N2Py2) complexes have been widely used in oxidation reactions (e.g. C–H and
C═C bond oxidations), the stability of these catalysts under the oxidizing conditions still
remains a problem and attracts much less attention. Therefore, Chapter 4 focuses on catalyst
deactivation and aims to extend the lifetimes of the Fe(N2Py2) catalysts. Based on the findings
of dedicated catalyst deactivation experiments, a N2Py2-D4 ligand platform with fully
deuterated 2-pyridinylmethyl positions in N2Py2 ligand is proposed. A series of N2Py2-D4
ligands with variations on both the alkylamine and pyridine fragments are synthesized, derived
from the known BPBP, BPMCN, and BPMEN ligands. The catalytic performances of the
corresponding iron complexes are examined by employing them in both aliphatic C–H
oxidations and alkene epoxidations with several benchmark substrates. The life-times and
reactivities of these Fe(N2Py2-D4) complexes are investigated through kinetic studies, in
comparison with the parent Fe(N2Py2) complexes. Additionally, the lifetimes of the active
intermediates generated under the oxidizing conditions are studied.
Compared to the dominating role of non-heme iron complexes in the field of catalytic oxidative
transformations, so far, the structurally related manganese complexes are much less
investigated.[156] Mn-catalyzed C–H and C═C bond oxidations have been proposed to undergo
very similar reaction mechanisms to those mediated by iron complexes. Furthermore, Mn
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catalysts can represent higher (even much higher) reactivities as compared to their structural Fe
analogs in oxidation reactions.[157-159] Based on this, Chapter 5 describes the use of Mn(N2Py2)
type complexes in combination with H2O2 and acetic acid for the catalytic epoxidation of
vegetable oils and their derivatives. The study is initiated by optimization of the reaction
conditions for the epoxidation of a model substrate, oleic acid, using Mn(N2Py2)/H2O2/AcOH
catalytic systems. Subsequently, the optimized reaction conditions are applied to the
epoxidation of different unsaturated fatty acids and esters. Next, the attention is turned to the
epoxidation of vegetable oils, using sunflower oil as model oil for the optimization of reaction
conditions, with a particular focus on avoiding using MeCN as the solvent. Finally, one-pot
oxidative cleavage of unsaturated fatty acids and esters into industrially interesting aldehyde
products is explored, utilizing the Mn-catalyzed epoxidation as the first and key step.
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Chapter 2
Non-Heme Iron Catalysts with a Rigid Bis-Isoindoline Backbone
and Their Use in Selective Aliphatic C−H Oxidation

Abstract
Iron complexes derived from a bis-isoindoline-bis-pyridine ligand platform based on the BPBP
ligand (BPBP = N,N′-bis(2-picolyl)-2,2′-bis-pyrrolidine) have been synthesized and applied in
selective aliphatic C–H oxidation with hydrogen peroxide under mild conditions. The
introduction of benzene moieties on the bis-pyrrolidine backbone leads to an increased
preference of tertiary over secondary C–H bond oxidation (3°/2° ratio up to 33). On the other
hand, substituting the meta-position of the pyridines with bulky silyl groups affords enhanced
secondary C–H oxidation selectivity and generally leads to higher product yields and mass
balances.

This chapter is based on:
J. Chen, M. Lutz, M. Milan, M. Costas, M. Otte, R. J. M. Klein Gebbink, Adv. Synth. Catal.
2017, 359, 2590–2595.
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2.1 Introduction
Oxidation of aliphatic C–H groups is of particular interest in organic synthesis due to the large
abundance of aliphatic moieties in natural products and petrochemical platform molecules, as
well as the added value of their corresponding hydroxyl and carbonyl compounds.[1–5] To date,
a vast number of iron-containing enzymes, such as methane monooxygenase (MMO) and αketoglutarate-(α-KG)-dependent dioxygenases (see Chapter 1 of this thesis), have been
revealed to perform biological C–H oxidations through the activation of dioxygen in a selective
manner.[6,7] Inspired by these enzymes, the past decades have witnessed the development of a
variety of biomimetic non-heme iron catalysts.[8–10] In 1997,[11] a synthetic Fe coordination
complex was firstly demonstrated to be capable of stereospecific alkane hydroxylation by Que
and co-workers, where the tetradentate N-donor ligand TPA (tris(2-pyridylmethyl)amine) was
employed and H2O2 was used as terminal oxidant. Since then, several Fe complexes based on
tetradentate N4 ligands have been developed.[12–18] Amongst them, iron complexes featuring
bis-alkylamine-bis-pyridine (N2Py2) ligands have been proven to be the most effective.[19]
However, modifications of this ligand platform often ended up with lower efficiency.[19] These
studies were mainly done under large excess of substrate and had limited interest from a
synthetic perspective. However, in 2007,[20] White and co-workers described catalytic
oxidations under substrate limiting conditions. In this work, a ligand modification strategy was
introduced that rigidifies the bis-alkylamine backbone by incorporating the alkylamines into
pyrrolidines, forming the BPBP ligand (BPBP = N,N′-bis(2-picolyl)-2,2′-bis-pyrrolidine;
Figure 1, left), which translated into improved product selectivities.[20] A similar strategy was
adopted by Rybak-Akimova and co-workers, where they rigidified the alkylamine moiety into
6-membered piperidine rings.[21] Many efforts have been spent on the modification of the
pyridine moieties as well.[22–26] It has recently been reported that the introduction of bulky TIPS
(tris-(isopropyl)silyl) groups at the meta-position of the pyridine rings will lead to increased
secondary C–H oxidation and improved mass balance.[27] Through this modification, siteselective methylene oxidation of steroidal substrates has also been achieved.
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[Fe(OTf)2(S,S-RBPBI)]

[Fe(OTf)2(S,S-BPBP)]
1

2: R = H
3: R = TIPS

Figure 1. Complexes 1-3 studied in this chapter.

With the goal of achieving enhanced C–H oxidation selectivities, iron complex [Fe(OTf)2(S,SBPBI)] (2) (BPBI = (N,N′-bis(2-picolyl)-2,2′-bis-isoindoline) and its TIPS substituted analogue
[Fe(OTf)2(S,S-TIPSBPBI)] 3 (Figure 1), which bear a further rigidified bis-isoindoline backbone
compared to the bis-pyrrolidine in the BPBP ligand, are developed in this chapter. BPBI
complex 2 is found to give rise to higher tertiary over secondary C–H oxidation selectivities
than the parent complex [Fe(OTf)2(S,S-BPBP)] (1). On the other hand, 3 exhibits enhanced
secondary C–H oxidation ability and increased product yields.

2.2 Results and Discussion
2.2.1 Synthesis and characterization of iron complexes
The chiral (S,S)-bis-isoindoline backbone of the BPBI ligand was prepared according to a
previously reported procedure.[28] It was readily converted into target complexes 2 and 3 by
alkylation with 2-picolyl chloride derivatives and subsequent complexation with
Fe(OTf)2·2CH3CN (see Experimental Section). Figure 2a shows the X-ray crystal structures of
complexes 2 and 3. The absolute structure of the two complexes was proven by the Flack
parameter (see Experimental Section) and similarly to 1, they also feature a cis-α coordination
topology, which has been shown a crucial factor for good catalytic efficiency in previous
studies.[29–31] In complex 3, the installation of bulky TIPS groups on the two pyridines leads to
a crowded envelope-like configuration around the cis labile positions of the iron center[27]
(Figure 2a, right, also see Figure 2b), where the plausible reactive Fe-oxo species that is
responsible for site selective C–H oxidation is generated.[32] In this sense, the bulky nature may
result in modulated regioselectivity.
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a)

b)

Figure 2. a) Molecular structures of 2 (left) and 3 (right) in the crystal, drawn at the 50% probability
level.[33] Only the coordinated O atoms of the triflate groups are shown. Hydrogen atoms, solvent
molecules and the second independent molecule of 3 are omitted for clarity. b) Space-filling models of
complex 2 (left) and 3 (right). Only the iron centre and the coordinated ligand are shown.

Only slight differences are seen between the three complexes for the bond lengths and angles
of the Fe coordination environment. Selected bond lengths and angles for (R,R)-1[34], (S,S)-2
and (S,S)-3 are listed in Table 1. As expected, the Fe-N(pyridine) distances (2.1390(4)-2.192(3)
Å) are shorter than the Fe-N(amine) distances of 2.199(3)-2.2249(14) Å. This difference is
more distinct in 2 and 3 compared to 1. Overall, these long Fe-N distances are consistent with
high-spin Fe(II) complexes.[30,35] The main differences in the crystal structures are found for
the orientation of the triflate ligands. Slightly smaller O-Fe-O angles in 3 (100.17(6) and
100.56(6)°) are observed compared to 2 (102.49(15)°), which might be due to the larger steric
demand of the ligand in 3; the smallest O-Fe-O angle is found in 1. A quaternion fit of 1 and 2
clearly shows that the BPBP and BPBI ligands provide a very similar steric environment around
the iron center (Figure 3). Interestingly, 1H NMR spectra of complex 2 and 3 show a single
paramagnetic species, indicating that these complexes have a high-spin state in solution and
that the C2 symmetric structure of the complexes is retained in solution. Cyclic voltammetry
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measurements showed that 2 and 3 have very similar Fe(II)/Fe(III) potentials (E1/2 = 0.82, 0.81
V, respectively). These values are somewhat more positive than that of 1 (E1/2 = 0.70 V), which
is likely due to the electron-withdrawing property of the benzene rings in the BPBI ligand.
Table 1. Selected bond lengths (Å) and angles (°) for (R,R)-1[34], (S,S)-2 and (S,S)-3.
(R, R)-1a)

(S,S)-2

Fe-N1

2.203(3)

2.215(2)

2.2244(14)

2.2249(14)

Fe-N2

2.199(3)

2.206(2)

2.2152(14)

2.2243(14)

Fe-N3

2.192(3)

2.164(3)

2.1624(14)

2.1582(14)

Fe-N4

2.192(3)

2.156(3)

2.1390(14)

2.1511(14)

Fe-O1

2.110(3)

2.085(3)

2.1178(13)

2.0768(14)

Fe-O4

2.104(3)

2.102(3)

2.1001(13)

2.1136(13)

N1-Fe-N3

76.16(11)

77.26(9)

76.73(5)

77.09(5)

N2-Fe-N4

76.63(11)

77.95(9)

77.38(5)

76.80(5)

O1-Fe-O4

95.28(11)

102.49(15)

100.17(6)

100.65(6)

Distance(Å)

(S,S)-3b)

/Angle (°)

a)

Crystallographic data for (R, R)-1 was obtained from ref. 34. Structural data for (S,S)-1 is not available.
Structural parameters for [Fe(S,S-BPBP)(CH3CN)2](SbF6)2 are very similar to those of (S,S)-1. b) Two
independent molecules in the asymmetric unit.

Figure 3. Quaternion fit of the molecular structures of (R, R)-1 (black)[34] and 2 (red). The fit is based
on the metal and its six coordinating atoms and performed with the PLATON program.[36] The overlay
plot of these two molecules was made by overlapping the iron centers and the corresponding mirror
symmetrical N and O atoms for each molecule, so that (R,R)-1 and (S,S)-2 can be overlapped with the
same stereochemistry.
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2.2.2 Catalytic performances in aliphatic C–H oxidation
With 2 and 3 in hand, their ability to catalyse the oxidation of aliphatic C–H bonds was
investigated. To do so, a set of substrates consisting of cyclohexane (4), cis-1,2dimethylcyclohexane (7), trans-1,2-dimethylcyclohexane (11), trans-decalin (15), adamantane
(19), L-(−)-menthyl acetate (23) and methyl hexanoate (26) has been studied. For comparison
purpose, complex 1 bearing the structurally related BPBP ligand was also tested.
Table 2. Cyclohexane Oxidation by 1, 2 and 3.a)
Fe-cat. (1.0 mol%)

4

a)

O

OH
+

H2O2 (1.2 equiv.)
AcOH, CH3CN
Method A

5

6

Substrate

cat.

5, 6 (%)b)

Conv. (%)b)

K/Ac)

Mass balance (%)

4

1

16.7, 2.4

45

7.0

42

4

2

8.8, 5.9

42

1.5

35

4

3

27, 6.8

64

4.0

53

Reaction conditions (method A): Fe-cat. : H2O2 : substrate ：AcOH = 1 : 120 : 100 : 50, 0 °C, oxidant

added by syringe pump over 6 min, and reaction mixture stirred for additional 10 min. b) Determined by
GC analysis, average value of two runs. c) Ketone/alcohol ratio = 5/6.

Using 1.0 mol% catalyst loading, cyclohexane (4) is oxidized to cyclohexanone (5) and
cyclohexanol (6) in the presence of 1.2 equiv. H2O2 and 0.5 equiv. acetic acid in CH3CN at 0
o

C. For all three catalysts, 5 is formed as the major product (5 is formed through oxidation of

initially generated 6 due to the substrate limiting reaction conditions). Reaction with 1 gives a
higher ketone to alcohol (K/A) ratio compared to 2 (7.0 over 1.5, Table 2). With 3 a medium
K/A ratio (4.0) was observed, albeit with the highest substrate conversion and mass balance
amongst the three complexes (64% and 53%, respectively).
The ability of these complexes to discriminate between tertiary and secondary C–H bonds is
illustrated by the 3°/2° ratios in the oxidation of 7, 11, 15 and 19, which have multiple secondary
and tertiary C–H sites (Table 3). Oxidation of 7 catalyzed by 1 generates 3° oxidation product
8 as the major product with 2° oxidation products 9 and 10 as minor products, affording a 3°/2°
ratio of 7.0. The corresponding 3°/2° ratio was found to increase to 8.8 when changing the
catalyst to 2, along with the decrease in conversion from 61% to 32% (Table 3). The oxidation
of tertiary over secondary C–H bonds is less preferential when performing this reaction with 3
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Table 3. Oxidation of substrates 7, 11, 15 and 19.a)

H2O2 (1.2 equiv.)
AcOH, CH3CN
Method A

7

O

OH

Fe-cat. (1.0 mol%)

O
+

+

8

O

Fe-cat. (1.0 mol%)
H2O2 (1.5 equiv.)
AcOH, CH3CN
Method B

11
H

H

15

Fe-cat. (1.0 mol%)
H2O2 (1.5 equiv.)
AcOH, CH3CN
Method B

10

9
O
OH +

+

12

14

13
O

OH

H

+
H

H

O
+

H

H

16

18

17

OH

Fe-cat. (1.0 mol%)

O

OH
+

+

19

H2O2 (1.2 equiv.)
AcOH, CH3CN
Method A

Alkane

cat.

8, 9, 10 (%)b)

Conv. (%)b)

3°/2°c)

Mass balance (%)

7

1

39, 2.6, 3.0

61

7.0

73

7

2

22, 1.2, 1.3

32

8.8

77

7

3

37, 4.1, 3.9

65

4.6

69

Alkane

cat.

12, 13, 14 (%)b)

Conv. (%)b)

3°/2°d)

Mass balance (%)

11

1

11, 3.7, 7.6

27

1.0

83

11

2

6.2, 1.6, 2.9

15

1.4

71

11

3

8.9, 7.5, 19

47

0.3

75

Alkane

cat.

16, 17, 18 (%)b)

Conv. (%)b)

3°/2°e)

Mass balance (%)

15

1

5.5, 10.7, 17

53

0.2

62

15

2

5.6, 6.7, 9.2

36

0.35

60

15

3

2.2, 11.8, 21

60

0.07

59

Alkane

cat.

20, 21, 22 (%)b)

Conv. (%)b

3°/2°f)

Mass balance (%)

19

1

14, 0.3, 1.6

38

21

42

19

2

24, 0.5, 1.7

40

33

66

19

3

24, 1.1, 3.3

53

16

54

20

a)

21

22

For substrate 7 and 19, method A is used. For substrate 11 and 15, method B is used: Fe-cat. : H2O2 :
substrate : AcOH = 1 : 150 : 100 : 50, 0 °C, oxidant added by syringe pump over 30 min, and reaction
mixture stirred for additional 1.5 h. b) Determined by GC analysis, average value of two runs. c) 3°/2° =
8/(9 + 10). d) 3°/2° = 12/(13 + 14) e) 3°/2° = 16/(17 + 18) f) 3°/2° = 3 x 20/(21 + 22).

53

Chapter 2 Non-Heme Iron Catalysts with a Rigid Bis-Isoindoline Backbone and Their Use in Selective Aliphatic C−H Oxidation

(with a value of 4.6, Table 3). This observation is consistent with a previous study, which
showed that the introduction of bulky TIPS groups can lead to an enhanced 2°/3° C–H oxidation
ratio, because oxidation of the sterically more congested tertiary C-H bond is disfavored.[27]
Similarly, a slightly higher 3°/2° ratio (1.4) is found for 2 in the oxidation of 11 than for 1 (1.0).
Much more secondary oxidized products are formed in the reaction catalyzed by 3, giving a
3°/2° ratio of 0.3.
Similar catalytic outcomes were found in the oxidations of 15 and 19 in the presence of 1-3.
The tertiary C–H oxidation products are more preferentially formed in the reactions with 2 than
in the cases of 1 and 3, with a 3°/2° ratio of 0.35 in the case of 15 and 33 in the case of 19
(Table 3). Notably, the latter ratio is amongst the highest reported 3°/2° selectivities for nonheme Fe-catalyzed adamantane oxidation.[8,37,38] The lowest 3°/2° ratios (0.07 and 16,
respectively) were observed for complex 3, further supporting the enhanced ability of 3 to
catalyze secondary C–H oxidations. For the reactivities of the reactions in Table 3, 3 stands out
amongst these three complexes with highest conversions.
The oxidations of unfunctionalized aliphatic alkanes 4, 7, 11, 15, and 19 give different
outcomes, responding to the structural changes in complexes 1-3. The change in ligand
backbone from bis-pyrrolidine in 1 to more rigid bis-isoindoline in 2 gives rise to a higher
alcohol selectivity (Table 2) and improved 3°/2° ratios (Table 3). On the contrary, enhanced
selectivities for methylene are achieved when 3 is applied. These observations stimulated the
interest in the oxidation of functionalized aliphatic substrates.
To probe the steric effect on the oxidation site selectivity, the oxidation of L-(−)-menthyl
acetate (23), containing two tertiary C–H bonds (both at a γ-position to the acetoxy group) with
different steric environments, by complexes 1-3 was examined (Table 4). The lower steric
hindrance hydroxylation product 24 was preferentially formed in the oxidation of 23 for all
catalysts tested, indicating that these reactions in the presence of 1-3 are sensitive to steric
factors. No difference in the preference of formation of 24 were observed, i.e., in all the cases,
24/25 ratios around 5.4 were found (Table 4). In terms of conversion and mass balance, 3
outperformed the other catalysts.
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Table 4. Oxidation of substrate 23 and 26 by 1, 2 and 3.a)
OAc

Fe-cat. (1.0 mol%)
H2O2 (1.2 equiv.)
AcOH, CH3CN
Method C
24

Fe-cat. (1.0 mol%)

OH

25

O

H2O2 (1.2 equiv.)
AcOH, CH3CN
O Method C

+

O

O

O
MeO

MeO

26

OAc
+

23

MeO

HO

OAc

28

27

Substrate

cat.

24, 25 (%)b)

Conv. (%)b)

24/25

Mass balance (%)

23

1

28, 5.2

40

5.4

83

23

2

19, 3.6

30

5.3

75

23

3

30, 5.5

40

5.5

89

Substrate

cat.

27, 28 (%)b)

Conv. (%)b

27/28

Mass balance (%)

26

1

12.6,7.8

22

1.6

93

26

2

9.7, 5.7

16

1.7

96

26

3

13.3, 9.0

23

1.5

97

a)

Reaction conditions (method C): Fe-cat. : H2O2 : substrate : AcOH = 1 : 120 : 100 : 50, 0 °C, oxidant
added by syringe pump over 0.5 h, and reaction mixture stirred for additional 2 h. b) Determined by
NMR analysis, average value of two runs.

Methyl hexanoate (26), containing an electron-withdrawing ester-group, was tested in order to
look into electronic influences on site selectivity. It was found that the change in catalyst has
nearly no effect on the ratios of δ-oxidized product (27) to γ-oxidized product (28) in the
oxidation of 26 (all are around 1.6, Table 4). Notably, excellent mass balances were observed
in all cases (93%–97%), with 3 again showing the highest product formation.
Next, the catalytic performance of 2 and 3 on elaborated steroidal substrates 29 and 30 was
investigated (Scheme 1). These structurally complex compounds are ideal substrates to
investigate site-selective C–H oxidation due to the multiple secondary and tertiary C–H groups.
Steroids are of particular interest because of their importance in drug discovery[39] and their
various physical and biological properties based on the different oxidation patterns.[40]
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Scheme 1. Catalytic Oxidation of cis-acetylandrosterone acetate (29) and trans-acetylandrosterone
acetate (30).

Oxidation of 29 and 30 was performed with 3 mol% Fe catalyst, 200 mol% H2O2 and 150 mol%
AcOH at 0 oC. Poor yields and mass balances were obtained when 2 was employed in both
reactions and no statistical site selectivities could be estimated in these cases (Table 5). Yields
and mass balances increased responding to the steric bulk of catalyst 3. For both substrates, the
C6 oxidized ketone is preferentially formed (58% and 72% selectivity, respectively), with C7
and C12 oxidized ketones as minor products. Of note is that these observations support the
importance of bulky silyl moieties on the ligand for achieving site-selective oxidations of
acetylandrosterone derivatives.[27] In previous studies, 1 gave poor C6 over C12 selectivity,[41]
while 49–82% selectivity for C6 oxidation was obtained in the cases of the corresponding TIPSsubstituted 1.[27]
Table 5. Oxidation of steroidal substrates by 2 and 3.a)
Steroid

cat.

Conv. (%)b)

C6/C7/C14 (%)b)

Norm. yield
C6/C7/C12 (%)

29

2

31

4/3/2

29

3

31

11/5/3

58/26/18

Steroid

cat.

Conv. (%)b)

C6/C7/C12/C14 (%)b)

Norm. yield
C6/C7/C12/C14 (%)

30

2

23

5/1/1/5

30

3

38

23/4/4/1

a)

72/13/13/2

Reaction conditions (method D): Fe-cat. : H2O2 : substrate : AcOH = 3 : 200 : 100 : 150, 0 °C, oxidant
added by syringe pump over 30 min, and reaction mixture stirred for additional 10 min. b) Determined
by GC analysis.
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2.3 Conclusions
In conclusion, this chapter describes the use of bioinspired iron complexes based on an N2Py2
ligand platform bearing a bis-isoindoline backbone in selective aliphatic C–H oxidations.
Compared to parent complex 1, complex 2 shows preference for tertiary over secondary C–H
bond oxidation for alkane substrates. The catalytic performance of 3 provides further
experimental evidence that bulky TIPS groups on meta-positions of the pyridine moieties
enhance secondary C–H bond oxidations and site-selective oxidations of acetylandrosterone
derivatives.[27] It is believed that the incorporation of a bis-isoindoline backbone provides an
additional means of modification of the popular BPBP ligand in oxidation catalysis. Further
modification on the aromatic rings of the chiral BPBI backbone may offer a versatile and
alternative strategy for ligand design in N2Py2-based iron complexes. Exploration of such
ligand modifications in catalytic C–H bond oxidations and enantioselective epoxidation
reactions is currently being carried out.

2.4 Experimental Section
2.4.1 General
The iron precursor Fe(OTf)2·2CH3CN was synthesized according to a reported procedure.[42] The
solvents diethyl ether, tetrahydrofuran, acetonitrile, and hexane were dried with an MBraun MB SPS800 solvent purification system. Tetrahydrofuran for complexation reactions, methanol and
dichloromethane were dried with sodium, magnesium turnings and CaH2, respectively, and distilled
under nitrogen prior to use. Reference samples of alcohols and carbonyl compounds 8-10, 12-14, 16-18
were prepared using the known 1/H2O2 system.[22,26] The substrates 29 and 30 and reference samples of
corresponding oxidized products were synthetized following a reported procedure.[41] All other reagents,
substrates and reaction products were obtained commercially and used without further purification.
Column chromatography was performed using Merck silica gel (60–200 mesh). 1H, 13C NMR, and 19F
spectra were recorded with a 400 MHz Varian spectrometer at 25 °C, chemical shifts (δ) are given in
ppm referenced to the residual solvent peak. IR spectra were recorded with a Perkin–Elmer Spectrum
One FTIR spectrometer and ESI-MS measurements were performed with a Waters LCT Premier XE
KE317. GC analyses of oxidation of 4, 7, 11, 15, and 19 were performed on a Perkin–Elmer Clarus 500
Gas Chromatograph equipped with a PE-17 column ((30 m × 0.23 mm × 0.25 µm), (50% phenyl)-(50%
methyl)polysiloxane) and a flame-ionization detector. GC analyses of oxidation of 29 and 30 were
performed on an Agilent 7820A Gas Chromatograph equipped with a HP-5 column (30m) or CyclosilB column (30 m) and a flame-ionization detector. CV measurements were performed on a Princeton
263A potentiostat/galvanostat, using a Pt counter electrode, a glassy carbon working electrode, and a
Ag/AgNO3 reference electrode. All data are referenced to ferrocene. Analyte concentrations were
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typically between 0.5 and 5 mM in a 0.1 M NBu4PF6 in MeCN electrolyte. Elemental microanalyses
were carried out by the Mikroanalytisches Laboratorium Kolbe, Germany.
2.4.2 Synthesis of ligands and iron complexes
Synthesis of (S,S)-bis-isoindoline
(S,S)-bis-isoindoline was prepared following a reported procedure.[28] 1H NMR (400
MHz, CDCl3): δ 7.34 – 7.36 (m, 2H), 7.30 – 7.25 (m, 6H), 4.96 (s, 2H), 4.23 (dd, J =
13.7 Hz, J = 33.1 Hz, 4H), 2.36 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 142.32, 141.50,
N
N
H
H
127.34, 126.95, 122.60, 122.27, 66.26, 52.00. Spectral properties of the product are in
agreement with the literature data.
Synthesis of pyridine synthons
PyCH2Cl·HCl was purchased from Acros. TIPSPyCH2Cl was synthesized following the synthetic route
described below starting from TIPSPyCHO.
TIPS

PyCHO was prepared following a reported procedure.[27] 1H NMR (400 MHz,
Si
CDCl3) δ 10.09 (s, 1H), 8.84 (s, 1H), 7.95 (ddd, J = 18.3, 7.6, 1.2 Hz, 2H), 1.53 – 1.40
(m, 3H), 1.08 (d, J = 7.4 Hz, 18H). 13C NMR (100 MHz, CDCl3) δ 193.90, 155.59,
N
O 152.42, 143.98, 137.05, 120.46, 18.34, 10.59. Spectral properties of the product are in
agreement with the literature data.
TIPS

PyCH2OH Dry methanol (10 mL) was added to NaBH4 (160mg, 4 mmol) under
Si
N2 and the resulting suspension was stirred for 3 min. A solution of TIPSPyCHO (526
mg, 2 mmol) in dry methanol (10 mL) was added. The reaction was stirred at room
N
OH temperature for 30 min. The solution was diluted with CH2C12, washed with saturated
NaHCO3, and the aqueous layer was extracted with CH2C12 (2x). The combined organic extracts were
dried with MgSO4 and concentrated to afford 524 mg of a yellow solid (99% yield), which was pure
enough for the next step. 1H NMR (400 MHz, CDCl3) δ 8.61 (s, 1H), 7.76 (dd, J = 7.7, 1.8 Hz, 1H), 7.24
(d, J = 7.7 Hz, 1H), 4.75 (s, 2H), 1.47 – 1.35 (m, 6H), 1.07 (d, J = 7.5 Hz, 18H). 13C NMR (101 MHz,
CDCl3) δ 158.93, 154.10, 143.57, 128.34, 119.93, 64.06, 18.38, 10.59. HRMS (ESI-MS) calcd. m/z for
C15H28NOSi ([M+H]+): 266,1940, found 266,1922. IR (ṽ, cm-1): 3208, 2941, 2865, 1585, 1460, 1367,
1346, 1065, 993, 882, 681, 638.
TIPS

PyCH2Cl Dry CH2C12 (15 mL) was added to

TIPS

PyCH2OH (524mg, 2 mmol)

under N2 and the resulting mixture was cooled on an ice bath with stirring.
Subsequently, thionyl chloride (219 µL, 3 mmol) was added dropwise. The reaction
N
Cl was stirred at 0 oC for 1.5 h. The solution was diluted with CH2C12, washed with
saturated NaHCO3, and the aqueous layer was extracted with CH2C12 (2x). The combined organic
extracts were dried with MgSO4 and concentrated to afford a light brown solid (540 mg, 95% yield),
Si
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which was pure enough for the next step. 1H NMR (400 MHz, CDCl3) δ 8.63 (s, 1H), 7.81 (d, J = 7.7
Hz, 1H), 7.45 (d, J = 7.7 Hz, 1H), 4.67 (s, 2H), 1.45 – 1.35 (m, 6H), 1.07 (d, J = 7.5 Hz, 18H). 13C NMR
(100 MHz, CDCl3) δ 156.27, 154.91, 144.10, 129.63, 121.93, 46.68, 18.37, 10.59. HRMS (ESI-MS)
calcd. m/z for C15H27ClNSi ([M+H]+): 284,1601, found 284,1595. IR (ṽ, cm-1): 2946, 2865, 1578, 1456,
1015, 1105, 991, 881, 662, 681.
Synthesis of ligands
(S,S)-BPBP was prepared following a reported procedure.[20]
(S,S)-BPBI NaOH (320 mg, 8 mmol) was added to a round bottom flask charged
with a stir bar and PyCH2Cl·HCl (2-(chloromethyl)pyridine hydrochloride) (361 mg,
N
N
2.2 mmol) dissolved in CH2Cl2 (5 mL) and H2O (5 mL). Subsequently, a solution
containing (S,S)-bis-isoindoline (236 mg, 1.0 mmol) was added. The combined
N
N
mixture was vigorously stirred overnight. At this point, the organic phase was
separated and the aqueous phase was extracted with CH2Cl2 (3 x 6 mL). The
combined organic extracts were dried over MgSO4 and the solvent was eliminated under vacuum. The
obtained brown oil was purified by silica column (petroleum ether:EtOAc 50:50 at first, then
CH2Cl2:MeOH:NH3 94:5:1) to provide 326 mg (0.78 mmol, yield 78%) of a brown oil. 1H NMR (400
MHz, CDCl3) δ 8.56 (s, 2H), 7.68 (t, J = 7.7 Hz, 2H), 7.56 – 7.52 (m, 2H), 7.34 (d, J = 7.6 Hz, 2H), 7.19
– 7.16 (m, 2H), 7.08 – 7.00 (m, 4H), 6.96 – 6.90 (m, 2H), 4.56 (s, 2H), 4.43 (d, J = 14.4 Hz, 2H), 4.38
(d, J = 13.2 Hz, 2H), 3.97 (d, J = 14.4 Hz, 2H), 3.85 (d, J = 13.2 Hz, 2H). 13C NMR (100 MHz, CDCl3)
δ 160.02, 148.92, 140.70, 139.71, 136.62, 126.59, 126.27, 123.47, 122.78, 122.01, 121.59, 71.22, 61.10,
58.99. HRMS (ESI-MS) calcd. m/z for C28H27N4 ([M+H]+): 419.2236, found 419.2232. IR (ṽ, cm-1):
2940, 2922, 1710, 1550, 1440, 1342, 1320, 1110, 1021, 750, 695

Si
N
N
N
N

(S,S)-TIPSBPBI was prepared in an analogous manner to (S,S)-BPBI starting
from (S,S)-bis-isoindoline and TIPSPyCH2Cl. The brown residue was purified
by silica column (petroleum ether:EtOAc 90:10 at first, then
CH2Cl2:MeOH:NH3 90:9:1) to provide a brown oil (48% yield). 1H NMR
(400 MHz, CDCl3) δ 8.62 (s, 2H), 7.79 (dd, J = 7.8, 1.8 Hz, 2H), 7.55 (d, J =
7.7 Hz, 2H), 7.37 (d, J = 7.6 Hz, 2H), 7.09 – 7.02 (m, 4H), 6.94 (t, J = 7.4 Hz,
2H), 4.61 (s, 2H), 4.49 (d, J = 14.7 Hz, 2H), 4.42 (d, J = 13.2 Hz, 2H), 3.97

Si

(d, J = 14.7 Hz, 2H), 3.86 (d, J = 13.2 Hz, 2H), 1.46 – 1.36 (m, 6H), 1.09 (dd,
J = 7.5, 1.7 Hz, 36H). 13C NMR (100 MHz, CDCl3) δ 160.02, 154.61, 143.64,
140.75, 139.81, 127.73, 126.55, 126.23, 123.50, 121.85, 121.58, 71.18, 60.91, 59.01, 18.47, 10.64.
HRMS (ESI-MS) calcd. m/z for C46H67N4Si2 ([M+H]+): 731,4904, found 731.4984. IR (ṽ, cm-1): 2942,
2864, 2805, 1720, 1580, 1460, 1360, 1342, 1106, 1013, 881, 730, 677, 643.
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Synthesis of iron complexes
[Fe(OTf)2(S,S-BPBP)] (1) was prepared following a reported procedure.[34] 1H NMR (400 MHz, CD2Cl2)
δ 180.67, 114.48, 76.82, 51.50, 49.73, 32.54, 27.80, 15.62, 9.03, -2.07, -9.42, -21.01.
[Fe(OTf)2(S,S-BPBI)] (2) Under a nitrogen atmosphere, a solution of (S,S)-BPBI (260 mg, 0.62 mmol)
in THF (2 mL) was added to a vigorously stirred solution of Fe(OTf)2·CH3CN (270 mg, 0.62 mmol) in
THF (2 mL) at room temperature. The reaction mixture turned brown slowly. After stirring overnight,
the solvent was removed in vacuo to give a brown powder, which was recrystallized from CH2Cl2 and
hexane to afford yellow crystals in 65% yield. 1H NMR (400 MHz, CD2Cl2) δ 162.42 (s), 136.13 (s),
85.70 (s), 56.33 (s), 49.39 (s), 15.45 (s), 12.43 (s), 7.11 (s), 3.63 (s), 3.51 (s), 2.78 (s), 1.19 (s), -9.60 (s).
19
F NMR (376 MHz, CD2Cl2) δ -28.96. HRMS (ESI-MS) calcd. m/z for C29H26F3FeN4O3S ([M-OTf]+):
623,1027, found 623,1033. Elemental analysis calcd. (%) for C30H26F6FeN4O6S2×1/2 CH2Cl2: C 44.95,
H 3.34, N 6.87, found C 44.45, H 3.27, N 6.51. IR (ṽ, cm-1): 2962, 2924, 1607, 1445, 1302, 1259, 1235,
1214, 1156, 1051, 1020, 797, 760, 633.
[Fe(OTf)2(S,S-TIPSBPBI)] (3) Under a nitrogen atmosphere, a solution of (S,S)-BPBI (170 mg, 0.23
mmol) in THF (1 mL) was added to a vigorously stirred solution of Fe(OTf)2·CH3CN (101 mg, 0.23
mmol) in THF (1 mL) at room temperature. The reaction mixture turned brown slowly. After stirring
overnight, 6 mL diethyl ether was layered to the reaction mixture carefully. In a few days, yellow
crystals were obtained in 55% yield. 1H NMR (400 MHz, CD2Cl2) δ 164.62 (s), 124.59(s), 83.54 (s),
47.07 (s), 14.05 (s), 11.62 (s), 8.27 (s), 7.93 (s), 4.01 (s), 3.70 (s), 1.21 (s), 0.53 (s), -10.67 (s). 19F NMR
(376 MHz, CD2Cl2) δ -38.05. HRMS (ESI-MS) calcd. m/z for C47H66F3FeN4O3SSi2 ([M-OTf]+):
935,3696, found 935,3749. Elemental analysis calcd. (%) for C48H66F6FeN4O6S2Si2: C 53.13, H 6.13, N
5.16, found C 52.79, H 6.17, N 5.08. IR (ṽ, cm-1): 2947, 2868, 1625, 1598, 1463, 1425, 1287, 1234,
1222, 1159, 1027, 851, 759, 729, 635.
2.4.3 X-ray crystal structure determination
X-ray crystal structure determination of 2
C30H26F6FeN4O6S2 · CH2Cl2, Fw = 857.44, yellow plate, 0.30 ´ 0.21 ´ 0.04 mm3, monoclinic, P21 (no.
4), a = 9.4763(3), b = 19.7106(6), c = 10.4929(7) Å, b = 116.646(3) °, V = 1751.74(14) Å3, Z = 2, Dx =
1.626 g/cm3, µ = 0.78 mm-1. 41887 Reflections were measured on a Bruker Kappa ApexII diffractometer
with sealed tube and Triumph monochromator (l = 0.71073 Å) at a temperature of 150(2) K up to a
resolution of (sin q/l)max = 0.65 Å-1. The intensities were integrated using the Eval15 software.[43] A
numerical absorption correction and scaling was performed with SADABS[44] (correction range 0.850.99). 8031 Reflections were unique (Rint = 0.021), of which 7728 were observed [I>2s(I)]. The
structure was solved with Patterson superposition methods using SHELXT.[45] Least-squares refinement
was performed with SHELXL-2014[46] against F2 of all reflections. Non-hydrogen atoms were refined
freely with anisotropic displacement parameters. All hydrogen atoms were located in difference Fourier
maps and refined with a riding model. 470 Parameters were refined with one restraint (shifting origin).
R1/wR2 [I > 2s(I)]: 0.0281 / 0.0669. R1/wR2 [all refl.]: 0.0299 / 0.0679. S = 1.040. Flack parameter x
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= 0.010(4) from a refinement as inversion twin.[47] Residual electron density between -0.37 and 0.69
e/Å3. Geometry calculations and checking for higher symmetry were performed with the PLATON
program.[36]
X-ray crystal structure determination of 3
C48H66F6FeN4O6S2Si2 + disordered solvent, Fw = 1085.19[48], yellow block, 0.44 ´ 0.41 ´ 0.22 mm3,
triclinic, P1 (no. 1), a = 10.8640(4), b = 12.7880(4), c = 23.6499(8) Å, a = 84.941(2), b = 81.667(2), g
= 67.060(1) °, V = 2992.07(18) Å3, Z = 2, Dx = 1.205 g/cm3[48], µ = 0.42 mm-1[48]. 131341 Reflections
were measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph monochromator
(l = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin q/l)max = 0.65 Å-1. The intensities
were integrated with the Eval15 software.[43] Multiscan absorption correction and scaling was performed
with SADABS[44] (correction range 0.70-0.75). 27514 Reflections were unique (Rint = 0.016), of which
26959 were observed [I>2s(I)]. The structure was solved with Patterson superposition methods using
SHELXT.[45] Least-squares refinement was performed with SHELXL-2014[46] against F2 of all
reflections. The crystal structure contains large voids (481 Å3 / unit cell) filled with disordered THF
solvent molecules. Their contribution to the structure factors was secured by back-Fourier
transformation using the SQUEEZE algorithm[49] resulting in 95 electrons / unit cell. Non-hydrogen
atoms were refined freely with anisotropic displacement parameters. One of the coordinated triflate
ligands was refined with a disorder model. Hydrogen atoms were introduced in calculated positions and
refined with a riding model. 1322 Parameters were refined with 619 restraints (distances and angles of
all triflate groups, displacement parameters of the disordered triflate ligand). R1/wR2 [I > 2s(I)]: 0.0203
/ 0.0546. R1/wR2 [all refl.]: 0.0210 / 0.0550. S = 0.991. Flack parameter x = 0.0052(13) from intensity
quotients.[50] Residual electron density between -0.37 and 0.65 e/Å3. Geometry calculations and
checking for higher symmetry were performed with the PLATON program.[36]
2.4.4 Reaction protocol for catalytic studies
Catalytic oxidation of substrate 1, 7 and 19, Method A
A 20 mL vial was charged with: substrate (0.36 mmol, 1 equiv.), catalyst (3.6 µmol, 1 mol%), CH3CN
(1.5 mL). A 0.5 M CH3CO2H solution in CH3CN was added (0.36 mL, 0.18 mmol, 50 mol%). The vial
was cooled on an ice bath with stirring. Subsequently, a 1.0 M H2O2 solution in CH3CN (0.43 mL, 0.43
mmol, 120 mol%, diluted from a 35% H2O2 aqueous solution) was delivered by syringe pump over 6
min. After the oxidant addition, the resulting mixture was stirred at 0 °C for another 10 min. At this
point, a 1.0 M nitrobenzene solution in CH3CN (0.36 mL, 0.36 mmol) was added as internal standard.
The solution was diluted with Et2O to precipitate the iron complex, passed through a cotton wool filter
to remove the catalyst. Subsequently, a sample was submitted to GC analysis. GC analysis of the
solution provided substrate conversions and product yields relative to the internal standard integration.
Products were identified by comparison to the GC retention time of authentic samples.
Catalytic oxidation of substrate 11 and 15, Method B
A 20 mL vial was charged with: substrate (0.36 mmol, 1 equiv.), catalyst (3.6 µmol, 1 mol%), CH3CN
(1.5 mL). A 0.5 M CH3CO2H solution in CH3CN was added (0.36 mL, 0.18 mmol, 50 mol%). The vial
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was cooled on an ice bath with stirring. Subsequently, a 1.0 M H2O2 solution in CH3CN (0.54 mL, 0.54
mmol, 150 mol%, diluted from a 35% H2O2 aqueous solution) was delivered by syringe pump over 30
min. After the oxidant addition, the resulting mixture was stirred at 0 °C for another 1.5 h. At this point,
a 1.0 M nitrobenzene solution in CH3CN (0.36 mL, 0.36 mmol) was added as internal standard. The
solution was diluted with Et2O to precipitate the iron complex, passed through a cotton wool filter to
remove the catalyst. Subsequently, a sample was submitted to GC analysis. GC analysis of the solution
provided substrate conversions and product yields relative to the internal standard integration. Products
were identified by comparison to the GC retention time of authentic samples.
Catalytic oxidation of substrate 23 and 26, Method C
A 20 mL vial was charged with: substrate (0.36 mmol, 1 equiv.), catalyst (3.6 µmol, 1 mol%), CH3CN
(1.5 mL). A 0.5 M CH3CO2H solution in CH3CN was added (0.36 mL, 0.18 mmol, 50 mol%). The vial
was cooled on an ice bath with stirring. Subsequently, a 1.0 M H2O2 solution in CH3CN (0.43 mL, 0.43
mmol, 120 mol%, diluted from a 35% H2O2 aqueous solution) was delivered by syringe pump over 30
min. After the oxidant addition, the resulting mixture was stirred at 0 °C for another 2 h. At this point,
a 1.0 M nitrobenzene solution in CH3CN (0.36 mL, 0.36 mmol) was added as internal standard. The
solution was diluted with Et2O to precipitate the iron complex, passed through a cotton wool filter to
remove the catalyst. Solvent was removed in vacuo and a sample was submitted to 1H NMR analysis.
1
H NMR analysis of oxidation of 23 was performed by comparison of the hydrogen α to the acetate
group at 4.67 ppm (in 23), 4.98 ppm (in 24) and 4.81 ppm (in 25).[51] 1H NMR analysis of oxidation of
26 was performed by comparison of the hydrogen ε to the ester group at 0.93 ppm (in 26), 2.13 ppm (in
27) and 1.05 ppm (in 28).[52]
Catalytic oxidation of substrate 29 and 30, Method D
A 5 mL vial was charged with: substrate (40 µmol, 1 equiv.), catalyst (1.2 µmol, 3 mol %), CH3CN (0.8
mL) and a magnetic stir bar. A 1.74 M CH3CO2H solution in CH3CN was added (35 µL, 60 µmol, 150
mol%). The vial was cooled on an ice bath with stirring. Subsequently, a 1.5 M H2O2 solution in CH3CN
(0.2 mL, 250 mol%, diluted from a 35% H2O2 aqueous solution) was delivered by syringe pump over
30 min. After the oxidant addition, the resulting mixture was stirred at 0 °C for another 10 min. Biphenyl
(20 µmol) was added at this point as internal standard. The iron complex was removed by passing the
solution through a short path of silica followed by elution with 2 mL of EtOAc. Finally, the solution
was subjected to GC analysis. GC analysis of the solution provided substrate conversions and product
yields relative to the internal standard integration. Products were identified by comparison to the GC
retention time of authentic samples.
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Chapter 3
Epoxidation of Methyl Linoleate Catalyzed by
Fe(N2Py2) Complexes with Hydrogen Peroxide as the Oxidant

Abstract
Epoxidized vegetable oils and poly-unsaturated acids (and esters) with different oxirane
contents are industrially interesting products that can be used in different domains, based on
their physicochemical properties. Although many efforts have been spent on the epoxidation of
vegetable oils and their derivatives, the attention to selective epoxidation of poly-unsaturated
fatty acids (and esters) in terms of partial and full epoxidation is still rather limited. In this
chapter, an epoxidation method for methyl linoleate is described using various Fe(N2Py2)
complexes as catalysts and H2O2 as the oxidant. Using 1 mol% of [Fe(OTf)2(BPBI)] (6) or
[Fe(OTf)2(mix-BPBP)] (5), mono-epoxides (42%) or di-epoxides (92%) can be obtained as
predominant products in very short reaction times of 1 h or 5 min, respectively. Catalytic
protocols using these catalysts can accordingly be used when partial epoxides or full epoxides
are preferably needed. In addition, the selectivities for epoxidation in both cases are very high
(>90%) and the reaction temperatures are very mild (room temperature or 0 oC). Further kinetic
studies revealed a rather fast catalyst deactivation, and therefore, slow oxidant or catalyst
addition protocols were explored to overcome this issue, and more importantly, to investigate
the impacts on the mono-epoxides/di-epoxides (M/D) ratio. In general, slow oxidant addition
suppresses di-epoxidation progression, while slow catalyst addition leads to increased
formation of di-epoxides in this study. Finally, the O-transfer selectivity to different epoxide
products for some Fe(N2Py2) catalysts has been studied, which reveals that these have a small,
but significant preference for mono-epoxidation over di-epoxidation.
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3.1 Introduction
In recent years, vegetable oils and their derivatives have attracted extensive attention as
promising alternatives to replace fossil resources for the production of chemicals and fuels,
because of their abundance from renewable resources, biodegradability, non-toxic natures, and
high carbon content.[1–4] However, the current utilization of vegetable oils and their derivatives
is rather limited due to their low oxidative stability, poor low-temperature properties, and
narrow range of viscosity.[5–7] Epoxidizing the C═C bonds in unsaturated vegetable oils can
largely improve the physicochemical properties of these oils.[5,8] In addition, epoxidized
vegetable oils and their derivatives with different oxirane contents can be used in different areas,
depending on their varying physicochemical properties.[9] Partial epoxidation of polyunsaturated fatty acids and esters leads to relatively low viscosities and melting points of the
epoxides, which makes them ideal for the production of reactive diluents.[10] On the contrary,
fully epoxidized oils, fatty acids, or their esters show a high oxidative stability, and relatively
high viscosities and melting points. In this context, they are widely used as building blocks for
producing polyvinyl chloride (PVC) plasticizers and stabilizers,[9,11] surfactants, lubricants, and
surface coatings formulations.[9,12,13]
Industrial epoxidation of vegetable oils is traditionally carried out with percarboxylic acids
through the so-called Prilezhaev reaction, which uses formic (or acetic) acid and hydrogen
peroxide to generate the peracid oxidant in situ by means of a mineral acid catalyst (e.g., sulfuric
acid). This process is commonly used to perform full epoxidation of unsaturated compounds.
Furthermore, the use of strong mineral acids results in a low selectivity because of undesirable
epoxy ring-opening reactions and causes equipment corrosion problems. Thus, numerous
catalytic epoxidation methods for the epoxidation of vegetable oils have been reported in order
to avoid the drawbacks of the Prilezhaev process (see examples in Chapter 5 of this thesis).
Nevertheless, only very limited studies have emphasized the selective epoxidation of vegetable
oils and poly-unsaturated fatty acids in terms of partial and full epoxidation.[9] Some of the
recent reports on catalytic (selective) epoxidation of a typical poly-unsaturated fatty acid ester,
methyl linoleate (ML, Scheme 1), are discussed below.
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Scheme 1. Catalytic epoxidation of methyl linoleate.

In 2004, Woo and co-workers studied the catalytic epoxidation of ML with methyltrioxorhenium

(MTO)/H2O2/pyridine

and

manganese

tetraphenylporphyrin

chloride

(Mn(TPP)Cl)/NaOCl/n-Bu4NBr catalytic systems.[14] Full conversion of ML could be achieved
with 1 mol% MTO in 6 h, with a roughly 1/1 mono-epoxides/di-epoxides (M/D) ratio. Monoepoxides were found to be the major products (63%) when Mn(TPP)Cl (2 mol%) was used as
catalyst, providing a M/D ratio of 3.5. Unfortunately, both cases required large excess amounts
of oxidants (3.6 equiv. H2O2 and 4.8 equiv. NaOCl, respectively), and showed relatively low
epoxidation selectivities (77% for MTO, 63% for Mn(TPP)Cl). Guidotti et al. reported that
using niobium(V)-containing silica catalysts, mono-epoxides were preferably formed with a
selectivity in the range of 80-93% in the presence of H2O2.[15] In this case a very high catalyst
loading (100 mg for 1 mmol ML) and reflux temperature (MeCN) were used. Also using MTO
as catalyst, Salimon et al. achieved mainly partial epoxidation of ML with a mono-epoxides
yield of 46% at room temperature.[9] This method is not efficient for full epoxidation though.
Full epoxidation was only obtained in this study by utilizing the conventional Prilezhaev
method. Another example is the use of CoCuAl ternary layered double hydroxides (LDHs) as
catalysts for the epoxidation of ethyl linoleate using tert-butyl hydroperoxide (TBHP) as the
oxidant.[16] Co30Cu70Al-LDH was found to be the most efficient for di-epoxidation, providing
a M/D ratio of 13/87 at 85% conversion. A high reaction temperature (110 oC) was essential
for di-epoxidation, as a moderate 71/29 M/D ratio was obtained at room temperature, yet at a
much lower conversion (44%). In 2016 Crucianelli and co-workers reported an
oxovanadium(IV) complex for the catalytic epoxidation of ML, which gave a mixture of monoand di-epoxides (M/D = 2) using up to 2.0 equiv. of TBHP per double bond in 8 h (Figure
1a).[17] Very recently, two catalytic systems based on molybdenum(VI) complexes have been
reported for ML epoxidation by the Pillinger group, both resulting in a mixture of monoepoxides and di-epoxides.[18,19] When an oxidomolybdenum(VI) complex bearing a bidentate
2-(2-pyridyl)-benzimidazole ligand was employed (Figure 1b), 46% mono-epoxides and 25%
di-epoxides were obtained, albeit at 92% ML conversion.[18] In the reaction using an
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oxodiperoxomolybdenum(VI) complex containing coordinated 4,4’-bipyridinium (Figure 1c),
the yield of mono-epoxides and di-epoxides were 61% and 25% after 24 h, respectively.[19]
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Figure 1. Structures of some complexes reported for ML epoxidation.

From the above literature examples and to the best of our knowledge, there are still no efficient
catalytic systems reported for selective epoxidation of ML to generate either mono- or diepoxides as the predominant products separately under mild reaction conditions. In our group’s
continuous investigations on oxidative transformations of unsaturated fatty acids and esters,
molecular catalysts based on the abundant base metal iron were previously used for the one-pot
oxidatively cleavage of mono-unsaturated fatty acids and esters.[20] This process was initiated
by catalytic epoxidation of the substrate with Fe/H2O2/AcOH catalytic systems, in which iron(II)
complexes derived from tetradentate bis-alkylamine-bis-pyridine (N2Py2) ligands were used.
In this study, these catalytic systems are further extended for the epoxidation of polyunsaturated fatty acid esters, using ML as the model substrate. It was found that it is possible
to obtain mono-epoxides or di-epoxides as predominant products in about 40 or 90% yield,
respectively, depending on which Fe(N2Py2) catalyst is used. Additionally, the catalytic
reactions were optimized for mild reaction conditions, i.e. low reaction temperature and short
reaction time. This chapter furthermore details the investigations on the influence of various
reaction parameters on the reaction progression and the M/D ratio and on the selectivity of Odistribution to either mono- or di-epoxides for some of the catalysts.

3.2 Results and Discussion
A series of non-heme Fe(N2Py2) complexes with modifications on both the alkylamine and
pyridine moieties were chosen to catalyze the epoxidation of ML with H2O2 as the oxidant
(Figure 2). Amongst them, [Fe(OTf)2(BPMEN)] (1),[21] [Fe(OTf)2(S,S-BPBP)] (2),[22] and
[Fe(OTf)2(S,S-BPBI)]

(6),[23]

where

BPMEN

=

N,N’-dimethyl-N,N'-bis(2-

picolyl)ethylenediamine, BPBP = N,N’-bis(2-picolyl)-2,2’-bispyrrolidine, and BPBI = N,N’bis(2-picolyl)-2,2’-bis-isoindoline, have alkylamine moieties with different rigidities in their
68

Chapter 3 Epoxidation of Methyl Linoleate Catalyzed by Fe(N2Py2) Complexes with Hydrogen Peroxide as the Oxidant

backbone. Specifically, more rigid pyrrolidine rings are present in 2 as opposed to the
methylamines in 1.[22] Complex 6 bears a rigid bis-isoindoline backbone via the formal
introduction of benzene moieties on the pyrrolidine rings in 2,[23] as discussed in Chapter 2 of
this thesis. Based on BPBP-complex 2, electronic ligand effects were investigated by the
incorporation of electron-donating or electron-withdrawing groups on the appended pyridine
rings ( [Fe(OTf)2(S,S-dMMBPBP)] (3)[24,25] or [Fe(OTf)2(S,S-CO2EtBPBP)][26] (4),
respectively). [Fe(OTf)2(mix-BPBP)] (5) derived from a non-resolved mixture of racemic
BPBP ligands, which showed retained overall reactivity and selectivity properties with respect
to its optically pure components (for example 2) in oxidation reactions (both epoxidation and
C–H oxidation) in a previous study,[27] has also been tested in ML epoxidation. 5 represents a
promising catalyst candidate as the costly and low yielding step of the resolution of the racemic
mixture of the 2,2′-bipyrrolidine building block is not involved in the synthesis of 5.[27] The
influence of the steric properties of the catalyst was evaluated with [Fe(OTf)2(S,S-TIPSBPBI)]
(7, also see Chapter 2 of this thesis),[23,28] where bulky tris-(isopropyl)-silyl (TIPS) groups are
present at one of the meta-positions of the pyridine rings.
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Figure 2. Non-heme iron complexes used in this study.

3.2.1 Catalytic properties of different Fe(N2Py2) complexes
The different catalysts were first evaluated for the epoxidation of ML (1 equiv.), with 1 mol%
catalyst (i.e., 0.5 mol% per double bond), 1.5 mol% AcOH, and 1.5 equiv. of H2O2 (i.e., 0.75
equiv. per double bond) in MeCN at ambient temperature. When the simple iron salt
Fe(OTf)2·2CH3CN (1 mol%) was used, no epoxide products were observed and only trace
amounts (5%) of ML were converted (Table 1, entry 1). Subsequently, iron complexes 1-7 with
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N2Py2 ligands, as detailed above, were employed for the epoxidation of ML. The formation of
epoxides was observed in all cases (entries 2-8), showing that the use of Fe(N2Py2) complexes
is crucial to achieve catalytic epoxidation of ML under the current conditions. The reaction with
catalyst 1 yielded 20% of mono-epoxides, without the detection of di-epoxides by means of
GC-analysis, at 40% ML conversion (entry 2). Iron complex 2, with the more rigid
bispyrrolidine ligand backbone, showed a significantly higher reactivity, giving rise to
moderate yields of mono-epoxides and di-epoxides (47% and 32%, respectively) at 90% ML
conversion (entry 3). Similarly, improved reactivities have also been found in previous studies
in aliphatic C–H oxidation by increasing the rigidity of the alkylamino backbone from 1 to 2.[22]
In terms of the mono-epoxidation over di-epoxidation ratio, a value of 1.5 was obtained with 2.
Introducing electron-donating groups on the pyridine donors in 2 lead to a slight increase in
catalyst activity and an increased yield of di-epoxides (entry 4, 39% with 3 vs. 32% with 2),
with the yield of mono-epoxides remaining nearly the same (46%). As a result, the M/D ratio
was found to decrease from 1.5 to 1.2 (entry 4). On the contrary, upon introduction of electronwithdrawing groups to the pyridine rings, i.e., catalyst 4 was employed, a significant drop in
activity (73% ML conversion) and formation of di-epoxides was observed (11%), leading to a
higher M/D ratio of 3.5 (entry 5). The electronic properties of the pyridines in the N2Py2 ligand
have been previously reported to have strong and systematic impacts on epoxidation reactions,
i.e., electron-donating substituents were found to accelerate the epoxidation process, while
electron-withdrawing ones have a negative impact on substrate conversion.[24] Therefore, in the
epoxidation of ML, the over-epoxidized di-epoxide products are more preferably formed in the
presence of 3. In contrast, less double bonds are converted with 4, leading to a higher M/D ratio
and an overall lower conversion. As expected, catalyst 5 provided nearly the same catalytic
outcome as 2, with a slight erosion in conversion (85%) and a similar M/D ratio (1.7, entry 6).
These observations are consistent with previous findings that 5 retains the reactivity and
selectivity properties of 2 in epoxidation reactions.[27] Mono-epoxides were much more
preferentially formed (42%) compared to di-epoxides, when performing the reaction in the
presence of catalyst 6, albeit at a much lower substrate conversion (52%, entry 7). In this case,
only small amounts of di-epoxides (4.6%) were formed, giving rise to a very high M/D ratio of
9 (entry 7). Similarly, a general decrease in conversions in aliphatic C–H oxidation using 6 as
catalyst compared to the use of 2 was found in Chapter 2.[23] Introduction of bulky TIPS groups
at the meta-position of the pyridine rings as in 7 lead to a significant increase in conversion
from 52% to 87% (entry 8), with much more di-epoxides formed, therefore, a much lower M/D
ratio was obtained (1.4, entry 8). This result is in line with previous findings that complex 7 has
a higher catalytic activity than 6 in C–H bond oxidations.[23,28]
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Table 1. Epoxidation of ML catalyzed by different Fe(N2Py2) complexes. a)
Entry

Catalyst

Conv.

Mono-

Di-epoxies

(%)b)

epoxides

(%)b)

(%)
1

Fe(OTf)2

M/Dc)

Epoxide
selectivity

b)

(%)d)

5

0

0

-

0

·2CH3CN
2

1

40

20

-

-

50

3

2

90

47

32

1.5

88

4

3

92

46

39

1.2

92

5

4

73

39

11

3.5

68

6

5

85

48

28

1.7

89

7

6

52

42

4.6

9

90

8

7

87

43

30

1.4

84

a)

General reaction conditions: ML (0.5 mmol), catalyst (1 mol %, w.r.t. ML), AcOH (1.5 mol% w.r.t.
ML) and H2O2 (1.5 equiv., w.r.t. ML, added at once) were mixed in MeCN at room temperature (RT),
and reaction mixture was stirred for 1 h. b) Conversion of ML and epoxides yields were determined by
GC analysis. c) M/D = mono-epoxides yield / di-epoxides yield. d) Epoxide selectivity = {(monoepoxides yield + di-epoxides yield) / ML conversion} x 100%

As can be seen in Table 1, BPBP-based iron complexes generally exhibited good reactivities in
the epoxidation of ML (>85% ML conversion) and high epoxide selectivities (>85%) at 1 mol%
catalyst loading (entries 3, 4, and 6). This general observation does not apply to complex 4,
which has electronically deactivating groups on the pyridine moieties (entry 5). Not
surprisingly, the less reactive catalyst 6 gave the highest M/D ratio as di-epoxidation is largely
attenuated. Nevertheless, 6 still provided an excellent epoxide selectivity of 90% (entry 7).
3.2.2 Influence of various reaction conditions
In the production of epoxidized fatty acids and esters for industrial uses, stereo-induction is not
required (enantioselective epoxidation with the chiral catalysts was not investigated in this
study either). Therefore, the less elaborated and less expensive, but reactivity-retained complex
5 was used as catalyst to examine solvent effects on the epoxidation of ML. Performing the
reaction in other solvents than acetonitrile generally led to poor outcomes. 10%, 54%, and 7%
conversion were found in CH2Cl2, MeOH, and DMF, respectively (entries 1-3, Table 2). Only
the reaction using acetone as solvent provided a similar conversion as the reaction in MeCN,
with a somewhat higher M/D ratio (83% vs. 85%, 2.1 vs. 1.7, respectively; entry 4). However,
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in view of safety considerations, acetone is not an ideal solvent for large-scale reactions due to
the formation of explosive acetone peroxides in the presence of H2O2. The set of catalysts tested
here was found to be poorly soluble in some other solvents, including ethyl acetate, THF, and
toluene.
Increasing the loading of AcOH (1.5 mol% to 500 mol%) or catalyst 5 (1 mol% to 2 mol%),
both resulted in increased conversions of ML (95% and 90%, respectively) and yielded diepoxidation products preferably, providing a M/D ratio of 0.5 in both cases (entries 5 and 6). It
was also found that lowering the reaction temperature to 0 oC is beneficial for the epoxidation
of double bonds (95% conversion and 0.5 M/D ratio, entry 7). On the basis of these findings,
an optimized catalytic protocol was tested to obtain full epoxidation. To do so, the reaction was
performed with 2.2 equiv. of H2O2 (excess H2O2 w.r.t. double bond), 1 mol% of 5, and 100 mol%
of AcOH at 0 oC, achieving an excellent yield of 92% of di-epoxides in only 5 min as monitored
by GC, with full conversion of ML and without the detection of mono-epoxidized products
(entry 8). Given the short reaction time, the H2O2 oxidant was added at once at the beginning
of the reaction.
Table 2. Epoxidation of ML catalyzed by 5 with various reaction conditions.a)
Entr

5

AcOH

solvent

y

Loading

loading

(mol%)

(mol%)

1

1

1.5

CH2Cl2

2

1

1.5

3

1

4

M/Dc)

Conv.

Mono-

Di-

(%)b)

epoxides

epoxies

selectivity

(%)b)

(%)b)

(%)f)

10

5

0

-

50

MeOH

54

18

1.2

15

36

1.5

DMF

7

0

0

-

0

1

1.5

acetone

83

46

22

2.1

82

5

1

500

MeCN

95

30

60

0.5

95

6

2

1.5

MeCN

90

28

57

0.5

94

7d)

1

1.5

MeCN

95

29

61

0.5

95

8e)

1

100

MeCN

>99

0

92

-

92

a)

Epoxide

General reaction conditions: ML (0.5 mmol), 5 (1 mol%, w.r.t. ML), AcOH (1.5 mol% w.r.t. ML) and
H2O2 (1.5 equiv., w.r.t. ML, added at once) were mixed in the indicated solvent at room temperature
(RT), and the reaction mixture was stirred for 1 h. b) Conversion of ML and epoxides yields were
determined by GC analysis. c) M/D = mono-epoxides yield / di-epoxides yield. d) Reaction temperature
was 0 oC. e) 2.2 equiv. of H2O2 were added, the reaction was carried out at 0 oC for 5 min. f) Epoxide
selectivity = {(mono-epoxides yield + di-epoxides yield) / ML conversion} x 100%
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3.2.3 Monitoring reaction over time; further protocol improvement
As illustrated in Tables 1 and 2, it is clear that the conversion of ML and M/D ratios are largely
dependent of the reactivities of the catalysts and the loadings of reagents. Systematic increases
in substrate conversion and di-epoxides yield have been observed in response to the improved
catalytic activity of the iron complexes. Adding more catalyst, H2O2, or AcOH also leads to
increased consumptions of double bonds in both the ML starting material and in intermediate
mono-epoxide products. Di-epoxides can be obtained as the predominant product with 92%
yield using 5 as catalyst under optimized reaction conditions (see entry 8, Table 2). In order to
obtain insight into the influence of different reaction parameters on reaction progression as a
function of time, which in turn provides information on the real-time formation of mono- and
di-epoxide products, reaction time profiles were examined.
First, ML epoxidation using 2 as catalyst (1 mol%), with 2 equiv. of H2O2 (1 equiv. w.r.t. to
double bond), and 1 equiv. of AcOH was monitored over time. Surprisingly, the conversion of
ML was found to be nearly complete after 2 min, with only 7.7% of remaining starting material
(rSM) in the reaction mixture (Figure 3, top). At the same point in time, the highest amount of
mono-epoxides (47.4%) and 40% of di-epoxides was observed. Only 1.7% of ML was
converted in the following 3 min, leaving 6% of remaining ML after 5 min of reaction time. At
this point in time, the mono-epoxide yield slightly dropped to 45% and the formation of diepoxides had increased to 44.8%, accordingly. Subsequently, all organic reaction components
were found to be at close to constant concentrations, with only very slow conversion of monoepoxides in to di-epoxides, ending up with 4.8% of rSM, 42.7% of mono-epoxides, and 47.8%
of di-epoxides (0.9 M/D ratio) after 30 min (Figure 3, top). Because of the unexpectedly fast
initial reaction progression using catalyst 2, the reaction profile of ML epoxidation with another
catalyst was also examined. Therefore, complex 6, which showed a very different catalytic
outcome than 2 in terms of substrate conversion and M/D ratio (see Table 1), was employed as
catalyst. As clearly shown in the bottom diagram in Figure 3, very similar trends were observed
for the reaction with 6 as for the reaction with 2; i.e., both mono-epoxide and di-epoxide
formation nearly ceased around 2 min. Nevertheless, in accordance with the data in Table 1, a
lower conversion of ML and higher M/D were found with 6 (76% and 3.1, respectively).
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Figure 3. Reaction profiles of ML epoxidation with 2 (top) and 6 (bottom). Reaction conditions
(standard conditions): ML (0.5 mmol), catalyst (1 mol%), AcOH (1 equiv.) and H2O2 (2 equiv.) in
MeCN at RT. rSM = remaining starting material.

The results shown in Figure 3 indicate that the progression of the epoxidation reaction is very
rapidly limited by a certain factor. It was first suspected that the depletion of H2O2 due to the
catalytic disproportionation of H2O2 in the presence of an iron complex would hamper further
reaction progression. In order to figure out if the actual oxidant concentration was the limiting
factor, reactions involving an iterative addition of H2O2 were performed, i.e., a second portion
of H2O2 (1 equiv.) was added after 3 min, besides the first 2 equiv. of H2O2 added at the
beginning of the reaction. However, as shown in Figure 4, no significant changes in the amounts
of the ML starting material and epoxide products were observed after 5 min and beyond
compared to the amounts present after 2 min, either using catalyst 2 (Figure 4, top) or 6 (Figure
4, bottom). These observations strongly suggest that the concentration of H2O2 is not the
limiting factor in ML epoxidation.
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Figure 4. Reaction profiles of ML epoxidation using 2 (top) or 6 (bottom) with iterative addition of
H2O2. Reaction conditions: ML (0.5 mmol), catalyst (1 mol %), AcOH (1 equiv.) and H2O2 (2 equiv.)
in MeCN at RT. At 3 min, 1 additional equiv. of H2O2 was added.

Having found that no obvious catalytic activities occurred after addition of an excess H2O2
(Figure 4), it was considered that catalyst deactivation could be causing the rapid decay in
catalytic activity. To prove this, reactions with iterative addition of catalyst 2 were carried out,
as shown in Figure 5. This experiment was started with the standard reaction conditions as used
to generate Figures 3 and 4. Again, a pseudo-steady-state phase was observed between 2 and 5
min of reaction time (Figure 5, top). At 6 min, an additional 1.0 mol% 2 was added to the
reaction mixture, leading to an abrupt decrease of rSM and mono-epoxides, with a dramatic
further increase in the formation of di-epoxide products. From this reaction profile, it can be
clearly concluded that rapid catalyst deactivation takes place at a very early stage under the
current conditions. It has been reported previously by the White group that catalytic aliphatic
C–H bond oxidations using BPBP-based iron catalysts also benefit from iterative addition of
catalyst (a solution of catalyst, H2O2, and AcOH was iteratively added in their case).[22,29–32]
Steady-state concentrations of all the organic components were observed again after about 10
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min (Figure 5, top). It is not clear though if catalyst deactivation had again taken place, as full
conversion of ML and low amounts of mono-epoxides (ca. 5 %) were found, which can also
lead to low catalytic activity. In order to figure out if this was the case, the same catalyst addition
experiment was performed with 6, which showed a lower activity in ML epoxidation (Table 1).
The yield of di-epoxides was also found to be improved a lot when a second portion of 1.0 mol%
6 was used (Figure 5, bottom). However, the amount of ML and epoxide products stayed stable
after 10 min also in this case, even though with 5% ML and 42% mono-epoxides still remaining,
suggesting that catalyst deactivation had again taken place. Several studies have reported that
non-heme iron catalysts are deactivated via oxidative dimerization in the presence of oxidants
and acetic acid, forming inert binuclear oxo-bridged dimers.[27,32–36] More details on the
deactivation of iron complexes with N2Py2 ligands will be discussed in Chapter 4 of this thesis.
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Figure 5. Reaction profiles of ML epoxidation with 2 (top) or 6 (bottom) with iterative addition of
catalyst. Reaction conditions: ML (0.5 mmol), catalyst (1 mol%), AcOH (1 equiv.) and H2O2 (2 equiv.)
in MeCN at RT. At 6 min, an additional 1 mol% of catalyst was added.
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In fact, iterative addition protocols and slow addition of H2O2 are generally used in oxidation
reactions catalyzed by non-heme iron complexes with tetradentate polyamine ligands.
Significant decreases in yield have been observed if H2O2 was added rapidly,[22,29,32] which was
explained as being due to catalyst decomposition. In order to investigate the influence of the
addition rate of H2O2, the epoxidation reactions were performed using a slow H2O2 addition
protocol. In the reaction with 2, standard reaction conditions were utilized but delivery of H2O2
in the reaction mixture was extended via syringe pump over 30 min. As illustrated in the top
time profile in Figure 6, the reaction proceeded much more slowly than the reaction under
standard conditions (Figure 3, top). In fact, ML was continuously converted and the epoxidized
products were generated accordingly along with the addition of H2O2 (0-30 min, Figure 6, top).
Notably, the epoxidation reactions nearly ceased at the end of H2O2 addition as the ML and
epoxide product concentration came to steady-state concentrations after 30 min. In addition,
compared to the reaction with instant addition of H2O2 (Figure 3, top), a much lower conversion
of ML and di-epoxides yield were noted (67% vs. 95%, 13% vs. 48%, respectively). Similar
trends were also observed in the same experiment using catalyst 6 (Figure 6, bottom), i.e.
conversion of ML and formation of epoxides proceeded slowly during 0-30 min. Again, less
conversion of ML and terminal epoxidized products were provided than in the reaction with
standard conditions (Figure 3, bottom). In this sense, it can be concluded that the slow H2O2
addition protocol seems to be a subtle factor in the catalytic epoxidation of ML. On the one
hand it decreases the decomposition rate of catalyst, on the other hand it causes a lower
concentration of H2O2 throughout the reaction. It has been reported that ML is a relatively less
active substrate because of its relatively high unsaturation,[17,19,37,38] which means the
concentration of H2O2 could be of importance to obtain high ML conversion. Additionally,
catalyst reactivity was also deteriorating during the addition of H2O2. In both cases in Figure 6,
only about 3% of ML was converted between 20 and 30 min, despite the fact that H2O2 was
still being added. This indicates that the catalyst was nearly fully deactivated before complete
addition of H2O2. These combined factors eventually lead to a halt of the epoxidation reactions.
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Figure 6. Reaction profiles of ML epoxidation with 2 (top) or 6 (bottom) with slow addition of H2O2.
Reaction conditions: ML (0.5 mmol), catalyst (1 mol%) and AcOH (1 equiv.) were mixed in MeCN at
RT, subsequently H2O2 (2 equiv.) was added dropwise over 30 min.

Next, the influence of slow addition of catalyst was examined. Using 2 as catalyst, the
epoxidation of ML was monitored in time while adding 1 mol% 2 over 30 min (Figure 7, top).
From 0 to 5 min, 32% of ML was converted, forming 28% of mono-epoxides. An initial lag
phase was observed for di-epoxides formation in the very beginning, which is probably due to
the low concentration of mono-epoxides. Upon progression of the reaction, the highest amount
of mono-epoxides of 54% was detected around 10 min, after which the concentration of monoepoxides consistently dropped with concomitant increase in di-epoxides yield until about 20
min. The reaction ceased after 20 min, even though fresh catalyst was still being added between
20 and 30 min, suggesting the depletion of H2O2. Indeed, it was found via iodometric titration
that all of the H2O2 had been consumed at this point. Additionally, compared to the case of
iterative addition of catalyst (Figure 5, top), a lower total yield of epoxy groups with respect to
double bonds (mono-epoxides yield ´ 0.5 + di-epoxides yield) was noted in this reaction (78%
vs. 98%), meaning that slow catalyst addition caused more (catalytic) H2O2 disproportionation
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(ca. 22%), despite much higher initial catalyst concentration present in the case of iterative
catalyst addition. It is assumed that H2O2 disproportionation is caused by ‘active’ iron species.
In this regard, H2O2 disproportionation ceases when the catalyst is immediately deactivated in
the reaction with instant catalyst addition (Figures 3 and 5). In contrast, in the case of slow
catalyst addition, ‘active’ iron species are consistently added, leading to continuous
disproportionation of H2O2, which then becomes an important factor that limits the epoxidation
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progression. However, this can be easily overcome by adding more H2O2.
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Figure 7. Reaction profiles of ML epoxidation with 2 (top) or 6 (bottom) using slow catalyst addition.
Reaction conditions: ML (0.5 mmol), AcOH (1 equiv.) and H2O2 (2 equiv.). were mixed in MeCN at
RT, subsequently catalyst (1 mol%, 0.5 mL 10 mM solution in MeCN) was added dropwise over 30
min.

In the case of 6, a longer lag phase of di-epoxide formation was found from 0 to 15 min using
slow catalyst addition (Figure 7, bottom). A similar 55% maximum yield of mono-epoxides
was found in this case at 35 min. No remaining ML or 15% of ML was detected in the reaction
at 40 min with 2 or 6, respectively, which is less compared to the cases using standard reaction
conditions (Figure 3). These observations are in agreement with a previous study in which the
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slow catalyst addition protocol had a positive effect on substrate conversion.[29] More
importantly, higher di-epoxides yields were obtained compared to the standard reaction
conditions used in Figure 3 (59% vs. 48% for 2, 26% vs. 18% for 6), indicating that the
production of di-epoxides could benefit from a slow catalyst addition protocol.
3.2.4 O-transfer selectivities: mono- vs. di-epoxidation
It is evident from Figure 7 that 2 and 6 show very different kinetic behaviors in the epoxidation
of ML under similar reaction conditions. It was also noted that similar maximum yields of
mono-epoxides of ca. 55% were obtained in these two cases. On the other hand, the reaction
with 6 also gave a similar maximum mono-epoxides yield of 53% when iterative catalyst
addition was used (Figure 5, bottom), instead of a slow catalyst addition protocol as in Figure
7. These observations suggest that 2 and 6 may have similar selectivities of O-transfer from
H2O2 to mono-epoxidation or di-epoxidation products. Table 1, however, shows that 2 and 6
provide remarkably different M/D ratios (1.5 vs. 9) using initial reaction conditions. This is
accompanied by very different ML conversions (90% and 52%, respectively), meaning that the
difference in M/D ratio is probably due to the lower reactivity of 6 with respect to the starting
material and, accordingly, a slower built-up of mono-epoxide concentration. Consequently, it
is difficult to evaluate the ability of these catalysts to act as selective catalyst toward the
formation of either mono- or di-epoxides on the basis of the above data.
In order to obtain insight into the mono- vs. di-epoxidation selectivity properties of the catalysts,
a series of ML epoxidation reactions were performed using catalysts 2, 3, 4, and 6, with different
H2O2 loadings in the range of 0.2-2.6 equiv. (see experimental section for reaction details). For
each series of reactions, ML conversion and mono- and di-epoxides yields were plotted with
respect to the total amount of oxygen atoms transferred from H2O2 to epoxide products. The
amount of transferred oxygen atoms is described with respect to the amount of starting ML,
and is calculated from the formula:
O-transferred = (mono-epoxides yield + di-epoxides yield ´ 2) / 100%
By doing so, correlations between epoxide yields, ML conversion (shown as rSM), and the
number of transferred oxygen atoms could be obtained for each catalyst (Figure 8). For 2, the
maximum mono-epoxides yield of 52% was found when ca. 1 equiv. of O was transferred to
products (Figure 8a); this percentage is similar to that observed in Figure 7. At the maximum
amount of mono-epoxides, 26% of di-epoxides had formed and 19 % of rSM was present,
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representing an M/D ratio of 2. It was found that ML was fully converted when 1.8 equiv. of
oxygen atoms were transferred, yielding 8.7% of mono-epoxides and 87% of di-epoxides (0.1
M/D ratio). Very similar trends for each component have been obtained using 6 as catalyst
(Figure 8b). Notably, the highest yield of mono-epoxides was also found to be 53% when about
1 equiv. of oxygen atoms was transferred to the products, with 23% of di-epoxides and 21% of
rSM observed (M/D = 2.3). ML was fully consumed when 1.7 equiv. of oxygen atoms were
transferred, giving rise to an M/D ratio of 0.19 (14.7% of mono-epoxides and 79% of diepoxides). These data are nearly identical to those obtained in the reaction series with 2.
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Figure 8. Correlations between mono-epoxides yield, di-epoxides yield, and rSM and the number of
transferred oxygen atoms using 2 (a), 6 (b), 3 (c) or 4 (d) as catalyst. O-transferred = (mono-epoxides
yield + di-epoxides yield ´ 2) / 100% (w.r.t. starting ML).

This comparison indicates that 2 and 6 have rather similar selectivity properties of Odistribution to epoxidation products. In order to find out if this similarity also holds for other
catalysts, catalysts 3 and 4, which showed different catalytic performances from 2 and 6 under
the standard conditions (Table 1), were also tested. Figure 8c and 8d show that similar
percentage trends were obtained using 3 and 4 with respect to 2 and 6. Specifically, similar
highest yields of mono-epoxides (53% for 3, 54% for 4) were observed with ca. 1 equiv. of
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oxygen atoms transferred. Similarly, both for 3 and 4, 1.8 equiv. of oxygen atoms were
transferred to reach full conversion of ML, giving M/D ratios of 0.18 and 0.1 for 3 and 4,
respectively.
The O-distribution selectivity to epoxide products for different catalysts is depicted in Figure
9, which displays the correlation between M/D ratio and O-transferred using catalysts 2, 3, 4,
and 6. This figure clearly shows that this set of catalysts provide rather similar M/D ratios when
the same amount of oxygen atoms are transferred to form epoxides. It is difficult to compare
M/D ratios when only small amounts of oxygen (<0.4) are transferred to epoxide products,
since small errors in the GC-detection of low amounts of di-epoxides may cause significantly
different M/D ratios. For instance, in the cases with ca. 0.3 equiv. of O-transferred, all the
catalysts gave similar conversions of ML (~30%) and mono-epoxides yields (~26%), as shown
in Figure 8. However, the di-epoxides yields varied between 1% and 2.4%, which lead to very
different M/D ratios.
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Figure 9. Correlation between M/D ratio and O-transferred using catalysts 2, 3, 4, and 6.

In a sequential reaction like the epoxidation of ML (Scheme 2), if the selectivities towards
mono-epoxidation and di-epoxidation are identical, the reaction exhibits the same rate constants
for mono-epoxidation (k1) and di-epoxidation (k2). Under these circumstances, kinetic
simulations predict the upper limit for the yield of the intermediate product (mono-epoxides in
this case) to be 36.8%, as previously reported by Blackmond et al..[39] Whereas the current
study has not provided clear indications for a preference for mono-epoxidation over diepoxidation, or vice versa, all catalysts tested give similar maximum yields of mono-epoxides
of ~55%. This value indicates that the Fe-catalysts do have a preference for mono-epoxidation
over di-epoxidation, albeit that the difference between k1 and k2 may be small. The origin of
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this difference is not clearly understood, but may be related to the increased steric hindrance
around the remaining C=C double bond in ML-derived mono-epoxides, making di-epoxidation
more difficult.

H 2O 2
Methyl linoleate

H 2O 2
Mono-epoxides

k1

Di-epoxides
k2

Scheme 2. Sequential formation of mono-epoxides and di-epoxides in epoxidation of ML.

3.3 Conclusions
In this chapter, the use of Fe(N2Py2) complexes in combination with H2O2 as the oxidant and
AcOH as an additive for the epoxidation of methyl linoleate (ML), a typical poly-unsaturated
fatty acid derivative, has been investigated and optimized. The catalytic activity of these
catalyst systems, especially the mono-epoxides/di-epoxides product ratio (M/D), are highly
dependent on the nature of the N2Py2 ligands. With 1 mol% [Fe(OTf)2(BPBI)] (6), monoepoxides are obtained with 42% yield at 52% ML conversion, with trace amounts of di-epoxides
formed (4.7%). On the other hand, very high yields of di-epoxides (92%) at full ML conversion
can be achieved using 1 mol% [Fe(OTf)2(mix-BPBP)] (5) as catalyst in only 5 min, without the
detection of mono-epoxides. In both cases, the selectivity for the formation epoxide products is
very high (> 90%).
Using an optimized set of reaction conditions, the catalytic activity of [Fe(OTf)2(S,S-BPBP)]
(2) and 6 have been examined over time. This has led to the realization that upon full addition
of the H2O2 oxidant at the beginning of the reaction very rapid catalyst deactivation takes place.
Alternative catalytic protocols that include iterative or slow catalyst addition, or slow oxidant
addition were found to overcome catalyst deactivation to a certain extent, and have an impact
on, e.g., the M/D ratio. In general, slow oxidant addition suppresses di-epoxidation progression
in this study, while slow catalyst addition is beneficial for the formation of di-epoxides. An
investigation on the selectivity of oxygen atom transfer to epoxide products of a selected set of
Fe(N2Py2) catalysts has shown a small, but significant preference for mono-epoxidation over
di-epoxidation (k1 > k2).
Overall, the iron complexes presented here represent very potent catalysts for the epoxidation
of ML and, accordingly, of fatty acid (esters) in general. High yields of epoxides can be
obtained at high substrate conversion in short reaction times and at very mild conditions.
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Changing the N2Py2 ligand in the complexes, as well as varying the overall catalytic protocol
allows for facile modulation of the reaction outcome, e.g. in terms of the M/D ratio.
Accordingly, it is envisioned that these catalysts, and in particular the readily accessible catalyst
5, can be applied in fatty acid and plant valorization for the production of epoxidized products
that may find use in various applications.

3.4 Experimental Section
3.4.1 General
The iron precursor Fe(OTf)2·2CH3CN was synthesized according to a reported procedure.[40] The
solvents tetrahydrofuran, acetonitrile, and toluene used for catalysis were purified with an MBraun MB
SPS-800 solvent purification system. Tetrahydrofuran for complexation reactions, methanol, and
dichloromethane were dried with sodium, magnesium turnings, or CaH2, respectively, and distilled
under nitrogen prior to use. All other reagents and substrates were obtained commercially and used
without further purification. Catalytic reactions were conducted under ambient conditions, unless noted
otherwise. Column chromatography was performed using Merck silica gel (60–200 mesh). 1H and 13C
NMR spectra were recorded with a 400 MHz Varian spectrometer at 25 °C, chemical shifts (δ) are given
in ppm referenced to the residual solvent peak. Gas chromatography was performed on a Perkin–Elmer
Clarus 500 Gas Chromatograph equipped with a PE-17 column ((30 m × 0.23 mm × 0.25 µm), (50%
phenyl)-(50% methyl)polysiloxane) and a flame-ionization detector. Complexes 1-5 were synthesized
according to literature procedures.[24,26,27,35,41] The synthesis and characterization of complexes 6 and 7
are described in Chapter 2 of this thesis.[23]
3.4.2 Large-scale synthesis of ML mono-epoxides and di-epoxides for GC reference samples
ML mono-epoxides and di-epoxides were prepared following a reported procedure.[42]
ML mono-epoxides (mixture of two isomers): 1H NMR (400 MHz, CDCl3): δ 5.55 – 5.38 (m, 2H), 3.66
(s, 3H), 2.94-2.89 (m, 2H), 2.40 – 2.14 (m, 2H), 2.30 (t, J = 7.5 Hz, 2H), 2.06 – 2.01 (m, 2H), 1.64 –
1.27 (m, 18), 0.89 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 174.20, 132.68, 132.52, 123.90,
123.75, 57.17, 57.11, 56.50, 51.44, 51.37, 34.03, 31.71, 31.46, 29.45, 29.32, 29.20, 29.14, 29.11, 29.06,
29.04, 29.00, 27.72, 27.38, 26.53, 26.25, 26.20, 24.90, 24.87, 22.56, 22.52, 14.02, 13.96. Spectral
properties of the product are in agreement with the literature data.[43]
ML di-epoxides (mixture of two isomers): 1H NMR (400 MHz, CDCl3): δ 3.66 (s, 3H), 3.13 – 2.90 (m,
4H), 2.30 (t, J = 7.5 Hz, 2H), 1.78 – 1.32 (m, 22H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3)
δ 174.15, 56.95, 56.90, 56.67, 56.61, 54.30, 54.28, 54.13, 51.37, 33.98, 31.62, 29.23, 29.09, 28.96, 27.83,
27.76, 27.16, 26.87, 26.47, 26.36, 26.19, 26.08, 24.83, 22.51, 13.92. Spectral properties of the product
are in agreement with the literature data.[44]
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3.4.3 Reaction procedures for catalytic reactions
General reaction procedure for the epoxidation of ML (Tables 1 and 2)
A 20 mL vial was charged with: ML (0.5 mmol, 1 equiv.), catalyst (5 µmol, 1 mol%), solvent (1.5 mL).
A 0.5 M AcOH solution in CH3CN was added (15 µL, 7.5 µmol, 1.5 mol%). Subsequently, a 1.0 M
H2O2 solution in CH3CN (0.75 mL, 0.75 mmol, 1.5 equiv., diluted from a 35% H2O2 aqueous solution)
was added at once at RT. The resulting mixture was stirred at RT for 1 h. At this point, a 1.0 M
nitrobenzene solution in CH3CN (0.5 mL, 0.5 mmol, 1 equiv.) was added as internal standard. The
solution was filtered through a silica gel plug, which was subsequently rinsed with 3 x 1 mL EtOAc.
GC analysis of the solution provided substrate conversions and product yields relative to the internal
standard integration. Products were identified by comparison to the GC retention time of authentic
samples.
Time profiles of ML epoxidation using standard reaction conditions (Figure 3)
A 20 mL vial was charged with: ML (0.5 mmol, 1 equiv.), catalyst 2 or 6 (5 µmol, 1 mol%), AcOH (29
µL, 0.5 mmol, 100 mol%), solvent (1.5 mL). A 1.0 M nitrobenzene solution in CH3CN (0.5 mL, 0.5
mmol, 1 equiv.) was added as internal standard. Subsequently, a 1.0 M H2O2 solution in CH3CN (1 mL,
1 mmol, 2 equiv., diluted from a 35% H2O2 aqueous solution) was added at once at RT. After 2 min, the
first sample (~ 50 µL) was submitted to GC analysis after filtration through a silica gel plug followed
by rinsing with EtOAc. After 5 min and beyond, samples for GC analysis were taken every 5 min.
Iterative H2O2 addition protocol (Figure 4)
A 20 mL vial was charged with: ML (0.5 mmol, 1 equiv.), catalyst 2 or 6 (5 µmol, 1 mol%), AcOH (29
µL, 0.5 mmol, 100 mol%), solvent (1.5 mL). A 1.0 M nitrobenzene solution in CH3CN (0.5 mL, 0.5
mmol, 1 equiv.) was added as internal standard. Subsequently, a 1.0 M H2O2 solution in CH3CN (1 mL,
1 mmol, 2 equiv., diluted from a 35% H2O2 aqueous solution) was added at once at RT. After 2 min, the
first sample (~ 50 µL) was submitted to GC analysis after filtration through a silica gel plug followed
by rinsing with EtOAc. After 3 min, a second portion of H2O2 solution (1 equiv.) was added to the
reaction mixture. After 5 min and beyond, samples for GC analysis were taken every 5 min.
Iterative catalyst addition protocol (Figure 5)
A 20 mL vial was charged with: ML (0.5 mmol, 1 equiv.), catalyst 2 or 6 (5 µmol, 1 mol%), AcOH (29
µL, 0.5 mmol, 100 mol%), solvent (1.5 mL). A 1.0 M nitrobenzene solution in CH3CN (0.5 mL, 0.5
mmol, 1 equiv.) was added as internal standard. Subsequently, a 1.0 M H2O2 solution in CH3CN (1 mL,
1 mmol, 2 equiv., diluted from a 35% H2O2 aqueous solution) was added at once at RT. After 2 min, the
first sample (~ 50 µL) was submitted to GC analysis after filtration through a silica gel plug followed
by rinsing with EtOAc. After 5 min and beyond, samples for GC analysis were taken every 5 min. After
6 min, a second portion of catalyst (1 mol%) was added to the reaction mixture.
Slow H2O2 addition protocol (Figure 6)
A 20 mL vial was charged with: ML (0.5 mmol, 1 equiv.), catalyst 2 or 6 (5 µmol, 1 mol%), AcOH (29
µL, 0.5 mmol, 100 mol%), solvent (1.5 mL). A 1.0 M nitrobenzene solution in CH3CN (0.5 mL, 0.5
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mmol, 1 equiv.) was added as internal standard. Subsequently, a 1.0 M H2O2 solution in CH3CN (1 mL,
1 mmol, 2 equiv., diluted from a 35% H2O2 aqueous solution) was delivered by syringe pump over 30
min. After 2 min, the first sample (~50 µL) was submitted to GC analysis after filtration through a silica
gel plug followed by rinsing with EtOAc. After 5 min and beyond, samples for GC analysis were taken
every 5 min.
Slow catalyst addition protocol (Figure 7)
A 20 mL vial was charged with: ML (0.5 mmol, 1 equiv.), AcOH (29 µL, 0.5 mmol, 100 mol%),
nitrobenzene (0.5 mmol, 1 equiv., internal standard) and solvent (2 mL). A 1.0 M H2O2 solution in
CH3CN (1 mL, 1 mmol, 2 equiv., diluted from a 35% H2O2 aqueous solution) was added. Subsequently,
a solution of catalyst 2 or 6 (5 µmol, 1 mol%) in 0.5 mL CH3CN was delivered by syringe pump over
30 min. After 2 min, the first sample (~50 µL) was submitted to GC analysis after filtration through a
silica gel plug followed by rinsing with EtOAc. After 5 min and beyond, samples for GC analysis were
taken every 5 min.
O-distribution experiments for ML epoxidation by 2 (Figure 8)
A set of 20 mL vials were all charged with: ML (0.5 mmol, 1 equiv.), catalyst 2 (5 µmol, 1 mol%),
AcOH (29 µL, 0.5 mmol, 100 mol%), solvent (1.5 mL). A 1.0 M nitrobenzene solution in CH3CN (0.5
mL, 0.5 mmol, 1 equiv.) was added to each vial as internal standard. Subsequently, different amounts
of H2O2 (0.2, 0.4, 0.6, … 2.6 equiv., added as a 1.0 M solution in CH3CN) were added dropwise to each
reaction mixture. Once oxidant addition was completed, all reaction mixtures were stirred at RT for 10
min. At this point, for each reaction a sample was submitted to GC analysis after filtration through a
silica gel plug followed by rinsing with EtOAc.
The O-distribution experiments with different catalyst (3, 4, and 6) were conducted in the same manner
as the cases of 2.
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Chapter 4
Iron Complexes with N2Py2-D4 Ligands:
Towards More Robust Catalysts for Oxidation Reactions

Abstract
Fe(N2Py2)/H2O2/AcOH catalytic systems provide powerful tools for efficient C–H and C═C
bond oxidations. Yet, the stability of the catalyst under the oxidizing conditions still remains a
problem. The generally accepted catalyst decomposition pathway of Fe(N2Py2) complexes is
through oxidative dimerization to form inactive oxo-bridged Fe2(µ-O)(N2Py2)2 dimers.
Detailed ESI-MS analysis has now shown a catalyst decomposition pathway of ligand oxidation
via C–H oxidation on 2-pyridinylmethyl sites, followed by dissociation of the oxidized ligand
from the iron center. By deuterating the 2-pyridinylmethyl sites of a series of N2Py2 ligands
with variations on both alkylamine and pyridine fragments, providing access to the
corresponding Fe(N2Py2-D4) complexes, longer catalysts lifetimes are achieved in catalytic
oxidation reactions with all complexes. As a consequence, improved substrate conversions and
product yields were consistently observed in both aliphatic C–H oxidations and alkene
epoxidations. Kinetic and catalytic studies revealed that deuteration does not change the
intrinsic reactivity and product selectivity of Fe(N2Py2) complexes. In addition, different
Fe(N2Py2-D4) complexes provide different improvements in catalytic performances and
lifetimes, responding to the differences in ligand rigidity and robustness of the corresponding
non-deuterated N2Py2 ligands. Accordingly, these improvements are more pronounced for
ligands with a more flexible bis-alkylamine backbone. These observations provide new insights
and new routes for the further development of more robust ligands for homogeneous oxidation
catalysis.
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4.1 Introduction
C–H and C═C bond oxidations constitute essential transformations in organic synthesis and in
many biological and industrial processes.[1–4] These oxidations are performed routinely in a very
selective manner in nature by heme and non-heme iron-containing enzymes via activating of
O2. Yet, it is still challenging to perform such oxidations very selectively by means of synthetic
iron coordination complexes outside the enzyme environment.[1] Taking inspiration from these
iron enzymes (see Chapter 1 of this thesis), considerable efforts have been invested in the
development of synthetic non-heme iron catalysts in the past two decades. These iron catalysts,
especially the ones with tetradentate nitrogen (N4, generally aminopyridine) ligands, are able
to oxidize substrates with high regio- and stereoselectivity utilizing H2O2 as the oxidant.[1,2]
These selective oxidations are different from Fenton-like processes, which generally lead to
unselective oxidations due to the involvement of highly reactive hydroxyl radicals. As also
mentioned in Chapter 1 and 2, iron complexes with a cis-a topology derived from
aminopyridine ligands with a linear bis-alkylamine-bis-pyridine (N2Py2) structure have been
proven to be the most effective so far (Figure 1).[1] On the basis of this ligand platform,
modifying the ligand in the bis-alkylamine backbone or the pyridine moieties allows for
improving the reactivity and for fine-tuning the selectivity of the catalyst, providing powerful
protocols for efficient C–H and C═C oxidations.[1]

N

N

3

2
N1

4
5

N

6

Figure 1. Generic structure of the linear N2Py2 ligand platform.

Nevertheless, the stability of such iron catalysts under the oxidizing conditions still remains a
problem and attracts less attention, despite that it is an important factor that affects catalyst
efficiency.[5,6] The commonly accepted catalyst decomposition pathway of non-heme iron
complexes is through oxidatively dimerization to form inactive oxo-bridged FeIII2(µ-O)(L)2
dimers (L = ligand).[7] These decomposition species have been proposed for several N2Py2based iron complexes, such as [Fe(BPMEN)(CH3CN)2](ClO4)2[8] and BPBP-based iron
complexes,[9–12] as well as for other N4 complexes like TPA-based iron complexes[7] (BPMEN
= N,N’-dimethyl-N,N'-bis(2-picolyl)ethylenediamine, BPBP = N,N’-bis(2-picolyl)-2,2’bispyrrolidine, TPA = tris(2-pyridylmethyl)amine). In Chapter 3, rapid deactivation of
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Fe(N2Py2) complexes was observed in the reaction profiles of catalytic epoxidations of methyl
linoleate.
To suppress catalyst decomposition, a slow H2O2 addition protocol[11,13–18] or an iterative
addition protocol of a solution of catalyst, H2O2, and acetic acid[19–24] have generally been
adopted in reaction procedures. Modifications of the ligand by increasing the bulk of the
pyridine fragments have also been reported to suppress the bimolecular self-decomposition
pathway. Substituents at the 5-positions, as in 5-Et-TPEN developed by Banse et al.[25] or CF3BPBP developed by White et al.[21] (Figure 2), can shield the approach of another catalyst
molecule towards the iron center, which in turn limits bimolecular self-decomposition (TPEN
= N,N,N’,N’-tetrakis(2-pyridylmethyl)ethane-1,2-diamine). In 2009, Costas et al. reported on
the mcpp ligand in which bulky pinene moieties are placed at the 4- and 5-positions of the
pyridine rings (mcpp

= N,N’-dimethyl-N,N’-bis{[(R)-4,5-pinenepyridin-2-yl]-methyl}-

cyclohexane-1,2-diamine, Figure 2), resulting in reduced bimolecular self-deactivation.[9] The
incorporation of bulky tris-(isopropyl)silyl (TIPS) groups at the 5-positions of pyridines in
[Fe(OTf)2(S,S-TIPSBPBP)] has been shown to translate into improved substrate conversions
(Figure 2),[17] which is likely because of suppression of the formation of FeIII2(µ-O)(L)2 dimers.
Similar observations were described for the catalytic performance of the iron complex derived
from TIPSBPBI in Chapter 2 of this thesis.[26]

N
N

N

N

N

N

N

N

F3C
N

CF3

N
CF3

S,S-CF3-BPBP

5-Et-TPEN

N
N

N
N

N
N

N

F3C

N

N
N

N
Si

N

Si
Si

R,R,R-mcpp

S,S-TIPSBPBP

Si

S,S-TIPSBPBI

Figure 2. Some examples of N2Py2 ligands with increased steric bulk.

Another possible cause for catalyst decomposition is oxidative ligand degradation. For example,
ligands bearing phenyl moieties are very reactive towards hydroxyl radicals, thus aryl C–H
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bond oxidations can take place.[27–29] More importantly, 2-pyridinylmethyl sites adjacent to an
amine are vulnerable to oxidative degradation. For instance, this 2-pyridinylmethyl site can
undergo hydroxylation to form a hemiaminal compound when exposed to the oxidant.[30] One
possible fate of this compound is C–N bond cleavage to form an aldehyde[25,31–36] and a
secondary amine (Scheme 1, path A). Alternatively, the hemiaminal can be over-oxidized into
an amide intermediate (path B),[30] which can potentially be hydrolyzed into a picolinic acid
(path C), as reported by Browne[36] and others.[25,37,38] Efforts have been taken in order to
prevent deleterious oxidations on 2-pyridinylmethyl sites in N2Py2 ligands. For example,
Britovsek et al. proposed to introduce a methyl group or a carbonyl linkage at the 2pyridinylmethyl positions in the BPMEN ligand.[6] However, these ligand modifications led to
inferior catalytic efficiencies of the corresponding iron complexes in C–H bond oxidation,
which was attributed to a change in ligand flexibility in the case of –CH3 introduction leading
to less-active coordination modes (cis-β and trans) or to the formation of inactive dinuclear
complexes in the case of C═O introduction.[6]

oxidant
R1 N
R2

N

HO
N

R1 N
R2

oxidant
path B

+
N

R1 N
R2

N

hydrolysis O
path C

N
OH
+

R1 NH
R2

path A

O

O

R1 NH
R2

Scheme 1. Possible ligand oxidation pathways for amine-based non-heme iron complexes (the metal
center is omitted for clarity).[6]

Other investigations on the stability of non-heme iron oxidation catalysts have either focused
on recovering the ligands or on ESI-MS (electrospray ionization mass spectrometry) analyses
after catalysis.[9,11,12] In a study by White and co-workers, 95% of non-oxidized BPBP ligand
was recovered from a catalytic C–H oxidation experiment where [Fe(BPBP)(CH3CN)2](SbF6)2
was employed.[11] In contrast, the oxidized ligand was identified as a major species in ESI-MS
traces of oxidation reactions using the catalytically inactive [Fe(OTf)2(R,S-BPBP)] complex,
which features a cis-β topological configuration.[12] All reported catalyst decomposition studies
were performed after catalytic oxidations in the presence of substrate, meaning that the reaction
conditions with respect to catalyst could be very different amongst these reports. To the best of
our knowledge, there is so far no report on a dedicated investigation of the deactivation of
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Fe(N2Py2) complexes under the oxidizing conditions used in catalytic reactions but in the
absence of substrate.
This chapter describes the development of non-heme iron catalysts derived from N2Py2-D4
ligands in which the 2-pyridinylmethyl positions in the ligand framework have been perdeuterated (see Scheme 2). The development of these ligands was inspired by the observation
of significant ligand oxidation upon exposure of the parent, non-deuterated complexes to H2O2
in the absence of an organic substrate. This minor ligand alteration minimizes changes in the
flexibility, steric, and electronic properties of the ligands. The corresponding deuterated iron
complexes were found to outperform the non-deuterated complexes in terms of substrate
conversion and product yield in all cases studied.

N
N

D

deuterium-labelled
2-pyridinylmethyl

positions
N

D

N
N

D

N

N

N

D

N2Py2-D4

N2Py2

Scheme 2. Modification of N2Py2 ligands through the introduction of D atoms on 2-pyridinylmethyl
positions.

4.2 Results and Discussion
4.2.1 Catalyst decomposition
The study was initiated by a simplified and dedicated decomposition experiment of
[Fe(OTf)2(S,S-BPBP)] under typical catalytic conditions but in the absence of an organic
substrate, by mixing the complex (1 equiv.) with H2O2 (150 equiv.) and AcOH (50 equiv.) at
0 oC for 10 min. ESI-MS analysis of the resulting mixture revealed a predominant peak at m/z
= 337.1954 (Figure 3a), with an isotopic pattern which is in agreement with an oxidized ligand
carbonyl compound (BPBP)=O (calcd. m/z for [(BPBP)=O+H]+ is 337.2029, Figure 3a, inset)
resulting from aliphatic C–H oxidation of one of the methylene sites of the ligand. Of note is
that no noticeable iron-containing species derived from the oxidized ligand product were found
in the ESI-MS trace, suggesting that the oxidized ligand dissociates from the iron centre. In
addition, no dimeric oxo-complexes of the type Fe2(µ-O)(BPBP)2 were observed in this case.
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These observations are significantly different from the notion that Fe(BPBP) decomposition
occurs via dimerization reactions[9–12] and that no oxidized ligand was observed.[11,12] In the
catalyst decomposition study described by White et al.,[11] 95% of the intact BPBP ligand was
recovered. However, this analysis was conducted after a catalytic reaction in the presence of an
alkane substrate and under distinctively different reaction conditions (substrate : cat. : H2O2 :
AcOH = 100 : 15 : 360 : 0).
a)

Calculated
[(BPBP)=O+H]+ :

b)

O
N

N
N
Fe

OTf
OTf

N
N

150 equiv. H2O2

N

50 equiv. AcOH
MeCN, 0 oC

N
N

(BPBP)=O

[Fe(OTf)2(S,S-BPBP)]

Figure 3. a) ESI-MS trace of the mixture from a reaction of [Fe(OTf)2(S,S-BPBP)] (2mM) with H2O2
(150 equiv.) and AcOH (50 equiv.) in MeCN, stirred at 0 oC for 10 min. ESI-MS was directly measured
for the reaction mixture without any work-up. The peak at m/z = 337.1946 corresponds to the
decomposition compound (BPBP)=O, calcd. m/z for C20H27N4O ([M+H]+): 337.2029 (inset). A minor
peak corresponding to free BPBP ligand was also present, with a m/z value of 323.2189 (calcd. m/z for
[BPBP+H]+ is 323.2230). b) Proposed decomposition pathway of [Fe(OTf)2(S,S-BPBP)] into amide
compound (BPBP)=O with one 2-pyridinylmethyl position oxidized.

The observed ligand oxidation is likely to happen at one of the 2-pyridinylmethyl positions of
the ligand (vide supra), since these represent the weakest of all C–H sites in the BPBP ligand
(Figure 3b). Based on this observation and assumption, and according to the general concept of
kinetic isotope effects, a stabilization of the 2-pyridinylmethyl positions in N2Py2 ligands in
general could be achieved by replacing the 2-pyridinylmethyl H atoms by D atoms. This would
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in turn make the corresponding Fe complexes more stable under the oxidizing conditions,
leading to longer catalyst lifetimes and improved catalytic performances.
4.2.2 Synthesis of N2Py2-D4 ligands and iron complexes
A series of deuterium-labelled N2Py2-D4 ligands have been synthesized following the synthesis
scheme developed for the non-deuterated ligands (Figure 4). Key to the synthesis is the
reduction of alkyl picolinate analogues by NaBD4,[39] followed by chlorination of the resulting
hydroxymethylpyridine-D2 derivatives,[40] to provide chloromethylpyridine-D2 compounds.
These were readily converted into N2Py2-D4 ligands through alkylation of the appropriate
alkylamine backbones. The first three ligands are derived from the well-known N2Py2 ligands
BPBP,[19] BPMCN (N,N’-dimethyl-N,N’-bis(2-picolyl)-cyclohexane-trans-1,2-diamine),[41]
and BPMEN,[42] which have different alkylamine backbones. Variation of the pyridine moieties
has also been considered, i.e., using isoquinoline rings as hetero-aromatic fragments instead of
pyridines

in

the

BQMEN

ligand

(BQMEN

=

N,N’-dimethyl-N,N'-bis(3-

isoquinolyl)ethylenediamine). By doing so, the applicability of this catalyst design strategy can
be properly evaluated based on variations in both the alkylamine and the pyridine fragments in
the N2Py2 ligand platform. Ligands with non-fully deuterated 2-pyridinylmethyl cites (mainly
N2Py2-D3) have been found to be present in minor amounts in all N2Py2-D4 ligands reported
here, as confirmed by 1H NMR and ESI-MS (see experimental section).
Using Fe(OTf)2·2CH3CN as iron precursor, iron complexes 1-D4, 3-D4, and 4-D4 were
synthesized through complexation with the corresponding ligands in tetrahydrofuran (Figure
4). The synthesis of 2-D4 was accomplished using FeCl2 as iron precursor, followed by the
treatment with Ag(OTf).[43] From ESI-MS, minor amounts of the [Fe(OTf)2(N2Py2-D3)]
complexes were noted in each N2Py2-D4 complex as a consequence of the N2Py2-D3 impurity
(see experimental section). For comparison purposes, the parent non-deuterated iron complexes
1 - 4 were also synthesized.
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Figure 4. [Fe(OTf)2(N2Py2)] and [Fe(OTf)2(N2Py2-D4)] complexes studied in this chapter.

4.2.3 Confirmation of the oxidized site and proposed ligand oxidation pathway
With the Fe(N2Py2-D4) complexes in hand, the postulated site of ligand oxidation could be
confirmed. To do so, the oxidation of 1-D4 was performed using the same reaction conditions
as in the oxidation of 1 (vide supra). ESI-MS analysis showed the presence of the oxidized
ligand product at m/z = 339.2085 (Figure 5), which corresponds to a mass difference of 12 from
the BPBP-D4 ligand (calcd. m/z = 327.2481). This clearly indicates that C–H oxidation takes
place on one of the deuterated 2-pyridinylmethyl positions to form (BPBP-D2)=O (calcd. m/z
for [M+H]+ is 339.2185, Figure 5, inset). The small peak at m/z = 338 is due to the oxidation
of the BPBP-D3 ligand, which is present in small amounts in 1-D4. More importantly, no
noticeable species were observed that represent ligand oxidation on non-deuterated methylene
sites (calcd. m/z = 341.2274), meaning that ligand oxidation predominantly takes place on 2pyridinylmethyl positions. Notably, in this case, binuclear oxo-bridged dimers resulting from
bimolecular self-decomposition pathways were observed in high intensities. The two peaks at
m/z = 279.7833 and 494.1451 are assigned to the binuclear species [Fe2(µ-O)(BPBPD4)2(OAc)]3+ (calcd. m/z = 279.7861) and [Fe2(µ-O)(BPBP-D4)2(OAc)(OTf)]2+ (calcd. m/z =
494.1554), respectively. This clearly indicates that 1-D4 more preferentially undergoes the
aforementioned bimolecular self-decomposition pathway, which is assumed to be the
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consequence of less favourable CD2 oxidation. The peak at m/z = 493.6447 is again due to the
presence of non-fully deuterated ligand. Similar to the ligand oxidation experiment of 1, no
noticeable iron-containing species containing the oxidized ligand were observed, meaning that
the oxidized ligand dissociates from iron.

Calculated
[(BPBP-D2)=O+H]+ :

Figure 5. ESI-MS of the mixture from the reaction of 1-D4 (2mM) with H2O2 (150 equiv.) and AcOH
(50 equiv.) in MeCN, stirred at 0 oC for 10 min. ESI-MS was directly measured for the reaction mixture
without any work-up. The peak at m/z = 339.2085 corresponds to the decomposition amide compound
(BPBP-D2)=O (inset: calcd. m/z for C28H27N4 ([M+H]+): 339.2185).

From the oxidation experiments using 1 and 1-D4, it was concluded that one of the oxidative
decomposition compounds of 1 and 1-D4 in the presence of H2O2 and AcOH is amide
(BPBP)=O or (BPBP-D2)=O, respectively, formed through C–H oxidation of one of the 2pyridinylmethyl positions in the ligand. It is evident that this oxidation process includes at least
two steps: ligand oxidation and dissociation from iron. Under catalytic conditions these events
would lead to catalyst decomposition/deactivation and deterioration of catalytic activity over
time.
In order to obtain insight into this ligand oxidation process, the oxidation of the free BPBP
ligand was carried out in the presence of an equal amount of 1-D4, 150 equiv. of H2O2, and 50
equiv. of AcOH (Figure 6a). After stirring at 0 oC for 10 min, a sample of the reaction mixture
was subjected to ESI-MS analysis, showing unreacted ligand BPBP (m/z = 323.2210) as the
predominant species and no obvious formation of (BPBP)=O (Figure 6b, I). In addition, in a
separate reaction of BPBP (1 equiv.), 1 (2 mol%), H2O2 (1.2 equiv.), and AcOH (50 mol%) for
30 min, only intact BPBP was observed both in 1H NMR and ESI-MS. Combing these
observations, it is clear that it is difficult for the free BPBP ligand to undergo C–H oxidation
by the Fe(BPBP)/H2O2/AcOH catalytic system. In comparison, the deactivation of 1 produces
(BPBP)=O as the major decomposition compound within 10 min (Figure 3a), which excludes
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a scenario in which the BPBP ligand dissociates from iron first, followed by C–H oxidation of
BPBP in the presence of the Fe(BPBP)/H2O2/AcOH catalytic system.
As expected, the decomposition compound (BPBP-D2)=O (m/z = 339.2197, Figure 6b, I)
derived from the oxidation of 1-D4 was observed next to pristine BPBP ligand in the experiment
in which BPBP and 1-D4 were combined. A similar ESI-MS trace was obtained by allowing
this reaction to continue for another 30 min, with BPBP as major species and (BPBP-D2)=O as
minor species (Figure 6b, II). After another hour at room temperature (RT), the C–H oxidation
product of BPBP started to appear at m/z = 337.1917 (assigned to (BPBP)=O), along with low
amounts of secondary hydroxylation products derived from the initial amide products
(BPBP)=O and (BPBP-D2)=O ( m/z = 353.1915 for HO–(BPBP)=O and m/z = 355.2047 for
HO–(BPBP-D2)=O or DO–(BPBP-D)=O; Figure 6b, III). Nevertheless, unreacted BPBP still
represented the predominant species in the reaction mixture after in total 100 min of reaction
time (Figure 6b, III). Subsequently, the signal at m/z = 323 (BPBP) disappeared after stirring
overnight at RT, and the concentration of the oxidized product (BPBP)=O was found to be
increased accordingly (Figure 6b, IV). This means that the longer reaction time eventually leads
to full conversion of BPBP into aliphatic oxidation products. At the same point in time, the
amide product derived from the BPBP-D4 ligand was also found at considerable concentration
after the overnight reaction. As shown in Figure 6b, free BPBP is relatively stable in the
presence of the Fe/H2O2/AcOH catalytic system at the early stage of the reaction. However,
free BPBP was also found to be oxidized into oxidized compounds at the late stage of the
reaction. It is speculated that as the dissociation of the oxidized BPBP-D4 ligand from iron
proceeds, free BPBP can subsequently bind to the released iron ions to form the (oxidatively)
active species, which in turn can get involved in ligand oxidation leading to the oxidation of
BPBP.
Based on these observations, BPBP ligand oxidation leading to ligand dissociation is proposed
to take place in an intramolecular fashion, i.e. when the ligand is bound to an iron centre, and
that intermolecular oxidation does not take place. This notion strengthens the hypothesis that
enhancing the oxidative robustness of 2-pyridinylmethyl positions of the BPBP ligand would
lead to an increased catalyst lifetime.
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Figure 6. a) Reaction of S,S-BPBP in the presence of 100 mol% 1-D4, 150 equiv. H2O2, and 50 equiv.
AcOH. The oxidized ligand compounds from BPBP and BPBP-D4 can be easily discriminated in ESIMS due to deuterium labelling on 2-pyridinylmethyl carbons. b) ESI-MS of the reaction mixture of S,SBPBP (1 equiv.), 100 mol% 1-D4, 150 equiv. H2O2, and 50 equiv. AcOH over time. ESI-MS was directly
measured for the reaction mixture without any work-up. The aldehyde compounds derived from amide
compounds (BPBP)=O and (BPBP-D2)=O as shown in Scheme 1 were also observed in IV (not shown
in the figure).
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4.2.4 Catalytic performances
To investigate the catalytic performances of the [Fe(OTf)2(N2Py2-D4)] complexes, several
alkenes were chosen as benchmark substrates to examine catalytic epoxidation. For comparison
purposes, for each catalyst a parallel experiment with the corresponding [Fe(OTf)2(N2Py2)]
complex was also carried out. The catalytic results are displayed in Table 1. Cis-cyclooctene
(5) was epoxidized in the presence of 1 (0.25 mol%), H2O2 (100 mol%), and AcOH (1.5
mol%),[12] giving rise to 84% conversion and 75% yield of epoxide 6. Under the same reaction
conditions, the reaction with 1-D4 gave a slightly higher conversion and yield of 89% and 80%,
respectively. Despite these differences, these two reactions showed identical epoxide
selectivities (89% for 1 and 90% for 1-D4). Interestingly, both conversion and yield increased
with 14% when changing catalyst from 2 (73% conversion and 64% yield) to 2-D4 (87%
conversion and 78% yield). More significant differences were found in the cases of 3 and 3-D4.
Cyclooctene epoxidation with 3-D4 provides a more than 2-fold higher conversion and yield
than the reaction carried out with 3 (70% vs. 34% conversion, and 57% vs. 27% yield,
respectively). A remarkable improvement in catalytic performance was also found in the
reaction catalyzed by 4-D4, with 43% conversion and 35% yield. In contrast, only 26%
conversion and 20% yield were found in the case of 4 using the current conditions.
Table 1. Catalytic epoxidation of alkenes by Fe(N2Py2) vs. Fe(N2Py2-D4) complexes
O

0.25 mol% Fe-cat.

5

7

O

9

100 mol% H2O2,
1.5 mol% AcOH,
CH3CN, 0 oC

6

0.25 mol% Fe-cat.

O

100 mol% H2O2,
1.5 mol% AcOH,
CH3CN, 0 oC

8

O

0.5 mol% Fe-cat.
100 mol% H2O2,
1.5 mol% AcOH,
CH3CN, 0 oC

100

O
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Alkene

5

Alkene

7

Alkene

9

a)

cat.

Conv. (%)b)

6 (%)b)

Selectivity (%)c)

1
1-D4
2
2-D4
3
3-D4
4
4-D4

84
89
73
87
34
70
26
43

75
80
64
78
27
57
20
35

89
90
88
90
79
81
77
81

cat.

Conv. (%)d)

8 (%)d)

Selectivity (%)c)

1
1-D4
2
2-D4
3
3-D4
4
4-D4

72
88
70
78
55
73
36
44

70
86
65
72
51
70
29
37

97
98
93
92
93
96
81
84

cat.

Conv. (%)d)

10 (%)d)

Selectivity (%)c)

1

54

45

83

1-D4

63

55

87

2

45

38

84

2-D4

53

44

83

3

35

29

83

3-D4

53

47

89

4

34

29

85

4-D4

39

34

87

Reaction conditions: Fe-cat. : H2O2 : substrate ：AcOH = 0.25 (or 0.5) : 100 : 100 : 1.5, 0 °C, oxidant

added by syringe pump over 10 min, and reaction mixture stirred for additional 30 min. Reported
analysis data represent the outcome of at least two independent catalysis experiments. b) Determined by
GC analysis. c) Epoxide selectivity. d) Determined by NMR analysis.

Two more alkene substrates, cis-4-octene and cyclohexanone, were tested next. Similar trends
were found in all the reactions with the current set of catalysts, i.e. the reactions with Fe(N2Py2D4) catalysts showed increased conversions and yields with respect to the reactions with
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Fe(N2Py2) catalysts. In the epoxidation of cis-4-octene (7), catalysts 1-D4, 2-D4, 3-D4, and 4D4 performed the reaction with a 16%, 8%, 18% and 8% increase in conversion with respect to
catalysts 1, 2, 3, and 4, respectively. Similarly, in the case of cyclohexenone (9) epoxidation,
9%, 8%, 18% and 5% more substrate was converted in the reactions with 1-D4, 2-D4, 3-D4, and
4-D4, compared to the reactions with 1, 2, 3, and 4, respectively. On the other hand, no major
differences were observed in terms of epoxide selectivity between the parent and deuterated
catalysts in these reactions, albeit that in most cases selectivities are slightly higher for the
deuterated catalysts (Table 1).
Next to alkene epoxidation, the catalytic oxidation of aliphatic C–H bonds by
[Fe(OTf)2(N2Py2-D4)] complexes was also examined (Table 2). Using 1.0 mol% catalyst
loading, cis-1,2-dimethylcyclohexane (11) was oxidized in the presence of 120 mol% oxidant
and 50 mol% AcOH,[26] generating 3° oxidation product 12 as the major product and 2°
oxidation products 13 and 14 as minor products. When 1 was used as catalyst, 52% conversion,
30.1% total yield, and a 8.7 ratio of tertiary over secondary products (3°/2°) were obtained. 1D4 provided an improvement in catalytic performance, with 62% coversion and 37.9% total
yield. Selectivity towards the oxidation of 3° over 2° sites remained the same though (3°/2° =
8.7). Complexes 2 and 2-D4 showed a similar catalytic performance with respect to each other,
albeit with higher conversions and product yields, and a lower 3o/2o product ratio compared to
1 and 1-D4. These results are in accordance with the previous observation by Costas et al. that
the BPMCN-based iron catalyst is more active and shows a higher preference toward 2°
oxidation than BPBP-based catalysts in C–H oxidations.[24] In contrast, a significant difference
was noted between the reactions with 3 and 3-D4. The oxidation of 11 catalyzed by 3 gave rise
to 41% conversion and 27.1% yield, while with 3-D4 substrate conversion and yield increased
to 56% and 38.7%, respectively. Similarly, 4-D4 provided a noticeable increase in conversion
and yield compared to 4, with 22% conversion and 18.6% yield in the case of 4, and 31%
conversion and 27.6% yield in the case of 4-D4. Notably, similar 3°/2° ratios were obsvered in
these two sets of reactions.
In the oxidation of adamantane (15), noticeably different catalytic results were only found
between the reactions with 1 and 1-D4, with an improved conversion (from 73% to 82%) and
yield (from 41.8% to 49.5%) for 1-D4. For the other three sets of reactions, slighly higher
conversions and yields were found in the reactions with the Fe(N2Py2-D4) catalyst than the
ones with the Fe(N2Py2) catalyst (Table 2). In none of these reaction sets was a change in the
3o/2o product ratio observed.
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Table 2. Catalytic C–H oxidation of alkanes by Fe(N2Py2) vs. Fe(N2Py2-D4) complexesa)
1.0 mol% Fe-cat.

12

14
O

OH

+

120 mol% H2O2,
50 mol% AcOH,
CH3CN/n-Hexane, RT

+

16

17

18

Alkane

cat.

Conv. (%)b)

12, 13, 14 (%)b)

Total yield (%)b)

3°/2° c)

11

1
1-D4
2
2-D4

52
62
67
70

27, 1.3, 1.8
34, 1.8, 2.1
40, 3.0, 4.0
42, 3.3, 4.3

30.1
37.9
47
49.6

8.7
8.7
5.7
5.5

3
3-D4
4
4-D4

41
56
22
31

24, 1.5, 1.6
34, 2.2, 2.5
17, 0.7, 0.9
25, 1.1, 1.5

27.1
38.7
18.6
27.6

7.8
7.3
10.6
9.6

cat.

Conv. (%)b)

16, 17, 18 (%)b)

Total yield (%)b)

3°/2° d)

1
1-D4
2
2-D4
3
3-D4
4
4-D4

73
82
76
79
71
72
70
75

38, 1.3, 2.5
45, 1.6, 2.9
36, 1.5, 2.7
38, 1.6, 2.9
31, 1.5, 1.9
33, 1.6, 2.2
41, 1.7, 2.6
44, 1.9, 2.5

41.8
49.5
40.2
42.5
34.4
36.8
45.3
48.4

30
30
26
25
27
26
29
30

Alkane

15

a)

13

OH

1.0 mol% Fe-cat.

15

O
+

+

120 mol% H2O2,
50 mol% AcOH,
CH3CN, 0 oC

11

O

OH

Reaction conditions: Fe-cat. : H2O2 : substrate ：AcOH = 1 : 120 : 100 : 50, 0 °C or RT, oxidant

added by syringe pump over 10 min, and reaction mixture stirred for additional 30 min. Reported
analysis data represent the outcome of at least two independent catalysis experiments. b) Determined
by GC analysis. c)3°/2° = 12/(13 + 14). d) 3°/2° = 3 * 16/(17 + 18).

4.2.5 Kinetic studies
In all the oxidative reactions tested, both alkene epoxidations and aliphatic C–H oxidations, the
Fe(N2Py2-D4) complexes generally showed improved catalytic performances with respect to
the corresponding Fe(N2Py2) complexes, both in the sense of substrate conversion and of
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product yield. Accordingly, the question arises whether the Fe(N2Py2-D4) complexes have a
higher reactivity or a longer lifetime compared to Fe(N2Py2) complexes. To obtain insight into
their kinetic behaviours, the reaction progression was monitored over time for a number of
reactions.
By using cis-cyclooctene (5) as the model substrate, catalytic epoxidation was carried out with
0.25 mol% of either 1 or 1-D4, 1.5 mol% AcOH, and 1 equiv. of H2O2 (added at once). As
shown in Figure 7a, 1-D4 consistently gave higher conversion and yield during the complete
reaction duration to result in about 10% higher conversion and product yield. Interestingly,
these two reactions showed a very similar initial reaction rate and took about the same time to
complete (around 40 min). In a similar manner, 2-D4 showed a stronger catalytic ability than 2
from an early stage of the reaction (Figure 7b). More importantly, 2-D4 exhibited catalytic
activity over a longer time frame. Consumption of 5 and formation of epoxide product 6 almost
ceased around 50 min in the case of 2, while the reaction still occurred after 60 min with 2-D4.
Furthermore, the kinetic behaviour of 3-D4 was found to be dramatically different from that of
3 (Figure 7c). While the reaction with 3 was observed to be complete after 30 min, the catalytic
conversion with 3-D4 continued after the observation period of 1 h. This led to very different
reaction results for 3 and 3-D4 at 60 min (33% vs. 71% conversion, and 25% vs. 63% yield,
respectively). Since the reaction with 3-D4 seems to continue after 60 min, the differences
between these two catalysts can be even larger. In addition, the initial rate of the reaction was
significantly different between 3 and 3-D4, the latter showing a higher initial rate. Finally,
different durations of catalytic activity were also found in the reactions with 4 and 4-D4. In the
case of 4, the reaction was found to be complete after 20 min, while catalytic conversion for
the reaction with 4-D4 was observed for at least 30 min (Figure 7d). Like for the reactions with
2-D4 and 3-D4, a significant increase in conversion and yield was found for 4-D4 with respect
to 4, confirming the observations listed in Table 1.
O

0.25 mol% Fe-cat.

5

100 mol% H2O2,
1.5 mol% AcOH,
CH3CN, 0 oC
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Figure 7. Time-dependent reaction profiles of the catalytic epoxidation of cis-cyclooctene (5) with
catalysts 1 – 4 vs. catalysts 1-D4 – 4-D4. Reaction conditions (a-c): Fe-cat. : H2O2 : substrate ：AcOH
= 0.25 : 100 : 100 : 1.5, 0 °C, the oxidant was added at once. Reaction conditions (d): Fe-cat. : H2O2 :
substrate ：AcOH = 0.5 : 100 : 100 : 1.5, 0 °C, the oxidant was added at once. Yields and conversions
were determined by GC analysis.

In all these kinetic experiments, catalysts 1-D4 – 4-D4 showed enhanced catalytic abilities
compared to catalysts 1 – 4, which is in agreement with the observations described in Table 1
and 2. Noticeable longer duration of catalytic activity in cis-cyclooctene epoxidation was
observed for catalysts 2-D4 – 4-D4, suggesting that these Fe(N2Py2-D4) complexes have longer
lifetimes than their Fe(N2Py2) counterparts under catalytic conditions. Considering that the
oxidant was added at once, the large initial amount of H2O2 in the reaction mixture will cause
catalyst deactivation through ligand oxidation at a (relatively) early stage during the reaction,
leading to decreasing concentrations of active Fe(N2Py2) and Fe(N2Py2-D4) species in the
reaction mixtures to different extents from the very beginning of the reaction.
In order to further evaluate the reactivities of these Fe(N2Py2) and Fe(N2Py2-D4) complexes,
the reaction progression was monitored over time using a slow oxidant addition protocol
typically used in non-heme oxidation catalysis (see above). Catalysts 3 and 3-D4 were used in
this experiment since these showed the largest difference in catalytic results in the epoxidation
of cis-cyclooctene. In these two experiments, 1.0 equiv. of H2O2 was delivered by syringe pump
over 30 min. As clearly shown in Figure 8, 3 and 3-D4 provided nearly the same substrate
conversions in the first 30 min of the reaction. Of note is that, during the addition of H2O2,
conversions were always lower than the percentages of H2O2 added, meaning that the amount
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of oxidant present was not the limiting factor. Beyond 30 min, the conversion rate for 3 clearly
started to drop with respect to that of 3-D4 and at 55 min the reaction with 3 ceased; in contrast,
cis-cyclooctene was still consumed until 70 min in the case of 3-D4 (Figure 8). This observation
is consistent with previous observations, again showing that 3-D4 has a longer lifetime under
catalytic conditions than 3. This comparison indicates that the slow H2O2 addition protocol can
indeed extend the lifetime of the catalyst, and more importantly, that Fe(N2Py2) and Fe(N2Py2D4) complexes have the same reactivity towards external substrates. However, it is the greater
longevity provided by the deuterated ligand in the Fe(N2Py2-D4) complexes that leads to higher
substrate conversions and product yields. Because of the same reason, no obvious differences
in product selectivities were found between the deuterated and non-deuterated catalysts (Table
1 and 2).
70
60

Conversion (%)

50
40
30

Conv. with 3-D4
Conv. with 3

20
10
0
0

10

20
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40

50

60

70
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Figure 8. Reaction profiles of cis-cyclooctene (5) oxidation using catalyst 3 vs. catalyst 3-D4 with slow
addition of the oxidant (30 min). Reaction conditions: Fe-cat. : H2O2 : substrate ：AcOH = 0.25 : 100 :
100 : 1.5, 0 °C, the oxidant was added by syringe pump over 30 min. Conversions are determined by
GC analysis.

Figure 7 clearly shows that the improvements in catalytic outcomes and the extended lifetimes
provided by the deuterated catalysts are different from each other. 1-D4 showed a similar
lifetime and a limited improvement in catalytic performance in comparison with 1. Notably, the
initial reaction rates observed for 1 and 1-D4 are also similar. As their reactivities towards
substrate 5 are identical (vide supra), this indicates that 1 and 1-D4 have similar (oxidative)
robustness under the present conditions. In sharp contrast, 3-D4 showed a much longer lifetime,
a much higher initial reaction rate, and significantly improved catalytic outcomes than 3 in the
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epoxidation of cis-cyclooctene. The difference in the effect of ligand deuteration is likely due
to the relatively strong stability of the BPBP ligand under the oxidizing conditions, as a
consequence of increased rigidity, with respect to the BPMEN ligand, which has a rather
flexible bis-alkylamine backbone. In this regard, 1-D4 with deuterated 2-pyridinylmethyl sites
exhibits rather limited improvements compared to 1. This finding is in line with previous
notions that the stability of non-heme iron catalysts under the oxidizing conditions has a strong
correlation with ligand rigidity.[5,6,19,44] It is believed that the enhanced robustness of the BPBP
ligand is a key reason that (non-deuterated) BPBP-based iron complexes show better catalytic
performances than their BPMEN-based counterparts. Deuteration of the BPMEN ligand results
in catalytic performances of its iron complex 3-D4 that are very similar to those of the nondeuterated BPBP-complex 1, which illustrates the importance of oxidative ligand
decomposition on catalytic activity.
4.2.6 Ligand oxidation of BPMEN-based iron complexes
These observations of evidently different catalytic performances between 3 and 3-D4 triggered
a more detailed investigation of the deactivation of BPMEN-based iron complexes. Similar to
the decomposition test of BPBP-based iron complexes, 3 was mixed with 150 equiv. of H2O2
and 50 equiv. of AcOH in MeCN. After stirring at 0 oC for 10 min, similar to the observation
for 1, ESI-MS of the resulting mixture revealed a major peak at m/z = 285.1690, with an
isotopic pattern that is in agreement with a carbonyl compound (BPMEN)=O (calcd. m/z =
285.1715) derived from aliphatic C–H oxidation of the ligand (Figure 9a). Interestingly, the
same oxidation protocol applied to 3-D4 gave two signals in this m/z region, i.e., at m/z =
287.1843 and 289.1972 (Figure 9b), indicating that C–H oxidation happened both at one of the
2-pyridinylmethyl positions (calcd. m/z for [(BPMEN-D2)=O+H]+ is 287.1872, Figure 9b, inset)
and at one of the methylene sites of the bis-alkylamine backbone (calcd. m/z for [(BPMEND4)=O+H]+ is 289.2029, Figure 9b, inset). This observation indicates that ligand oxidation in 3
and 3-D4 is not restricted to the 2-pyridinylmethyl sites as observed for the other complexes
discussed here, but may also occur on the bis-alkylamine backbone in the BPMEN ligand.
Installation of deuterium atoms on the 2-pyridinylmethyl positions possibly shifts C–H
oxidation more to methylene sites of the ligand backbone in 3-D4. However, the oxidation of
these methylene sites seems to be more sluggish, leading to a slower deactivation process of 3D4 compared to 3, and resulting in enhanced robustness and a much longer lifetime of 3-D4. In
addition, oxidatively dimerized species were also found in both cases, i.e., the signal at m/z =
242.4095 corresponds to [Fe2(µ-O)(BPMEN)2(OAc)]3+ (Figure 9a, calcd. 242.4151) and the
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signal at m/z = 245.0943 corresponds to [Fe2(µ-O)(BPMEN-D4)2(OAc)]3+ (Figure 9b, calcd.
245.0985).
Calculated
[(BPMEN)=O+H]+ :

a)

Calculated
[(BPMEN-D2)=O+H]+ :

b)

Calculated
[(BPMEN-D4)=O+H]+ :

Figure 9. ESI-MS of the reaction of 3 (a) or 3-D4 (b) (2mM) with H2O2 (150 equiv.) and AcOH (50
equiv.) in MeCN, stirred at 0 oC for 10 min. ESI-MS was directly measured from the reaction mixture
without any work-up. a): The peak at m/z = 285.1690 corresponds to (BPMEN)=O. b): The peak at m/z
= 287.1843 corresponds to (BPMEN-D2)=O. The peak at m/z = 289.1972 corresponds to (BPMEND4)=O. The peaks at m/z = 288 and 286 are due to the presence of non-fully deuterated complex 3-D3.

4.2.7 Lifetimes of active iron intermediates
The observation of longer lifetimes of Fe(N2Py2-D4) complexes in catalytic oxidation reactions
raised the interest in the inherent lifetimes of active intermediates formed under the oxidizing
conditions. Generally, a well-characterized FeIII–OOH intermediate[45,46] is generated upon
reaction of the FeII complex with excess H2O2, which subsequently undergoes water-assisted
O−O bond heterolysis to generate an FeV(O)–OH species[45,47,48] that is considered as the active
oxidant in catalysis. In the presence of AcOH, the Fe/H2O2 catalytic systems have shown
enhanced substrate conversion, as firstly reported by White.[8] In this case, an FeV(O)–OAc
species[49] derived from a carboxylic acid-assisted pathway was postulated in early studies,
which is analogous to the FeV(O)–OH oxidant. However, more recent DFT and spectroscopic
studies favor the formation of an FeIII–OOAc species, which subsequently decays to FeIV(O)–
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AcO·,[50–52] representing an alternative electronic formulation of the FeV(O)–OAc species.
Interestingly, the closely related FeIII–OOH[53] and FeIII–OOAc[51] species, generated with TPAbased ligands (TPA = tris(2-pyridylmethyl)-amine), both have been found to be correlated to
the formation of product in epoxidations by Que and co-workers. That is, the formation of
epoxide occurred only after the FeIII–OOH or FeIII–OOAc intermediate was formed, and ceased
upon complete decay of these species. In this sense, it is of interest to obtain insight into the
lifetimes of these species generated from corresponding Fe(N2Py2) and Fe(N2Py2-D4)
complexes.
Initial attempts to generate an FeIII–OOAc intermediate, which has been reported to show an
absorbance maximum at around 460 nm in UV-Vis,[51,52] by mixing of 1 (1 mM, 1 equiv.),
AcOH (10 equiv.), and H2O2 (10 equiv.) at 0 oC unfortunately failed in our hands. The formation
of the subsequent high-valent Fe-oxo species from the decay of FeIII–OOAc, which has an
absorbance maximum at around 740 nm,[51,52] was not successfully observed either. Next,
generation of FeIII–OOH species by simply mixing FeII-complexes with H2O2 only was
successful.[53] Accordingly, the oxidation of the complexes 1 – 4 and 1-D4 – 4-D4 was carried
with H2O2 (150 equiv.) in the absence of AcOH. Similar to the oxidation of these complexes
using a combination of H2O2 and AcOH, ligand-based amide compounds derived from
oxidation on 2-pyridinylmethyl sites were observed as the major products by ESI-MS analysis
(e.g. (BPBP)=O (observed m/z =337.2019) in the case of 1, Figure 10), indicating that active
intermediates capable of C–H oxidation are formed also in the absence of AcOH. Accordingly,
the lifetimes of FeIII–OOH species generated from Fe(N2Py2-D4) and Fe(N2Py2) complexes
were explored.

Figure 10. ESI-MS trace of the mixture from a reaction of 1 (2mM) with H2O2 (150 equiv.) in MeCN,
stirred at 0 oC for 10 min. The peak at m/z = 337.2019 corresponds to the decomposition compound
(BPBP)=O.
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Using the reported conditions for generating FeIII–OOH species,[52,53] H2O2 (10 equiv.) was
added to a solution of 1 (1 mM) in MeCN at 0 oC. A purple chromophore appeared immediately
at 560 nm in UV-Vis (Figure 11), which was assigned to the corresponding (BPBP)FeIII–OOH
species. By monitoring the intensity of the signal at 560 nm, this species was found to reach its
maximum concentration after 60 s, then to decay completely within 300 s (Figure 12a).
Subsequently, the same UV-Vis experiment was carried out with 1-D4. The (BPBP-D4)FeIII–
OOH species generated in this experiment showed an almost identical concentration behaviour
as (BPBP)FeIII–OOH (Figure 12a), indicating that these species have rather similar lifetimes.
These observations are in line with the similar catalytic activities of 1 and 1-D4 in ciscyclooctene epoxidation (Figure 7a). Next, the same UV-Vis experiments were carried out to
monitor the respective lifetimes of the FeIII–OOH species generated from 2 and 2-D4, and from
3 and 3-D4, for which remarkably different kinetic behaviours were observed in catalysis
(Figure 7b, 7c). However, also in these cases very similar lifetimes were observed for the
(BPMCN)FeIII–OOH

and

(BPMCN-D4)FeIII–OOH

(Figure

12b)

species,

and

(BPMEN)FeIII–OOH and (BPMEN-D4)FeIII–OOH species (Figure 12c).
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Figure 11. UV-Vis spectra for (BPBP)FeIII-OOH formation (red lines) and decay (blue lines) upon
mixing 1 (1 mM) with H2O2 (10 mM) at 0 oC in MeCN.
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Figure 12. Time course of the formation and decay of FeIII-OOH species monitored at 560 nm. The
reactions were conducted with Fe(N2Py2) complexes (blue lines) or Fe(N2Py2-D4) complexes (red
lines).

112

Chapter 4 Iron Complexes with N2Py2-D4 Ligands: Towards More Robust Catalysts for Oxidation Reactions

ESI-MS analyses were carried out after the UV-Vis experiments to obtain insight into the
speciation of the resulting mixtures. Typically, the starting FeII complex was observed as the
most prominent species in the mixture. For instance, the signal at m/z = 527.1074 assigned to
[M-OTf]+ (calcd. 527.1022) represents the major species in the experiment using complex 1
(Figure 13). The amide compounds derived from ligand oxidation were found in trace amounts
in these experiments (see signal at m/z = 337.2051 in Figure 13 for the experiment with 1).
These observations are very different from the dedicated catalyst decomposition experiments,
where oxidized ligand was formed as the major product without the detection of the starting
FeII complex (Figures 3 and 10). This suggests that the fates of the FeII complexes and the ligand
oxidation progression depend on the reaction conditions (150 equiv. H2O2 was used in the
dedicated catalyst decomposition experiments). Additionally, in kinetic experiments where
longer lifetimes of Fe(N2Py2-D4) complexes were observed, 400 equiv. of H2O2 with respect
to iron complex was added.

(BPBP)=O

Figure 13. ESI-MS after the UV-Vis experiment with complex 1. The peak at m/z = 337.2051
corresponds to the oxidized ligand (BPBP)=O. The peak at m/z = 527.1074 corresponds to 1 (calcd. m/z
for [M-OTf]+: 527.1022).

4.3 Conclusions
The present work demonstrates that the lifetimes of Fe(N2Py2)-based oxidation catalysts can
be enhanced by replacing the H atoms with D atoms in the 2-pyridinylmethyl sites of the N2Py2
ligands. As a result, improved substrate conversions and product yields are consistently
obtained in both catalytic aliphatic C–H oxidations and alkene epoxidations. This slight
manipulation of the ligand is actually able to double the conversion and yield in particular
catalytic reactions, and dramatically increase the lifetimes of the catalysts depending on the
overall structure of the N2Py2 ligand. The Fe(N2Py2) and Fe(N2Py2-D4) catalysts show
identical reactivities (as illustrated in reaction kinetics) and similar product selectivities (as
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shown in catalytic performance), which is attributed to unchanged electronic and steric
properties of the deuterated and non-deuterated ligands. The overall effect of ligand deuteration
on catalyst performance is exemplified by the similar catalytic performance of the deuterated
BPMEN-catalyst 3-D4 compared to non-deuterated BPBP-catalyst 1.
This ligand design strategy has wide applicability as evaluated for a series of N2Py2 ligands
with variations on both the bis-alkylamine and pyridine fragments. Yet, the improvements in
catalytic performances and lifetimes provided by the deuterated ligands are different and are
more pronounced for ligands with a more flexible bis-alkylamine backbone, which is likely due
to differences in the inherent robustness of the parent N2Py2 ligands. The success of non-heme
iron oxidation catalysts based on ligands comprizing more rigid bis-alkylamine backbones, with
the BPBP ligand as a prominent example, have been explained in terms of these ligands
providing a more rigid and strong chelate for iron which would prevent (oxidative) leaching of
iron.[5,6] The current findings suggest that a more rigid ligand manifold attenuates
intramolecular ligand oxidation, which would lead to catalyst decomposition, through a more
restricted approach of 2-pyridinylmethyl C–H bonds to the intermediate iron-oxo moiety.
Accordingly, deuteration of 2-pyridinylmethyl sites in more flexible ligands, such as BPMEN,
results in a dramatic increase in overall catalytic performance because of less facile ligand
oxidation and concomitant catalyst decomposition. Attempts to verify this hypothesis by
monitoring the differences in lifetimes of pivotal oxygenated intermediates have so far not been
successful. It is proposed that the present ligand design principle provides new insights and new
routes for the further development of more robust ligands for homogeneous oxidation catalysts,
giving rise to new and more powerful tools for practical catalytic oxidation reactions.

4.4 Experimental Section
4.4.1 General
The synthesis of iron complexes and other air- and moisture-sensitive reactions were performed under
an inert nitrogen atmosphere using standard Schlenk line and glovebox techniques. Catalyst
decomposition reactions and catalytic reactions were conducted under ambient conditions. The iron
precursor Fe(OTf)2·2CH3CN was synthesized according to a reported procedure.[54] The solvents diethyl
ether and acetonitrile were purified using an MBraun MB SPS-800 solvent purification system.
Tetrahydrofuran for complexation reactions and methanol were dried with sodium and magnesium
turnings, respectively, and distilled under nitrogen prior to use. HPLC grade anhydrous MeCN was used
as solvent for UV-Vis measurements, which was stored in a glovebox. Reference samples of alcohols
and carbonyl compounds 12-14 and 16-18 were prepared using the known 1/H2O2 system.[9,10] Ligands
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S,S-BPBP[19], R,R-BPMCN[43], and BPMEN[9,42], iron complexes 1[15], 2[43], and 3[9,42] were synthesized
according to literature procedures. All other reagents, substrates, and reaction products were obtained
commercially and used without further purification. Column chromatography was performed using
Merck silica gel (60–200 mesh). 1H, 13C NMR, and 19F spectra were recorded with a 400 MHz Varian
spectrometer at 25 °C, chemical shifts (δ) are given in ppm referenced to the residual solvent peak. ESIMS measurements were performed with a Waters LCT Premier XE KE317 machine. GC analyses were
performed on a Perkin–Elmer Clarus 500 Gas Chromatograph equipped with a PE-17 column ((30 m ×
0.23 mm × 0.25 µm), (50% phenyl)-(50% methyl)polysiloxane) and a flame-ionization detector. UVVis spectra were recorded on an Agilent Cary 50 UV-Vis spectrometer equipped with a Hellma 661.202UV 10 mm probe, wavelengths are reported in nm. Elemental microanalyses were carried out by the
Mikroanalytisches Laboratorium Kolbe, Germany.
4.4.2 Synthesis of ligands and iron complexes
4.4.2.1 Synthesis of pyridine synthons
PyCD2Cl·HCl This compound was prepared following reported procedures under
modified reaction conditions for making PyCH2Cl·HCl,[39,40] but using sodium
Cl
N
borodeuteride as reductant. To a stirred solution of sodium borodeuteride (NaBD4, 1.0
HCl
g, 24 mmol, 98 atom% D) in anhydrous methanol (10 mL) under a nitrogen atmosphere,
ethyl picolinate (0.8 mL, 6 mmol) was added dropwise at 0 oC. Then the reaction was stirred at 0 oC for
another hour and at ambient temperature for 2 h. The reaction mixture was poured into cold water and
extracted with CH2Cl2 (10 mL). The aqueous phase was neutralized with 1 M HCl to pH 7 and extracted
with CH2Cl2 (2 x 10 mL). The combined organic phase was then dried over MgSO4, and concentrated
to give the crude product, which was purified by column chromatography (CH2Cl2:MeOH:NH3 20:1:0.1
(v/v) to 5:1:0.1 (v/v)) to provide 550 mg of 2-hydroxy-methylpyridine-D2 as a yellow oil (5 mmol, 83%
yield). Subsequently, it was treated with thionyl chloride (1.45 mL, 20 mmol) at 0 oC under a nitrogen
atmosphere, which resulted in an initial color change to yellow, then to orange. The reaction was heated
to 60 oC and allowed to stir for 3 h. The resulting dark-brown solution was concentrated to remove
residual SOCl2. The remaining brown oil was dissolved in 5 mL EtOH with gentle heating. After the
solution was cooled to RT, anhydrous diethyl ether was added slowly until the solution turned cloudy.
The suspension was allowed to settle and the resulting solid was filtrated, washed with diethyl ether
several times, and dried in vacuo to obtain 637 mg of PyCD2Cl·HCl as a light-brown solid (77% yield,
D

D

64% yield for two steps), which was of sufficient purity to be used in the next synthetic step. 1H NMR
(400 MHz, CD3OD) δ 8.88 (d, J = 5.7 Hz, 1H), 8.65 (td, J = 7.9, 1.5 Hz, 1H), 8.18 (d, J = 7.9 Hz, 1H),
8.09 – 8.04 (m, 1H). A small singlet peak at 5.02 ppm was observed (with ca. 0.1 integration w.r.t. each
H on pyridine), which corresponds to non-deuterated H on the 2-pyridinylmethyl position.[40] 13C NMR
(100 MHz, CDCl3) δ 151.24, 147.49, 142.32, 127.25, 126.74, 39.34 (quint). HRMS (ESI-MS) calcd.
m/z for C6H5D2ClN ([M-Cl]+): 130.0387, found 130.0328. A small signal at m/z = 129 was observed,
indicating the presence of PyCHDCl·HCl.
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IQCH2Cl·HCl This compound was prepared following reported procedures[40,55]
H under modified reaction conditions. To a suspension of anhydrous CaCl2 (2 g, 18
Cl mmol) in dry THF (20 mL) and absolute ethanol (20 mL) under a nitrogen
N
HCl
atmosphere, NaBH4 (1.25 g, 33 mmol) was added slowly at 0 oC. After stirring
the mixture for 20 min at the same temperature, a solution of methyl 3-isoquinolinecarboxylate (1.12 g,
6 mmol) in dry THF (20 mL) was added and the mixture was stirred for another 60 min, giving a white
suspension. At this point, the reaction was quenched carefully by addition of a saturated NH4Cl aqueous
solution. The resulting mixture was extracted with Et2O (3 x 30 mL). The combined organic phase was
then dried over MgSO4, and concentrated to give the crude product, which was purified by silica column
chromatography (first petroleum ether: EtOAc 1:3 to 1:5 (v/v), then CH2Cl2:MeOH 2:1 (v/v)) to provide
510 mg of a brown solid (isoquinolin-3-ylmethanol). Subsequently, this product was treated with thionyl
H

chloride (1.3 mL, 18 mmol) at 0 oC under a nitrogen atmosphere. A white precipitate formed
immediately then the mixture was heated to 60 oC and allowed to stir for 3 h. The resulting yellow
suspension was concentrated to remove residual SOCl2. The remaining yellow solid was dissolved in 5
mL EtOH with gentle heating. After the solution was cooled to RT, anhydrous diethyl ether was added
slowly until the solution turned cloudy. The suspension was allowed to settle, and the resulting solid
was filtrated, washed with diethyl ether several times and dried in vacuo. Finally, 680 mg of
IQCH2Cl·HCl was obtained as a white solid (53% yield for two steps), which was of sufficient purity
to be used in the next synthetic step. 1H NMR (400 MHz, CD3OD) δ 9.84 (s, 1H), 8.54 (d, J = 5.1 Hz,
2H), 8.31– 8.24 (m, 2H), 8.06 (t, J = 7.3 Hz, 1H), 5.13 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 148.70,
140.57, 139.10, 137.31, 131.29, 130.54, 127.61, 126.84, 124.89, 40.44. HRMS (ESI-MS) calcd. m/z for
C10H9ClN ([M-Cl]+): 178.0418, found 178.0395.
IQCD2Cl·HCl This compound was prepared following the procedure for making
D IQCH2Cl·HCl, but using NaBD4 as reductant. 712 mg of a white solid was
1
Cl obtained in 55% overall yield. H NMR (400 MHz, CD3OD) δ 9.86 (s, 1H), 8.59
N
HCl
– 8.55 (m, 2H), 8.33 – 8.25 (m, 2H), 8.11 – 8.06 (m, 1H). A small singlet at 5.14
ppm was also observed (with ca. 0.2 integration w.r.t. each H on pyridine), which corresponds to nondeuterated H on the 3-isoquinolinylmethyl position.13C NMR (100 MHz, CDCl3) δ 148.60, 140.44,
139.10, 137.31, 131.28, 130.54, 127.57, 126.83, 124.91, 39.74 (quint). HRMS (ESI-MS) calcd. m/z for
C10H7D2ClN ([M-Cl]+): 180.0544, found 180.0495. Two small signals at m/z = 179 and 178 were also
observed, indicating the presence of IQCHDCl·HCl and IQCH2Cl·HCl.
D

4.4.2.2 Synthesis of ligands
S,S-BPBP-D4 This compound was prepared in an analogous manner to BPBP,[19] but using
PyCD2Cl·HCl for constituting the pyridine fragment instead. To a solution of (S,S)-2,2′-bipyrrolidine
D-tartrate trihydrate (510 mg, 1.5 mmol) and PyCD2Cl·HCl (380 mg, 3 mmol) in CH2Cl2 (10 mL) and
H2O (10 mL), 480 mg of NaOH (12 mmol) was added. The combined mixture was vigorously stirred at
RT overnight. Then the organic phase was separated and the aqueous phase was extracted with CH2Cl2
(3 × 10 mL). The combined organic phase was dried over MgSO4 and the solvent was removed under
vacuum.

The obtained

crude

product

was

purified

116

by

silica

column

chromatography

Chapter 4 Iron Complexes with N2Py2-D4 Ligands: Towards More Robust Catalysts for Oxidation Reactions

(CH2Cl2:MeOH:NH3 20:1:0.1 to 10:1:0.1 (v/v)). Then the fraction containing the desired product was
washed with NaHCO3 to remove remaining NH3. Finally, BPBP-D4 was obtained as a light-brown oil
(372 mg, yield 76%). 1H NMR (400 MHz, CDCl3) δ 8.47–8.45 (m, 2 H), 7.55 (td, J = 7.8, 1.8 Hz, 2H),
7.36 (d, J = 7.8 Hz, 2H), 7.08–7.05 (m, 2 H), 2.98–2.94 (m, 2 H), 2.78–2.74 (m, 2 H), 2.21 (q, J = 8.2
Hz, 2H), 1.82–1.62 (m, 8 H). Two small singlet peaks at 4.13 and 3.45 ppm were also observed (with
ca. 0.1 integration w.r.t. each H on pyridine), which correspond to ligands containing partially nondeuterated 2-pyridinylmethyl positions. 13C NMR (100 MHz, CDCl3) δ 160.22, 148.76, 136.22, 122.69,
121.62, 65.31, 60.51 (quint), 55.16, 25.95, 23.54. HRMS (ESI-MS) calcd. m/z for C20H23D4N4 ([M+H]+):
327.2481, found 327.2492. A small signal at m/z = 326 was also observed, indicating the presence of
S,S-BPBP-D3.
R,R-BPMCN-D4 This compound was prepared in an analogous manner to BPBP-D4, starting from R,R(−)-N, N′-dimethyl-1,2-cyclohexanediamine and PyCD2Cl·HCl. Yellow oil, 54% yield. 1H NMR (400
MHz, CDCl3) δ 8.46–8.44 (m, 2 H), 7.57–7.52 (m, 4 H), 7.09–7.05 (m, 2 H), 2.62 (d, J = 9.8 Hz, 2H),
2.25 (s, 6H), 1.94 (d, J = 11.9 Hz, 2H), 1.72 (d, J = 8.9 Hz, 2H), 1.27–1.22 (m, 2 H), 1.15–1.09 (m, 2
H). Two small singlet peaks at 3.86 and 3.74 ppm were also observed (with ca. 0.1 integration w.r.t.
each H on pyridine), which correspond to ligands containing partially non-deuterated 2-pyridinylmethyl
positions. 13C NMR (100 MHz, CDCl3) δ 161.27, 148.56, 136.20, 122.86, 121.55, 64.42, 59.65 (quint),
36.56, 25.83, 25.76. HRMS (ESI-MS) calcd. m/z for C20H25D4N4 ([M+H]+): 329.2638, found 329.2655.
A small signal at m/z = 328 was also observed, indicating the presence of R,R-BPMCN-D3.
BPMEN-D4 This compound was prepared in an analogous manner to BPBP-D4, starting from N, N′dimethylethylenediamine and PyCD2Cl·HCl. Yellow oil, 58% yield. 1H NMR (400 MHz, CDCl3) δ
8.49–8.47 (m, 2 H), 7.60 (td, J = 7.7, 1.8 Hz, 2H), 7.38 (d, J = 7.8 Hz, 2H), 7.10–7.07 (m, 2 H), 2.59 (s,
4H), 2.22 (s, 6H). A small singlet peak at 3.60 ppm was also observed (with ca. 0.2 integration w.r.t.
each H on pyridine), which corresponds to ligands containing partially non-deuterated 2pyridinylmethyl positions. 13C NMR (100 MHz, CDCl3) δ 159.25, 148.95, 136.22, 122.99, 121.81, 63.58
(quint), 55.39, 42.76. HRMS (ESI-MS) calcd. m/z for C16H19D4N4 ([M+H]+): 275.2168, found 275.2143.
A small signal at m/z = 274 was also observed, indicating the presence of BPMEN-D3.
BQMEN This compound was prepared in an analogous manner to BPBP-D4, starting from N, N′dimethylethylenediamine and IQCH2Cl·HCl. Yellow oil, 66% yield. 1H NMR (400 MHz, CDCl3) δ 9.15
(s, 2H), 7.87 (d, J = 8.1 Hz, 2H), 7.72 – 7.63 (m, 4H), 7.60 – 7.55 (m, 2H), 7.51 – 7.46 (m, 2H), 3.82 (s,
4H), 2.73 (s, 4H), 2.31 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 152.47, 152.05, 136.29, 130.19, 127.59,
127.41, 126.65, 126.40, 118.94, 64.09, 55.57, 43.03. HRMS (ESI-MS) calcd. m/z for C24H27N4 ([M+H]+):
371.2230, found 371.2250.
BQMEN-D4 This compound was prepared in analogous manner to BPBP-D4, starting from N, N′dimethylethylenediamine and IQCD2Cl·HCl. Yellow oil, 66% yield. 1H NMR (400 MHz, CDCl3) δ 9.16
(s, 2H), 7.89 (d, J = 8.1 Hz, 2H), 7.70 – 7.67 (m, 4H), 7.61 – 7.57 (m, 2H), 7.52 – 7.48 (m, 2H), 2.73 (s,
4H), 2.32 (s, 6H). A small singlet peak at 3.80 ppm was also observed (with ca. 0.4 integration w.r.t.
each H on pyridine), which corresponds to ligands containing partially non-deuterated 3-
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isoquinolinylmethyl positions. 13C NMR (100 MHz, CDCl3) δ 152.37, 152.06, 136.28, 130.19, 127.61,
127.42, 126.66, 126.41, 119.00, 63.85 (quint), 55.50, 42.97. HRMS (ESI-MS) calcd. m/z for C24H23D4N4
([M+H]+): 375.2481, found 375.2504. Two small signals at m/z = 373 and 374 were also observed,
indicating the presence of BQMEN-D2 and BQMEN-D3.
4.4.2.2 Synthesis of iron complexes
1-D4 This complex was prepared in an analogous manner to 1,[15] starting from S,S-BPBP-D4. Under a
nitrogen atmosphere, a solution of S,S-BPBP-D4 (131 mg, 0.4 mmol) in dry THF (1 mL) was added to
a vigorously stirred solution of Fe(OTf)2·CH3CN (174 mg, 0.4 mmol) in dry THF (1 mL) at RT. After
stirring overnight, a yellow precipitate had formed. The solid was filtrated, washed repetitively with dry
THF and diethyl ether, and dried in vacuo. Finally, 177 mg of 1-D4 (yellow solid, 65% yield) was
obtained. 1H NMR (400 MHz, CD2Cl2) δ 184.29, 108.28, 78.26, 52.34, 51.25, 35.68, 30.30, 9.34, 1.16,
-7.12, -19.82. The 2-pyridinylmethyl H-signal was also found at 16 ppm with a weak intensity. 19F NMR
(376 MHz, CD2Cl2) δ -43.31. HRMS (ESI-MS) calcd. m/z for C21H22D4F3FeN4O3S ([M-OTf]+):
531.1278, found 531.1343. The intensity of the signal at m/z = 530 indicates the presence of 1-D3.
Elemental analysis calcd. (%) for C22H22D4F6FeN4O6S2: C 38.83, H 4.44, N 8.23, found C 38.20, H 4.71,
N 8.11.
2-D4 This complex was prepared in an analogous manner to 2,[43] starting from R,R-BPMCN-D4. Under
a nitrogen atmosphere, a solution of R,R-BPMCN-D4 (141 mg, 0.43 mmol) in dry MeCN (1 mL) was
added to a vigorously stirred suspension of FeCl2 (54 mg, 0.43 mmol) in dry MeCN (1 mL) at RT. The
solution turned to a yellow-orange suspension immediately. After stirring overnight the yellow
precipitate was filtrated, washed with dry MeCN, and dried in vacuo, to give 139 mg of R,R[Fe(BPMCN-D4)Cl2] (0.3 mmol). Subsequently, the solid was dissolved in dry MeCN (2 mL) at RT,
which was treated with AgOTf (157 mg, 0.6 mmol), immediately forming a white precipitate (AgCl).
The reaction was stirred overnight, then AgCl was filtered off. The remaining brown filtrate was
concentrated in vacuo to afford a yellow-brown semi-solid, which was recrystallized from
CH2Cl2/diethyl ether to give 2-D4 as a yellow solid (200 mg, 69% yield). 1H NMR (400 MHz, CD2Cl2)
δ 89.32, 28.47, 21.25, 17.02, 9.29, 7.75, 5.13, 2.17, 0.09. 19F NMR (376 MHz, CD2Cl2) δ -79.11. HRMS
(ESI-MS) calcd. m/z for C21H24D4F3FeN4O3S ([M-OTf]+): 533.1435, found 533.1332. The intensity of
the signal at m/z = 532 indicates the presence of 2-D3. Elemental analysis calcd. (%) for
C22H24D4F6FeN4O6S2: C 38.72, H 4.73, N 8.21, found C 38.28, H 4.47, N 8.07.
3-D4 This complex was prepared in an analogous manner to 1-D4, starting from BPMEN-D4. Yellow
solid, 63% yield. 1H NMR (400 MHz, CD2Cl2) δ 169.61, 119.25, 96.50, 76.23, 53.18, 50.80, 12.28, 2.09,
-13.34. The 2-pyridinylmethyl H-signal was also found at 28 ppm with a weak intensity. 19F NMR (376
MHz, CD2Cl2) δ -30.04. HRMS (ESI-MS) calcd. m/z for C17H18D4F3FeN4O3S ([M-OTf]+): 479.0965,
found 479.0931. The intensity of the signal at m/z = 478 indicates the presence of 3-D3. Elemental
analysis calcd. (%) for C18H18D4F6FeN4O6S2: C 34.41, H 4.17, N 8.92, found C 33.67, H 4.57, N 9.06.
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4 This complex was prepared in an analogous manner to 1-D4, starting from BQMEN. Yellow solid, 71%
yield. 1H NMR (400 MHz, CD2Cl2) δ 177.67, 141.05, 97.65, 75.18, 49.04, 31.20, 13.34, 11.04, -9.54.
19
F NMR (376 MHz, CD2Cl2) δ -23.89. HRMS (ESI-MS) calcd. m/z for C25H26F3FeN4O3S ([M-OTf]+):
575.1027, found 575.0964. Elemental analysis calcd. (%) for C26H26F6FeN4O6S2: C 43.11, H 3.62, N
7.73, found C 43.09, H 3.63, N 7.71.
4-D4 This complex was prepared in an analogous manner to 1-D4, starting from BQMEN-D4. Yellow
solid, 74% yield. 1H NMR (400 MHz, CD2Cl2) δ 178.54, 140.44, 97.59, 75.61, 49.05, 13.26, 10.94, 9.66. The 3-isoquinolinylmethyl H-signal was also found at 31 ppm with a weak intensity. 19F NMR
(376 MHz, CD2Cl2) δ -24.64. HRMS (ESI-MS) calcd. m/z for C25H22D4F3FeN4O3S ([M-OTf]+):
579.1278, found 579.1181. The intensities of signals at m/z = 578 and 577 and the presence of a signal
at m/z = 576 indicate the presence of 3-D3 and 3-D2. Elemental analysis calcd. (%) for
C26H22D4F6FeN4O6S2×2 H2O: C 40.85, H 4.48, N 7.33, found C 40.35, H 4.55, N 7.49.
4.4.3 Catalyst decomposition experiments
A 20 mL vial was charged with: Fe-complex (4 µmol, 1 equiv.) and MeCN (2 mL). A 0.5 M CH3CO2H
solution in MeCN was added (0.4 mL, 0.2 mmol, 50 equiv.). The vial was cooled on an ice bath with
stirring. Subsequently, a 1.0 M H2O2 solution in MeCN (0.6 mL, 0.6 mmol, 150 mol%, diluted from a
35% H2O2 aqueous solution) was added in a dropwise manner. After stirring at 0 °C for 10 min, a sample
of the reaction mixture was submitted to ESI-MS analysis directly.
4.4.4 Catalytic performance experiments
A 20 mL vial was charged with: substrate (1 equiv.) and the indicated loading of catalyst and MeCN. A
0.5 M CH3CO2H solution in MeCN was added with indicated loading. The vial was cooled on an ice
bath with stirring. Subsequently, a 1.0 M H2O2 solution in MeCN (indicated loading, diluted from a 35%
H2O2 aqueous solution) was delivered by syringe pump over 10 min. After the oxidant addition, the
resulting mixture was stirred at 0 °C for another 30 min. At this point, a 1.0 M nitrobenzene solution in
MeCN (1 equiv.) was added as internal standard. The solution was filtered through a silica gel plug,
which was subsequently rinsed with 3 x 1 mL EtOAc. Then a sample was submitted to GC analysis or
1
H NMR analysis.
4.4.5 Kinetic study
A 20 mL vial was charged with: cis-cyclooctene (116 mg, 1 mmol, 1 equiv.), catalyst (0.25 or 0.5 mol%)
and MeCN (5 mL). A 0.5 M CH3CO2H solution in MeCN (30 µL, 15 µmol, 1.5 mol%) and a 1.0 M
nitrobenzene solution in MeCN (1 mL, 1 mmol) were added. The vial was cooled on an ice bath with
stirring. Subsequently, a 1.0 M H2O2 solution in MeCN (1 mL, 1 mmol, 100 mol%, diluted from a 35%
H2O2 aqueous solution) was added at once, or delivered by syringe pump over 30 min. At 1 min, the
first sample was submitted to GC analysis after filtration through a silica gel plug followed by rinsing
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with EtOAc. Then the GC samples were taken every 2 min . After 20 min GC samples were taken every
5 min.
4.4.6 In situ UV-Vis measurements
HPLC grade anhydrous MeCN was used as solvent for UV-Vis measurements, which was stored and
taken into the glove box prior to use. A reactor equipped with a UV-Vis probe was charged with catalyst
in MeCN (1 mM) under a nitrogen atmosphere, and was cooled on an ice bath with stirring.
Subsequently, 10 equiv. of H2O2 was added to the reaction mixture, generating a purple chromophore
immediately, which turned brown-yellow slowly over time.
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Chapter 5
Highly Efficient Epoxidation of Vegetable Oils Catalyzed by
[Mn(OTf)2(rac-BPBP)] with Hydrogen Peroxide and Acetic Acid

Abstract
Vegetable oil is one of the most promising candidates as durable alternative raw material for
chemical production. Epoxidized vegetable oils (EVOs) are versatile building blocks for
lubricants, plastics plasticizers, polyvinyl chloride (PVC) stabilizers, and surface coating
formulations. Therefore, many catalytic systems have been reported for producing EVOs.
However, they generally involve at least one of the disadvantages of low product yield or
selectivity, high catalyst loading, usage of high-cost catalyst, harsh reaction conditions, long
reaction time, or the use of toxic organic solvent. In this chapter, a catalytic protocol for the
efficient epoxidation of vegetable oils is presented that is based on a combination of a
manganese catalyst, H2O2 as the oxidant, and acetic acid as additive. This protocol relies on the
use of a homogeneous catalyst based on the non-noble metal manganese in combination with a
racemic mixture of the N,N’-bis(2-picolyl)-2,2’-bispyrrolidine ligand (rac-BPBP). The
optimized reaction conditions entail only 0.03 mol% of manganese catalyst with respect to the
number of double bonds (ca. 0.1 wt% with respect to the oil) and ambient temperature. This
epoxidation protocol is highly efficient, since it allows most of the investigated vegetable oils,
including cheap waste cooking oil, to be fully epoxidized to EVOs in more than 90% yield with
excellent epoxide selectivities (> 90%) within 2 h of reaction time. In addition, the protocol
takes place in a biphasic reaction medium constituted by the vegetable oil itself and an aqueous
acetic acid phase, from which the epoxidized product can be easily separated via simple
extraction. In terms of efficiency and reaction conditions, including the limited use or exclusion
of organic solvent (MeCN), the current epoxidation protocol outperforms previously reported
catalytic protocols for plant oil epoxidation, representing a promising alternative method for
EVO production.

123

Chapter 5 Highly Efficient Epoxidation of Vegetable Oils Catalyzed by [Mn(OTf)2(rac-BPBP)] with Hydrogen Peroxide and Acetic Acid

5.1 Introduction
Nowadays, the decreasing supply of fossil resources and increasing environmental problems
have triggered the search for durable alternative raw materials for chemical production.
Renewable biomass has been identified world-wide as the prime candidate to replace fossil
resources as the feedstock for the chemical industry.[1] Among various biomass resources,
vegetable oils (VOs) represent one of the most promising candidates due to their wide
availability, biodegradable properties, and low costs.[2–4] Common VOs are mixtures of
triglycerides, which are composed of three fatty acid moieties connected by a glycerol backbone
(Figure 1). These fatty acids, either saturated or unsaturated, normally have 14 to 22 carbons in
each hydrocarbon chain, resulting is a relatively high overall carbon content.[5] More
importantly, the fatty acids in VOs are mostly unsaturated with 0 to 3 double bonds per carbon
chain. Modifications of these C═C bonds can produce new value-added chemicals or
monomers for polymers, which has attracted research interests for many years.[6,7]
Functionalizing the double bonds via epoxidation is one of the most common approaches to
produce epoxidized vegetable oils (EVOs), which are versatile building blocks for lubricants,[8–
10]

plastics plasticizers,[11–13] polyvinyl chloride (PVC) stabilizers,[14–16] and surface coating

formulations.[17–20]
O
O O
O

O

O

Figure 1. A typical triglyceride in sunflower oil, derived from the fatty acids linoleic acid (C18:2) and
oleic acid (C18:1).

The Prilezhaev process is currently adopted in industry for the production of EVOs. In this
process double bonds are converted with percarboxylic acids formed in situ from a carboxylic
acid (e.g. acetic acid) and hydrogen peroxide in the presence of a mineral acid like H2SO4 or
HCl (Scheme 1). This process has several drawbacks, such as low epoxide selectivity due to
oxirane ring opening and corrosion issues, which are both caused by the strongly acidic reaction
conditions. In the past decades, tremendous efforts have accordingly been spent on developing
new catalytic systems, both homogeneous and heterogeneous, to form EVOs in a more selective
and efficient manner.
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Scheme 1. Conventional vegetable oil epoxidation process (Prilezhaev reaction).

Some selected catalytic systems reported since 2000 for the epoxidation of VOs are listed in
Table 1. Gerbase and co-workers reported a homogeneous CH3ReO3/H2O2/CH2Cl2 catalytic
system, in which a very high yield of epoxide (95%) was obtained under mild reaction
conditions (entry 1).[21] However, the use of an expensive noble metal (Re, 1 mol%) limits its
application in a large-scale process. A cheaper metal (Mo) has been used by Farias et al. for the
epoxidation of soybean oil.[22] However, a relatively high reaction temperature of 110 oC was
needed, to give only a moderate yield (54%) of epoxide (entry 2). Lipases have also been used
in the chemoenzymatic epoxidation of VOs. They have shown very high chemo-, regio-, and
stereoselectivity without the formation of undesired ring-opening side-products.[23] Vlček and
Petrović used lipase Candida antarctica (Novozyme 435) to epoxidize soybean oil with H2O2
in high yield (entry 3).[24] The protocol is sensitive to the reaction temperature; on one hand, a
higher temperature is beneficial for double bond conversion, on the other hand this leads to
deactivation of the lipase.[4] Some other drawbacks of the use of lipases are their high cost and
their relatively low reactivity because of limited interaction between the catalytic center and
the large triglyceride substrates due to steric hindrance.[4]
Entries 4-6 in Table 1 show examples of utilizing polyoxometalates as catalysts to epoxidize
soybean oil with H2O2 as the oxidant. These epoxidation processes were carried out in a solventfree medium, i.e., using a mixture of aqueous H2O2 and the plant oil. A somewhat elevated
reaction temperature (40-60 oC) and a high catalyst loading (5-33 wt%) were required in these
examples. For instance, Cheng et al. used 5 wt% of [π-C5H5N(CH2)15CH3]3[PW4O16] to obtain
90 % of epoxidized soybean oil at 60 oC reaction temperature.[25] Immobilization of
polyoxometalates onto an inorganic solid support is mostly used in order to increase their
stability and reusability,[4] nevertheless, this normally results in a lower catalytic activity. For
example, Jiang et al. reported the use of the peroxophosphotungstate [MeN(nC8H17)3]{PO4[WO(O2)2]4} for the catalytic epoxidation of soybean oil, which provided 99%
yield at very high catalyst loading (31 wt%, entry 5).[26] Supporting this catalyst on modified
halloysite nanotubes resulted in a diminished yield of 12%.[26] Similarly, Chen et al. supported
this complex on acid-activated palygorskite, giving rise to an epoxide yield of 79% (entry 6).[27]
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Table 1. Selected catalytic systems for epoxidation of VOs.[4]
Entry

Oil

Oxidant

Catalyst (loading)

Solvent

Reaction

Epoxide

conditions

yield
(%)

1[21]

Soybean

H2O2

CH3ReO3 (1 mol%)

CH2Cl2

oil
2[22]

Soybean
Soybean

TBHP

[MoO2(acac)2] (1 mol%)

Toluene

Soybean

H2O2

Soybean

Novozym 435

Toluene

(4.0 wt%)
H2O2

oil
5[26]

110 oC,

54

2h

oil
4[25]

95

2h

oil
3[24]

30 oC,

[π-C5H5N(CH2)15CH3]3-

oil

[MeN(n-C8H17)3]-

90

4h
-

[PW4O16] (5.0 wt%)
H2O2

50 oC,
60 oC,

90

4h
-

{PO4[WO(O2)2]4}

40 oC,

99

3h

(31 wt%)
6[27]

Soybean

H2O2

oil

[MeN(n-C8H17)3]-

-

{PO4[WO(O2)2]4}

50 oC,

79

2h

supported on
palygorskite (33 wt%)
7[28]

Soybean

H2O2

oil
8[29]

Soybean

TBHPa

oil
9[30]

Soybean
Castor oil

tert-

90 oC,

(2.5 wt%)

Butanol

>54 h

Meso-Ti-HMS

EtOAc

60 oC,

(2.5 wt%)
H2O2

oil
10[31]

Amorphous Ti/SiO2

Nb2O5–SiO2
Amberlite IR-120

Et2O

Soybean

TBHPa

oil
12[33]

Soybean

Benzene

H2O2

γ-Al2O3
(12 wt%)

10

50 oC,

78

10 h
Toluene

(Mo/C═C = 1%)

oil
a

MoO3/Al2O3

80 oC,
5h

(15 wt%)
11[32]

22

24 h

(12 wt%)
H2O2

88

80 oC,

16

4h
Et2O

80 oC,

48

10 h

TBHP = tert-butyl hydroperoxide.

Many heterogeneous catalytic systems have also been reported to be used in the epoxidation of
VOs. Several representative examples are listed in Table 1, entries 7-12. As can been seen from
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these examples, all reactions were performed at high temperatures (mostly > 80 oC), and in
most of the cases relatively low reactivities were obtained (yields mostly < 70%). For instance,
reaction temperatures between 60-80 oC were required in the reactions using meso-Ti-HMS,
Nb2O5–SiO2, MoO3/Al2O3, or γ-Al2O3 as catalyst, giving rise to 10-48 % yields of epoxidized
soybean oil (entries 8, 9, 11, 12). Fierro and co-workers have developed an amorphous
Ti/SiO2/H2O2/tert-butanol catalytic protocol for the epoxidation of soybean oil with relatively
low catalyst loading (2.5 wt%), achieving relatively high epoxide yield (88%, entry 7).[28]
However, a high reaction temperature (90 oC) and long reaction time (> 54 h) were used. Using
Amberlite IR-120 as catalyst, 78% epoxidized castor oil can be obtained at relatively mild
reaction conditions (50 oC, entry 10).[31] However, the toxic solvent benzene and a large amount
of catalyst (15 wt%) were used in this case.
To sum up, the conventional Prilezhaev process and previously reported catalytic systems for
the epoxidation of VOs generally entail at least one of the following disadvantages: low
selectivity, low catalyst efficiency, usage of high-cost catalyst, harsh reaction conditions, long
reaction time, or the use of a harmful organic solvent. In order to meet the increasing demand
for the production of EVOs on a large-scale, the development of more efficient, practical
catalytic systems for the selective epoxidation of VOs and their derivatives under mild reaction
conditions is desirable. Ideally, such catalytic systems would conform to the principles of green
chemistry in modern chemistry.[4]
Spannring et al. have reported on a one-pot oxidative cleavage protocol of unsaturated fatty
acids (UFAs) and fatty acid methyl esters (FAMEs) to form aldehydes as primary products,
with the catalytic epoxidation of double bonds as the first and key step.[34] This epoxidation
step was carried out using the abundant, environmentally benign first-row transition metal iron,
supported by a bis-alkylamine-bis-pyridine (N2Py2) ligand. In Chapter 3 of this thesis, similar
Fe(N2Py2)/H2O2/AcOH catalytic protocols for the epoxidation of the fatty acid ester methyl
linoleate were discussed. Even though these catalytic systems are relatively efficient, i.e., full
conversion of substrate can be achieved with 0.5 mol% catalyst per double bond, a further
reduction of the catalyst loading seems necessary for the large-scale application of these
protocols. Furthermore, these catalytic protocols make use of relatively toxic acetonitrile
(MeCN) as the reaction solvent.
As a first-row transition metal, manganese has similar advantages as iron in terms of cost,
availability, and low toxicity. In addition, several studies have reported that Mn(N2Py2)
complexes generally demonstrate higher conversions and yields as compared to their Fe(N2Py2)
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analogs in both aliphatic C–H oxidation and alkene epoxidation.[35–38] Based on this observation,
the study presented in this chapter aimed to explore the use of Mn(N2Py2) type complexes in
combination with H2O2 and acetic acid (AcOH) for the catalytic epoxidation of VOs and their
derivatives. This study has resulted in the development of a highly efficient, Mn-based protocol
that can be conducted at room temperature in only 2 h of reaction time, generally providing
EVOs in more than 90% yield and with over 90% epoxy-group selectivity. In addition, the use
of MeCN solvent could be strongly limited and even avoided through further optimization of
the reaction conditions. Details on the use of this Mn-based epoxidation protocol for a series of
different VOs will also be discussed.

5.2 Results and Discussion
A series of non-heme Mn-complexes bearing N2Py2 ligands have been synthesized to study
the epoxidation of UFAs (FAMEs) and VOs (Figure 2). These N2Py2 ligands, including the
well-known BPMEN[39], BPMCN,[40] and BPBP[41] (BPMEN = N,N’-dimethyl-N,N'-bis(2picolyl)ethylenediamine, BPMCN = N,N’-dimethyl-N,N’-bis(2-picolyl)-cyclohexane-trans1,2-diamine, BPBP = N,N’-bis(2-picolyl)-2,2’-bispyrrolidine), can be readily converted to the
corresponding Mn complexes [Mn(OTf)2(BPMEN)][42] (1), [Mn(OTf)2(R,R-BPMCN)][42] (2)
and [Mn(OTf)2(BPBP)][43] (3), respectively, upon treatment with Mn(OTf)2 in THF (Figure 2;
see experimental section for details). Amongst the BPBP-based complexes, Mn-complexes
derived from different BPBP stereoisomers,[44] i.e., S,S-, R,S-, rac-, and mix-BPBP, were
synthesized and tested for their epoxidation activity. In contrast to the enantiomerically pure
versions of the ligand, less costly non-enantiomerically pure versions of the BPBP ligand (such
as rac- and mix-BPBP) would be preferably used in the epoxidation of VOs, in which
enantioselectivity issues are not at stake from a product application point of view. The
development and application in Fe-catalyzed epoxidation reactions of mix-BPBP was earlier
reported by Spannring et al.[34] Mix-BPBP constitutes a mixture of R,R-BPBP, S,S-BPBP, and
(meso) R,S- BPBP. In the current study, rac-BPBP was also used, which constitutes a mixture
of R,R- and S,S-BPBP (see experimental section for details). Another N2Py2 ligand used in this
study is BPBI (N,N’-bis(2-picolyl)-2,2’-bis-isoindoline), which was discussed in Chapter 2 for
the synthesis of the Fe(BPBI) complex employed in aliphatic C–H oxidations.[45] Recently, this
ligand and its derivatives have also been reported for the synthesis of the corresponding Mncomplexes, for which good reactivities have been observed in alkene epoxidation.[46]
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Figure 2. Non-heme Mn(II) complexes with N2Py2 ligands used in this study.

5.2.1 Epoxidation of UFAs and FAMEs
Oleic acid (C18:1) was chosen as the model substrate to optimize reactions conditions for the
epoxidation of UFAs by the Mn-complexes in combination with H2O2 as the oxidant and AcOH
as additive (Table 2). Initial experiments were carried out in the absence of Mn-complex to
evaluate the crucial role of manganese in catalysis. Adding only oxidant, no substrate
conversion was observed at all after 1 h, either using H2O2 (2 equiv.)/AcOH or mchloroperoxybenzoic acid (mCPBA, 2 equiv.) (Table 2, entries 1 and 2). Similarly, when
Mn(OTf)2, the Mn salt used for the synthesis of the Mn complexes, together with H2O2 (2 equiv.)
and AcOH (9 equiv., undiluted) was used, no conversion of oleic acid was detected (entry 3).
Subsequently, using similar reaction conditions to the reported Fe(mix-BPBP)/H2O2/AcOH
catalytic protocol for the epoxidation of UFAs,[34] catalytic experiments were performed with
several Mn-complexes as catalyst (0.5 mol%). Complex 1 gave 40% conversion and yielded
32% of epoxidized oleic acid (entry 4). Similar to 1, 32% of epoxide was found in the reaction
with chiral complex 2, albeit with a somewhat higher conversion (48%; entry 5). The epoxide
yield was found to increase to 46% with S,S-3, even though substrate conversion did not further
increase (48%, entry 6). Using complex 4, a significant drop was found in both the conversion
and yield (28% and 28%, respectively; entry7).
Since S,S-3 outperforms the other Mn-catalysts in terms of epoxide yield, reaction condition
optimization was carried out using BPBP-based Mn-complexes as catalyst. As reported
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previously,[41,47] adding the oxidant slowly improves the substrate conversion in aliphatic C–H
oxidations. A slow addition protocol, i.e., dropwise addition of H2O2 over 30 min using a
syringe pump, was therefore tested in oleic acid epoxidation. Considering that S,S-3 shows very
high epoxide selectivities and that N2Py2-based iron complexes were shown to decompose via
ligand oxidation under catalytic conditions (see Chapter 4 of this thesis), the oxidant loading
was lowered to 1.5 equiv. Using these conditions, substrate conversion and product yield both
significantly increased to 99 % (entry 8). Further lowering of the catalyst loading to 0.1 mol%
still gave quantitatively conversion of oleic acid into its epoxide product (entry 9). In
comparison, using the same amount of S,S-3-Fe ([Fe(OTf)2(S,S-BPBP)]), only 70% of
conversion and yield were obtained (entry 10). This observation is consistent with previously
reported results by Bryliakov and Talsi, that show that the Mn(N2Py2) complexes exhibit
higher reactivities than the corresponding Fe(N2Py2) complexes in epoxidation reactions.[38,48]
Meso-complex R,S-3 turned out to be almost inactive in the epoxidation reaction, with only 10%
substrate converted and product formed (entry 11), which is in line with the catalytic behavior
of the corresponding iron complex [Fe(OTf)2(R,S-BPBP)] in both alkene epoxidation and
aliphatic C–H oxidation.[44] Furthermore, using 0.1 mol% of mix-3 provided an identical
reaction outcome to the reaction with S,S-3 (quantitative yield, entry 12). This observation
corroborates the notion that S,S-3 and R,R-3 are the catalytically active components in mix-3
and that R,S-3 does not contribute to the activity of mix-3. In accordance with this notion, the
use of 0.1 mol% of rac-3 in the reaction provided a quantitative yield of epoxide as well (entry
13). Since the rac-BPBP ligand mixture can be readily isolated from the mix-BPBP mixture via
flash column chromatography and no ligand resolution is need, rac-3 represents a much cheaper
catalyst than an enantiopure Mn(BPBP) complex. In addition, the use of rac-3 as opposed to
mix-3 could be advantageous for practical applications, since rac-3 is devoid of inactive metalcontaining components which could facilitate regulatory registration and since a lower weight
amount of catalyst could be used because rac-3 contains more active catalyst per gram of
catalyst material.
No drop in catalytic conversion and yield were found when further reducing the amount of
catalyst by 50% (0.05 mol% rac-3, entry 14). Further lowering of the catalyst loading to 0.01
mol% rac-3 gave 80% of substrate conversion and product yield within the standard reaction
time of 1 h, providing a boundary of catalyst activity per time unit. Variation of the reaction
parameters based on these combined observations finally led to a protocol that uses 0.02 mol%
of rac-3 catalyst loading, 45 min of H2O2 (1.5 equiv.) addition time, and an AcOH loading of
18 equiv., respectively; these reaction settings lead to full oleic acid conversion and quantitative
formation of its epoxide (entry 16).
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Table 2. Screening of reaction conditions for epoxidation of oleic acid using Mn-catalysts.a)
O
7

Entry

Cat. (mol%)

7

O

Cat.
OH

H2O2, AcOH
CH3CN, RT

H2O2 equiv.
(addition

AcOH
(eq.)

time)

7

Overall
reaction time

O
7

OH

Conv.

Yield

b)

(%)b)

(%)

(h)

1

-

2 (at once)

9

1

0

0

2c)

-

2 (at once)

9

1

0

0

3

Mn(OTf)2

2 (at once)

9

1

0

0

(0.5)
4

1 (0.5)

2 (at once)

9

1

40

32

5

2 (0.5)

2 (at once)

9

1

48

32

6

S,S-3 (0.5)

2 (at once)

9

1

48

46

7

4 (0.5)

2 (at once)

9

1

28

28

8

S,S-3 (0.5)

1.5 (30min)

9

1

>99

99

9

S,S-3 (0.1)

1.5 (30min)

9

1

>99

99

S,S-3-Fe

1.5 (30min)

9

1

70

70

d)

10

(0.1)
11

R,S-3 (0.1)

1.5 (30min)

9

1

10

10

12

mix-3 (0.1)

1.5 (30min)

9

1

>99

99

13

rac-3 (0.1)

1.5 (30min)

9

1

>99

99

14

rac-3 (0.05)

1.5 (30min)

9

1

>99

99

15

rac-3 (0.01)

1.5 (30min)

9

1

80

80

16

rac-3 (0.02)

1.5 (45min)

18

1.25

>99

99

a)

General reaction conditions: Oleic acid (0.5 mmol), catalyst, and AcOH were mixed and stirred in
MeCN (2 mL) at room temperate (RT), subsequently H2O2 (1 M solution in MeCN) was added. b)
Determined by NMR analysis. c) 2 equiv. of mCPBA was used as oxidant. d) [Fe(OTf)2(S,S-BPBP)] was
used as catalyst.

Using the catalytic protocol optimized for the epoxidation of oleic acid, the protocol was tested
for the catalytic epoxidation of a series of other UFAs and FAMEs (Table 3). Elaidic acid, the
trans-isomer of oleic acid, undergoes epoxidation quantitatively under the protocol conditions
(entry 2). The same catalytic outcome was obtained when changing the carboxyl group in oleic
acid to a carbomethoxy group as is methyl oleate (entry 3). Erucic acid (C22:1), on the other
hand, seems more difficult to epoxidize using the current reaction conditions: only 36% of the
substrate was converted in this case, yielding 36% yield of the epoxide (entry 4). Erucic acid is
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a solid at room temperature (melting point = 34 oC) and not well soluble in MeCN. The resulting
biphasic solid-liquid reaction medium is likely to limit catalytic activity, leading to poor
catalytic results. Upon increase of reaction temperature to 36 oC, the resulting biphasic liquidliquid reaction medium allowed for more effective catalysis to occur and, accordingly, erucic
acid was fully converted to give 90% of the epoxide product under these conditions (entry 5).
In turn, methyl erucate undergoes the epoxidation process smoothly using the standard protocol,
forming the epoxide in quantitative yield (entry 6). For the small set of UFAs and FAMEs tested,
excellent epoxide yields were obtained, meaning that the rac-3/H2O2/AcOH catalyst system is
promising to be widely applied in the epoxidation of a wide range of UFAs and FAMEs.
Table 3. Epoxidation of UFAs (FAMEs) using the rac-3/H2O2/AcOH catalytic system.a)
O
7

Entr

Substrate

n

0.02 mol% rac-3
OR

1.5 equiv. H2O2,
18 equiv. AcOH
CH3CN, RT, 1.25 h

n

Lipid number

O
7

R

y

O
n

OR

Conv.

Yield

(%)b)

(%)b)

1

Oleic acid

7

C18:1 cis-9

H

>99

99

2

Elaidic acid

7

C18:1 trans-9

H

>99

99

3

Methyl oleate

7

C18:1 cis-9

Me

>99

99

4

Erucic acid

11

C22:1 cis-13

H

36

36

5c)

Erucic acid

11

C22:1 cis-13

H

>99

90

6

Methyl erucate

11

C22:1 cis-13

Me

>99

99

a)

Unless stated otherwise, reaction conditions are substrate (0.5 mmol, 1 equiv.), rac-3 (0.02 mol %,
added as 10 mM solution in MeCN), H2O2 (1.5 equiv, 1 M solution in MeCN) and AcOH (18 equiv) in
CH3CN at room temperature, the oxidant was added over 45 min, and the reaction mixture stirred for
additional 30 min. b) Determined by NMR analysis. c) Reaction temperature was 36 oC.

5.2.2 Epoxidation of VOs
Next, the Mn-catalyzed epoxidation of VOs was explored using the rac-3/H2O2/AcOH catalytic
protocol (Table 4). In order to obtain the optimal reaction conditions, sunflower oil was chosen
as the benchmark oil. The Wijs method[49] was used to determine the iodine value (I.V.) of
sunflower oil, providing information on its C═C bond content (I.V. = 130). All reagent loadings
listed in Table 4 are with respect to (w.r.t.) the amount of C═C bond in the oils. Iodine values
were determined again after the epoxidation reaction in order to calculate the conversion of
C═C bonds (see experimental section). The amount of epoxy-groups formed in the reaction is
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described as the percentage of oxirane oxygen in the resulting oils, which was determined
according to AOCS Official Method Cd 9-57.[50] The formal yields were calculated from the
measured oxirane oxygen content and the theoretical maximum oxirane oxygen content (see
experimental section).
Using similar reaction conditions to the optimized ones for epoxidation of UFAs and FAMEs,
except for half the amount of AcOH used, the epoxidation of sunflower oil (100 mg) was
performed with 0.02 mol% of rac-3 (added as a 10 mM solution in MeCN), 1.5 equiv. of H2O2
(added as a 1 M solution in MeCN over 45 min), and 9 equiv. of AcOH in MeCN (2 mL) under
vigorous stirring (1000 rpm) at ambient temperature. Full conversion of double bonds in the oil
was obtained, with 95% of epoxy-group yield (Table 4, entry 1). When the reaction scale was
increased to 1 g of sunflower oil (entry 2), both the conversion and yield dropped to 83% and
75%, respectively, albeit with a similar epoxide selectivity (95% for entry 1, 90% for entry 2).
For 1 g scale reactions like this, H2O2 was added as a commercial 35% aqueous solution. With
the aim of making the epoxidation protocol more environmentally friendly, the reaction
conditions were further optimized not to use MeCN as the organic solvent. Of note is that in all
the reactions in Table 4, the catalyst was added as a 10 mM stock solution in MeCN (ca. 100 –
200 µL), for the purpose of easy operation. As shown in entry 3, the epoxidation process
performs very poorly in the absence of MeCN solvent: only 45% of the double bonds were
converted, forming 25% of epoxide with an epoxide selectivity of 56%. Doubling the loading
of Mn-catalyst to 0.04 mol% under these conditions increases both conversion (80%) and yield
(45%) at the same epoxidation selectivity of 56% (entry 4).
In separate catalyst tests the Mn-catalyst was found to be insoluble in sunflower oil but slightly
soluble in AcOH, whereas the oil is insoluble in AcOH. This results in a biphasic reaction
medium (oil:AcOH = 1:2.4, v/v; 9 equiv. AcOH), with the Mn-catalyst residing in the AcOH
layer. Addition of more AcOH (18 equiv., oil:AcOH = 1:4.8, v/v) was considered to increase
the total liquid-liquid interface under vigorous stirring. Entry 5 clearly shows that the reaction
benefited significantly from the additional amount of AcOH. Compared to entry 3, considerably
more double bonds were converted (82% over 45%) and a moderate yield of epoxide was
obtained (53%). Yet, the epoxide selectivity under these conditions is still relatively low (65%).
In order to suppress the formation of side-products, H2O2 was delivered to the reaction mixture
more slowly over a period of 90 min. This resulted in a significant improvement in epoxide
selectivity to 87%, at almost the same conversion (84%, entry 6). A further increase in H2O2
delivery time (120 min) and extension of the overall reaction time to 3 h lead to a drop in
epoxide selectivity (to 73%), even though a slightly increased conversion was observed (89%,
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entry 7). 1H NMR analysis of the resulting mixture obtained from extraction with diethyl ether
and subsequent condensation showed the presence of a remarkable amount of diol compounds
(~ 20%). Apparently, the longer overall reaction time (3 h) and the large amount of AcOH
allows for a more pronounced ring-opening of the initially formed epoxides.
Table 4. Screening of reaction conditions for epoxidation of sunflower oil catalyzed by rac3.a)
rac-3
Sunflower oil

Entry

MeCN

Epoxidized sunflower oil

H2O2 (1.5 equiv.)
AcOH, RT

Catalyst

H2O2

loading

addition

(mol%)

time

AcOH Overall
(eq.)

reaction

Conversion Epoxide
(%)

time (h)

Epoxide

yield

selectivity

(%)

(%)

(min)

a)

1b)

2 mL

0.02

45

9

1.75

>99

95

95

2

2 mL

0.02

45

9

1.75

83

75

90

3

-

0.02

45

9

1.75

45

25

56

4

-

0.04

45

9

1.75

80

45

56

5

-

0.02

45

18

1.75

82

53

65

6

-

0.02

90

18

2

84

73

87

7

-

0.02

120

18

3

89

65

73

8

-

0.03

90

18

2

>99

90

90

9

-

0.03

90

9

2

80

70

88

10c)

-

0.03

90

18

2

83

75

90

General reaction conditions: sunflower oil (1 g), rac-3 (0.02-0.04 mol %, w.r.t. double bonds, added

as 10 mM solution in MeCN, ca. 100 - 200 µL) and AcOH (2.6 mL for 9 equiv., 5.3 mL for 18 equiv.)
were mixed in the absence or presence of MeCN (2 mL), and stirred vigorously (1000 rpm) at room
temperature, H2O2 (1.5 equiv., w.r.t. double bonds, 35% aqueous solution) was added over 45-120 min,
and the reaction mixture stirred for additional 30-60 min. b) 100 mg of sunflower oil was used, H2O2 was
added as a 1 M solution in MeCN (0.8 mL) c) Stirring rate = 500 rpm.

To maximize the epoxide yield, the catalyst loading was slightly increased to 0.03 mol% and
the delivery time of H2O2 brought back to 90 min. In this case, the double bonds were fully
converted and an excellent epoxide yield (90%) was found (entry 8). Considering the potential
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epoxide ring-opening side reaction under acidic condition, using these altered conditions but at
a lower AcOH loading (9 equiv.) lead to a decrease of both the conversion and yield (80% and
70%, respectively, entry 9). Finally, the impact of vigorous stirring was examined by bringing
down the stirring rate to 500 rpm, which resulted in a decrease of the conversion from 99% to
83% (entry 10). The necessity of using a larger amount of AcOH and a high stirring speed
indicates that the epoxidation reaction is enhanced with more pronounced mixing, which
suggests that the catalytic reaction takes place at the biphasic liquid-liquid interface.
Overall, the reaction conditions described in entry 8 provide an optimized reaction parameter
set for the epoxidation of sunflower oil in the absence of an organic solvent (other than acetic
acid) and lead to full conversion of all double bonds in the oil and to 90% of epoxide formation
with the corresponding diols as likely byproducts. These conditions even provide a better
reaction outcome than the original conditions using acetonitrile as a solvent (compare entries 2
and 8 for 1 g scale reactions).
To further investigate the substrate tolerance and validation of this epoxidation strategy, the
epoxidation of various VOs was examined using this optimized rac-3/H2O2/AcOH catalytic
system (Table 4, entry 8). All reactions were done without using MeCN as solvent. Of note is
that in the cases of 1-gram scale reactions, the catalyst was added as a 10 mM stock solution in
MeCN for the purpose of easy operation. In addition, a fixed amount of AcOH (5.3 mL) was
used for all 1-gram scale reactions, regardless of the different iodine values of the oils. As
shown in entries 1-7 in Table 5, most of the VOs can be epoxidized using these standard reaction
conditions with full conversions and excellent yields (up to 99%). For olive oil a somewhat
lower reactivity was observed (90% conversion and 85% yield, entry 6). Notably, amongst
these VOs rapeseed oil, linseed oil, and soybean oil are promising feedstocks to produce
epoxidized VOs in industry, because of their wide availabilities and low prices.[4] The present
epoxidation protocol provides an excellent tool to produce EVOs from these three VOs, with
nearly quantitative epoxide yields in all cases (98%, 99% and 99%, respectively, entry 4, 5, 7).
Full epoxidation of the double bonds in rice oil could also be achieved using a small increase
in catalyst loading to 0.04 mol% (entry 8). At 0.03 mol% catalyst, only 81% conversion was
found for rice oil. However, under these conditions some 20% of double bonds remain in
sesame oil, with 75% epoxides being formed (entry 9). Overall, entries 1-9 show that the
performance of this catalyst system is independent of the iodine values of the starting VOs. Not
only vegetable oils with a low iodine number (like peanut oil, I.V. = 91), but also the ones with
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a high iodine number (like linseed oil, I.V. = 165) give full conversion and very high epoxide
yields (90% for peanut oil, 99% for linseed oil).
Table 5. Epoxidation of VOs using the rac-3/H2O2/AcOH catalyst system.a)
Vegetable oil

Entry

Oil

0.03 mol% rac-3
H2O2 (1.5 equiv.)
AcOH, RT

Epoxidized vagetable oil

Iodine

Catalyst

Conversion

Epoxide

Epoxide

value

loading

(%)

yield

selectivity

(%)

(%)

(mol%)
1

Sunflower oil

130

0.03

>99

90

90

2

Walnut oil

144

0.03

>99

96

96

3

Peanut oil

91

0.03

>99

90

90

4

Rapeseed oil

121

0.03

>99

98

98

5

Linseed oil

165

0.03

>99

99

99

6

Olive oil

88

0.03

90

85

94

7

Soybean oil

128

0.03

>99

99

99

8

Rice oil

105

0.04

>99

92

92

9

Sesame oil

115

0.04

80

75

94

10

Cooked

118

0.03

>99

98

98

130

0.03

>99

90

90

sunflower oil
11
a)

b, c)

Sunflower oil

Unless stated otherwise, reaction conditions are: oil (1 g), rac-3 (0.03 mol % w.r.t. double bonds,

added as 10 mM solution in MeCN, ca. 100 - 180 µL), and AcOH (5.3 mL) at room temperature; H2O2
(1.5 equiv. w.r.t. double bonds) was added over 90 min, and the reaction mixture was stirred for
additional 30 min, stirring rate = 1000 rpm. b) 5 g of oil was used, 26.5 mL of AcOH was added. c) Solid
catalyst was added.

From a cost point of view, waste cooking oils are potentially promising feedstocks for the
production of EVOs since they are generally 30-60% cheaper than regular vegetables oils.[6]
Applying the current epoxidation protocol to cooked sunflower oil gave full conversion of
double bonds and 98% epoxide yield (entry 10). Next, a scale-up experiment with 5 grams of
sunflower oil was carried out (entry 11). No drop in conversion and yield were observed in
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comparison with the 1-gram scale experiment (entry 1 vs. entry 11). Notably, the Mn-catalyst
was added as a solid in this case, meaning that the reaction can be performed with the same
efficiency in the complete absence of MeCN. Furthermore, separation of the resulting
epoxidized sunflower oil was conducted straightforwardly by simple extraction of the reaction
mixture with Et2O and follow-up removal of the organic solvents. The obtained epoxidized
sunflower oil showed high purity according to 1H NMR analysis.
It can be concluded from Table 5 that the Mn-based catalytic protocol is capable of epoxidizing
a variety of VOs, mostly leading to epoxide yields of 90% or higher (only sesame oils showed
a 75% yield). In addition, the system provides very high selectivities for the epoxide products
in the range of 90-99% for all oils tested in this study.
5.2.3 One-pot oxidative cleavage of UFAs and FAMEs
As mentioned earlier, epoxidized UFAs, their ester derivatives, and EVOs can be further
transferred into other industrially valuable compounds.[4] One example is through the oxidative
cleavage of the C–C bond in the oxirane ring to yield a monofunctional aldehyde and an a,waldehyde fatty acid (or methyl ester) as the primary products (Scheme 2).[5] The primary
aldehyde product, e.g. nonanal in the case of oleic acid, can be used as a direct, yet renewable
replacement for petrochemically-derived nonanal in plasticizer production.[5] On the other hand,
the aldehyde moiety in an a,w-aldehyde fatty acid (ester) can readily be converted to either an
acid, hydroxy, or amino group. These bifunctional fatty acids (or esters) can be used for the
production of nylons and polyesters, both large volume and high value products.[5] Spannring
et al. have previously developed the Fe-catalyzed one-pot oxidative cleavage of UFAs and
FAMEs into aldehydes with H2O2 and sodium periodate.[34] This protocol comprizes
consecutive reaction steps involving double bond epoxidation catalyzed by the [Fe(OTf)2(mixBPBP)]/H2O2/AcOH catalyst system (in which 0.5 mol% of Fe-catalyst was employed),
hydrolysis of the epoxide in the presence of H2SO4 to form a vicinal diol, and cleavage of the
diol to give the two aldehydes with NaIO4 as the oxidant (Scheme 2).[34]
O
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Scheme 2. Oxidative cleavage of oleic acid into aldehyde products.[34]

Similarly, the Mn-based epoxidation protocol developed in this chapter was used in the onepot cleavage of a number of UFAs and FAMEs. The cleavage reaction followed the same
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procedure as before: 1) epoxidation of the double bond using the optimized reaction conditions
with the rac-3/H2O2/AcOH (0.02 mol%, 1.5 equiv. and 18 equiv., respectively) catalyst system
as used in Table 3; 2) hydrolysis of the oxirane ring by addition of 0.5 equiv. of H2SO4 (1 equiv.
of H+); and 3) cleavage of the diol with 1 equiv. of NaHCO3 and 1 equiv. of NaIO4. GC analyses
were conducted after the one-pot procedure to determine the amount of nonanal and detect the
formation of nonanoic acid (over-oxidized product from nonanal). Of note is that only the
formation of nonanal was quantified by GC, and that the formation of the a,w-aldehyde fatty
acid (ester) was considered to have taken place in equal amounts.
Table 6. One-pot oxidative cleavage of UFAs and FAMEs initiated by rac-3.a)
0.02 mol% rac-3

O
7

Entry

n

OR

O

O

H
1) 1.5 equiv. H2O2, 18 equiv. AcOH, CH3CN
7
2) 0.5 equiv. H2SO4 in H2O
Nonanal
3) 1 equiv. NaHCO3 and NaIO4

Substrate

n

R

Conv.
(%)

b)

+

H

O
n

OR

Nonanal yield
(%)c)

1

Oleic acid

7

H

>99

98

2 d)

Elaidic acid

7

H

>99

70

3 d)

Methyl oleate

7

Me

>99

94

4 e)

Erucic acid

11

H

>99

55

5 d)

Methyl erucate

11

Me

>99

91

a)

General reaction conditions at ambient temperature: step 1: substrate (0.5 mmol), rac-3 (0.02 mol%),
AcOH (9 mmol), and H2O2 (0.75 mmol, added in 45 min) in CH3CN (2 mL), 1.25 h reaction time; step
2: 1 mL of CH3CN and 1 mL of H2SO4 (0.25 M) in water were added, 3 h reaction time; step 3: 0.5
mmol of NaHCO3 and 0.5 mmol of NaIO4 were added, 1.5 h reaction time. b) Determined by NMR
analysis. c) Determined by GC analysis. d) The reaction time for step 3 was 3 h. e) Same as d), in addition
the reaction in step 1 was heated to 36 ⁰C.

Table 6 shows that all reactions gave full substrate conversion with 0.02 mol% of rac-3 in a
total reaction time of 5.75 - 7.25 h. In the cases of oleic acid, methyl oleate, and methyl erucate,
very high nonanal yields were achieved (98%, 94% and 91%, respectively, entries 1, 3, 5). A
moderate nonanal yield of 70% was observed in the oxidative cleavage of elaidic acid (entry
2). 1H-NMR analysis of the resulting reaction mixture showed that in this case there was still
ca. 20% of intermediate epoxide remained, which is likely due to the fact that a trans-epoxide,
formed from epoxidation of the trans double bond in elaidic acid, is harder to hydrolyze than a
cis-epoxide.[51] Oxidative cleavage of erucic acid yielded only 55% of nonanal (entry 4),
whereas neither over-oxidized nonanoic acid nor unreacted intermediates (epoxide and diol)
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were detected by GC or NMR analyses. In all these reactions, no formation of nonanoic acid
was observed, indicating that this one-pot cleavage methodology is highly selective for
aldehyde products. In general, this Mn-initiated protocol for one-pot oxidative cleavage of
UFAs and FAMEs outperforms the reported Fe-based catalytic system in terms of catalytic
efficiency. In the later protocol, 0.5 mol% of [Fe(OTf)2(mix-BPBP)] was used to yield 69-96 %
of nonanal in a general reaction time of 20-72 h.[34]

5.3 Conclusions
A highly efficient catalytic protocol has been developed for the epoxidation of UFAs, FAMEs,
and VOs based on the use of the abundant first-row transition metal manganese in combination
with aqueous H2O2 as the oxidant. Using [Mn(OTf)2(rac-BPBP)] (rac-3) as catalyst, the double
bonds in most of the vegetable oils tested can be fully converted with a very low catalyst loading:
0.03 mol% w.r.t double bonds or ca. 0.1 wt% w.r.t oil. In all the VOs tested, this catalytic
system is highly selective for epoxides (>90%), and most of the EVOs were obtained in more
than 90% yield within 2 h of reaction time at ambient temperature. Therefore, this protocol has
a wide applicability for a variety of VOs, with a range of iodine values from 88 to 165. In the
cases of walnut oil, linseed oil, rapeseed oil, cooked sunflower oil, and soybean oil, (nearly)
quantitative epoxide yields can be achieved under standard reaction conditions. By increasing
the addition time of the H2O2 oxidant to 90 min and the volume ratio of oil:AcOH to ca. 1:4.8,
it is possible to perform the reaction without the use of an organic solvent, i.e., a minor amount
of MeCN was only used as a delivery medium of the catalyst solution rather than a solvent in
1-gram scale reactions. Notably, the high catalytic efficiency was retained in a scale-up
experiment with 5 g of sunflower oil in which the use of MeCN could be completely omitted.
The volume of AcOH and the stirring rate are essential as the reaction medium is biphasic due
to the absence of MeCN. In addition, the resulting EVOs can be obtained straightforwardly
from the reaction crude via simple extraction with Et2O. Further transformation of epoxidized
UFAs and FAMEs have also been carried out via an oxidative cleavage procedure, providing
nonanal and an a,w-aldehyde fatty acid (ester) with moderate to excellent yields (55-98%).
This process is performed in a one-pot manner, initiated by the rac-3/H2O2/AcOH catalytic
system in the first epoxidation step.
Overall, the present homogeneous Mn-catalyzed epoxidation protocol provides a highly
efficient and practical tool for the production of EVOs under very mild reaction conditions in
short reaction times, and can be carried out using only minute amounts of MeCN as solubilizing
agent or even in the complete absence of an organic solvent, allowing for facile product
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isolation. This protocol is expected to represent a promising alternative to conventional
epoxidation methods and outperforms previously reported catalytic protocols for EVO
production in terms of efficiency and reaction conditions, which largely conforms to the
principles of green chemistry in modern chemistry.

5.4 Experimental Section
5.4.1 General
All the complexation reactions were performed under a nitrogen atmosphere using standard Schlenk
techniques and all other reactions including catalytic reactions were conducted under ambient conditions.
The solvents diethyl ether and MeCN were purified with an MBraun MB SPS-800 solvent purification
system. Demineralized water and technical grade CH2Cl2 were used for reactions. Tetrahydrofuran for
complexation reactions was dried with sodium, and distilled under nitrogen prior to use. Vegetable oils
were obtained from local supermarkets. All other reagents, substrates, and reaction products were
obtained commercially and used without further purification. Column chromatography was performed
using neutral alumina. 1H and 13C NMR spectra were recorded with a 400 MHz Varian spectrometer at
25 °C, chemical shifts (δ) are given in ppm referenced to the residual solvent peak. Gas chromatography
(GC) was performed on a Perkin–Elmer Clarus 500 Gas Chromatograph equipped with an Agilent HP
5 column with a 5%phenyl-95%methylpolysilaxane ratio and a flame-ionization detector. ESI-MS
measurements were performed with a Waters LCT Premier XE KE317. The ligands R,S-BPBP,[44] mixBPBP,[44] and S,S-BPBI[45] and Mn complexes 1,[42] 2,[42] and S,S-3[43] were synthetized following
reported procedures. Elemental microanalyses were carried out by the Mikroanalytisches Laboratorium
Kolbe, Germany.
5.4.2 Synthesis of ligands and Mn complexes
Rac-BPBP To a vigorously stirred 10 mL mixture of water and CH2Cl2 (1/1, v/v) containing 320 mg of
crude dl/meso-2,2’-bipyrrolidine[52] (2.2 mmol) at room temperature (RT), sodium hydroxide (572 mg,
14 mmol) was added. Subsequently, 2-picolyl chloride hydrochloride salt (750 mg, 4.5 mmol) was
added at once, turning the mixture red. After stirring overnight, another 10 mL of water and CH2Cl2 (1/1,
v/v) was added, and the yellowish organic phase was separated and the aqueous phase was extracted
with CH2Cl2 (3 × 10 mL). Organic extracts were combined, dried over MgSO4 and the solvent was
removed under vacuum. The crude product was purified by neutral alumina column chromatography
(petroleum ether/ EtOAc, 3/1 to 1/1 (v/v)) to provide 352 mg of rac-BPBP (50% yield). 1H NMR (400
MHz, CDCl3) δ 8.47–8.45 (m, 2 H), 7.56 (td, J = 7.7, 1.8 Hz, 2H), 7.37 (d, J = 7.8 Hz, 2H), 7.10–7.05
(m, 2 H), 4.16 (d, J = 14.3 Hz, 2H), 3.48 (d, J = 14.3 Hz, 2H), 2.99–2.94 (m, 2 H), 2.79–2.74 (m, 2 H),
2.20 (q, J = 8.6 Hz, 2H), 1.83–1.62 (m, 8 H). 13C NMR (100 MHz, CDCl3) δ 160.62, 148.84, 136.45,
122.51, 121.67, 65.46, 61.25, 55.34, 25.92, 23.67. HRMS (ESI-MS) calcd. m/z for C20H27N4 ([M+H]+):
323.2230, found 323.2235.
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[Mn(OTf)2(R,S-BPBP)] (R,S-3) To a vigorously stirred solution of Mn(OTf)2 (107 mg, 0.3 mmol) in
dry MeCN (1 mL) under a nitrogen atmosphere, a solution of R,S-BPBP (104 mg, 0.32 mmol) in dry
MeCN (1 mL) was added. The resulting mixture was stirred at RT overnight, providing a light
brown/white precipitate. The precipitate was allowed to settle and the supernatant was removed. The
remaining precipitate was washed with diethyl ether twice then dissolved in dry MeCN. The resulting
solution contained some black impurities, which was removed via filtration through a filter paper.
Subsequently, diethyl ether was layered carefully to the remaining solution, which was left to crystalize.
In a few days, yellow crystals were obtained in 65% yield. HRMS (ESI-MS) calcd. m/z for
C21H26F3MnN4O3S ([M-OTf]+): 526.1058, found 526.1108. Elemental analysis calcd. (%) for
C22H26F6MnN4O6S2×2H2O: C 37.14, H 4.25, N 7.87, found C 37.45, H 4.43, N 8.06.
[Mn(OTf)2(Rac-BPBP)] (rac-3) This complex was prepared in an analogous manner to R,S-3 starting
from rac-BPBP. Yellow-white solid (55% yield). HRMS (ESI-MS) calcd. m/z for C21H26F3MnN4O3S
([M-OTf]+): 526.1058, found 526.1129. Elemental analysis calcd. (%) for C22H26F6MnN4O6S2: C 39.12,
H 3.88, N 8.29, found C 39.71, H 3.75, N 8.36.
[Mn(OTf)2(mix-BPBP)] (mix-3) This complex was prepared in an analogous manner to R,S-3 starting
from mix-BPBP. Yellow-white solid (51% yield). HRMS (ESI-MS) calcd. m/z for C21H26F3MnN4O3S
([M-OTf]+): 526.1058, found 526.1187. Elemental analysis calcd. (%) for C22H26F6MnN4O6S2×H2O: C
38.10, H 4.07, N 8.08, found C 38.31, H 4.15, N 8.26.
[Mn(OTf)2(S,S-BPBI)] (4) This complex was prepared in an analogous manner to R,S-3 starting from
S,S-BPBI. Light yellow solid (42% yield). HRMS (ESI-MS) calcd. m/z for C29H26F3MnN4O3S ([MOTf]+): 622,1058 found: 622,1052. Elemental analysis calcd. (%) for C30H26F6MnN4O6S2×2H2O: C
44.62, H 3.74, N 6.94, found C 46.12, H 3.91, N 6.87.
5.4.3 Catalysis
General procedure for optimization of the epoxidation of oleic acid (Table 2).
A 20 mL vial was charged with: oleic acid (0.5 mmol, 1 equiv.), catalyst, AcOH (9 or 18 equiv.), and
MeCN (2 mL). Subsequently, a 1.0 M H2O2 solution in CH3CN (2 or 1.5 equiv., diluted from a 35%
H2O2 aqueous solution) was added over the indicated time at RT. Next, the resulting mixture was
allowed to stir at RT for the indicated time. At this point, a 1.0 M nitrobenzene solution in CH3CN (0.5
mL, 0.5 mmol, 1 equiv.) was added as internal standard. The solution was diluted with Et2O to
precipitate the Mn-complex and passed through a cotton wool filter to remove residual complex. Solvent
was removed in vacuo and a sample was submitted to 1H NMR analysis. Conversion of oleic acid was
determined by comparison of the olefinic hydrogen signals at 5.3 ppm. Epoxide yield was determined
by comparison of the oxirane hydrogen signals at 2.9 ppm.
Epoxidation of UFAs (FAMEs) by rac-3 (Table 3).
A 20 mL vial was charged with: substrate (0.5 mmol, 1 equiv.), rac-3 (10 µL of a 10 mM solution in
MeCN, 0.02 mol%), AcOH (0.5 mL, 9 mmol, 18 equiv.), and MeCN (2 mL). Subsequently, a 1.0 M
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H2O2 solution in CH3CN (0.75mL, 1.5 equiv., diluted from a 35% H2O2 aqueous solution) was added
over 45 min, and the reaction mixture stirred for additional 30 min. At this point, a 1.0 M nitrobenzene
solution in CH3CN (0.5 mL, 0.5 mmol, 1 equiv.) was added as internal standard. The solution was
diluted with Et2O to precipitate the Mn-complex, passed through a cotton wool filter to remove residual
complex. Solvent was removed in vacuo and a sample was submitted to 1H NMR analysis. Conversion
of oleic acid was determined by comparison of the olefinic hydrogens at 5.3-5.4 ppm. Epoxide yield was
determined by comparison of the oxirane hydrogens at 2.7-2.9 ppm.
General procedure for optimization of the epoxidation of sunflower oil by rac-3 (Table 4).
Sunflower oil (1 g), rac-3 (0.02-0.04 mol %, w.r.t. double bonds in the starting oil, added as a 10 mM
solution in MeCN), and AcOH (2.6 mL for 9 equiv., 5.3 mL for 18 equiv.) were mixed in the absence
or presence of MeCN (2 mL). The resulting mixture was stirred vigorously (1000 rpm) at RT.
Subsequently, 1.5 equiv. of H2O2 w.r.t. double bonds in the starting oil (35% H2O2 aqueous solution)
was added over 45-120 min, then the reaction mixture was allowed to stir for additional 30-60 min.
Upon completion of the reaction, H2O (20 mL) was added to the reaction mixture, followed by extraction
with Et2O (3 ×20 mL). Organic extracts were combined and dried over MgSO4 and the solvent was
removed under vacuum. The residue was separated into two portions. One portion was used to determine
conversion by measuring the iodine value (IV) according to the Wijs method.[49] The other portion was
used to determine the yield of oxirane oxygens (OO) formed via the AOCS Official Method Cd 9-57.[50]
The conversion of substrate was determined as follows:
Conversion =

IVo - IVp
IVo

× 100%

Where IVo is the initial iodine value of starting vegetable oil, IVp is the iodine value of epoxidized
vegetable oil after epoxidation.
The yield of epoxidized products was determined as follows:
Yield =

OOp
OOthe

× 100%

Where OOp is the measured percentage of oxirane oxygen in epoxidized products, OOthe is the theoretical
maximum percentage of oxirane oxygen, which is calculated as follows:
OOthe =

(IVo/253.8) × 16
× 100%
100 + (IVo/253.8) × 16

Epoxidation of vegetable oils by rac-3 (Table 5).
A 20 mL vial was charged with: oil (1 or 5 g), rac-3 (0.03 mol%, w.r.t. double bonds in the starting oil,
added as a 10 mM solution in MeCN for 1 g scale reactions, and as a solid for 5 g scale reactions), and
AcOH (5.3 mL for 1 g scale, 26.5 mL for 5 g scale). The resulting mixture was stirred vigorously (1000
rpm) at RT. Subsequently, 1.5 equiv. of H2O2 w.r.t. double bonds in the starting oil (35% H2O2 aqueous
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solution) was added over 90 min, then the reaction mixture was allowed to stir for additional 30 min.
Upon completion of the reaction, H2O (20 mL) was added to the reaction mixture, followed by extraction
with Et2O (3 × 20 mL). Organic extracts were combined and dried over MgSO4 and the solvent was
removed under vacuum. The residue was separated into two portions. One portion was used to determine
conversion and the other portion was used to determine the yield of oxirane oxygens (OO) formed (see
above). In the case of 5-gram scale reaction with sunflower oil, the obtained product after work-up was
also characterized by 1H NMR.
One-pot oxidative cleavage of UFAs and FAMEs (Table 6).[34]
Substrate (0,5 mmol, 1 equiv.), rac-3 (10 µL of a 10 mM solution in MeCN, 0.02 mol%), and AcOH
(0.5 mL, 9 mmol, 18 equiv.) were dissolved in CH3CN (2 mL) at RT (36 oC for erucic acid).
Subsequently, a 1.0 M H2O2 solution in CH3CN (0.75 mL, 1.5 equiv., diluted from a 35% H2O2 aqueous
solution) was added over 45 min. The resulting mixture was allowed to stir for another 30 min. At this
point, 1 mL MeCN and 1 mL 0.25 M H2SO4 aqueous solution (0.5 equiv.) were added (thus MeCN/H2O
= 3/1, v/v). After stirring for 3 h, 42 mg of NaHCO3 (0.5mmol, 1 equiv.) and 107 mg of NaIO4 (0.5mmol,
1 equiv.) were added, after which the reaction was stirred for 1.5 or 3 h. Upon completion of the reaction,
0.5 mmol biphenyl was added as internal standard. The solution was diluted with Et2O to precipitate the
catalyst, passed through a cotton wool filter to remove residual catalyst. Subsequently, samples were
submitted to 1H NMR and GC analysis. 1H NMR analysis provided substrate conversions and GC
analysis provided nonanal yields by comparison with authentic samples.
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C–H and C═C bond oxidations constitute essential transformations in organic synthesis and in
many biological and industrial processes. In the past decades numerous non-heme iron enzymes
have been discovered and identified, that are able to conduct biological C–H and C═C bond
oxidations via O2 activation in a very selective manner. In Chapter 1, three typical non-heme
iron enzymes, mono-nuclear Rieskes dioxygenases and α-ketoglutarate-(α-KG)-dependent
enzymes, as well as soluble methane monooxygenase (sMMO), are detailed to provide insight
into the structures of their iron active sites and their reaction mechanisms. Inspired by these
enzymes, many efforts have been spent on modelling catalytic iron sites and active
intermediates involved in catalysis, in order to achieve these oxidation reactions by molecular
catalysts outside the enzyme environment. Depending on the ligand, the coordination chemistry
and reactivity of synthetic non-heme iron complexes may be drastically different; accordingly,
the development of ligands is of pivotal importance to the field. So far, iron complexes with
tetradentate nitrogen (N4, generally aminopyridine) ligands have shown to be most successful
in achieving highly regio- and stereoselective oxidation reactions utilizing H2O2 as the oxidant.
Amongst them, iron complexes with a cis-α topology derived from linear bis-alkylamine-bispyridine (N2Py2) ligands have been proven to be most effective so far (Figure 1). This ligand
platform has two pyridine moieties linked to a bis-alkylamine backbone, wrapping around the
iron center in a cis-α manner. In this coordination topology, two labile sites (X) are cis to each
other and trans to the alkylamine nitrogen donors, causing them to be chemically equivalent.
Py
N

X
Fe

N

X
Py

Figure 1. Generic structure of Fe(N2Py2) complexes adopting a cis-α topological configuration.

This ligand platform enables modifications on both the bis-alkylamine backbone and pyridine
moieties, which allows for a systematic improvement of the reactivity and for fine-tuning of
the selectivity of non-heme iron catalysts, providing powerful protocols for efficient C–H and
C═C oxidations. Next to the iron complexes, the interest in structurally related manganese
complexes has increased in recent years. In addition, these Mn-complexes seem to follow
similar reaction mechanisms and may provide (much) higher reactivities as compared to their

147

Summary

Fe analogs in both C–H and C═C bond oxidations. The research described in this thesis not
only focuses on the modification of the N2Py2 ligand platform, but also on the practical use of
the corresponding iron and manganese complexes in (selective) catalytic oxidations using H2O2
as the oxidant and acetic acid (AcOH) as additive.
It has been reported previously that the increase in ligand rigidity is beneficial for achieving
improved catalytic efficiencies and product selectivities in aliphatic C–H oxidations. Based on
the design of the well-known BPBP ligand, Chapter 2 describes the development of the BPBI
ligand with a further rigidified bis-alkylamine backbone through the incorporation of benzene
moieties on the pyrrolidines (BPBP = N,N’-bis(2-picolyl)-2,2’-bispyrrolidine, and BPBI =
N,N’-bis(2-picolyl)-2,2’-bis-isoindoline, Scheme 1). Additionally, a more bulky analog
TIPS

BPBI was also synthesized, where a TIPS substituent was introduced at the 5-position of

each pyridine ring. Steric congestion at the pyridine moieties has previously been shown to play
an important role in site-selective C–H oxidations.
R
N

N
N
Fe
N

OSO2CF3

Further rigidified

OSO2CF3

N
Fe
N

OSO2CF3
OSO2CF3

N

N

R

R = H, [Fe(OTf)2(S,S-BPBI)]
R = TIPS, [Fe(OTf)2(S,S-TIPSBPBI)]

[Fe(OTf)2(S,S-BPBP)]

Scheme 1. Ligand modification described in Chapter 2.

It was found that [Fe(OTf)2(S,S-BPBI)] consistently shows a higher preference for the oxidation
of tertiary over secondary (3°/2°) C–H bonds in alkane substrates compared to [Fe(OTf)2(S,SBPBP)]. Substrate conversions and product yields tend to be lower though, which is likely due
to the electron-withdrawing property of the benzene moieties in the BPBI ligand. Notably,
[Fe(OTf)2(S,S-BPBI)] provides a 3°/2° ratio of 33 in the oxidation of adamantane, which is
amongst the highest reported 3°/2° selectivities for non-heme Fe catalyzed adamantane
oxidation, and, additionally, without a drop in substrate conversion compared to the reaction
catalyzed by [Fe(OTf)2(S,S-BPBP)]. The introduction of bulky TIPS-groups in [Fe(OTf)2(S,STIPS

BPBI)] brings about a higher reactivity and enhances the preference for secondary C–H

bond oxidations, allowing for site-selective oxidations of biologically interesting
acetylandrosterone derivatives. In terms of steric and electronic effects of substrates on site
selectivity, no obvious differences in product distribution were observed for these three
complexes.
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Next, Chapter 3 describes the use of the Fe(BPBP) and Fe(BPBI) and other Fe(N2Py2)
complexes in the catalytic epoxidation of poly-unsaturated fatty acids and esters, using methyl
linoleate (ML) as the model substrate (Scheme 2). This study has a specific focus on the
selectivity between mono-epoxidation and di-epoxidation, as the resulting mono-epoxides and
di-epoxides represent different industrial uses due to their different physicochemical properties.
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O
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Scheme 2. Epoxidation of methyl linoleate catalyzed by Fe(N2Py2) complexes.

Catalytic studies revealed that a more active catalyst, elevated catalyst or AcOH loadings, or a
lower reaction temperature give higher ML conversion and favor the formation of di-epoxides,
leading to a lower mono-epoxides/di-epoxides (M/D) ratio. Mono-epoxides or di-epoxides thus
can be obtained as primary products, respectively, using different reaction conditions. 42% of
mono-epoxides and 4.7% of di-epoxides can be obtained at 52% ML conversion using 1 mol%
of [Fe(OTf)2(S,S-BPBI)], 1.5 equiv. of H2O2, and 1.5 mol% of AcOH, in contrast to 92% of diepoxides at full ML conversion without the formation of mono-epoxides when conducting the
reaction with 1 mol% of [Fe(OTf)2(mix-BPBP)] (mix-BPBP = mixture of S,S-, R,R- and R,Sisomers of BPBP), 2.2 equiv. of H2O2, and 100 mol% of AcOH. Notably, both reactions are
performed under very mild reaction conditions (room temperature or 0 oC, respectively), in
short reaction times (1 h or 5 min, respectively), and with excellent epoxide selectivity (> 90%).
Kinetic studies showed that the Fe(N2Py2) complexes are deactivated rather quickly in the
epoxidation of ML (within 2 min). A slow catalyst addition protocol was found to improve the
epoxidation progression and to favor the formation of di-epoxides. A higher M/D ratio can be
obtained by using a slow oxidant addition protocol, albeit at lower ML conversion. A detailed
study of the O-transfer selectivity showed a small but significant kinetic preference for monoepoxidation over di-epoxidation for Fe(N2Py2) complexes in general.
The stability of the Fe(N2Py2) complexes under the oxidizing conditions seems to be an
important factor that limits the epoxidation of ML in Chapter 3. In fact, catalyst deactivation
is a common but less investigated issue in non-heme iron oxidation catalysis. Chapter 4
describes the development of Fe(N2Py2-D4) complexes with deuterated 2-pyridinylmethyl sites
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in the ligands (Figure 2a), which is based on the observation of significant intramolecular C–H
oxidation of one of the 2-pyridinylmethyl sites in the ligand and subsequent dissociation of the
oxidized ligand upon exposure of the parent Fe(N2Py2) complexes to H2O2 in the absence of
an organic substrate.
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Figure 2. a) Ligand modification of N2Py2 through the introduction of D atoms on 2-pyridinylmethyl
positions. b) Time-dependent reaction profiles of the catalytic epoxidation of cis-cyclooctene with
catalyst [Fe(OTf)2(BPMEN)] vs. catalyst [Fe(OTf)2(BPMEN-D4)].

Improved conversions and yields are consistently obtained in both aliphatic C–H oxidations
and alkene epoxidations employing the Fe(N2Py2-D4) catalysts compared to reactions with the
non-deuterated Fe(N2Py2) catalysts. Kinetic studies revealed that this is attributed to an
extended lifetime of the Fe(N2Py2-D4) complexes; their inherent reactivity remains the same
as that of the parent, non-deuterated complexes. Additionally, the improvements in catalytic
performances and lifetimes provided by deuterated complexes depend on the rigidity of the
parent N2Py2 ligands. That is, applying the deuteration approach to ligands with more rigid
bis-alkylamine backbones, e.g. BPBP, leads to a limited extension of catalyst lifetime. In
contrast, the improvements in catalytic performances and lifetimes are more pronounced for
Fe(N2Py2-D4) complexes derived from relatively flexible N2Py2 ligands. For instance,
[Fe(OTf)2(BPMEN-D4)] shows a much longer lifetime and gives a more than 2-fold higher
conversion and epoxide yield in the epoxidation of cis-cyclooctene, in comparison with its
counterpart [Fe(OTf)2(BPMEN)] (Figure 2b, BPMEN = N,N’-dimethyl-N,N'-bis(2-picolyl)ethylene-diamine). Deuteration of the more flexible BPMEN ligand, actually leads to a catalytic
performance of the [Fe(OTf)2(BPMEN-D4)] complex that resembles the performance of the
non-deuterated [Fe(OTf)2(BPBP)] complex. These observations suggest that the enhanced
catalytic abilities of more rigid ligands (like BPBP) are attributed to attenuated catalyst
decomposition, through a more restricted approach of 2-pyridinylmethyl C–H bonds to the
intermediate iron-oxo moiety.
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The N2Py2 ligands were further explored in Chapter 5 for the use of Mn(N2Py2) type
complexes in the catalytic epoxidation of vegetable oils (VOs). An optimized catalytic protocol
relies on the use of the non-noble metal manganese in combination with a racemic mixture of
the BPBP ligand (rac-BPBP, Figure 3), using H2O2 as the oxidant and acetic acid as additive.

N

N

N

N

+
N
TfO

N

N

Mn

Mn
TfO

OTf

N
OTf

[Mn(OTf)2(R,R-BPBP)]

[Mn(OTf)2(S,S-BPBP)]

Figure 3. Structure of [Mn(OTf)2(rac-BPBP)].

The protocol is highly efficient and highly selective for the epoxide products: most of the
investigated VOs, including cheap waste cooking oil, can be fully converted to epoxidized
vegetable oils (EVOs) in more than 90% yield with excellent epoxide selectivities (> 90%)
within 2 h of reaction time at ambient temperature, using only 0.03 mol% of [Mn(OTf)2(racBPBP)] catalyst with respect to the number of double bonds (ca. 0.1 wt% with respect to oil).
Furthermore, in 1-gram scale reactions the use of MeCN can be largely limited to its use as a
delivery medium of the catalyst solution (100 - 180 µL) rather than as the reaction solvent, by
increasing the addition time of the H2O2 oxidant and the oil:AcOH volume ratio. Notably, the
high catalytic efficiency is retained in a scale-up experiment with 5 g of sunflower oil, in which
the catalyst was added as a solid. Therefore, the reactions can be performed in a completely
MeCN-free medium and EVOs can be obtained from the reaction crude via simple extraction
with Et2O. Finally, one-pot oxidative cleavage of unsaturated fatty acids (and esters) into
nonanal and an a,w-aldehyde fatty acid (ester) has been carried out using the current Mncatalyzed epoxidation protocol as the first and key step, which outperforms the reported Febased catalytic system in terms of catalytic efficiency.
In conclusion, this thesis describes several ligand modifications of the N2Py2 ligand platform,
with the aim of either improving C–H oxidation selectivities or enhancing the lifetimes of
Fe(N2Py2) complexes in oxidation catalysis. Furthermore, the practical use of the Fe(N2Py2)
and Mn(N2Py2) complexes in the oxidation of a number of biologically or industrially relevant
compounds, like steroidal derivatives, unsaturated fatty acids and their esters, and vegetable
oils, is also investigated in this thesis.
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Oxidaties van C–H en C═C bindingen zijn essentieel in de organische synthese en in vele
biologische en industriële processen. In de afgelopen decennia zijn tal van niet-heemijzerenzymen ontdekt en geïdentificeerd die in staat zijn om op een biologische wijze C–H en
C═C bindingen te oxideren via O2-activering met een zeer hoge selectiviteit. In Hoofdstuk 1
worden drie typische niet-heem-ijzerenzymen gedetailleerd omschreven; mononucleaire
Rieske dioxygenasen en α-ketoglutaraat-(α-KG)-afhankelijke enzymen, evenals oplosbare
methaan mono-oxygenasen (sMMO). Hiermee wordt inzicht verkregen in de structuren van
hun actieve centra en hun reactiemechanismen. Geïnspireerd door deze enzymen is er veel
aandacht besteed aan het modelleren van katalytische ijzercentra en actieve intermediairen die
betrokken zijn bij katalyse, om deze oxidatiereacties uit te kunnen voeren met behulp van
moleculaire katalysatoren buiten een enzymomgeving. Afhankelijk van het ligand kunnen de
coördinatiechemie en reactiviteit van synthetische non-heemijzer complexen drastisch variëren;
de ontwikkeling van liganden is dus van cruciaal belang voor het veld. Tot dusverre zijn
ijzercomplexen met tetradentate stikstofliganden (N4, over het algemeen aminopyridines) het
meest

succesvol

gebleken

in

regio- en

stereoselectieve oxidatiereacties,

waarbij

waterstofperoxide wordt gebruikt als oxidant. IJzercomplexen met een cis-α-topologie afgeleid
van lineaire bis-alkylamine-bis-pyridine (N2Py2) liganden laten tot nu toe de hoogste
reactiviteit zien (Figuur 1). Dit ligandplatform omvat twee pyridine groepen gebonden aan een
bis-alkylamine hoofdketen en wikkelt zich op een cis-a-wijze rond het ijzercentrum. In deze
coördinatietopologie bevinden zich twee labiele posities (X) cis ten opzichte van elkaar en trans
ten opzichte van de alkylamine-stikstofdonoren, waardoor ze chemisch equivalent zijn.
Py
N

X
Fe

N

X
Py

Figuur 1. Algemene structuur van Fe(N2Py2) complexen met een cis-α-topologie.

Modificaties aan dit ligandplatform zijn mogelijk op zowel de bis-alkylamine hoofdketen als
op de pyridinegroepen, wat een systematische verbetering van de reactiviteit en een
nauwkeurige fine-tuning van de selectiviteit van non-heem-ijzerkatalysatoren mogelijk maakt.
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Dit levert krachtige katalytische protocollen voor efficiënte C–H en C═C oxidaties op. Naast
de ijzercomplexen is de belangstelling voor de structureel verwante mangaancomplexen de
laatste

jaren

toegenomen.

Bovendien

lijken

deze

Mn-complexen

vergelijkbare

reactiemechanismen te volgen en kunnen ze over een (veel) hogere reactiviteit beschikken ten
opzichte van vergelijkbare Fe-complexen in oxidaties van zowel C–H- als C═C-bindingen. Het
onderzoek beschreven in dit proefschrift richt zich niet alleen op de modificatie van het N2Py2
ligandplatform, maar ook op het praktische gebruik van de overeenkomstige ijzer- en
mangaancomplexen in (selectieve) katalytische oxidaties met waterstofperoxide als oxidator en
azijnzuur als additief .
Er is eerder beschreven dat de toename in de rigiditeit van het N2Py2ligand gunstig is voor een
verbeterde katalytische efficiëntie en selectiviteit in alifatische C–H-oxidaties. Gebaseerd op
het ontwerp van het welbekende BPBP-ligand, beschrijft Hoofdstuk 2 de ontwikkeling van het
BPBI-ligand met een verdere verhoging van de rigiditeit van het bis-alkylamine skelet door de
functionalisering van de pyrrolidinen met benzeen (BPBP = N,N'-bis (2-picolyl)-2,2'bispyrrolidine en BPBI = N,N'-bis(2-picolyl)-2,2'-bis-isoindoline, Schema 1). Bovendien werd
een meer ‘bulky’ analoog

TIPS

BPBI gesynthetiseerd, waarbij een TIPS-substituent werd

geïntroduceerd op de 5-positie van elke pyridine-ring. Er is eerder aangetoond dat sterische
congestie rond de pyridinegroepen een belangrijke rol speelt bij regio-selectieve C–Hoxidaties.
R
N

N
N
Fe
N

OSO2CF3

N

Verhoogde rigiditeit

Fe

OSO2CF3

N

OSO2CF3
OSO2CF3

N

N

R

R = H, [Fe(OTf)2(S,S-BPBI)]
R = TIPS, [Fe(OTf)2(S,S-TIPSBPBI)]

[Fe(OTf)2(S,S-BPBP)]

Schema 1. Ligandmodificatie beschreven in Hoofdstuk 2.

[Fe(OTf)2(S,S-BPBI)] blijkt een consequent hogere voorkeur te hebben voor de oxidatie van
tertiaire (3°) tem opzichte van secundaire (2°) C–H-bindingen in alkaansubstraten in
vergelijking met [Fe(OTf)2(S,S-BPBP)]. Substraatomzettingen en productopbrengsten zijn
echter meestal lager, wat waarschijnlijk te wijten is aan de elektronen-zuigende eigenschap van
de benzeengroepen in het BPBI-ligand. Met name [Fe(OTf)2(S,S-BPBI)] geeft een bijzonder
hoge 3°/2°-ratio van 33 in de oxidatie van adamantaan, zonder een afname in substraatconversie
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vergeleken met de reactie gekatalyseerd door [Fe(OTf)2(S,S-BPBP)]. De introductie van grote
TIPS-groepen in [Fe(OTf)2(S,S-TIPSBPBI)] zorgt voor een hogere reactiviteit en verhoogt de
voorkeur voor de oxidatie van secundaire C–H-bindingen, waardoor regio-selectieve oxidaties
van biologisch interessante acetylandrosteron-derivaten mogelijk worden. Met betrekking tot
sterische en elektronische effecten van substraten op de selectiviteit van de site werden er geen
duidelijke verschillen in productverdeling waargenomen voor deze drie complexen.
Hoofdstuk 3 beschrijft het gebruik van Fe(BPBP), Fe(BPBI) en andere Fe(N2Py2) complexen
in de katalytische epoxidatie van meervoudig onverzadigde vetzuren en esters met methyl
linoleaat (ML) als modelsubstraat (Schema 2). Deze studie focust zich specifiek op de
selectiviteit tussen mono-epoxidatie en di-epoxidatie, daar de resulterende mono-epoxiden en
di-epoxiden verschillende industriële toepassingen hebben vanwege hun verschil in fysischchemische eigenschappen.
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Schema 2. Epoxidatie van methyl linoleaat gekatalyseerd door Fe(N2Py2) complexen.

Katalytische studies hebben aangetoond dat een actievere katalysator, verhoogde katalysatorof AcOH-belading of een lagere reactietemperatuur een hogere ML-omzetting geven en de
vorming van di-epoxiden bevorderen, wat een lagere mono-epoxide/di-epoxide (M/D) ratio
geeft. Mono-epoxiden of di-epoxiden kunnen dus worden verkregen als hoofdproducten,
respectievelijk, door variatie van de reactie-omstandigheden. 42% Mono-epoxiden en 4,7% diepoxiden worden verkregen bij een 52% ML-omzetting met 1 mol% [Fe(OTf)2(S,S-BPBI)], 1.5
equivalent H2O2 en 1.5 mol% AcOH, in tegenstelling tot 92% di-epoxiden bij volledige MLomzetting zonder de vorming van mono-epoxiden bij het uitvoeren van de reactie met 1 mol%
[Fe(OTf)2(mix-BPBP)] (mix-BPBP = mengsel van S,S-, R,R- en R,S-isomeren van BPBP), 2,2
equivalenten H2O2 en 100 mol% AcOH. Belangrijk is dat beide reacties worden uitgevoerd
onder zeer milde reactieomstandigheden (kamertemperatuur of 0 °C), korte reactietijden (1 uur
of 5 minuten) en met uitstekende epoxideselectiviteit (> 90%). Kinetische studies toonden aan
dat de Fe(N2Py2)-complexen vrij snel gedeactiveerd worden in de epoxidatie van ML (binnen
2 minuten). Een protocol waarbij de katalysator langzaam wordt toegevoegd aan het

155

Samenvatting

reactiemengsel bleek de epoxidatiereactie te verbeteren en de vorming van di-epoxiden te
bevorderen. Een hogere M/D-verhouding kan worden verkregen door waterstofperoxide
langzaam toe te voegen, met als nadeel een lagere ML-omzetting. Een gedetailleerde studie van
de O-transfer selectiviteit toonde een kleine maar significante kinetische voorkeur voor monoepoxidatie ten opzichte van di-epoxidatie voor Fe(N2Py2)-complexen in het algemeen.
De stabiliteit van de Fe(N2Py2)-complexen onder de oxiderende omstandigheden lijkt een
belangrijke factor te zijn die de epoxidatie van ML in Hoofdstuk 3 beperkt. In feite is
deactivering van de katalysator een veel voorkomend maar minder onderzocht probleem bij
niet-heem-ijzer oxidatiekatalyse. Hoofdstuk 4 beschrijft de ontwikkeling van Fe(N2Py2-D4)complexen met gedeutereerde 2-pyridinylmethyl posities in de liganden (Figuur 2a). Deze
studie is gebaseerd op de significante intramoleculaire C–H-oxidatie van één van de 2pyridinylmethyl posities in het ligand en de daaropvolgende dissociatie van het geoxideerde
ligand bij blootstelling van de Fe(N2Py2)-complexen aan H2O2 bij afwezigheid van een
organisch substraat.
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Figuur 2. a) Ligandmodificatie van N2Py2 door de introductie van D-atomen op de 2-pyridinylmethyl
posities. b) Tijdsafhankelijke reactieprofielen van de katalytische epoxidatie van cis-cyclo-octeen met
[Fe(OTf)2(BPMEN)] vs. [Fe(OTf)2(BPMEN-D4)].

Verbeterde omzettingen en opbrengsten worden consequent verkregen in zowel alifatische C–
H-oxidaties als alkeenepoxidaties waarbij de Fe(N2Py2-D4) -katalysatoren worden gebruikt in
vergelijking met reacties met de niet-gedeutereerde Fe(N2Py2)-katalysatoren. Kinetische
studies onthulden dat dit wordt veroorzaakt door een verlengde levensduur van de Fe(N2Py2D4)-complexen; hun inherente reactiviteit blijft echter hetzelfde als die van de vergelijkbare,
niet-gedeutereerde complexen. Bovendien hangen de verbeteringen in katalytische activiteit en
levensduur van gedeutereerde complexen af van de rigiditeit van de oorspronkelijke N2Py2liganden. Het deutereren van meer rigide bis-alkylaminehoofdketens, bijvoorbeeld BPBP, leidt
tot een beperkte verlenging van de levensduur van de katalysator. Daarentegen zijn de
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verbeteringen in katalytische activiteit en levensduur duidelijker voor Fe(N2Py2-D4)complexen die zijn afgeleid van de relatief flexibele N2Py2-liganden. Zo vertoont bijvoorbeeld
[Fe(OTf)2(BPMEN-D4)] een veel langere levensduur en geeft een meer dan verdubbelde
conversie en epoxide-opbrengst in de epoxidatie van cis-cyclo-octeen, in vergelijking met zijn
tegenhanger [Fe(OTf)2(BPMEN)] (Figuur 2b, BPMEN = N,N'-dimethyl-N,N'-bis(2-picolyl)ethyleendiamine). Deuterering van het meer flexibele BPMEN-ligand leidt zelfs tot een
katalytische activiteit van het [Fe(OTf)2(BPMEN-D4)] complex dat lijkt op de activiteit van het
niet-gedeutereerde [Fe(OTf)2(BPBP)] complex. Deze waarnemingen suggereren dat de
verhoogde katalytische activiteit van meer rigide liganden (zoals BPBP) kan worden
toegeschreven aan een verminderde katalysatordeactiviering vanwege een verminderde
intramoleculaire toenadering van 2-pyridinylmethyl C–H-bindingen tot het katalytische
ijzercentrum.
De N2Py2-liganden werden verder onderzocht in Hoofdstuk 5 voor het gebruik van Mn
(N2Py2)-type complexen in de katalytische epoxidatie van plantaardige oliën (PO's). Een
geoptimaliseerd katalytisch protocol op basis van het niet-edelmetaal mangaan in combinatie
met een racemisch mengsel van het BPBP-ligand (rac-BPBP, figuur 3), H2O2 als het
oxidatiemiddel en azijnzuur als additief.
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Figuur 3. Samenstelling van [Mn(OTf)2(rac-BPBP)].

Het protocol is zeer efficiënt en zeer selectief voor de epoxideproducten: de meeste van de
onderzochte PO’s, onder meer goedkope gebruikte bakolie, kunnen volledig worden omgezet
in geëpoxideerde plantaardige oliën (EPO's). Een opbrengst van meer dan 90% werd verkregen
met uitstekende epoxideselectiviteit (> 90%) binnen 2 uur reactietijd bij kamertemperatuur, met
gebruikmaking van slechts 0.03 mol% [Mn(OTf)2(rac-BPBP)] katalysator in verhouding tot
het aantal dubbele bindingen (ongeveer 0.1 gew.% in verhouding tot olie). Verder kan bij 1gram schaal reacties het gebruik van acetonitril grotendeels worden beperkt tot het gebruik als
toedieningsmedium van de katalysatoroplossing (100-180 µL) in plaats van als het oplosmiddel
voor de reactie, door een langzamere toevoeging van H2O2 en een verhoogde olie:azijnzuur
volume ratio. Opmerkelijk is dat de hoge katalytische efficiëntie wordt behouden in een
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opgeschaald experiment met 5 g zonnebloemolie, waarbij de katalysator als een vaste stof werd
toegevoegd. Daarmee kunnen de reacties worden uitgevoerd in een volledig acetonitril-vrij
medium en kunnen EPO's worden verkregen uit het ruwe reactiemengsel via een eenvoudige
extractie met diethylether. Tenslotte is een één-pots oxidatieve splitsing van onverzadigde
vetzuren (en esters) tot nonanal en een a,w-aldehyde vetzuur (ester) uitgevoerd met behulp van
dit Mn-gekatalyseerde epoxidatieprotocol als de eerste en belangrijkste stap, waarbij betere
opbrengsten verkregen werd dan met het eerder beschreven op ijzer gebaseerde katalytische
protocol.
In conclusie beschrijft dit proefschrift verschillende ligandmodificaties van het N2Py2ligandplatform, met als doel ofwel verbetering van de C–H-oxidatieselectiviteit of verbetering
van de levensduur van Fe(N2Py2)-complexen in oxidatiekatalyse. Verder wordt ook het
praktische gebruik van de Fe(N2Py2) en Mn(N2Py2) complexen bij de oxidatie van een aantal
biologisch of industrieel relevante verbindingen, zoals steroïde-derivaten, onverzadigde
vetzuren en hun esters, en plantaardige oliën onderzocht in dit proefschrift.
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