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“The meeting of two personalities is like the contact of two chemical substances:
if there is any reaction, both are transformed”
C.G. Jung (1875-1961)
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Abstract
Nitrogen containing compounds are widely used throughout the modern chemical
industry, as intermediates of bulk and fine chemicals, as well specialty chemicals such as
pigments and dyes. Typically, these compounds are obtained via the insertion of an Natom (typically as -NO2 ) into a hydrocarbon backbone, in a non-atom efficient and poorly
selective manner. Alternatively, widely abundant amines could act as a useful feedstock
for these desirable compounds. In particular, oxidative amine functionalization is a
prospective route for the synthesis of such N-containing building blocks; yet, to date this
approach has not received much attention. This doctoral thesis will investigate the field of
aerobic amine oxidation, through a combination of catalytic and theoretical viewpoints.
From these investigations, novel catalytic systems for the synthesis of value added Ncontaining compounds were developed, and were subsequently applied to the aerobic
oxidation of amines and the analogous oxidation of alcohols.

Chapter 2 presents a mini-review of amine oxidation to date exposes common Ncontaining compounds that can undergo oxidative functionalization to produce valuable
species, such as oximes, imines, nitriles, N-oxides, azo compounds and amides. For
instance, the oxidation of amines to the corresponding oximes can provide a desirable
route to valuable chemical intermediates, such as caprolactam, a key component in the
nylon industry. Also for the polymer industry, nitriles are of importance, and can be
produced through the oxidative dehydrogenation of amine substrates over various
catalysts.

Chapter 3 presents a comparative theoretical study on the formation and fate of αamino-peroxyl radicals, recently proposed as important intermediates in the aerobic
oxidation of amines. After radical abstraction of the weakly bonded αH-atom in the amine
substrate, the α-amino-alkyl radical reacts irreversibly with O2 forming the corresponding
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a-amino-peroxyl radical. HO2 ˙-elimination from various types of α-amino-peroxyl radicals
(forming the corresponding imine) and the kinetically competing substrate H-abstraction
(forming the α-amino-hydroperoxide) were computationally characterized. Polar solvents
were found to reduce the HO 2 ˙-elimination barrier, but increase the barrier for Habstraction. Depending on the reaction conditions (gas or liquid phase, amine
concentration, nature of the solvent, and temperature); either of the two mechanisms is
favored. The consequences for aerobic amine oxidation chemistry are discussed.

Homogeneous iridium catalysts have demonstrated exceptional catalytic activity for a
number of hydrogen-transfer reactions. In Chapter 4, the synthesis of a heterogeneous
iridium catalyst, supported on nanoparticulate ceria, is demonstrated, as is its application
for the aerobic oxidation of benzyl alcohol, and the Meerwein-Pondorf-Verley transfer
hydrogenation of cyclohexanone. Along with optimizing the activity of the catalyst, the
kinetic parameters have also been examined to unravel the elementary reaction steps
mediated by this catalyst, and rationalize the observed structure-activity relationships.
Both spectroscopic and catalytic investigations strongly suggest that iridium oxide
nanoparticles, most likely Ir 2 O3 , mediate these reactions via the formation of metalhydride species, which are subsequently reoxidized by either O2 or the ketone. In contrast
to many other metal or metal oxide based catalysts, this catalyst is able to perform in the
absence of a base, at mild temperatures, and at a low metal loading.

In Chapter 5, previous investigations of iridium-catalyzed alcohol oxidation are
extended to various amine substrates. In addition to demonstrating the versatility of this
catalyst, particular attention is focused on the mechanisms of the reaction. Herein, it is
demonstrated that although amines are less rapidly oxidized than the corresponding
alcohols, the catalyst has a preference for amine substrates, and oxidizes various
substrates at TOFs greater than those found in the open literature. Furthermore, the
competition between double amine dehydrogenation, to yield the corresponding nitrile,
and amine-imine coupling, to yield the corresponding coupled imine, has been found to

xii

arise from a competitive reaction pathway, and stems from an effect of substrate to metal
ratio. Finally, the mechanism responsible for the formation of the primary product, Nbenzylidene-1-phenylmethanamine, has been elucidated, and has been attributed to the
coupling of free benzyl amine substrate and benzaldehyde, formed in situ through
hydrolysis of the primary reaction product, benzyl imine.
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Zusammenfassung
Stickstoffhaltige Verbindungen werden weitverbreitet in der Chemischen Industrie
gebraucht, sowohl als Zwischenprodukte von Massen- und Feinchemikalien, und auch als
Spezialchemikalien wie Pigment- und Farbmoleküle. Normalerweise werden die
Verbindungen durch das Einfügen von N-Atomen (normalerweise als NO2 ) in CH-Ketten
erhalten, welches sehr atom-ineffizient und unselektiv ist. Alternativ, könnten
weitverbreitete Amine als brauchbare Quelle für gewünschte Zielverbindungen genutzt
werden. Besonders die oxidative Amin-Funktionalisierung is eine vielversprechende
Syntheseroute solcher stickstoffhaltigen Bausteine. Bis heute wurde diesem Ansatz aber
nicht viel Aufmerksamkeit geschenkt. Diese Doktorarbeit wird sich auf dem Feld der
aerobischen Aminoxidation bewegen und diese unter einer Kombination katalytischer und
theoretischer Gesichtspunkte untersuchen. Mithilfe dieser Untersuchungen werden neue
Systeme zur Synthese wertschöpfenden, stickstoffhaltigen Verbindungen entwickelt und
anschliessend in der aerobischen Oxidation von Aminen und deren Alkoholanalogen
angewandt.

Kapitel 2 besteht aus einer kleinen aktuellen Literaturzusammenfassung über
Aminoxidationen üblicher stickstoffhaltiger Verbindungen, welche mit der oxidativen
Funktionalisierung hergestellt werden können, z.B. Oxime, Imine, Nitrile, N-Oxide, AzoVerbindungen und Amide.

Ein weiteres wichtiges Anwendungsbeispiel ist die Oxidation von Aminen zu den
korrespondierenden Oximen, welches eine wirtschaftlich wünschenswerte Route zu
wertvollen chemischen Zwischenprodukten wie Caprolactam darstellt. Caprolactam ist
eine sehr wichtiges Schlüsselprodukt in der Nylonindustrie, auch für die Polymerindustire
sind z.B. Nitirle von grosser Bedeutung und könnten durch die oxidative Dehydrierung
von Aminsubstraten über verschiedene Katalysatoren produziert werden.
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Das Schicksal kapitel 3 ist eine vergleichende, theoretische Studie über die Bildung und
Verbleib von α-amino-alkyl Radikalen, welche kürzlich als wichtige Zwischenprodukte in
der aerobischen Aminoxidation erkannt wurden. Nach Radikalabstraktion des schwach
gebundenen αH-Atom im Aminsubstrat, reagieren α-amino-peroxyl Radikale irreversibel
mit O2 und bilden das korresponierende α-amino-peroxyl Radikal. HO2 ˙-Eleminierung
verschiedenster

Arten

von

α-amino-peroxyl

Radikalen

(resultierend

im

korrespondierendem Imin) und kinetisch ebenfalls mögliche H-Abstraktion (resultierend
in

den

α-amino-Wasserstoffperoxiden)

wurden

theoretisch

untersucht.

Polare

Lösungsmittel reduzieren theoretisch die Barriere für die HO 2 ˙-Eleminierung, aber
erhöhen die Barriere der H-Abstraktion. Abhängig von den Reaktionsbedingungen (Gasoder Flüssigphase, Aminkonzentration, Art des Lösungsmittels und Temperatur) wird
einer der beiden genannten Mechanismen bevorzugt. Die daraus resultierenden
chemischen Konsequenzen für die arobische Oxidation werden ebenfalls behandet.

Homogene Iridiumkatalysatoren bewiesen beispiellose katalytische Aktivität in vielen
Wasserstofftransfer-Reaktionen. Im vierten Kapitel wird eine Synthese zur Herstellung
heterogener Iridiumkatalysatoren auf Ceria-Nanopartikeln beschrieben genauso wie deren
Anwendung zur aerobischen Oxidation von Benzylalkohol und der Meerwein-PondorfVerley Transfer-Hydrogenierung von Cyclohexanon. Neben der Optimierung der
Katalysatoraktivität, wurde auch zur Aufklärung der elementaren Reaktionsschritte,
welche auf dem Katalysator vorgehen die Kinetik untersucht. Spektroskopische und
katalytische

Untersuchungen

unterstützen

stark

die

Theorie,

dass

Iridiumoxid-

Nanopartikel, höchstwahrscheinlich Ir 2O3 , diese Reaktion über die Bildung Metal-HydridSpezies ermöglichen, welche anschliessen wieder durch O 2 oder das gebildete Keton
oxidiert werden. Im Gegensatz zu vielen anderen auf Metalloxiden basierende
Katalysatoren, ist dieser Katalysator in der Lage diese Reaktion ohne Base, unter milden
Temperaturen und geringer Metallbeladung des Katalysators durchzuführen.

In Kapitel 5 wurden vorhergehende Untersuchungen der iridiumkatalysierten

xv

Alkoholoxidation auf verschiedene Aminsubstrate erweitert. Zusätzlich wurde besonders
genau auf den Mechanismus der Reaktion eingegangen, um die vielseitige Einsetzbarkeit
des Katalysators zu zeigen. Dadurch wird gezeigt, dass der Iridiumkatalysator
Aminsubstrate bevonzugt, obwohl er die korrespondieren Alkohole schneller oxidiert.
Einige Substrate wurden sogar mit TOFs oxidiert, die grösser waren, als die in der
Literatur. Ausserdem hängt die Tendenz des Katalysators Nitrile über die doppelte
Amindehydrogenierung oder Imine über Amin-Imin-Kupplungen stark zu bilden vom
Verhältnis des Substrats zum Metal ab. Abschliessend, wurde der Mechanismus, welcher
für

die

Bildung

des

Primärproduktes,

N-benzylidene-1-phenylmethanamine,

verantwortlich ist, untersucht und der Kupplung von Benzylaminen mit Benzylaldehyden,
in situ gebildet durch Hydrolyse des Primärproduktes, Benzylimin, zugeschrieben.
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Chapter 1
Selective Oxidations in an Industrial
Context and Thesis Outline

2

1.1 Sustainable Chemistry and the Need for Innovation
The modern chemical industry is facing tremendous challenges at present, due to the
growing demand for chemical compounds whilst having to cope a diminishing supply of
fossil resources. Minimizing waste and energy consumption are thus becoming of pivotal
importance, and new feedstocks should be evaluated to provide the basic building blocks
at the heart of the chemical value-chain (Figure 1). [1] Yield, selectivity, and especially
space-time yield are the metrics by which one should evaluate reaction efficiency, [2]
especially for large-scale applications. Interestingly, more sustainable processes often also
have better economics, simply because less by-products means lower costs for raw
materials, lower investment for their separation, and lower disposal cost; higher
productivity means less investment because smaller reactors can be used. It is therefore
important to focus on innovative laboratory research that could lead to environmentally
benign technology, which also offer economic benefits.

Figure 1. The chemical value-chain in terms of established and emerging feedstocks.1

Selective oxidation technology plays a leading role in the reconceptualization of the
chemical industry as it is at the cradle of many important precursors and intermediates
throughout the chemical value-chain. However, oxidation is also one of the technologies
with the greatest potential for improvement. Although many of the past improvements
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were driven by economics, this has also led to more sustainable processes. Nevertheless,
some processes still co-produce large amounts of waste, or operate under conditions
leading to non-optimal selectivity to the desired compound leaving tremendous
opportunities.

1.2 Interfacing Chemistry and Chemical Engineering
Optimizing or designing new oxidation processes demands a close collaboration between
chemistry and engineering. This starts with the selection of an appropriate oxidant to
achieve the desired transformation efficiently and involves the development of a stable
catalyst, which can be structured in a tailored reaction environment to minimize energy
consumption (see Figure 2).

ENERGY EFFICIENCY

OXIDANT
REACTION
ENGINEERING

CATALYST

INTRINSIC
CHEMISTRY

Figure 2. The interplay of chemistry and engineering during the optimization or design of a
selective oxidation process.[3]
In the past, oxidants with high molecular weights have been used which inherently
produce a large amount of (toxic) waste, like in the case of K 2 Cr2 O7 . Although
discouraged, systems such as pyridinium chlorochromate are still used to some extent in
fine chemical synthesis, due to their high activity and selectivity. Similarly, OsO4 can
successfully oxidize olefins to diols but also experiences the negative toxicity of osmium
waste. Modification of the OsO4 by the addition of a chiral quinine ligand allows for the
osmium compound to take a catalytic role, being regenerated by potassium ferricyanide or
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N-methylmorpholine-N-oxide, significantly reducing the amount of osmium waste.

Minimizing of processes’ toxicity has encouraged the use of hydroperoxides as a
sustainable oxidant. Alkyl hydroperoxides, such as t-butylhydroperoxide, are more
reactive due a weaker O-O bond; however, the analogous alcohol is produced as a
stoichiometric byproduct. In comparison, H2 O2 is less reactive; however, it is typically
preferred due to having only water as by-product, and is therefore a popular oxidant in the
field of epoxidation. H2 O2 can be catalytically decomposed into singlet oxygen - an
excited state of oxygen affording interesting oxygenation chemistry for fine chemical
synthesis - by metal ions such as Mo(VI), W(VI) and La(III).

Molecular oxygen is by far the cheapest and most sustainable oxidant. Nevertheless,
safety aspects must be considered, due to flammability risks with organic compounds.
Dilute O2 sources such as atmospheric air reduces such risks as well as the operational
costs. Low gas pressures are also preferred to further minimize risk and costs. Although
oxidations which can use molecular oxygen are preferred from an economic and
sustainable point of view, the direct reaction of O 2 with hydrocarbons is either spin and/or
symmetrically forbidden. This implies that one needs to identify catalytic pathways
facilitating this reaction, or find methods to steer free-radical chain oxidations, which
bypass the inefficient, direct O2 reactions. In this thesis, examples of both approaches will
be shown.

A common misunderstanding in the academic community is that selective oxidation
would best be performed under mild conditions, i.e. at room temperature. However, for
such exothermic reactions, that would imply that the heat of reaction is entirely lost for
heating up cooling water. If on the other hand, the reaction can be performed at around
100-150 °C, the reaction energy can be efficiently converted to valuable steam which can
be used as an energy carrier in an industrial site. This implies however that the reaction
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energy should be efficiently removed, preventing the formation of hot spots, which would
lower the selectivity. This demands a tight link between chemistry and engineering to
tailor the reaction environment appropriately.

1.3 Outline of the Thesis
In Chapter 2, a concise overview of the vast literature on aerobic amine oxidation is given
as a starting point to identify pertaining challenges. Chapter 3 subsequently addresses the
aerobic oxidation of amines to oximes and proposes a reaction mechanism that couples
radical chain autoxidation chemistry with heterolytic epoxidation of the intermediate
amine to oxime. Chapter 4 describes the synthesis of a heterogeneous iridium catalyst and
its optimization for aerobic alcohol oxidation via a heterolytic hydrogen transfer
mechanism. In chapter 5 we use the molecular insights obtained in chapter 5 to improve
the current state-of-the-art in aerobic amine oxidation. It is shown how the product
distribution (i.e. selectivity) can be tuned by changing synthesis parameters of the
catalyst. The dissertation ends with a conclusion and outline for future research.
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Chapter 2

Amine Oxidations

The oxidative upgrading of amines offers great opportunities for the sustainable production of
key N-containing building-blocks for the modern chemical industry. Compared to other
oxyfunctionalization routes, and despite their potential, amine oxidation reactions are barely
explored in the literature. This chapter aims at drawing attention to this important area and
highlights both the major achievements and the challenges that still remain.
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2.1 Amine Oxidation

Scheme 1 gives an overview of important nitrogen-containing compounds (e.g., oximes,
imines, amides, nitriles, amine oxides and azo compounds), which could in principle be
obtained from a controlled oxidation of an appropriate amine precursor. Some of those
compounds represent important industrial building blocks, and deriving alternative
synthesis pathways is of high industrial relevance. There is indeed a clear incentive to
develop more sustainable production technologies, which require less downstream
processing.

Scheme 1. Important N-containing compounds or intermediates.

Cyclohexanone oxime, for example, is the monomer building block of the polyester
Nylon-6 (4 Mt a-1).[4] Conventionally, cyclohexanone oxime is obtained via the
ammoximation of cyclohexanone by hydroxylamine (NH2 OH, Scheme 2). Although this
process runs at high yield and selectivity, significant quantities of ammonium sulphate (up
to 2.2 tonne/tonne oxime) are co-produced. [5a] Although not always appreciated in the
academic literature, this ammonium sulphate should not be considered as waste as it is a
valuable fertilizer. Nevertheless, coupling the production of two products (viz., a nylon
intermediate and a fertilizer) in the same process has several strategic disadvantages.
Therefore, Eni developed a process whereby the ammoximation is performed with in situ
generated hydroxylamine, obtained from the H2O2 -oxidation of ammonia over a
microporous titanium silicalite-1 catalyst. [5a] As cyclohexanone and the oxime cannot
enter the micropores of the solid catalyst, parallel and consecutive side-reactions are
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largely prevented. Nevertheless, the bottleneck in this value-chain is the production of
cyclohexanone via the autoxidation of cyclohexane. [6,9] The oxidation of cyclohexane runs
at a conversion below 5 % in order to avoid over-oxidation of the desired oxygenates. An
alternative system can also produce caprolactam using butadiene as a feedstock. The
process

begins

with

butadiene,

carbon

monoxide

and

methanol

undergoing

hydrocarboxylation over a carbonylation catalyst, followed by a hydroformylation step.
Following a reductive amination step with an ruthenium-alumina catalyst, cyclization can
produce the desired caprolactam using acid-base bi-functional catalyst (e.g. ZrO2).[5b] Also
utilizing a butadiene feedstock, a adiponitrile intermediate can be produced through the
nickel-catalysed addition of HCN (Dupont process) and a subsequent partial
hydrogenation followed by hydration over an alumina catalyst at 300°C (Rhodia
process). [5a] Competiveness of these systems are dependent on the relative cost and
availability of the feedstocks. The oxidation of cyclohexylamine (obtained from aniline)
could – when performed with an appreciable space-time-yield and selectivity – be an
attractive alternative route (scheme 2). This is just one example of how selective amine
oxidation could offer interesting and attractive new opportunities.

Although oxyfunctionalizations are important throughout the chemical value-chain,
they remain problematic transformations, both with respect to selectivity and the nature of
the oxidizing species. Stoichiometric oxidizing reagents such as salts of Cr VIor MnVIIare
toxic and produce large amounts of waste. [2,10] Organic metal-free oxidants, such as DessMartin periodinane, the Swern oxidant and various hydroperoxides, such as tert-butyl or
cumyl hydroperoxide afford an attractive alternative; however, their use is accompanied
by the co-production of an equivalent amount of organic and/or toxic waste (viz., low
atom-efficiency). Given its high active oxygen content and environmentally benign byproduct (H2 O), hydrogen peroxide is an oxidant with high potential in the area of green
chemistry. Nevertheless, its cost is still prohibitive for less value-added cases. [2,10]
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Scheme 2. Synthesis of cyclohexanone oxime: comparison of the conventional route over
cyclohexanone (left-hand-side) and an alternative route over cyclohexyl amine
(right-hand-side).

Therefore, although a number of approaches for the partial oxidation of amines exist
with such traditional oxidants, aerobic oxidation (i.e., oxidation with molecular oxygen) is
by far the most attractive and sustainable option. However, in spite of the recent
developments made in the aerobic oxidation of alcohols, [11] the oxidation of (isoelectronic)
amines is not widely studied. This likely emanates from the increased reactivity of the
nitrogen centre with respect to oxygen, which typically results in a decreased selectivity
towards the desired product. This sensitivity is exemplified in the case of amine scrubbers
for Carbon-Capture and Storage (CCS);[12,13] traces of oxygen in the effluent gas result in
the oxidative degradation of the active amine, and thus lead to a decreased
performance. [15-16]

The aim of this chapter is to exemplify the oxidative methods by which amines may be
used as platform chemicals, and to highlight the historic developments made towards the
aerobic oxidative utilization of such amines. The present limitations and pertaining
challenges within the field are later highlighted.
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2.2 Oxidations Producing Oximes
The oxidation of cyclohexyl amine to cyclohexanone oxime is, given its industrial
importance, well investigated in the academic and patent literature. [17-22] Although this
transformation has been widely reported with non-aerobic oxidants, it was not until 1983
that this transformation was reported with molecular oxygen as the terminal oxidant. In
their report, Armour et al., demonstrated that a number of SiO 2 - and Al2O3 -supported
metal oxides were active for the vapour phase oximation of cyclohexylamine at 150-230
ºC.[23] Optimum activity was reached for a catalyst composed of 10 wt.% WO 3 supported
on Al2 O3, yielding a selectivity of 64% towards cyclohexanone oxime at 33% conversion.
Similar levels of activity and selectivity were also reported for this catalytic system by
Kaszonyi et al., who also demonstrated that a Keggin type polyoxometale (silicotungstic
heteropolyacid) was an efficient dopant for Al2 O3.[24,25] Interestingly, in each of these
reports, it was found that both SiO2 and Al2 O3 alone were also able to convert cyclohexyl
amine to cyclohexanone oxime with O2 , suggesting that a typical redox-based mechanism
was not operating under these conditions.

However, though moderate levels of activity and selectivity were achieved in these
vapour-phase approaches, some significant disadvantages have to be mentioned. N(cyclohexylidene)-cyclohexylamine and the corresponding ketone were detected as major
by-products; in addition, nitrocycloalkanes, bis-cycloalkyl-amines and cycloalkenes were
observed as trace contaminants of the product stream. The catalyst also deactivated after
3-4 hours, due to the deposition of high molecular weight tar products.
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Scheme 3. One-electron transfer mechanism proposed of the oximation of cyclohexylamine
by WO3/Al2O3/DPPH; Adapted from reference 25.

An alternative approach towards the one-step aerobic oximation of amines was recently
considered by Suzuki et al., who investigated the oximation of cyclohexylamine (amongst
other amines) in the liquid-phase.[26] In this case, heterogeneous tungsten on alumina
(WO3 /Al2 O3 ) was again used, though in combination with an organo-catalyst (1,1diphenyl-2-picrylhydrazyl, DPPH), to produce cyclohexanone oxime at yields of up to
90% under mild reaction conditions (80 ºC, 4 hours). Moreover, this system also appears
to be applicable to other amine substrates, with cyclic amines (C5-C10) and even aliphatic
amines yielding oximes at high yields (> 70 %) and selectivity. An important aspect of
this catalytic system is its high selectivity towards the amine functional group; in systems
comprising two oxidizable groups (e.g. 4-hydroxycyclohexyl amine), chemoselective
oxidation yielded the corresponding oxime at over 80 % selectivity. A highly-selective
radical-mediated homogeneous mechanism, producing first the α-aminocyclohexyl
peroxyl radical and later α-aminocyclohexyl hydroperoxide, was proposed, with a
subsequent heterogeneous transformation of this hydroperoxide yielding the oxime at high
selectivity (see Scheme 3).
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However, this mechanism remains very speculative, especially as very little is known
about α-amino-peroxyl radicals in general. Indeed, a recent study combining theoretical
modeling and experimental investigations has suggested that the most likely product
arising from the aminoperoxyl radical is not α-aminocyclohexyl hydroperoxide, but
cyclohexylimine, formed via HO2● radical elimination.[27] Within this alternative
mechanism, the role of the catalyst would be to act as a Lewis acid, thereby facilitating
both the epoxidation of the intermediate imine with H2 O2 (formed in situ via the
elimination of HO2 ●), and its subsequent rearrangement to the oxime. It is worth noting
that this this alternative mechanism actually verifies some of the original experimental
work; in the absence of the WO 3 /Al2 O3 catalyst, cyclohexanone was obtained in 90 %
yield, thereby demonstrating the crucial role of the solid catalyst in steering the
selectivity.

A low temperature liquid-phase oxidation was also investigated by Klitgaard et al.,[28]
demonstrating that TiO 2 alone could also catalyze the oximation of cyclohexylamine.
However, although oxime selectivities up to 70% were reported at a cyclohexyl amine
conversion reaching 16%, the reaction rate was very low and the reaction did not reach
completion for 10 days. In view of this poor reactivity, the authors instead proposed an
alternative one-step route toward ε-caprolactam via the oxidation of 1,6-hexanediamine by
TiO2 -supported gold nanoparticles. However, under optimum reaction conditions (i.e., 90
°C, 2 bar O2), the ε-caprolactam yield was still very low (≤10%). Later, this alternative
route was also explored in the vapor-phase by Rakottyay et al.[29] Though more selective
than the liquid phase equivalent, little significant improvement was found for this system
when performing reactions in the vapor phase. [27] Trace amounts of butyrolactam,
valerolactam, 4-, 5-, and 6-membered Schiff bases, pentanedinitrile, pyridine,
tetrahydropyridine, and methyl-5-cyanopentanoate were also observed in the effluent.
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2.3 Oxidations Producing Nitriles and Imines
Nitriles are an important class of intermediates that are industrially used for the
production of polymers. On a commercial scale, nitriles are typically produced either by
the ammoxidation (1) or cyanation (2) of an olefin such as propene or 1,3-butadiene.[30]
H3C-CH=CH2 + 3/2 O2 + NH3→ NC-CH=CH2

(1)

H2C=CH-CH=CH2 + 2 HCN → NC(CH2)4CN

(2)

The oxidative dehydrogenation (ODH) of amines (Scheme 4) could offer an alternative
route toward these valuable intermediates, which avoids dangerous reagents such as HCN.
Although it may be expected that secondary amines will dehydrogenate to yield imines,
with primary amines being further dehydrogenated to the corresponding nitriles (Scheme
4), the nature of the catalytic system can significantly alter the expected selectivity. Thus,
the following section largely focuses on the nature of the catalytic element, as opposed to
the particular substrate under investigation, as this determines the observed chemistry to a
much greater extent.

Scheme 4. Oxidative dehydrogenation routes for primary and secondary amines.
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2.3.1 Ruthenium Based Catalysts
The dehydrogenation of amine ligands coordinated to transition metal centers is well
documented. [31-36] Early reports concerning the oxidative conversion of amines to nitrile
species were indeed focusing on the (undesired) oxidative degradation of various
transition metal-coordinated amine ligands, such as EDTA. It was at this early stage that
the ability of ruthenium to aerobically oxidize amines to the corresponding nitrile species
was first reported by McWhinnie et al., describing that upon exposure of a ruthenium(II)
hexakismethylamine complex to dioxygen, some of the coordinated amine ligands were
irreversibly oxidized under ambient conditions to coordinated nitrile species. [31] The
authors concluded that the coordinated amine ligands displayed enhanced reactivity
compared to the noncoordinated analogues, thus suggesting that ruthenium-based
materials may be suitable catalysts for the oxidation of amines with molecular oxygen.
Nevertheless, it was not until the pioneering studies of Tang et al. that a catalytic reaction
for the ODH of amines was reported. [37] This group discovered that hydrated ruthenium
chloride is an active catalyst for the aerobic oxidation of amines under mild conditions
(100 °C, 2–3 atm O2 ). Among a number of primary and secondary amines, the best
activity was obtained for activated aromatic amines (e.g., benzyl amine, see Table 1),
which was fully converted to a mixture of benzonitrile (53% selectivity) and benzamide
(30% selectivity), among other byproducts. Unfortunately, the catalyst was found to be
poorly selective toward aliphatic nitriles, which were obtained at less than 25%
selectivity. In addition, the turnover frequency (TOF; 0.3 h–1) should be improved
significantly.

Following these early studies, a number of homogeneous ruthenium complexes have
been reported for the aerobic oxidation of amines. [38-43] Bailey et al. prepared for instance
a ruthenium-porphryin complex (trans-[Ru(tmp)(O) 2]) which converts both aromatic and
aliphatic amines to the corresponding nitriles at 100% selectivity at only 50 °C. One of the
most elegant homogeneous systems was developed by Bäckvall and co-workers. [44,

45]

This group utilized a multicomponent coupled system, involving a ruthenium transfer
hydrogenation catalyst (the Shvo catalyst), [46] an electron-rich quinone (2,6-dimethoxy-
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1,4-benzoquinone), a Co(salen) cocatalyst, and molecular oxygen. The authors proposed
that this coupled system could overcome the high energy barriers traditionally
encountered in oxidation processes by allowing reoxidation of the reduced metal to take
place in a series of redox steps (Scheme 5). In this system, the quinone acted as an Hacceptor to the reduced form of the metal, thereby reoxidizing the metal center for a
consecutive catalytic cycle. The reduced quinone was subsequently reoxidized by
molecular oxygen in the presence of the cobalt(salen) catalyst. However, although the
transfer dehydrogenation step with 1.5 equiv of quinone efficiently oxidized N-phenyl-1phenylethylamine to the corresponding imine at a yield of 97% (TOF of 24 h–1), it must be
noted that the coupled system (which included reoxidation of only 20 mol. % of quinone)
was significantly less active, achieving a TOF of only 7 h–1 (88% selectivity).

Scheme 5. Coupled biomimetic system employed by Samec et al.; Adapted from reference
44.

However, for large scale, continuous production, heterogeneous catalysts are often
preferred. The work of Mori et al., who prepared an active and selective heterogeneous
ruthenium catalyst for the ODH of amines, may therefore be considered as a major
progression in the field. [47] The reported catalyst, a hydroxyapatite-bound Ru 3+ system
(Ru/HAP), was found to be active and selective for the oxidation of a number of primary
amine substrates. Although low TOFs were observed, the catalyst was found to be truly
heterogeneous (i.e., no leaching of active species into solution could be observed),
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reusable, and selective to the amine functional group. Indeed, in a competitive oxidation
study of n-octylamine and octan-1-ol, n-octanitrile was exclusively obtained in 91% yield.

In a seminal series of publications, the group of Mizuno later described supported
ruthenium catalysts that were significantly more active for the oxidative dehydrogenation
of amines than Ru/HAP. [48-52] Their work initially focused on alumina-supported
ruthenium hydroxide (Ru(OH) 3 /Al2 O3 ), which had previously been reported to be both
highly active and selective for the oxidation of alcohols. [48] This catalyst managed to
oxidize both aromatic and aliphatic amines at TOFs which are more than 60 times higher
than Ru/HAP. Although a slightly decreased nitrile selectivity was observed during benzyl
amine oxidation (82%), the catalyst also benefitted from significantly decreased metal
loadings with respect to Ru/HAP, with only 1.4 wt % ruthenium being sufficient for
catalytic activity. By comparison, Ru/HAP was prepared with a metal loading of 17
wt%.[47]

Given the efficacy of the alumina-supported ruthenium catalysts for this reaction, much
work has since been performed to determine the most suitable metal oxide support
material.[52-54] Although the TOFs decreased by a factor of 10 with respect to the Al2 O3 analogues (entry 4 in Table 1), supporting ruthenium hydroxide on to a magnetically
separable magnetite (Fe 3 O4) support afforded a heterogeneous catalyst that can easily be
removed from a batch reactor. [52] Interestingly, this catalyst was also found to be active
for the Meerwein–Ponndorf–Verley reduction of carbonyl compounds with a secondary
alcohol. This reaction, which can also be considered as an oxidation of the corresponding
alcohol, belongs to a category of oxidations known as transfer dehydrogenations, whereby
the active oxidant is a stoichiometric quantity of an unsaturated hydrocarbon (typically a
carbonyl compound or an alkene). In fact, transfer dehydrogenations have been widely
studied for the oxidation of amines, with the iridium-catalyzed oxidation of primary
amines by tert-butylethylene being a major example. [55, 56]
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Further work has since revealed that Co 3 O4 is the most efficient support material for
ruthenium-catalyzed amine oxidation (entry 5 in Table 1). [53] Under the influence of this
catalyst, the oxidation of benzylamine proceeded to benzonitrile in almost quantitative
yield (>99% selectivity at 95% conversion) in only 1 h, corresponding to a TOF of 22 h –1 .
Optimization of the catalyst later increased this value to 36 h–1, establishing a benchmark
for benzonitrile synthesis. By varying the catalyst preparation procedure, the authors
concluded that hydrated ruthenium oxide (RuO2 ·xH2 O) was the active species, although
the interaction between ruthenium and the Co3 O4 particles was also found to be important.
The role of the cobalt was proposed to emanate from its ability to facilitate the
regeneration of the active ruthenium species during the catalytic cycle.

Table 1.

Catalytic Activity of Various Ru-Based catalysts for the Oxidation of
Benzylamine.

Entry
1
2
3
4
5
6

Catalyst
RuCl3
Ru/HAP
Ru/Al2O3
Ru/Fe3O4
Ru/Co3O4
Ru/TiO2

Metal (mol. %)
1
16.9
2.8
3.8
1.7
5.0

7

[Ph4(η5-C4CO)Ru(CO)2]2

2.0

TOF † (h-1)
0.3
0.4
29
3.0
36
1.9

Ref.
35
46
47
51
52
53

7.0

43

† TOF calculated as “moles of benzonitrile produced per mole of metal per hour”

2.3.2 Mechanistic Aspects of Ru-Catalyzed ODH
The ability of ruthenium to exclusively oxidatively dehydrogenate primary amines to the
corresponding nitriles at high selectivity appears to be almost unique in the literature, and
consequently the mechanism has been widely investigated. A nonradical reaction
mechanism, involving a series of β-hydride eliminations between the coordinated amine
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and the ruthenium center has been proposed (Scheme 6). In the case of primary amines,
nitriles are thus formed in a two-step process via an intermediate imine species. Secondary
amines on the other hand cannot dehydrogenate further because of the finite number of βhydrogens, and thus the imine is yielded at high selectivity.
R

NH2

H

R

HN

HO

H
Ru

Ru

Al2 O3

Al2O3
H
O2

R
Ru

2 O2

Al2O3

R

H
N

N

H

Scheme 6. Catalytic cycle proposed by Yamaguchi et al.; Adapted from reference 44.

Such a mechanism would also account for the inability of these ruthenium-based
systems to directly oxidize tertiary amines; the role of O2 is to serve as an oxidant to the
reduced metal-hydride species, thereby regenerating the catalyst and closing the catalytic
cycle. Oxygen is not transferred to the amine, as would be required for the N-oxidation of
tertiary amines. In fact, the only method of oxidatively converting a tertiary amine under
the influence of a ruthenium catalyst involves the preparation of nitriles via oxidative
cyanation. Though not a formal oxidation of the nitrogen center, such an approach, first
exemplified by Murahashi et al.,[57] is proposed to involve a similar β-hydride elimination
mechanism to those proposed for amine ODH. However, it should be noted that given the
nature of the substrate (tertiary amine), a free-imine cannot be produced in such a system;
instead, the transient imine species formed in situ is nucleophilically attacked by a – CN
anion, to yield an α-amino nitrile species.
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2.3.3 Gold Based Catalysts
Following the seminal studies of Haruta et al., the interest in the catalytic activity of gold
for selective oxidations has increased exponentially. [58, 59] Numerous publications have not
only demonstrated that gold is catalytically active for a number of reactions, but also that
it is endowed with significant intrinsic activity when it is prepared in such a manner that
gold nanoparticles predominate. In particular, the low temperature oxidation of CO, [58]
and the oxidation of alcohols,[60] as well as olefins, [61] are topics that have been
increasingly reported. Given their high activity and selectivity for various alcohol
oxidations, Au-based catalysts have also been explored for the aerobic oxidation of
amines.

Imines are highly versatile synthetic intermediates for C-C bond forming reactions and
are typically prepared through condensation of an amine with a suitable carbonyl
compound. [62] The ability of gold to catalyze the formation of imines via amine ODH was
first reported by Zhu et al.[63] It was demonstrated that under relatively mild conditions
(100 °C, 24 h, 1 atm O2), moderate to excellent imine yields could be obtained from
various amines over gold powder (entry 1, Table 2). An unusual feature of this process is
that contrary to the majority of reports concerning catalysis by gold, bulk gold particles
(ca. 103 nm in size) were the active species. However, it must be noted that the TOFs for
these transformations were incredibly low at only 0.001 h–1, and a substrate/metal molar
ratio of 0.04 was required to obtain 64% yield in 24 h. Interestingly, the same bulk-gold
system was also active for the oxidative transformations of primary amines to ureas or
carbodiimides, with carbon monoxide or isocyanides, respectively. [64] In line with
established knowledge, it was later found that supported gold nanoparticles (20–150 nm)
were significantly more active than the bulk gold powder (entry 2, Table 2). [65] A key
difference between the gold-based systems and those involving ruthenium was
exemplified by the observation that primary amines yielded coupled imine products, as
opposed to the corresponding nitriles (Scheme 7). To the best of our knowledge, no
reports yet describe the full ODH of primary amines to the corresponding nitriles with
gold catalysts.
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2
Scheme 7. Formation of bimolecular imines via the ODH of primary amines.

The use of gold nanoparticles for the aerobic oxidation of secondary amines was
concurrently investigated by Baiker and co-workers. [66-69] In this case, both unsupported
Au(OAc)3 and supported Au(OAc) 3/CeO2 gold catalysts were used under analogous
conditions to those of Zhu et al. A comparison of TOFs reveals however that the acetatebased catalysts were a factor 2-to-3 more active than the alumina-supported Au particles
previously reported, and over 7000 times more active than bulk gold.

Although gold catalysts are typically formed in dedicated synthesis procedures, the
Baiker group subsequently demonstrated that a highly active gold catalyst for the
oxidation of secondary amines could in fact be formed without any dedicated synthesis
step prior to the reaction. [67] Simply adding the gold precursor (Au(OAc)3 ) and the support
material (CeO2 ) to the reaction mixture afforded a highly active heterogeneous catalysis
containing gold nanoparticles. The in situ formation of the catalyst afforded a material
with superior activity to the analogous preformed materials (entry 3, Table 2). Although
straightforward in appearance, a combination of transmission electron microscopy (TEM)
and X-ray absorption near edge structure (XANES) spectroscopy revealed that a rather
complex catalytic system was in effect during this reaction. Indeed, upon coordination of
the amine, gold species were found to leach into the reaction solution, whereupon they
were quickly reduced to metallic gold. The nanoparticle gold species were subsequently
readsorbed on to the support material, thus yielding the active catalyst in situ. It was
therefore concluded that the active species of the reaction was metallic gold species (Au 0 ),
formed in situ via interaction with the amine substrate. The heterogeneous nature of the
catalyst was confirmed by hot-filtration studies, and its application to the oxidation of
benzylamine, dibenzylamine, and indole clearly demonstrated the broad applicability of
the catalyst.
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Table 2.

Catalytic activity of various Au-based catalysts for the oxidation of dibenzylamine.
N
H

Entry

Catalyst

1
2
3
4
5
6
7
8

Au powder
Au/Al2O3
Au(OAc)3/CeO2
Au(OAc)3/CeO2/Fe3O4
HAuCl4.3H2O/CeO2
Au/C (activated)
Au/TiO2
Au/C (graphite)

N

Metal (mol. %) TOF † (h-1)
2540
12.7
1.7
1.7
1.0
1.0
1.0
5.0

0.001
0.3
7.2
2.2
82
99
3.1
1.1

Ref.
62
64
66
67
68
69
69
61

† TOF calculated as “moles of dibenzylimine produced per mole of metal per hour”

This technique was further explored by the same authors for the synthesis of a highly
active and magnetically separable gold catalyst. [68] In this case, the gold nanoparticles
formed in situ were deposited onto ceria embedded with superparamagnetic iron oxide
(entry 4, Table 2). Although removal of the magnetic catalyst terminated the reaction
(thereby confirming the heterogeneous nature of the catalyst), a decrease in conversion of
around 5% was observed during each subsequent cycle. It was argued that deactivation
during successive catalytic cycles was not due to an inefficient catalyst separation, but
typical of gold-based catalysts for these reactions, and that in spite of the straightforward
preparation procedure, the magnetically separable catalyst was much more stable against
deactivation than those prepared by dedicated preparation procedures. In fact, by
examining the literature it is clear that deactivation is a common theme for heterogeneous
gold catalysts during amine ODH. [66-68,70] Although leaching is a possible reason for
deactivation, each report describes that leached gold species are below the ICP detection
limit (~ppb). A more likely reason for deactivation is sintering of the gold nanoparticles
under the influence of the amine at reaction temperature. This can lead to irreversible
particle growth and a corresponding decrease in catalytic activity. In fact, severe sintering
during the ODH of secondary amines was later reported by Miyamura et al., based on a
combined activity-microscopy study. [71]
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In a subsequent publication, the in situ synthesis procedure was further extended to a
number of additional gold precursors (Au(PPh3 )3, HAuCl4 , and Au(OAc) 3) and support
materials (C, Al2 O3, TiO2 and SiO2 ).[69] From these investigations, a unique synergy
between gold and ceria was concluded as this was the only combination to provide any
significant (>5%) activity (entry 5, Table 2). Aurochloric acid (HAuCl4 ·3H2 O) was
identified as most suitable gold precursor, and thus a combination of HAuCl4 ·3H2 O and
CeO2 afforded an in situ prepared catalyst which exhibited TOFs as high as 82 h–1 at a
selectivity of 87%.

The ability of supported gold nanoparticles to catalyze the formation of dibenzylimine
was also investigated by Corma, Garcia, and co-workers.[70] Among a number of TiO 2 supported noble metal catalysts (i.e., Au, Pd, and Pt), the highest TOFs were observed for
gold nanoparticles (entry 7, Table 2), which produced the corresponding imine at a
selectivity above 90% and TOFs of 3.1 h–1. In spite of this intrinsic activity, the best yield
was in fact obtained with the Pt-based analogue, with quantitative yield reached in only 22
h (vs. 30 h for gold). A clear particle size-activity relationship was displayed, as an
exponential increase in catalytic activity was observed with decreasing particle size.
However, in spite of its increased average particle size (10 nm vs. 3.5 nm), 0.8 wt %
Au/activated carbon catalyst was found to be over 30 times more active than the best
TiO2 -supported analogue (entry 6, Table 2), clearly demonstrating that particle size effects
alone do not account for catalytic activity. An interesting feature of this catalyst was its
bifunctionality, as the coupled imine product was reportedly hydrogenated by the same
catalyst in a two step, one-pot procedure. This process, which readily yielded the
corresponding secondary amine at high yields (98%), provides an alternative and much
more selective route toward the N-alkylation of amines. Graphite-supported gold
nanoparticles (AuNP/C) were also investigated for the aerobic oxidation of amines by So
et al. [62] The catalyst, containing 2 wt % gold at an average particle size of 14.5 nm, was
found to be active and highly selective for the liquid-phase oxidation of dibenzylamine
with bubbled dioxygen or air (entry 8, Table 2). Interestingly, this system was also
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capable of yielding cross-dehydrogenative coupling products when the oxidation was
performed in the presence of a suitable nucleophile.
O2
N

O2
Au
R

NH2

R
Au

R

NH
HN
R
R

NH2

R

R

N

R

NH2
NH3

Scheme 8. Potential reaction pathway for the production of imines via oxidation of primary
amines over Au-based catalysts.

2.3.4 Mechanistic Aspects of Au-Catalyzed ODH
Although Au-based systems are active for the ODH of amines, it is notable that unlike Rubased systems, they are unable to completely dehydrogenate primary amines to the
corresponding nitrile; the process instead stops at the intermediate imine stage (Scheme
8). This seems curious, given that a similar β-hydride elimination mechanism to the one
proposed for ruthenium is widely accepted for gold-catalyzed amine and alcohol
oxidation.[62,72] It has been proposed that the formation of coupled imines from primary
amines either occurs via the condensation of the hydrolyzed intermediate imine and the
amine substrate, or more likely via coupling of the imine intermediate and a second
molecule of amine, thus forming an intermediate aminal which undergoes NH3 removal.[65] In either case, the rate of the second dehydrogenation step should be
significantly lower for Au than for Ru, allowing condensation or aminal formation to
prevail under the reaction conditions. To date however, the exact reasons for this
difference have not been investigated.
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2.3.3 Alternative Transition Metals
In addition to the more well-studied Au and Ru systems, a number of other transition
metals are also able to ODH various amine substrates. In fact, one of the earliest reported
transition metal catalysts for the conversion of primary amines into nitriles was described
by Kametani et al. It was reported that Cu(I)Cl in pyridine effectively catalyzed the
aerobic oxidation of primary amines at ambient temperature to the corresponding nitriles
at moderate yields (≤50%).[73] In a subsequent paper, Capdevielle et al. proposed that the
interaction between the solvent (pyridine), Cu(I)Cl, and oxygen yielded in situ the active
oxidative species, namely, (pyridine) 4 Cu 4 Cl4 O2, a species that contained two μ-oxo (-Cu IIO-Cu II-) moieties at its core. [74,75] This system was subsequently shown to be active for a
range of aliphatic and aromatic amine substrates, and in all cases, the corresponding nitrile
was obtained at greater than 90% selectivity. However, although a similar selectivity
pattern to the ruthenium-catalyzed systems was observed, a fundamentally different
reaction mechanism was proposed from both kinetic evaluations and isotope effects. The
first step of the reaction was proposed to involve slow one-electron transfer from the
amine substrate to the Cu(II) center, thus yielding an aminium radical. [75] This radical
subsequently underwent α-proton release to yield an intermediate imine species, which
subsequently converted to the nitrile. The proposed radical mechanism was supported by
the decreased rate of oxidation upon the addition of radical scavengers. It is important to
note that this is in clear contrast to both the gold- and ruthenium-based systems, which are
reported to be unaffected by radical scavengers.

This system was also investigated by Maeda et al.[76] During these investigations, it was
discovered that by substituting the pyridine solvent for toluene, up to a 12-fold increase in
catalytic rate could be obtained for aromatic and aliphatic amine substrates. This
investigation also supported the radical-based nature of the catalytic system, and agreed
that ammoniumyl and alkylideneaminyl radicals were likely reaction intermediates.
However, it must be noted that the nitrile selectivities observed within this report were
typically much lower than those reported by Capdevielle, with a maximum selectivity of
75% observed for benzonitrile. In fact, a diminished nitrile selectivity (and a
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corresponding increase in imine and aldehyde selectivity) is typical of most reports of Cucatalyzed amine oxidation, [77] and clearly demonstrates the decreased rate of imine
dehydrogenation with respect to the ruthenium-catalyzed systems.

Along with ruthenium, gold, and copper systems, a number of other transition metals
have also been investigated for the aerobic oxidation of amines. One of the earliest
catalytic systems for the conversion of amines to the corresponding imines was based
upon a cobalt Schiff base complex with molecular oxygen. [78] Under optimized reaction
conditions, this system was found to dehydrogenate a range of secondary benzylanilines at
high selectivity (>80%). Mixed metallophosphates containing vanadium and molybdenum
were also found to be active catalysts for the oxidative dehydrogenation of benzylic
amines.[79] Similar selectivity patterns to the gold-based systems were observed, with
primary amines (e.g. benzylamine) being converted to the corresponding Schiff-base
imines with molecular oxygen at 100% selectivity.

Metal organic frameworks (MOFs) are a class of crystalline materials consisting of
both metal ions and organic molecules that are joined together into rigid 1-, 2-, or 3dimensional porous frameworks. [80] Although typically utilized in gas-storage or as
adsorbants, MOFs are receiving increasing attention for their catalytic potential. [81-83] As
such, the ability of an Fe-based MOF (NHPI/Fe(BTC)) to catalyze the solvent-free aerobic
oxidation of amines deserves attention.[84] This catalyst was reported to be active for the
oxidation of a number of primary and secondary amines, featuring high imine selectivity
(>90%). Although Fe leaching was detected in solution, the crystal structure of the MOF
was found intact after the catalytic reaction. Whether the material is also stable under
continuous reaction conditions (e.g., in a fixed bed reactor) remains to be examined.
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2.4 Oxidations of N-Oxides, Azo Compounds and Amides
Although significantly less investigated than the oxidative conversion of amines to
oximes, imines and nitriles, a number of other important chemicals may also be obtained
through oxidation of the nitrogen center (Scheme 9).

Scheme 9. Alternative oxidative transformations of amines.

Azo compounds (Scheme 9.i) are highly important components of dyes, pigments, and
therapeutic agents. To date, however, there remains few catalytic methods for their
preparation in high yields and selectivity. [85] It was recently reported by Grirrane et al.
that Au/TiO2 was able to catalytically convert aromatic anilines to aromatic azo
compounds. [86] Unlike traditional synthesis routes, which typically produce large
quantities of transition metal or nitrite waste, the gold-catalyzed aerobic route afforded the
desired azo compounds at high yields (>98%) under mild reaction conditions (3–5 atm O2 ,
100 °C). Furthermore, the catalyst was also able to yield azo compounds directly from
nitro-aromatics, via a two-step, one-pot reaction involving the gold-catalyzed reduction of
nitro-aromatics with hydrogen. More recently, Zhang et al. demonstrated the
Cu(I)Cl/pyridine/O2 system, pioneered by Kametami et al.,[73] was also able to yield
symmetric and asymmetric azo compounds from aniline precursors. [87] A one-electron
transfer mechanism between the aniline and the in situ formed copper complex was
proposed to initiate the reaction, with the azo compound eventually forming via oxidation
of the hydrazine intermediate.
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Another important group of amine derivatives are the N-oxides (Scheme 9.ii), major
components in various domestic, medicinal, and commodity chemicals, and valuable
oxidants in fine chemistry. [88] N-oxidations are also important industrial procedures, one
major example being the N-oxidation of acetone imine to acetone azine, a key step in the
state-of-the-art process for hydrazine manufacture. Although a number of systems are
known to oxidize tertiary amines to the corresponding N-oxides,[89-92] very few reports
describing catalytic, aerobic N-oxidation are available. However, in a series of
publications, Jain et al. described the ability of ruthenium (RuCl3 )[93] and cobalt (Schiff
base complexes) to catalyze the aerobic N-oxidation of a variety of tertiary amines. Under
the influence of these catalysts, quantitative N-oxide yields could be obtained in as little
as 6 h, at atmospheric pressure and at room temperature. However, although cobalt Schiff
base complexes have been proposed to activate dioxygen, the ability of ruthenium to
catalyze this reaction is in contrast to the reports described above, which state that tertiary
amines are not oxidized by ruthenium-based catalysts. It must therefore be considered
whether this system also involves more reactive oxygen donors via co-oxidation of the
organic solvent (dichloroethane).[94] However, it should be noted that although cooxidation of the organic solvent may be a factor in these systems, recent work by della
Pina et al. demonstrated that the aerobic N-oxidation of tertiary amines may also be
performed in an aqueous medium.[95] In this case, a series of mono- and bimetallic gold
catalysts were found to efficiently N-oxidize a number of tertiary amines under an aerobic
atmosphere. The best activity was found for a 0.5% Au-0.5% Rh/C catalyst, which
afforded a quantitative yield of triethylamine N-oxide within only 2 h at 90 °C.

Amides (Scheme 9.iii) are hugely important intermediates within the fields of biology
and chemistry, within which they are utilized as versatile synthetic intermediates or raw
materials for plastics. Although they are readily prepared by reacting amines with
activated carboxylic acid derivatives (Scheme 10.i), this dated chemistry is rather
inefficient (cf. low atom efficiency) and limited by additional environmental and toxicity
issues. Therefore, there is currently much interest in the development of alternative,
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sustainable routes for amide production. Alternative routes currently under investigation
include the oxidative condensation of alcohols and amines[96-99] (Scheme 10.ii), or the
rearrangement of oximes (cf. Beckmann rearrangement of cyclohexanone oxime to εcaprolactam) to the corresponding amide (Scheme 10.iii). However, the production of
stoichiometric quantities of coproducts or poor general applicability have somewhat
limited these approaches.
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Potential routes for the preparation of amines.

A more preferable route involves the direct oxyfunctionalization of amines to amides
(Scheme 10.iv). However, although amides have occasionally been reported as byproducts
during amine oxidation, few publications have reported the direct oxidation of amines to
amides in high yield or selectivity. This likely emanates from the significantly higher
reactivity of the amine functionality over the methylene α-carbon, which necessitates
functional-group protection and a significant decrease in atom efficiency. Recent research
has however, developed a promising alternative route for the direct conversion of amines
to amides. This process, known as oxidative hydration, involves the hydrolysis of an in
situ produced nitrile, in a highly atom-efficient process that produces water as the sole
byproduct (Scheme 11).

30

Scheme 11.

Oxidative hydration of amines to amides via intermediate nitrile hydrolysis.

Given its rather unique ability to selectively oxidize primary amines to nitriles, it is
unsurprising that a ruthenium-based catalyst accounts for the first report of such a
transformation. As an extension to their highly efficient ODH catalyst, Ru(OH) 3 /Al2 O3 ,
the Mizuno group found that by performing the ODH of primary amines in an aqueous
medium, high yields of amides could be obtained under relatively mild reaction conditions
(140 °C, 6 h, air oxidant). [100] Mechanistic studies demonstrated that the oxygen atom
present in the amide originated from H2 O, and that the amide was thus formed through in
situ hydrolysis of an intermediate nitrile. This accounts for the increased reaction times
required for good selectivity, as the reported hydration activity of Ru(OH) 3 /Al2 O3 is rather
poor.[97] However, in spite of the high selectivity reported for certain substrates and
catalysts, it must be noted that in general, the reaction was rather non selective, and a
mixture of amide, nitrile, aldehyde, carboxylic acid, and imine products were observed.
Indeed, the rather poor efficiency of the catalyst was recently exemplified by the same
research group, who demonstrated that a manganese-based molecular sieve (OMS-2) was
orders of magnitude more selective to amides than Ru(OH) 3 /Al2 O3 under similar reaction
conditions. [101] Curiously, this catalyst was found to be very poorly selective to amides in
the absence of ammonia; it was proposed that ammonia limited the production of the
undesirable byproduct, dibenzylimine, which could lead to an irreversible reduction in
yield.

2.5 Amine Oxidation Outlook and Challenges
While it is true that a great deal of success has been achieved in recent times toward the
aerobic oxidation of organic substrates, it is clear that the aerobic oxidation of amines is
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far less developed than the corresponding alcoholic substrates. However, it is apparent
that many catalytic systems capable of aerobic alcohol oxidation are also applicable to
amines substrates. As such, given that the available literature clearly illustrates that the
oxidative upgrading of amines offers potentially interesting new sustainable routes to
important chemical building blocks, it is likely that interest in selective amine oxidation is
to increase over the coming years. In view of this, it is worth highlighting some of the
pertinent challenges that remain within this premature field, and set targets for future
research.

It is clear from this chapter that catalyst design has, to date, been the most fruitful focus
of investigation. Indeed, great progress has been made toward the design of efficient
homogeneous and heterogeneous catalytic systems that can transform amines into a
number of important chemical building blocks. In spite of this, it is clear that there is still
significant room for improvement; the catalytic efficiencies achieved to date remain quite
low (i.e., TOFs), in particular when compared to various alcohol substrates, which in
many cases are selectively oxidized at rates many orders-of-magnitude faster than the
more reactive amine substrates. Although promising results have also been obtained with
monometallic Au, Ru, and Cu-based systems for amine oxidative dehydrogenation, other
catalytic elements, Pd for example, are barely investigated for amine substrates. It may
also be desirable to move to bimetallic catalytic systems, particularly given the
advancements such systems have provided for alcohol and C-H oxidation, in terms of
activity and selectivity. It is also worth noting that in spite of the progress made thus far,
there is little understanding over the nature of catalytically active species within these
systems. Greater emphasis should be placed on the elucidation of the active components
within catalytic system, so that rational catalytic design can be performed based on
scientific and not empirical observations.

It is also apparent that significant effort should also be made to reduce the amounts of
catalyst, particularly for precious metal based systems. Moreover, many catalytic systems
also require cocatalyst, toxic additives, or additional substoichiometric reagents at high
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(20 mol. %) loadings. This is undesirable from both an economic and an environmental
aspect. In addition, attention should be placed on performing the desired reactions under
solvent-free conditions, or utilizing oxidatively stable solvents. This could also lead to
increased space-time yields, and the prevention of undesirable co-oxidation. However, a
significant issue with this goal is overcoming the corrosive nature of amines, which may
lead to alternative problems, such as catalyst stability and reactor design. [71, 101]

An additional pertinent challenge involves the mechanistic understanding of the
underlying chemistry. Further investigations of the reaction mechanisms through a
combination of kinetic evaluations and molecular modeling will also allow for the design
of more efficient catalytic systems based on molecular understanding. Key examples are
the contrasting reactivities of Ru and Au for primary amine ODH (why does Au not fully
dehydrogenate

primary

amines

to

nitriles

given

the

similarly

reported reaction mechanisms?), and the radical-mediated oximation of cyclohexyl amine
(should the catalyst be a Lewis acid-based epoxidation catalyst?). Answering such
questions will hopefully accelerate the discovery of novel catalytic materials that afford
more satisfying space-time-yields.

A final challenge involves the general applicability of such catalytic systems to
substrates other than activated benzylic amines or sterically strained cyclic amines.
Additionally, although examples showing the preferential oxidation of amine functional
groups over alcohols have been demonstrated, the preferential oxidation of particularly
amine groups in substrates containing more than one amine group, or indeed substrates
containing multiple functional groups, is potentially the biggest challenge facing this
field.
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Chapter 3

Reactivity of α-Amino-Peroxyl Radicals for
Amine Oxidation

This chapter presents a comparative theoretical study on the formation and fate of a-aminoperoxyl radicals, proposed as important intermediates in the aerobic oxidation of amines.
After radical abstraction of the weakly bonded αH-atom in the amine substrate, the α-aminoalkyl radical reacts irreversibly with O2 forming the corresponding a-amino-peroxyl radical.
HO2˙-elimination from various types of a-amino-peroxyl radicals (forming the corresponding
imine) and the kinetically competing substrate H-abstraction (forming the a-aminohydroperoxide) were computationally characterized. Polar solvents were found to reduce the
HO2˙-elimination barrier, but increase the barrier for H-abstraction. Depending on the
reaction conditions (gas or liquid phase, amine concentration, nature of the solvent, and
temperature), either of the two mechanisms is favored. The consequences for aerobic amine
oxidation chemistry are discussed.
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3.1 Introduction

The aerobic oxidation of amines is of considerable technological importance. From a
synthetic point of view, amines are viable precursors of valuable chemical building blocks
such as imines, nitriles and oximes. [102] In addition, amines are also used as absorbers in
the post-combustion capture of CO 2. [12,13,15] However, a severe problem with this
technology is the sensitivity of amines to oxidative degradation. Indeed, traces of oxygen
in the ﬂue gas cause deterioration of the amine and reduce the efficiency of the scrubber.
Despite its importance, the chemistry of aerobic amine oxidations is poorly understood,
certainly when compared to alcohol oxidation.

Recently, Suzuki et al. investigated the aerobic oxidation of cyclohexylamine to
cyclohexanone oxime using a catalytic combination of 1,1-diphenyl-2-picrylhydrazyl
(DPPH, a radical mediator) and WO 3/Al2 O3 .[26] This one-step reaction is of considerable
industrial interest as it provides an alternative route to cyclohexanone oxime, an important
polymer building block. It was proposed that DPPH generates the a-amino-cyclohexyl
radical upon abstraction of the αH-atom. This C-centered radical is, upon O 2 -addition,
converted to the c-C6 H10(NH2 )OO˙peroxyl radical (Scheme 1).

Scheme 1. Oxidation of cyclohexylamine to cyclohexanone oxime.

The α-amino-cyclohexylperoxyl radical was proposed to abstract an αH-atom and form
the α-amino-cyclohexylhydroperoxide (c-C6H10(NH2 )OOH). Following its intermediate
production, this hydroperoxide was proposed to dehydrate over the heterogeneous catalyst
(WO3 /Al2 O3 ) to the oxime product. However, this mechanism remains speculative as very
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little is known about α-amino-peroxyl radicals in general. Nevertheless, it is clear that this
reaction is radical mediated and achieves an exceptionally high oxime yield of up to 90%
which points to very selective radical chemistry.
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Scheme 2. HO2˙-elimination from a general α-hydroxy-peroxyl radical.

In this chapter, the chemistry of α-amino-peroxyl radicals is computationally
characterized. In the first part, their formation via αH-abstraction from the amine and O 2
addition is investigated. Subsequently, we look at the fate of such α-amino-peroxyl
radicals. For analogous α-hydroxy-peroxyl radicals, the unimolecular elimination of HO 2 ˙
was put forward earlier as a fast reaction, competing with bimolecular H-abstraction.[103]
This reaction proceeds via an H-bonded intermediate, which rapidly eliminates HO 2 ˙ via a
variational transition state (Scheme 2).[104,105] Depending on the reaction conditions (e.g.,
T, substrate, etc.), this HO2 ˙-elimination outruns the competing H-abstraction by the αhydroxy-peroxyl radical to α-hydroxy hydroperoxide.

The competition between HO 2˙-elimination, forming an imine, and (α)H-abstraction,
forming α-amino-hydroperoxides, for various types of α-amino-peroxyl radicals
(see Scheme 3) is therefore investigated, in an attempt to verify or dismiss the previously
hypothesized reaction mechanisms. [106] Unimolecular cleavage of the O–O bond in the
peroxyl radical is unimportant in the relevant temperature range, due to the high bond
strength.
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Scheme 3. Competition between the unimolecular HO2˙-elimination (1) and the bimolecular
H-abstraction (2) for α-amino-peroxyl radicals.

3.2 Computational Methods
All calculations were carried out using the GAUSSIAN09 software package (Revision
A.02).[107] Geometries of stationary points i.e. stable intermediates and transition states)
were initially optimized at the B3LYP-DFT- or QCISD-level. [108] Subsequently, the
relative energies (corrected for zero-point energy – ZPE – differences) were quantitatively
refined using various higher levels of theory, such as G3, [109] CBS-QB3,[110] CBSAPNO[111] and G2M [12] (see Table 1). ZPE-corrected relative energies of the stationary
points on the Potential Energy Surface (PES) are reported at 0 K. α-Pinene oxidation
experiments were performed at 80 °C in a bubble column reactor at 1 atm O2. [113]

Table 1.

Method

Summary and details of the levels of theory utilized.

Energy calculation

Geometry optimization and
ZPE

G2Msmall/DFT E[UCCSD(T)/6-31G(d)] + {E[UMP2/6-311++G(3df,3pd)] − E[UMP2/6-31G(d)]}

UB3LYP/6-311+G(df,pd)

G2Mlarge//DFT E[UCCSD(T)/aug-cc-pVDZ] + {E[UMP2/aug-cc-VTZ] − E[UMP2/aug-cc-pVDZ]}

UB3LYP/aug-cc-pVTZ

G2M//QCISD

E[UCCSD(T)/6-311G(df,pd)] + {E[UMP2/6-311++G(3df,3pd)] − E[UMP2/6311G(df,pd)]}

UQCISD/6-311G(d,p)

DFT//DFT

E[UB3LYP/6-311++G(3df,3pd)]

UB3LYP/6-31G(d,p)
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3.3 Results and Discussion
3.3.1 Formation of α-Amino-Peroxyl Radicals
Table 2 compares the adiabatic energy barriers for the αH-abstraction from different types
of amines by the CH3OO˙ radical. Earlier work showed that for analogous H-abstraction
reactions from alkanes, alcohols and hydroperoxides, the DFT//DFT results agree within
0.5 kcal mol−1 from benchmark methods like G3, CBS-QB3, and G2M//DFT. [103]
However, for the abstraction from amines, the various benchmark levels of theory clearly
deviate more amongst each other (i.e. nearly 2 kcal mol−1 ). Given that those high levels of
theory are computationally rather demanding, and that they all have their merits and
shortcomings, we prefer to refer to the DFT//DFT results which agree within the range of
the benchmark techniques, at a much lower computational cost.

Table 2.

Adiabatic energy barriers (ZPE-corrected; kcal mol−1) for the αH-abstraction by
CH3OO˙ radicals from various types of amines.

R1
H

CH3OOH

CH3OO

R1

N
R2

Aminea
a

R3

R3
N

H

CBS-QB3

R2

G3

G2Msmall//DFT

G2Mlarge //DFT

H

DFT//DFT

αC–H bond strengths of the various amines are 89.2, 87.6, 86.0 and 88.5 kcal mol−1, respectively, at the B3LYP/6-311++G(d,p) level of theory.

R1 = R2 = R3 = H

8.2

12.8

12.3

12.6

9.9

R1 = R3 = H; R2 = CH3

5.9

8.0

11.1

10.5

8.5

R1 = R2 = CH3; R3 = H

4.1

6.1

9.2

9.0

7.7

R1 = R2 = H; R3 = CH3

8.3

9.8

10.0

10.6

9.2
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The results in Table 2 show that amines are significantly more prone to αH-abstraction
than the corresponding alcohols. Indeed, the computed barriers for αH-abstraction from
methanol, ethanol and iso-propanol by CH3 OO˙ were previously calculated to be 14.0,
11.8 and 10.3 kcal mol−1 ,[103] respectively; on average more than 3 kcal mol−1 higher than
for the corresponding amines. This kinetic difference is a direct consequence of the lower
αC–H bond strengths in amines than in alcohols (Figure 1). Notice that the correlation
between the abstraction barrier and the αC–H bond (so-called Evans Polanyi correlation)
is slightly curved and levels off for weaker αC–H bonds.

H-abstraction barrier (kcal mol-1)

16

14

12

10

8

6
86

88

90

92

94
-1

 C-H bond strength (kcal mol )

Figure 1. Correlation between the computed H-abstraction barrier (DFT//DFT level) and the
αC–H bond strength (B3LYP/6-311++G(d,p) level) for various amines (▲) and
alcohols (●).

The C–H bond strength is inversely proportional to the stability of the radical
product. Figure 2 correlates the H–CH2 X bond strength with the Mulliken spin density on
the C-atom in the ˙CH2 X radical (X = H, SiH3 , F, CH3 , OH, NH2 , N(H)CH3 in order of
decreasing H–CH2 X strength). Various parameters influence the stability of the ˙CH2 X
radical, including (when possible) π-back-donation of 2p-orbitals of the substituent X into
the half-occupied 2p-orbital on the C-atom,[114] in addition to hyperconjugation and σ-
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effects. Those combined effects cause the C–H bond strength to decrease in the order
CH3 F, CH3OH and CH3 NH2 , despite the different substituents being iso-structurally
similar and the electronegativity decreasing in the order F > O > N.

-1

H-CH2X bond strength (kcal mol )
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85
0.85

0.90
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1.20

Mulliken spin density on the C-atom

Figure 2. Computed H–CH2X bond strength (B3LYP/6-311++G(d,p) level) vs. the Mulliken
spin density on the C-atom in the ˙CH2X radical (see the text).

Addition of O2 to the α-amino-alkyl radicals is highly exothermic, with values for ΔrH
ranging from −27.2 kcal mol−1 (CBS-APNO) to −32.5 kcal mol−1 (G2Mlarge//DFT) for the
case of ˙CH2NH2 , indicating irreversible formation of the α-amino-peroxyl radical.

3.3.2 Unimolecular HO2˙-Elimination to Imine
Subsequently, the unimolecular decomposition of the α-amino-peroxyl radicals to the
corresponding imine plus HO2 ˙ (Reaction 1 in Scheme 3) is investigated. Similar to the
analogous reaction of α-hydroxyl-peroxyl radicals (Scheme 2), this reaction is found (via
intrinsic reaction coordinate analysis) to proceed via an H-bonded complex between the
imine and HO2 ˙. The break up of this H-bonded complex does not, however, control the
overall rate. The rate determining step in the mechanism is the HO 2 ˙-elimination, and
mainly involves breaking of the C–O bond (see Scheme 4).
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Scheme 4. Geometry of the transition state for HO2˙-elimination from ˙OOCH2NH2 at various
levels of theory (viz., CBS-QB3, CBS-APNO, G3, QCISD/6-311G(d,p) and
B3LYP/aug-cc-pVTZ).

Tables 3–5 compare various levels of theory for the decomposition of ˙OOCH2NH2,
˙OOCHCH3NH2, and ˙OOC(CH3)2NH2, respectively. One observes an excellent
agreement (i.e., within 1 kcal mol−1 ) between the CBS-QB3, CBS-APNO and G3 levels
of theory. On the other hand, and in contrast to the situation with α-hydroxyl-peroxyl
radicals,[104] G2M//DFT gives slightly different results. It seems unlikely that this
deviation can be (entirely) attributed to a limited CCSD(T)-basis set, given the close
agreement between G2Msmall//DFT and G2Mlarge//DFT. More likely, this deviation is
due to a slight difference in starting geometry (density-based vs. wave-function based
methods) for the single-point energy calculations (see Scheme 4). Indeed, the
G2M//QCISD results are more in line with the CBS-QB3, CBS-APNO and G3 results.
Spin contamination of the wavefunction was found to be negligible 〈〈S2 〉〉 = 0.75 ± 0.03
before spin annihilation). In addition, we performed the T1-diagnostic at the
UCCSD(T)/6-311++G(df,pd)//QCISD/6-311G(d,p) level of theory for the transition state
of the ˙OOCH2NH2 → CH2 NH + HO2˙ reaction. The value obtained (i.e. 0.032) is
sufficiently small for an open-shell doublet structure to neglect multi-reference character.
Similar to the situation with α-hydroxy-peroxyl radicals, the DFT//DFT results seem to
generate inconsistent errors when compared to the benchmark levels. Functionals, which
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include long-range interactions, such as CAM-B3LYP and wB97, did not, unfortunately,
lead to more consistent results.

Table 3.

Relative energies of the characteristic stationary points on the Potential Energy
Surface (PES; ZPE-corrected) for the unimolecular decomposition reaction
˙OOCH2NH2 CH2NH+HO2˙.

Stationary point

CBS-QB3

CBS-APNO

G3

G2Msmall//DFT

G2Mlarge//DFT

G2M//QCISD

DFT//DFT

˙OOCH2NH2

0.0

0.0

0.0

0.0

0.0

0.0

0.0

TS

18.6

17.4

17.9

21.9

21.4

18.5

18.6

Complex

8.5

8.4

7.6

9.5

10.1

12.8

9.8

CH2NH + HO2˙

16.7

16.8

16.0

19.9

20.6

20.9

19.1

Table 4.

Relative energies of the characteristic stationary points on the Potential Energy
Surface (PES; ZPE-corrected) for the unimolecular decomposition reaction
˙OOCHCH3NH2
CH3CHNH+HO2 ˙.

Stationary point

CBS-QB3

CBS-APNO

G3

G2Msmall//DFT

G2M large//DFT

DFT//DFT

˙OOCHCH3NH2

0.0

0.0

0.0

0.0

0.0

0.0

TS

17.7

16.5

17.1

20.7

20.7

16.2

Complex

7.8

7.6

7.2

8.7

8.3

6.7

CH3CHNH + HO2 ˙

17.1

16.8

16.5

19.7

20.2

16.8
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Table 5.

Relative energies of the characteristic stationary points on the Potential Energy
Surface (PES; ZPE-corrected) for the unimolecular decomposition reaction
˙OOC(CH3)2NH2
(CH3)2CNH+HO2˙.

Stationary point

CBS-QB3

G3

G2Msmall//DFT

G2M large//DFT

DFT//DFT

˙OOCHCH3NH 2

0.0

0.0

0.0

0.0

0.0

TS

15.8

17.5

18.9

19.2

12.3

Complex

7.3

6.6

7.4

7.9

3.3

CH3CHNH + HO2 ˙

18.2

17.6

20.2

20.8

15.2

The endothermicity of HO 2 ˙-elimination from the α-amino-peroxyl is higher than for
the corresponding α-hydroxyl-peroxyl cases, in line with the lower stability of >C N–
bonds compared to >C O bonds. In addition, the activation barriers for the α-aminoperoxyl radicals are found to be nearly 6 kcal mol−1 higher than for the corresponding αhydroxyl-peroxyl radicals. These observations could suggest a slightly later HO 2 ˙elimination transition state for the amino-systems. This is confirmed upon comparison of
the TS structures in Scheme 5: in the case of CH2 (NH2)OO˙, the C

O bond is

significantly more elongated, compared to the CH2 (OH)OO˙. Nevertheless, the ratio of
partition functions (TS over reactant) barely changes, leading to similar pre-exponential
factors in the rate constants.
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Scheme 5. CBS-APNO optimized TSs for HO2˙-elimination from CH2(OH)OO˙ (left) and
CH2(NH2)OO˙ (right); distances in Å.
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Subsequently, the effect of the R 3 substituent (i.e., N-alkyl) on the HO2 ˙-elimination is
investigated (Table 6). Apparently substituting a methyl group for an H-atom lowers the
endothermicity and the reaction barrier, in line with the higher stability of substituted
imines.

Table 6.

Relative energies of the characteristic stationary points on the Potential Energy
Surface (PES; ZPE-corrected) for the unimolecular decomposition reaction
˙OOCH2NHCH3
CH2NCH3+HO2˙.

Stationary point

CBS-QB3

G3

G2Msmall//DFT

G2M large //DFT

DFT//DFT

˙OOCH2NHCH3

0.0

0.0

0.0

0.0

0.0

TS

17.2

17.7

20.0

21.2

14.6

Complex

4.5

3.7

5.6

6.2

5.3

CH2NCH3 + HO2 ˙

13.7

13.0

16.9

17.5

15.0

In conclusion, HO2 ˙-elimination from α-amino-peroxyl radicals is slightly more
endothermic than for α-hydroxyl-peroxyl radicals, and proceeds with a higher barrier.
Alkyl-substituents on the αC-atom or the N-atom reduce both the energy barrier and the
endothermicity of the imine formation.

3.3.3 H-Abstraction: Formation of α-Amino-Hydroperoxides
Competing with the HO2 ˙-elimination is the abstraction of H-atoms from the amine
substrate by the α-amino-peroxyl radical (Table 7). Compared to the HO2 ˙-elimination
reaction, the barrier of this αH-abstraction reaction is more sensitive to the αC–H bond
strength in the corresponding amine substrate (see Figure 3).

44

Table 7.

Adiabatic energy barriers (ZPE-corrected; kcal mol−1) for the αH-abstraction from
different amines at the DFT//DFT level of theory.

Amine

DFT//DFT

R1 = R2 = R3 = H

12.0

R1 = R3 = H; R2 = CH3

10.6

R1 = R2 = CH3; R3 = H

7.2

R1 = R2 = H; R3 = CH3

11.1

20

16

-1

barriers (kcal mol )

18

14
12
10
8
6
4
85

86

87

88

89

90

-1

 C-H bond strength (kcal mol )

Figure 3. Computed barriers for HO2˙-elimination (Δ; average of high levels of theory
in Tables 3–6) and H-abstraction (○; DFT//DFT level) by α-amino-peroxyl
radicals vs. αC–H bond strength (B3LYP/6-311++G(d,p)-level) for various
amines.

45

3.3.4 Solvent Effects and Quantifying the Imine/HydroPeroxide Branching Fraction
All calculations reported so far were modeled in a solvent-free environment (viz.,
vacuum). As amine oxidations are typically performed in the liquid phase, it remains to be
investigated if a solvent could significantly affect the barrier of either of the two reactions.
Unfortunately, taking into account all specific solvent interactions is very challenging and
certainly beyond routine. The polarisable continuum model (PCM) as implemented in the
Gaussian09

software

approximation.

[115]

package [107] provides

however

a

convenient

and

good

This method creates a solute cavity around the species via a set of

overlapping spheres. Figure 4 shows the result of such calculations for the barriers of
HO2 ˙-elimination and H-abstraction by the ˙OOC(CH3 )2 NH2 radical at the DFT//DFT
level of theory.

Figure 4. Kirkwood plot for the correlation of the changes in activation barrier for HO2˙elimination (○) and bimolecular H-abstraction from iPrNH2 (△) as predicted by
PCM-DFT//DFT for ˙OOC(CH3)2NH2.

It can be observed that solvents with a low to moderate ε-value lower the HO2 ˙elimination barrier slightly, whereas they significantly increase the barrier of the
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bimolecular H-abstraction. This effect should be ascribed to a lower cavity surface of the
H-abstraction TS, compared to the separate reactants. For the unimolecular HO 2 ˙elimination, the TS and the α-amino peroxyl reactant have approximately the same
available surface, explaining the small influence of non-polar solvents. For more polar
solvents, the HO2 ˙-elimination barrier decreases, due to greater stabilization of the
transition state than of the α-amino-peroxyl reactant (polarity increase due to C N bond
formation). As the polarity (viz., dipole moment) barely changes for the bimolecular Htransfer reaction, this reaction is not as sensitive to the ε-value of the solvent.

imine
hydroperoxide

= k(imine) / k(abstr) / [amine]

(1)

The competition between the formation of the imine (via HO2 ˙-elimination) and the αamino-hydroperoxide (via bimolecular H-abstraction) can be quantified by equation (1):
k(imine) and k(abstr) in equation (1) represent the rate constants of channels (1) and (2),
respectively, in Scheme 3. Combining the computed barriers with typical pre-exponential
factors of (3 ± 3) × 1012 s−1 for HO2 ˙-elimination, [104] and (3 ± 2) × 10 8 M −1s−1 for Habstraction, [116] the imine-to-hydroperoxide ratio can be roughly estimated. Whereas this
ratio is predicted to be ≪1 in the absence of a solvent, Figure 5 shows the evolution of
this ratio for the case of isopropylamine at 353 K as a function of the solvent parameter
(ε − 1)/(2ε + 1), assuming an amine concentration of 1 M (ε being the dielectric constant).
It is clear that, according to our predictions, formation of the imine product – as opposed
to the hydroperoxide – can be favored by working under dilute conditions in a polar
solvent.

imine/ -amino hydroperoxide selectivity
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Figure 5. Imine/α-amino-hydroperoxide selectivity for the case of isopropylamine at 353 K
as a function of (ε − 1)/(2ε + 1) (amine concentration is assumed to be 1 M).

It stands to reason that similar iso-branched amines (such as cyclohexylamine) react in
a similar manner, and that isopropylamine is indeed a suitable model for such substrates.
For instance, at the G2M small //DFT level of the theory, the barrier for HO 2 ˙-elimination
from c-C6 H10 (NH2 )OO˙ is predicted to be only 0.7 kcal mol−1 higher than for the
analogous isopropyl amine

system.

Moreover,

the

less complex structure of

isopropylamine vs. cyclohexylamine allows more reliable levels of theory to be utilized
(vide supra).
Regarding the experimental work of Suzuki et al., dealing with the aerobic oxidation of
cyclohexylamine, it should be emphasized that under the reaction conditions employed –
viz. 353 K, ≈1 M cyclohexylamine in CH3 CN (ε = 35.7) – cyclohexylimine formation is
likely favored over the α-amino-cyclohexylhydroperoxide, in contrast to the original
hypothesis. Most likely, the co-produced HO 2 ˙ radical is converted to H2 O2 upon a
consecutive H-abstraction. Subsequently, H2 O2 can be activated over the WO3 /Al2 O3
catalyst, and epoxidize the imine to an oxazirane (Scheme 6).
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Scheme 6. Fate of the α-amino-cyclohexylperoxyl radical: formation of imine, which upon
epoxidation could lead to the desired oxime product; alternatively, the imine could
be hydrolyzed to the ketone.

N-substituted oxaziranes have indeed been synthesized upon the epoxidation of the
corresponding imines with peracids. [117] Such N-substituted oxaziranes could also be
isolated and rearranged to the corresponding amide (lactame; Scheme 7). It seems
plausible that under appropriate conditions (such as the presence of a Lewis acid catalyst),
the H-substituted oxazirane would rearrange to the oxime. We verified this hypothesis
experimentally through the addition of meta-chloroperoxybenzoic acid (mCPBA) to a
reaction solution containing cyclohexanone (0.5 M) and aqueous ammonia (0.5 M) in
CH3 CN at 353 K. In the presence of WO 3 /Al2O3 , cyclohexanone oxime was afforded at
approximately 25% yield, in addition to the expected Baeyer–Villiger product (εcaprolactone). Experimental details can be found in Chapter 6. Competing with its
epoxidation, cyclohexylimine can also be hydrolyzed by traces of water to yield
cyclohexanone; in fact, this is the product which is experimentally obtained in the absence
of the WO3 /Al2 O3 catalyst at over 90% selectivity. [26]

R

R

O

N

N

O

R
N

[O]

Scheme 7. Epoxidation of N-substituted imine with peracid and the subsequent rearrangement
to the lactam.
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Additional evidence supporting our hypothesis of the α-amino-cyclohexylperoxyl
radical eliminating HO2 ˙ stems from cyclohexylamine/α-pinene co-oxidation experiments.
Figure 6 shows the rate of conversion of α-pinene at 80 °C vs. time in the absence and
presence of 300 mM cyclohexylamine. The ratio of Δ[amine]/[amine] 0over Δ[αpinene]/[α-pinene]0 remains constant at 8 ± 2 and corresponds to the ratio of rate constants
for radical oxidation. The experimental details of this oxidation can be found in Chapter 6.

Figure 6. Co-oxidation of α-pinene and cyclohexylamine; α-pinene conversion vs. time at 80
°C in the absence (○) and presence of 300 mM cyclohexylamine (△); the inset
shows the conversion after 6.25 h as a function of the cyclohexylamine
concentration.
Despite its slightly higher reactivity, the amine clearly inhibits the oxidation of the
pinene substrate, whilst barely affecting the selectivity. This observation can readily be
understood in terms of HO 2 ˙ radical chemistry: HO2˙ is known to rapidly terminate with
the chain-carrying peroxyl radicals (reaction (2)), [118] causing an inhibition of the
autoxidation.
ROO● + HO2● → ROOH + O2

(2)
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3.4 Conclusions
The formation and fate of α-amino-peroxyl radicals has been computationally explored
through various quantum-chemical methods. Although iso-structurally similar to alcohols,
it is found that amines are significantly more prone to αH-abstraction. The α-amino alkyl
radicals are rapidly converted to α-amino peroxyl radicals, for which two pathways were
considered: HO2 ˙-elimination and bimolecular H-abstraction. Whereas the first channel
leads to the formation of an imine, the second channel produces an α-amino
hydroperoxide. It was found that the nature of the substituents on both the αC- and the Natom has an effect on both channels. A significant solvent effect was observed, and was
found to steer the selectivity towards HO 2 ˙-elimination. The imine product formed in this
manner is believed to yield the desired oxime product under oxidative conditions in the
presence of an appropriate Lewis acid catalyst.
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Chapter 4

Hydrogen Transfer Processes Mediated by
Heterogeneous Iridium Oxide Nanoparticles

Homogeneous iridium catalysts have demonstrated exceptional catalytic activity for a number
of hydrogen-transfer reactions. In this chapter, we demonstrate the synthesis of a
heterogeneous iridium catalyst, supported on nanoparticulate ceria, and investigate its
application for the aerobic oxidation of benzyl alcohol, and the Meerwein-Pondorf-Verley
transfer hydrogenation of cyclohexanone. Along with optimising the activity of the catalyst,
the kinetic parameters have also been examined to unravel the elementary reaction steps
mediated by this catalyst, and rationalize the observed structure-activity relationships. Both
spectroscopic and catalytic investigations strongly suggest that iridium oxide nanoparticles,
most likely Ir2O3, mediate these reactions via the formation of metal-hydride species, which
are subsequently reoxidized by either O2 or the ketone. In contrast to many other metal or
metal oxide based catalysts, this catalyst is able to perform in the absence of a base, at mild
temperatures, and at a low metal loading
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4.1 Introduction
In recent times, considerable interest has been paid to the synthesis and exploration of
new catalytic materials or complexes based on late transition metals, such as Au, Pd, Ru
and Pt, amongst others. The interest in these elements often lies in their considerable
redox potential, given their large number of available oxidation states, and their exciting
ability to coordinate and activate a number of important substrates, such as dioxygen,
hydrogen, alkanes, alcohols and olefins. These metals are therefore the crucial species in
many well-known homogeneous catalysts, and are able to efficiently catalyst processes
such as olefin metathesis (e.g. Ru),[119] carbon-carbon coupling (e.g. Pd),[120] and the
selective oxidation of methane (e.g. Pt).[121] Unlike many of the aforementioned transition
metals, the chemistry of Ir has, however, received relatively little attention. This is in spite
of its promising activity and selectivity for a number of important chemical
transformations, such as hydrogenations, transfer hydrogenations, hydroformylation and
more recently, alkane activation and (electro)catalytic water oxidation.[122]

However, in contrast to the explosion of interest in the synthesis of monometallic [123]
and bimetallic[124] heterogeneous catalysts based on e.g. Au, Pd, Pt and Ru, very few
reports describe the synthesis and application of a heterogeneous Ir-based catalyst for
selective chemical transformations, and even fewer describe the utilization of a
heterogeneous Ir catalyst for liquid phase reactions. However, Ir possesses many features
that makes it a promising catalyst for many reactions. Unlike many other platinum group
metals, its price is not overly prohibitive for catalytic applications. Furthermore, Ir
possesses an ability to alloy with various other platinum group metals, and thereby opens
the possibility of tuning its activity through the incorporation of a second or third metal.

Selective oxidation processes are one of the corner-stones of the chemical industry at
all levels of the value chain, and play an important role in the functionalization of
molecules.

Despite

their

pre-eminence,

they

are

environmentally

problematic

transformations, often due to the nature of the oxidative species; bulky and/or toxic
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inorganic salts of Cr VI,and MnVII are highly atom inefficient and undesirable, and oxidants
such as alkyl hydroperoxides or DMP co-produce stoichiometric quantities of other
organic species.[2] In the context of sustainable chemistry, developing catalysts that are
able to perform selective oxidation processes with ‘green’ and/or environmentally benign
oxidants is a key challenge for the future.

Many selective oxidations proceed via the activation of C-H bonds, and the subsequent
formation of metal-hydride species. Such metal-hydride species are often the key species
formed in many Ir-catalyzed transformations,[125] and we reasoned that if they could be
formed on a heterogeneous catalyst, the catalyst may prove to be a suitable material for
the selective oxidative dehydrogenation of alcohols to aldehydes/ketones, a key
transformation in synthetic chemistry. In view of these factors, we decided to investigate
the potential activity and selectivity of various metal oxide-supported iridium catalysts,
and evaluate their potential as heterogeneous catalysts.

4.2 Results and Discussion
4.2.1 Material Synthesis and Catalyst Evaluation
Given that a number of noble metal and metal oxide nanoparticles have recently shown
considerable catalytic activity for these class of reactions, we decided that a solid catalyst
comprised of supported iridium (oxide) nanoparticles could provide a suitable material
from which to begin our investigations. Our preliminary studies therefore focused upon
the deposition of Ir, in the form of H2IrCl6 , onto various high surface area metal oxides,
known to be suitable as catalytic support materials. Although not the most suitable
technique for the preparation of nanoparticles, an impregnation methodology allowed for
the rapid screening of a number of metal-support combinations (Table 1). Details of all
methods for catalyst synthesis and characterization can be found in Chapter 6. From these
preliminary studies, we observed that cerium oxide (CeO 2) was the most suitable support
material, with a catalyst composed of 2.5 wt. % Ir/CeO2 selectively (≥ 98 %) oxidizing
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benzyl alcohol to benzaldehyde at a rather modest yield of 16.8 % in 3 hours (Entry 4).At
this stage, we reasoned that the unique ability of this catalyst composition to mediate this
reaction might be due to a number of factors. Firstly, CeO 2 itself is known to be able to
activate and oxidize alcohols to a small extent, and examination of the analogous reaction
catalyzed by CeO2 alone revealed that this contributed around one half of the overall
activity of the 2.5 wt. % Ir/CeO2 catalyst. Furthermore, CeO 2 is also a well-known oxygen
pump, which is readily able to donate its lattice oxygens and subsequently physisorb
oxygen, which could lead to significant improvements in the catalytic system. In fact,
previous work has demonstrated that CeO 2, and particularly nanoparticulate CeO 2, is one
of the most optimal support materials for Au-catalyzed alcohol oxidation for this
particular reason. [60]

Table 1.
Entry

Influence of the support and preparation procedure on the npIrOx, for the aerobic
oxidation of benzyl alcohol.[a]
Ir Loading[b]

Support

Preparation procedure

Yield[c]

[a] 3 hours, 90°C 0.2 M benzyl alcohol in toluene, 0.5 mol. % metal (substrate/metal = 200), catalyst pre-treatment: 200 ºC,
[b] wt % metal [c] calculated as ‘moles benzaldehyde produced / initial moles benzyl alcohol × 100’
1

n.a

no catalyst

n.a

0

2

2.5

TiO2

impregnation

<1

3

2.5

MgO

impregnation

<1

4

2.5

CeO2

impregnation

16.8

5

1.5

CeO2

deposition-precipitation

21.4

6

0.5

CeO2

deposition-precipitation

33.4

7

0

CeO2

n.a

8.4
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Figure 1. Temporal evolution of benzaldehyde with 0.5Ir/CeO2(DP400R). (A) Standard
reaction. (B) Reaction performed with added radical scavenger (1.0 mol. % 2,6-ditert-butyl-para-cresol). Reaction conditions: 180 minutes, 90°C 0.2 M benzyl
alcohol in toluene, 0.5 mol. % Ir, scavenger.
Having identified Ir/CeO2 as being the most suitable catalyst composition, we
subsequently focused our attention on the optimization of the activity of this catalyst. We
first investigated alternative methods of preparation, and found that a depositionprecipitation (DP) methodology, whereby the cationic metal precursor is deposited onto
the support at high pH,[126] led to substantial improvements in catalytic activity (Table 1,
Entry 5). Moreover, the optimal activity for catalysts prepared by DP was achieved at
lower metal loadings, with 0.5 wt. % Ir supported onto CeO 2 and calcined at 200 ºC
(henceforth denoted 0.5Ir/CeO2(DP200C)) leading to the best levels of activity (Table 1,
Entry 6).

Further improvements in catalytic activity could also be achieved by varying the
catalyst pre-treatment procedure. For instance, whereas 0.5Ir/CeO 2(DP200C) led to a 33.4 %
yield of benzaldehyde in 3 hours, the reduction (in H2 ) of the same catalyst at 400 ºC
(0.5Ir/CeO2(DP400R)) led to a 54.8 % benzaldehyde yield over the same time period.
However, the performance of this optimal catalyst is somewhat masked by severe

56

deactivation effect, observed after around 30 minutes of reaction; as can be seen (Figure
1), the activity of this catalyst diminishes significantly at a benzaldehyde yield of around
50 %. In contrast, the less active catalysts, whilst possessing a lower rate of activity, did
not suffer such extreme deactivation. Nevertheless, the intial TOF of this catalyst is over 3
times higher than that achieved by the other catalysts over the first 10 minutes of the
reaction, clearly emphasizing the beneficial effect of reductive pre-treatment on the
activity of the catalyst. We note that whilst these TOFs are far lower than previously
observed for the solvent-free aerobic oxidation of benzyl alcohol by mono- and bimetallic Au, Pd and Au-Pd catalysts, [127,123b] the reactions herein are performed in a
solvent, at ambient pressures and in the absence of base, and are similar in magnitude to
those obtained for the aerobic oxidation under similar conditions with other precious
metal-based catalysts. [72,123c]

To rationalize the observed trend in reactivity, we subsequently investigated the pretreated series of catalysts with a combination of spectroscopic and microscopic
techniques. Given the low Z-contrast of Ir and Ce, we were unable to determine any useful
particle size and/or morphological data from the most active catalysts from STEM
microscopy (Figure 3, A-B). However, analysis of the 2.5Ir/MgO (IMP200C) catalysts
revealed that, despite being prepared by impregnation, iridium was present in
nanoparticulate form, with most particles between 1 and 2 nm in size. Whilst this does not
immediately confirm the nature of the Ir species in the CeO2 -supported materials, it
suggests that Ir is indeed nanoparticulate, especially given the more suitable preparation
procedure employed in that case. Furthermore, the lack of any XRD reflections arising
from Ir also suggests that any Ir species present in the material are below ± 10 nm, given
the rough usability limit of the technique.
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Figure 2. Initial TOF observed for 0.5Ir/CeO2prior to and following various pre-treatment
procedures. Reaction conditions: 10 minutes, 90°C 0.2 M benzyl alcohol in
toluene, 0.5 mol. % Ir.

A

B

C

D

Figure 3. STEM analysis of (A)/(B) 2.5Ir/CeO2(IMP200C)and (C)/(D) 2.5Ir/MgO(IMP200C).

More insight regarding the nature of the Ir species in the active catalysts was, however,
provided through various spectroscopic methods. Whilst UV-Vis analysis revealed very
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little usable information, given the broad absorbance arising from the CeO 2 support,
Raman spectroscopy revealed that in addition to the main peak arising from the support
(at 465 cm -1), the as synthesized and pre-treated catalysts contained a weak and broad
signal at ±550 cm-1. Such a signal has previously been attributed to terminal Ir-O
bonds,[128] and its presence in all the materials suggests that Ir is not in metallic form. XPS
analysis subsequently confirmed this, as no signal attributable to Ir(0) was detected even
after reduction at 400 ºC. Instead, the XPS spectra of all samples consisted exclusively of
cationic Ir(III) and Ir(IV).

Interestingly, when the ratio of Ir(III) to Ir(IV) present in each sample is plotted against
the initial TOFs of each catalyst, a perfect correlation between the Ir(III)/Ir(IV) ratio and
the initial TOF can be observed (Figure 4). This strongly suggests that Ir(III) is the key
active component of the catalyst. The observation that catalytic activity of the Ircontaining materials correlates so well with the fraction of Ir(III) appears to be unusual,
since one would expect Ir(IV) species to be the stronger oxidant for this reaction.
However, it is notable that Ir(III) species appear to be critical intermediates in
homogeneous Ir chemistry, with Ir(I)-Ir(III) cycles being crucial for activity for transfer
hydrogenations, hydroformylations and hydrogenations. Nevertheless, in the absence of
direct mechanistic information of the reaction pathway mediated by the catalyst, it is
difficult to conclude that the same chemistry is at play in this case. The presence of
cationic Ir and Ir-O bonds in the active catalysts suggests that the reactive species on the
surface is nanoparticulate iridium oxide (Ir xOy). Given the oxidation states present, it is
likely that IrO2 (Ir(IV)) and the sesquioxide Ir 2O3 are the species present in the sample,
and that catalytic activity correlates with the fraction of Ir 2O3.

It is also notable that little Ce(III) was detected in any of the catalysts, even after high
temperature reduction in H2 . This is a crucial observation, because Ce(III) has been shown
to be a critical component of various CeO 2 -supported Au catalysts, as it facilitates the
formation of various metal-hydroperoxy species which can subsequently lead to catalytic
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activity.[60] Its absence in these highly active catalysts suggests that some alternative type
of active species is formed in the current system.

Figure 4. Linear correlation between initial TOF and the ratio Ir(III)/Ir(IV) for 0.5Ir/CeO2
following various pre-treatments. Reaction conditions: 10 minutes, 90°C 0.2 M
benzyl alcohol in toluene, 0.5 mol. % Ir. Reaction conditions: 180 minutes, 90°C
0.2 M benzyl alcohol in toluene, 0.5 mol. % Ir.

4.2.2 Mechanistic Investigations
We subsequently turned our attention to the elucidation of the elementary reaction
mechanism, in order to rationalize the structure-activity relationships observed. We first
excluded the possibility that the oxidative mechanism was radical based, as the addition of
a known radical scavenger (2,6-di-tert-butyl-para-cresol, henceforth trap) lead to no
decrease or change in the initial rate of oxidation for 0.5Ir/CeO2(DP400R). We thus focused
on the influence of para-substitution on the initial rate of activity (Hammett Correlation),
to determine whether the reaction proceeds via the formation of charged intermediates. As
illustrated in Figure 5, substitution at the para-position for benzyl alcohol leads to
substantial modifications in the rate of reaction, with a linear (R 2 = 0.993) correlation
being observed for the logarithm of rate constants against the Hammett coefficient (σ) of
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each substituent. The negative slope signifies i) that the reaction rate is favored by
electron donating substituents in the para-position, and that ii) the transition-state likely
possesses cationic character. This immediately suggests that cleavage of the benzylic C-H
bond is rate determining, a hypothesis subsequently confirmed by examining the kinetic
isotope effect (KIE) of the reaction; mono-deuteration at the benzylic position lead to a
40-50 % decrease in reaction rate, and KIE values of 1.88 at 90 ºC, and 1.75 at 70 ºC.
These relatively large KIE values, which are observed after only mono-deuteration at the
benzylic position, confirm that C-H cleavage and the subsequent formation of a transient
carbocation is rate limiting. We emphasize that an Arrhenius expression was also obtained
from these experiments, which indicated the reaction proceeded with an activation barrier
of 54.3 kJ mol-1 and a pre-factor of 5.3×10 7 s-1, values which are in line with similar
supported metal catalysts under comparable reaction conditions. [72]

Figure 5. Hammett plot depicting the influence of para-substitution on the initial rate of
oxidation for para-substituted benzyl alcohols. Reaction conditions: 180 minutes,
90°C 0.2 M (subs)benzyl alcohol in toluene, 0.5 mol. % Ir.
To gain further insight into the reaction mechanism, we subsequently determined the
influence of the reactant and concentrations on the initial rate of activity. These
experiments demonstrate that whilst the reaction is first order in [benzyl alcohol] and
[catalyst] (Figure 6), it is zero order in [O 2 ] (Figure 7). These observations are in
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indicative of a reaction mechanism involving i) the cleavage of the benzylic C-H bond by
the catalyst, which is rate determining, and ii) a non-rate-determining re-oxidation of the
reduced metal centre. The build-up of positive charge at the benzylic position signifies
that the C-H cleavage occurs more rapidly than the final formation of the C=O group.
Such a mechanism would however, require the formation of a metal-hydride (M-H)
intermediate, which would be formed via a β-hydride elimination of the adsorbed
alcoholate, and rupture of the C-H bond. We stress that the ability of this catalyst to
perform this oxidation with air at atmospheric pressure is highly promising, as it avoids
issues associated with forming explosive mixtures of hydrocarbon vapors and oxygen.

Figure 6. The effect on benzyl alcohol concentration on the initial rate of reaction for
0.5Ir/CeO2(DP400R). Reaction conditions: 180 minutes, 90°C, various concentration
of benzyl alcohol in toluene, 0.5 mol. % Ir.

We note that the concentration vs. activity profile observed for benzyl alcohol is
indicative of a Langmuir-Hinselwood-type mechanism, whereby the free alcohol is in
equilibrium with the adsorbed, activated substrate, most likely an alcoholate-type species.
Increasing the alcohol concentration beyond a certain level, therefore, does not lead to an
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increase in reaction rate, as the sites responsible for alcohol coordination and oxidation
are fully saturated.

Figure 7. The effect on O2 partial pressure on the initial rate of reaction for
0.5Ir/CeO2(DP400R). Reaction conditions: 180 minutes, 90°C 0.2 M benzyl alcohol
in toluene, 0.5 mol. % Ir.

We subsequently questioned whether the mechanism proceeded

via i) the

dehydrogenation of the alcohol, and subsequent re-oxidation of the reduced metal-hydride
intermediate by O2 , or ii) whether adsorbed oxygen, either adsorbed directly by IrO x, or
by adsorption and transport through CeO2 , was responsible for abstraction of the C-H
hydride. We therefore turned to the Meerwein-Pondorf-Verley transfer hydrogenation of
cyclohexanone and 2-butanol (Scheme 1) as a useful probe reaction.
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Scheme 1. Schematic of the MPV reduction of cyclohexanone with 2-butanol. Reaction
conditions: 60 minutes, 80°C 0.4 M cyclohexanone in 2-butanol, 0.5 mol. % Ir.

It is notable that when the reaction was performed in an inert atmosphere (nitrogen),
quantitative conversion to cyclohexanol was achieved in very short reaction times.
Conversely, when the reaction was performed in air, no cyclohexanol was observed. The
ability of the reaction to proceed in the absence of O2 demonstrates that physisorbed
oxygen is not responsible for the cleavage of the C-H bond. We thus propose that a typical
dehydrogenative mechanism is in place, whereby the metal-hydride species, formed solely
through the interaction of the alcohol and the catalyst, are subsequently reoxidized by
oxygen (in the case of aerobic oxidation) or by the unsaturated substrate (cyclohexanone,
in the case of the MPV reaction). This agrees well with the zero order dependence in O2
(Figure 7). A hot-filtration test, whereby the catalyst was removed at an intermediate stage
of the reaction, confirmed that the reaction is catalyzed heterogeneously.

Despite the negligible yield of cyclohexanol in an O 2 atmosphere (Figure 8, C), some
conversion of 2-butanol to 2-butanone was observed. We propose that the lack of yield in
this reaction is therefore due to the faster re-oxidation of the iridium-hydride species by
O2 in comparison to the ketone; thus, the hydride species formed and removed from the
catalyst surface prior to any opportunity to react with cyclohexanone. Our observations
during this reaction also provided some idea regarding the nature of the iridium oxide
species on the catalyst surface; when the reaction was performed in an inert atmosphere
i.e. where reaction is observed, the catalyst powder is a distinctive blue colour. In
contrast, in an O2 atmosphere, the powder was a very dark brown colour. It is notable that
of the two oxides of iridium, Ir(III) oxide (Ir2 O3 ) is known to be blue in colour, whereas
IrO2 i.e. Ir(IV) oxide, is brown.

64

Figure 8. Temporal evolution of cyclohexanol by 0.5Ir/CeO2(DP400R) under various
conditions. (A) Standard reaction: Conditions: 60 minutes, 80°C 0.4 M
cyclohexanone in 2-butanol, 0.5 mol. % Ir. (B) Hot-filtration experiment: Catalyst
removed after 5 minutes of reaction. (C) Reaction performed in an O2 atmosphere.

4.2.3 Catalytic Deactivation
Our final series of investigations focused on the severe deactivation process observed for
the most active catalyst, 0.5Ir/CeO 2(DP400R)(Figure 1). Initially, we focused on the re-use of
the catalyst, to identify whether the catalyst was indeed fully deactivated, or if the loss in
activity observed was a feature of the reaction mechanism. However, the second use of a
given charge of catalyst leads to negligible levels of benzaldehyde formation, clearly
suggesting that the catalyst was indeed deactivated. We therefore focused on the possible
formation of minor quantities of benzoic acid, given the non-negligible loss in carbon
balance during a reaction (± 5 %), and the known ability of coordinative carboxylic acids
to poison various hydrogenation/oxidation catalysts. As can be seen (Figure 9), even by
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adding only very small amounts of benzoic acid to the initial reaction solution, a
considerable decrease in activity is achieved, with the maximal yield of 0.5Ir/CeO2(DP400R)
dropping to almost zero upon the addition of only ca. 2.5 mol % benzoic acid yield.

Figure 9. The effect on benzoic acid addition on the catalytic activity of 0.5Ir/CeO2(DP400R).
Reaction conditions: 180 minutes, 90°C 0.2 M benzyl alcohol in toluene, 0.5 mol.
% Ir. Benzoic acid added at various initial concentrations.

Interestingly, even though benzoic acid was deliberately introduced into the reaction
solution, no quantity was detectable by GC-FID/MS analysis, strongly suggesting that
once it is formed it rapidly coordinates to the catalyst surface, thereby inhibiting the
coordination and subsequent reaction of the alcohol substrate.
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Figure 10. Re-use ability of 0.5Ir/CeO2(DP400R) without and with a NaOH washing procedure.

To rationalize the formation of benzoic acid, we reasoned that the over-oxidation of
benzaldehyde to benzoic acid could proceed through free-radical means, as has previously
been reported. Given the positive influence of adding the radical trap both in terms of
catalyst deactivation and carbon balance (Figure 1), it seems highly likely that benzoic
acid is indeed formed through free-radical (aut)oxidation of benzaldehyde, given that the
addition of a known radical scavenger minimizes deactivation and leads to carbon balance
of ± 100 %. We note that even by adding only 1 mol. % of trap (relative to the starting
ROH concentration) a 25 % increase in relative benzaldehyde yield can be achieved,
clearly demonstrating the influence of O-centered radicals in mediating the formation of
benzoic acid and subsequently catalyst deactivation. It is likely that this deactivation
through acid formation is why many investigations concerning alcohol oxidation with
(precious) metal-based catalysts are performed in a basic medium; whilst leading to the
formation of the corresponding carboxylic acid through hemiacetal formation,
neutralization of the acid through formation of the sodium adduct removes its coordinative
ability, thereby freeing the metal from undesired carboxylate coordination. Indeed, when
the deactivated catalyst was treated with a dilute solution of NaOH (0.1 M, 20 mL g-1 of
catalyst), the activity was restored (Figure 10).
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We also noted from XPS analysis that the spent catalyst i.e. 0.5Ir/CeO2(DP400R) after
reaction, contained a significantly lower fraction of Ir(III). Given that we have shown
Ir(III) to be the critical component of the catalyst, the formation of Ir(IV) during the
reaction could also contribute to catalyst deactivation. Nevertheless, it is impossible to
conclude at this stage whether the formation of Ir(IV) precedes the formation of the
carboxylic acid (i.e. whether the oxidation of Ir(III) to Ir(IV) is responsible for the
formation of the carboxylic acid), potentially through the reductive activation of
dioxygen, if this undesirable increase in oxidation state is a consequence of the formation
of the carboxylic acid, or if the two features are independent of one another.

4.3 Conclusions
We have shown that by supporting iridium onto CeO2 , that a highly active and selective
heterogeneous catalyst for various transfer hydrogenations can be prepared. The activity
of this catalyst is related both to the properties of the support i.e. the ability of CeO2 to
transport oxygen, and the iridium oxide centre. Key spectroscopic and catalytic evidence
suggest that the major active species is nanoparticles of Ir 2 O3, which are preferentially
formed through the high temperature (400 ºC) reduction of the as prepared catalyst.

The kinetic parameters and mechanistic features of this system are consistent with a βhydride elimination mechanism, and suggest that the ability of this catalyst to mediate i)
the aerobic oxidation of alcohols, and ii) the MPV transfer hydrogenation of ketones, is
related to its ability to form metal-hydride species, which are subsequently transferred to
i) oxygen, or ii) the ketone, respectively. We stress that this catalyst can perform these
reactions at mild temperatures (< 100 ºC), in the absence of stoichiometric quantities of
base i.e. base-free, and with molecular oxygen or air.In closing, we have demonstrated
that the catalyst suffers from a severe deactivation process, which is caused by the radicalbased by-production of benzoic acid. Coordination of the carboxylate to the metal oxide
centre severely diminishes its activity for this reaction, though this can be limited by
adding trace quantities of a radical scavenger to the initial reaction solution.
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We anticipate that the ability of this catalyst to mediate these transformations will open
the possibility of further developing heterogeneous iridium-based catalysts for a number
of other crucial transformations, such as hydrogenation, hydroformylation and C-H
activation.
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Chapter 5

Insights into the Oxidative
Dehydrogenation of Amines with
Nanoparticulate Iridium Oxide

Recently, a considerable amount of research has focused upon the aerobic oxidation of
alcohols to aldehydes and/or carboxylic acids. In contrast, relatively little attention has
focused upon the analogous, aerobic oxidation of amines, despite their versatile functional
group and considerable potential as an alternative feedstock. Within this contribution, we
extend our previous investigations of iridium-catalyzed alcohol oxidation to various amine
substrates. In addition to demonstrating the versatility of this catalyst, particular attention is
focused on the mechanisms of the reaction. Herein, we demonstrate that although amines are
less rapidly oxidized than the corresponding alcohols, the catalyst has a preference for amine
substrates, and oxidizes various substrates at TOFs greater than those found in the open
literature. Furthermore, the competition between double amine dehydrogenation, to yield the
corresponding nitrile, and amine-imine coupling, to yield the corresponding coupled imine,
has been found to arise from a competitive reaction pathway, and stems from an effect of
substrate to metal ratio. Finally, the mechanism responsible for the formation of the primary
product, N-benzylidene-1-phenylmethanamine, has been elucidated, and has been attributed
to the coupling of free benzyl amine substrate and benzaldehyde, formed in situ through
hydrolysis of the primary reaction product, benzyl imine
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5.1 Introduction
Selective oxidations are some of the most important chemical processes across all levels
of the chemical industry, and play a vital role in the functionalization of molecules.
Nevertheless, in spite of their pre-eminence and importance, they remain problematic and
troublesome transformations, from both a mechanistic and environmental point of view. [2]
Typically, selective oxidations are performed with inorganic salts of high-valent transition
metals, such as Cr VI or MnVII, or organic metal-free oxidants, such as Dess-Martin
periodinane or various hydroperoxides. Although allowing for high levels of selectivity,
the use of these oxidants is often accompanied by the co-production of large amounts of
organic and/or toxic waste, leaving each oxidant rather undesirable from a sustainable
chemistry standpoint. [129] In recent times, considerable research activity has therefore
focused upon the development of catalysts and catalytic systems that are capable of
selectively oxidizing hydrocarbons with green and atom efficient oxidants such as
dioxygen and hydrogen peroxide.[2,123,127,130] Nevertheless, achieving sufficient spacetime-yield with these more sustainable oxidants, whilst also maintaining high levels of
selectivity, remains a challenge.

Scheme 1. Some important target molecules that can be obtained via the selective oxidation
of amines.

In spite of the successes achieved in recent years with regards to the aerobic oxidation
of alcohols,[11,131] considerably less attention has focused upon the aerobic oxidation of
iso-structurally similar amine substrates. This lack of attention is rather surprising,
considering that amines can act as versatile platform molecules for the synthesis of a
number of important chemical species, such as oximes, imines, nitriles and azocompounds (Scheme 1). [102] The development of catalysts that are active for the selective
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oxidation of amines, in addition to alcohols, is thus a key challenge for the future.

Recently, we have shown that a heterogeneous catalyst, comprised of ceria-supported
nanoparticulate iridium oxide, is an active catalyst for the selective oxidation of alcohols
with molecular oxygen. [132] The key to this catalyst was the formation of iridium (III)
oxide, which was able to oxidize alcohols to aldehydes via the cleavage of C-H bonds, in
a β-hydride elimination mechanism. Rapid re-oxidation of the so-formed metal-hydride
species was achieved through the efficient transport of O2 by the collaborative support,
CeO2 , which allowed a catalytic cycle to be achieved. Within this contribution, we
demonstrate the applicability of this catalyst for the selective oxidation of amines, and pay
particular attention to the numerous competing mechanisms that are present in this unique
case.

5.2 Results and Discussions
5.2.1 Initial Amine Oxidation Studies
Our preliminary studies focused upon the aerobic oxidation of benzyl amine, under
conditions analogous to those previously employed for the aerobic oxidation of benzyl
alcohol (Figure 1). All experimental methods can be found in greater detail in the
following Chapter 6.

Figure 1 compares the temporal evolution of conversion for benzyl alcohol and benzyl
amine. As can be seen, the selective oxidation of benzyl amine proceeds smoothly under
the influence of 0.5 wt. % Ir/CeO 2, prepared by deposition-precipitation and reduced at
400 ºC prior to use (henceforth 0.5Ir/CeO 2(DP400R) ). In contrast to the selective oxidation of
benzyl alcohol, [132] a typical kinetic profile is observed, free from both an induction period
and a deactivation mechanism. Therefore, despite being oxidized at a lower rate (6.0mM
benzyl amine converted min-1 vs. 9.1 mM benzyl alcohol converted min-1 ), benzyl amine
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is quantitatively converted within 6 hours of reaction. In contrast, benzyl alcohol rapidly
reaches ca. 50 % conversion within 1 hour, before a severe deactivation process is
observed, thereby limiting further conversion. We have previously attributed this
deactivation process in the case of aerobic alcohol oxidation to the radical-based byproduction of benzoic acid, and thus do not expect a similar event to poison the catalyst in
the case of benzyl amine oxidation. Nevertheless, the lack of deactivation confirms that
none of the products formed during the reaction lead to the deactivation of the catalyst.

Figure 1. Temporal evolution of conversion for (A/hollow triangles) benzyl alcohol and
(B/filled triangles) benzyl amine. The inset is an expansion of the conversion vs.
time profile for the first 30 minutes of reaction. Reaction conditions: Substrate: 0.2
M; catalyst loading; 0.5 mol. % relative to substrate; 90 ºC; 6 hours.

The major product formed (> 90 % selectivity) during the aerobic oxidation of benzyl
amine is N-benzylidene-1-phenylmethanamine (Scheme 2), though small amounts (ca. 510 % selectivity) of benzonitrile are also observed, regardless of the conversion level. The
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presence of benzonitrile can be rationalized by the consecutive oxidative dehydrogenation
of in situ formed benzyl imine, with two oxidative steps resulting in the doubly
dehydrogenated nitrile. In contrast, the formation of N-benzylidene-1-phenylmethanamine
can be attributed to a self-coupling reaction between an unconverted molecule of benzyl
amine and the in situ formed imine.[102] Given that we failed to detect any benzyl imine
through conventional chromatographic or mass-spectrometric techniques; we presume that
this self-coupling step is much faster than the initial oxidative dehydrogenation process, as
expected. To date, the precise mechanism of formation of N-benzylidene-1phenylmethanamine has not yet been elucidated; this aspect is covered in the second part
of this chapter.

RDS

fast

major (> 90%)

minor (< 10%)
Scheme 2. Generic mechanism accounting for the formation of N-benzylidene-1phenylmethanamine and benzonitrile from benzyl amine aerobic oxidation. The
intermediate imine could not be detected through traditional analytical techniques.

The observation of N-benzylidene-1-phenylmethanamine as the major product further
confirms that the catalyst, 0.5Ir/CeO 2(DP400R), is much more active for the selective
oxidation of alcohols as opposed to amines; although the initial rate of oxidation is higher
for benzyl alcohol than benzyl amine (9.1 vs. 6.0 mM min-1 ), the conversion rate for
benzyl amine is exaggerated by the (homogeneous) removal of one equivalent of benzyl
amine through the self-coupling reaction. To get a better understanding over the activity
of this catalyst for amine oxidative dehydrogenation, we subsequently investigated the
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oxidation of dibenzyl amine, an oft-investigated substrate from the open literature.

As can be seen (Table 1), 0.5Ir/CeO 2(DP400R) is a remarkably active catalyst for this
transformation, and performs this reaction at TOFs equal to, or indeed better than, the
most active catalysts reported to date. Surprisingly, we observe that the initial TOF (TOF
at 15 minutes) obtained for dibenzyl amine (468 moles dibenzyl amine converted per mole
of Ir per hour (h-1 )) is in fact higher than those obtained for benzyl amine (360 h -1) under
analogous conditions, despite the homogeneous coupling reaction overestimating the
TOFs by almost a factor 2 in the second case; we propose that the availability of two betahydrides i.e. two N-H bonds accounts for this increased activity Nevertheless, even
compared to this easily oxidized substrate, the TOFs obtained for alcohol oxidation still
remain higher (>> 500 h-1 ).[132]

Table 1.

Comparison of the catalytic activity of 0.5Ir/CeO2(DP400R) and various reported
catalysts for the selective oxidative dehydrogenation of dibenzyl amine.

Catalyst

Total TOF (h-1)[a]

Reference

0.5Ir/CeO2(DP400R)

88

This work

HAuCl4.3H2O/CeO2

82

69

Au/C (activated)

99

70

Ru/Al2O3

1.6

48

[a]TOF calculated as ‘moles (N-benzylidene-1-phyenylmethanamine) produced per mole (metal) per h-1’

5.2.2 Mechanistic Studies
Having benchmarked the activity of this catalyst, 0.5Ir/CeO 2(DP400R), for the aerobic
oxidation of amines, we subsequently turned our focus to the elementary reaction
mechanism and the overall mechanistic pathway. In particular, several questions prevail;
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i) is the elementary reaction mechanism the same as previously observed for the aerobic
oxidation of alcohols? ii) what is the mechanism of formation of N-benzylidene-1phenylmethanamine? iii) why is it that some catalysts are selective to nitriles, whereas
others preferentially form the self-coupled imine?

We previously observed that the aerobic oxidation of alcohols proceeded over this
catalyst through a β-hydride elimination mechanism, whereby the cleavage of the benzylic
C-H bond was rate determining. Rapid re-oxidation of the metal-hydride species closed
the catalytic cycle, and allowed the relevant aldehyde to be obtained at high selectivity.

Figure 2. Effect of substrate concentration on the initial rate of oxidation for (A/filled
triangles) benzyl alcohol, and (B/hollow triangles) benzyl amine. Reaction
conditions: Substrate: various concentrations; catalyst loading; 0.5 mol. % relative
to substrate; 90 ºC; 15 mins.

Key catalytic evidence, namely a zero-order dependence on O 2 concentration, a firstorder dependence on catalyst concentration, and a negative Hammett plot, strongly
indicates that the same elementary reaction mechanism is at play in this case.
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Furthermore, as we previously observed for alcohol substrates, a Langmuir-Hinselwood
relationship between amine concentration and reaction rate is also observed in this case.
From these experiments, we conclude that the aerobic oxidation of amines proceeds
analogously to the aerobic oxidation of alcohols, and a β-hydride elimination mechanism
is also prevalent for the reaction investigated herein.

As expected from the initial time-resolved experiments (Figure 1), it is clear that the
aerobic oxidation of benzyl amine proceeds at a lower rate of oxidation than benzyl
alcohol, at all substrate concentrations. This further confirms that the catalyst is more
reactive with the alcohol substrate. Curiously, the maximum rate of oxidation (Vmax) for
benzyl amine, albeit lower than Vmax for benzyl alcohol, is obtained at a substrate
concentration significantly lower than that required for the alcohol (ca. 100 mM vs. 200
mM, respectively). This demonstrates that the equilibrium between adsorbed, activated
substrate, and the free substrate in solution is more readily achieved with the amine, and
indicates that the amine substrate would be more readily coordinated in the case of a
competitive oxidation experiment. [72] To test this hypothesis, we subsequently investigated
the effect of adding benzyl amine to a reaction solution primarily containing benzyl
alcohol.

As can be seen (Figure 3), the addition of even small amounts of benzyl amine leads to
remarkable decreases in the rate of alcohol oxidation, confirming that the catalyst
preferentially oxidizes the amine substrate in the case of a competitive oxidation
experiment. It is likely that the extra basicity of the amine functional group enhances its
coordination to the catalyst active sites, and thereby prevents those sites from oxidising
the more weakly coordinating alcohol.
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Figure 3. Influence of benzyl amine addition on the initial rate of benzyl alcohol oxidation.
Reaction conditions: benzyl alcohol: 100 mM; benzyl amine: various
concentrations; catalyst loading; 0.5 mol. % relative to alcohol; 90 ºC; 15 mins.

Investigating the influence of benzyl amine concentration (Figure 4) also provided
some insight regarding the ability of some catalysts to selectively oxidize amines to
nitriles,[48,53,54] whereas others – such as 0.5Ir/CeO2(DP400R) lead to the formation of the
coupled imine product. [67,68,70,132] By performing reactions at various benzyl amine
concentrations, we observed a considerable increase in nitrile selectivity at lower amine
concentration (Figure 4). As can be seen, by decreasing the concentration of benzyl amine
by one quarter, the selectivity to benzonitrile i.e. the doubly dehydrogenated product,
increased by a factor of 10, despite the four-fold decrease in conversion.
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Figure 4. Effect of benzyl amine concentration on the selectivity towards benzonitrile.
Reaction conditions: benzyl amine: various concentrations; catalyst loading; 0.5
mol. % relative to substrate; 90 ºC; 6 mins.

Clearly, a competition occurs during the reaction, whereby the imine intermediate
(Scheme 2) can either by further oxidized by the catalyst, thus leading to the
corresponding nitrile, or attacked by a free molecule of benzyl amine (Scheme 3),
eventually yielding N-benzylidene-1-phenylmethanamine. As expected, the balance
between these two steps appears to be extremely dependant on the concentration of free
benzyl amine and/or the catalyst; at high amine concentrations (or low catalyst loadings),
coupling can proceed faster than the second dehydrogenation step. However, in the
absence of sufficient benzyl amine i.e. where the amount of imine on the catalyst surface
dominates, consecutive dehydrogenation can take place.
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Scheme 3. Competition between oxidative dehydrogenation and self coupling during the
aerobic oxidation of benzyl amine.

Taking this observation in the context of the available literature, it becomes apparent
why some catalysts – notably based on Ru [48,53,54] are so selective to nitriles, whereas
others – such as Au-based catalysts[67,68,69,70] are primarily selective to the coupled
product. To date, most investigations based on Ru catalysts have been performed at low
substrate/metal ratios of ca. 20-40 i.e. a large amount of catalytic element has been
utilized. Under such conditions, the reaction appears to be dominated by the available
catalyst surface, and the relative concentration of amine substrate is low. As such, it is
unsurprising that a large selectivity to nitrile products can be achieved. Conversely, most
reactions involving Au have been performed at much higher substrate/metal ratios (>
100). Under such conditions, the relative concentration of free benzyl amine is higher, and
thereby the self-coupling route is favored. We note here that the substrate/metal ratios in
Figure 4 are 200, 100 and 50, for 200 mM, 100 mM and 50 mM starting concentration
respectively. The clear increase in nitrile selectivity as the substrate/metal ratio decreases
correlates well with this competition. We note that it is only by investigating our Ir-based
catalyst that produces both benzonitrile and N-benzylidene-1-phenylmethanamine that this
insight has be achieved.
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Scheme 4. Potential routes for the formation of N-benzylidene-1-phenylmethanamine from
the oxidative dehydrogenation of benzyl amine.

5.2.3 Mechanism of N-Benzylidene-1-Phenylmethanamine
Formation
At this stage, we are still left with the question of precisely how N-benzylidene-1phenylmethanamine is formed. [102] To date, two competing pathways for the formation of
this product have been put forth (Scheme 4); either the benzyl imine intermediate is
directly attacked by benzyl amine, leading to the formation of a hemiaminal intermediate
and subsequently the coupled imine, or benzyl imine is hydrolysed in situ by traces of
water; rapid coupling of the amine and aldehyde would then produce the coupled imine
product. Nevertheless, although these competing pathways have been proposed, little
effort has been performed to elucidate which pathway is dominant.

Our first indication as to which reaction pathway dominates was provided by the
competitive oxidation experiments (Figure 3). Within these experiments, we noted that
whilst benzyl alcohol was converted by the catalyst, no free benzaldehyde was detected
until all of the amine substrate had also been converted. This indicates that if
benzaldehyde is formed, it is immediately captured by the remaining amine substrate in
situ, and rapidly yields the coupled product. Indeed, by stirring a solution of benzaldehyde
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and benzyl amine at room temperature, N-benzylidene-1-phenylmethanamine was
detected at quantitative yield within 5 minutes, clearly demonstrating the efficiency of this
reaction. We also performed benzyl amine oxidation experiments in the presence of
cyclohexyl amine; if pathway B i.e. hemiaminal formation, was dominant, then quantities
of N-benzylidenecyclohexanamine would be expected through the coupling of benzyl
imine and cyclohexyl amine. However, less than 1.0% selective to such a coupled product
was detected, and N-benzylidene-1-phenylmethanamine was again detected at high (> 90
%) selectivity. This suggests that if pathway B is in operation at all, it can only be a minor
pathway in the overall mechanism.

To conclusively demonstrate which pathway is responsible for the formation of Nbenzylidene-1-phenylmethanamine, we subsequently investigated the influence of water.
By performing experiments in the presence of dehydrated molecular sieves (Zeolite 3A),
we

observed

a

startling

decrease

in

the

final

yield

of

N-benzylidene-1-

phenylmethanamine. This suggest that if the hydrolysis of benzyl imine is inhibited by the
removal of water, that the formation of N-benzylidene-1-phenylmethanamine proceeds
much less smoothly and the reaction becomes trapped at the first step i.e. the formation of
benzyl imine. We note that although an increase in benzonitrile selectivity was observed
following the addition of molecular sieves, again confirming the competition between
oxidative dehydrogenation and coupling, we were unable to detect any intermediate
benzyl imine by conventional chromatographic techniques for this reaction; however, its
absence from the GC-FID/MS spectra could be due to the compounds poor stability,
rendering typical gas chromatographic analysis useless. Adding these observations
together lead to us concluding that pathway A i.e. the hydrolysis of benzyl imine, and
subsequent coupling of benzaldehyde and benzyl amine, is the dominant pathway for the
formation of N-benzylidene-1-phenylmethanamine.
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5.3 Conclusions
Within this publication, we have demonstrated that ceria-supported iridium oxide
nanoparticles are an efficient, heterogeneous catalyst for the aerobic oxidation of amines.
Though oxidized at a lower rate than the corresponding alcohol substrates, the greater
coordinative power of the amine substrate ensures their preferential oxidation in a
competitive oxidation experiment. We have noted that the TOFs exhibited by this catalyst
for amine oxidation are amongst the highest in the open literature.

Whilst other catalysts examined for this reaction are typically highly selective towards
a single reaction product, uniquely, during the aerobic oxidation of benzyl amine, the
catalyst examined herein produces both N-benzylidene-1-phenylmethanamine and
benzonitrile. Due to this peculiarity, we have been able to rationalize the previously
observed catalyst/selectivity, and have discovered that two competing pathways are
present; at high substrate-to-metal ratios, the excess of free amine in solution leads to the
formation of a coupled imine product, N-benzylidene-1-phenylmethanamine. Conversely,
at low substrate-to-metal ratios, the reaction is dominated by the available catalyst
surface, and double oxidative dehydrogenation to benzonitrile is observed.

In closing, we have investigated the mechanism of formation of N-benzylidene-1phenylmethanamine, and have concluded that its formation is due to the coupling of free
benzyl amine and benzaldehyde, formed in situ through the hydrolysis of the primary
reaction product, benzyl imine.
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Chapter 6

Outlook
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With the completion of this thesis, it is important to consider what achievements have
been made during this research period, and what directions future research on this topic
should take.

It is clear from the work presented herein that amines offer high potential as chemical
feedstocks. From this work alone, it has been shown that key platform chemicals such as
oximes, imines and nitriles, can all be obtained through the selective oxidation of amine
molecules. Moreover, each of these platform molecules have been obtained through
oxidation with dioxygen, the most favorable and sustainable oxidant. Nevertheless,
considerable room for future work exists.

Within this work, it has been identified that nanoparticulate iridium oxide, when
supported on ceria, is a highly active catalyst for the oxidative dehydrogenation of amines
and alcohols. Indeed, the TOFs exhibited by this catalyst, in particular for amine
oxidation, are amongst the highest in the open literature. However, in contrast to similar
catalysts based on Au, Pd and Ru, very little work has been performed in regards to the
optimization of the structure, morphology, composition – and subsequent activity – of this
catalyst. Thus, a significant amount of future work should be devoted to the synthesis and
application of more active forms of this catalyst.

An area of immediate investigation should be the utilization of a flame aerosol
synthesis procedure for the preparation of Ir 2O3/CeO2 . In contrast to the wet preparation
procedures employed within this work, flame aerosol synthesis offers a convenient,
solvent-free route to many (mixed) metal oxide heterogeneous catalysts. In addition to its
ability to rapidly prepare high surface area materials on a large scale, the process offers
unparalleled control over the control of various particle parameters, such as size, shape,
morphology and hence activity. The procedure involves the pyrolysis of a continuous
liquid feed containing appropriate metal precursors within a combustible solvent. In this
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way, the desired solid can be obtained in a single step, without need for high temperature
calcination or multistage deposition.
Future investigations could also focus on the application of this catalyst for other
(oxidative) transformations, particularly since the heterogeneous catalyst optimized during
this thesis demonstrates very similar structure-activity performance to a number of
homogeneous catalysts, which are active for tantalizing transformations, such as C-H
activation, dehydrogenation, and hydrogenation. Whilst mechanistically similar to the
oxidative dehydrogenation of alcohols and amines, the oxidative dehydrogenation of
relatively cheap and abundant alkanes could provide a very promising route towards the
synthesis of very valuable and versatile olefins.

Scheme 1. Potential synthesis of olefins from cheap alkane feedstocks. The ability of
Ir2O3/CeO2 to catalyze other oxidative dehydrogenation processes suggests
potential application in this field.
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Chapter 7

Experimental Section
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7.1 Computational Details
Theoretical and computational analysis of reactions are increasingly worthy methods of
investigating reaction pathways and evaluating potential intermediates. Density function
(DFT) calculations can investigate the electron density and energy states of species and
their interactions. The total electronic energy of an arbitrary N-electron atom or molecule
with electronic density ρ can be calculated through a corresponding reference system of N
independent noninteracting electrons yielding the same density ρ. In comparison to
Hartree-Fock (HF) calculations, DFT calculations are less computationally intensive
therefore ideal for use in analysis. As computing power possibilities increase, different
levels of theory can be considered which can describe systems with greater accuracy. The
CBS model performs a series of calculations on a defined geometry with a complete basis
set which includes corrections for basis set truncation errors. Where the G3 uses additive
corrections to account for the limitations of a basis set, results of different levels of theory
are extrapolated to the CBS limit. In the case of CBS-QB3, a five-step series of
calculations include: geometry optimization at the B3LYP level, followed by a frequency
calculation to obtain thermal corrections, zero-point vibrational energy and entropic
information and finally single-point calculations at CCSD(T), MP3SDQ and MP2 levels
before CBS extrapolation to the final energies. Similarly, the CBS-APNO method begins
with a (U)HF/6-311G(d,p) geometry optimization and frequency calculation for ethalpic
and free energy corrections before a second geometry optimization at the QCISD/6311G(d,p) level. This geometry is then used in four single-point calculations with
different basis sets at QCISD(T),

MP2(Full), HF and MP2 levels along with a CBS

extrapolation to compute the final energies. The G3 method begins with HF/6-31G(d)
geometry optimization and a scaled frequency calculation. A MP2(Full)/6-311G(d)
optimized geometry is then used in four single-point calculations at QCISD(T, E4T)/631G(d), MP4/6-31 +G(d), MP4/6-31G(2df,p) and MP2(Full)/GT large levels. The final G3
energies include corrections for diffuse functions and higher polarization functions at the
MP4 level, a quadratic configuration correction for correlations effects beyond MP4 and
an empirical correction step for core-valence correlation and unpaired valence electrons.
G2Mlarge/small energies are calculated at UCCSD(T) with a small basis set. A correction is
made with UMP2 calculations at the same lower basis set in correlation with UMP2
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calculations at higher basis set. After zero-point energy difference corrections, these
methods have been used to calculate energy levels of stable intermediates as well as
potential transition states to elucidate the minimal energy reaction pathway as well as the
largest barrier, which must be overcome.

7.2 Reagents


m-Chloroperoxybenzoic acid (70-77% ABCR-Chemicals)



Ammonia hydroxide (28% NH3 in Water Fluka Chemicals)



Acetonitrile (≥99.9 % Sigma-Aldrich)



Ammonium (meta)-tungstate (>97% Fluka Chemicals)



Aluminum Oxide (Puralox 206 m2 /g Sasol)



n-Nonane (99% ABCR-Chemicals)



α-Pinene (98% Sigma-Aldrich)



Hydrogen hexachloroiridate(IV) hydrate (99.98% Sigma-Aldrich)



Cerium (IV) oxide nanopowder (99.998% ABCR-Chemicals)



Benzyl Alcohol (98% Acros Organics)



Titanium (IV) oxide (99.5% Merck Chemicals)



Magnesium oxide (98% Sigma-Aldrich)



Oxygen (99.999% BOC Gases)



Hydrogen (99.999% BOC Gases)



Nitrogen (99.999% BOC Gases)



2,6-Di-tert-butyl-para-cresol (>99% Fluka Chemicals)



Toluene (99.85 Acros Organics)



4-Hydroxy-3-methoxybenzyl alcohol (98% ABCR-Chemicals)



4-Chlorobenzyl Alcohol (98% ABCR-Chemicals)



4-Nitrobenzyl alcohol (98% ABCR Chemcials)



Benzyl-alpha-d2 alcohol (98% atom % D Sigma-Aldrich)



Cyclohexanone (≥99% Fluka Chemicals)



2-Butanol (≥99.5% Fluka Chemicals)
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Sodium hydroxide (98% ABCR-Chemicals)



Benzylamine (≥99.5% Fluka Chemicals)



Dibenzylamine (97% Sigma-Aldrich)



Cyclohexylamine (≥99% Fluka Chemicals)



Molecular sieves, (3A, 1.6 mm pellets Sigma-Aldrich)



Biphenyl (99% Acros Organics)

7.3 Catalyst Preparation
7.3.1 Impregnation
Metal oxide-supported catalysts were prepared by the wet-impregnation of the relevant
metal oxide by an appropriate amount of aqueous metal-containing solution. An example
procedure for 2.5 wt. % Ir/CeO2 is provided below.

2.5 wt. % Ir/CeO2 was prepared by adding an aqueous hydrogen hexachloroiridate(IV)
hydrate solution (H2 IrCl6 , 6.75 mL, 3.7 mg Ir mL-1 solution, 25 mg Ir) to 1.0 g of
nanoparticulate CeO 2. This was done drop-wise to avoid saturation where diffusion
suppressed the desired capillary action of the pore in mass transfer. The solvent was then
evaporated at 90 ºC, and the resultant paste dried in an oven at 110 ºC for 16 h. The dried
catalysts were subsequently pre-treated in a sealed combustion furnace in a flow of air (for
calcination) or H2 (for reduction). Pre-treatment was performed for 3 hours at the required
temperature (200 °C or 400 °C).

An identical method was used for preparation of iridium catalysts supported on
magnesium oxide (MgO) and titanium oxide (anatase, TiO 2 ). Where required, the total
amount of aqueous hydrogen hexachloroiridate(IV) was varied to obtain catalysts with
different metal loadings. Tungsten oxide on alumina (WO 3 /Al2 O3) was also prepared
using this method, through a solution of ammonium (meta)-tungstate (H26 N6 O40 W12, 56
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mg W mL-1 ) and high surface area aluminum oxide (Al2 O3 ) were used as metal precursor
and support material, respectively.

7.3.2 Precipitation Deposition
Analogous materials were also prepared by a deposition-precipitation method. An
example procedure for 2.0 wt. % Ir/CeO2 is provided below.

An aqueous solution of H2IrCl6 (5.4 mL, 3.7 mg Ir mL-1, 20 mg Ir) was diluted with
distilled water (80 mL), and the pH of the solution was raised to 10 through the addition
of 0.2 M NaOH at room temperature. Concurrently, a slurry of an appropriate amount of
CeO2 (2.005 g CeO2 ) and distilled water (25 mL) was prepared. The primary Ir-containing
solution was subsequently added to the CeO 2 slurry, the pH was maintained at 10 through
further addition of 0.2 M NaOH, and the solution was stirred for 24 hours. Filtration of the
solid catalyst was performed under vacuum, and the catalyst was thoroughly washed with
distilled water (2 L g-1 of catalyst), prior to drying in an oven at 110 ºC for 16 hours. The
dried catalysts were subsequently pre-treated in a sealed combustion furnace in a flow of
air (for calcination) or H2 (for reduction). Pre-treatment was performed for 3 hours at the
required temperature (200 °C or 400 °C).

7.4 Catalyst Characterization
7.4.1 Spectroscopy
The quantum nature of energy in molecules, be it rotational, vibrations, or electronic, can
be absorbed or emitted at only precise amounts specific to the species. If such species are
irradiated with electromagnetic radiation of this precise amount, it can raise from a lower
energy state to a higher one satisfying Plancks equation (ΔE = Һ•ʋ). Once returned to the
lower electronic state, the molecules will release the same amount of energy from its
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activated state allowing for detection, to produce a spectrum characteristic of the molecule
investigated.

7.4.1.1 Infrared Spectroscopy
Infrared (IR) spectroscopy utilizes the vibration modes of molecules to identify bond
lengths and force constants consistent with 3N-5 modes of vibration for a linear molecule
and 3N-6 modes for non-linear molecules. IR activity requires a change in the permanent
dipole moment during such vibrations and is therefore ideal for polar bonds. Incident IR
radiation can excite the molecule to a higher level of vibrational energy when the
frequency of the radiation equals that of the vibrational mode. Various system set-ups can
utilize IR spectroscopy for tailored applications. Transmission IR passes the incident light
through a small sample (usually gas or liquid or thin solid samples) to observe the
diminished intensity of the exiting radiation with respect to the initial source. This system
has the advantages of being used in situ with minimal reaction interference. Reflection
based techniques measure the incident radiation reflecting off the investigated species
either directly by the reflected beam or analyzing the diffused reflection in for rough
surfaces with a DRIFTS setup. Analysis of the directly reflected beam (ATR) can use
tailored crystals to allow for internal reflections reflecting off the sample numerous times
before the detector. Polarized light sources (IRRAS) can also be used to determine a
molecule’s spatial bond position parallel or perpendicular to the reflecting surface.

7.4.1.2 UVvis Spectroscopy
Similar to IR, UVvis uses electromagnetic radiation for excitation of molecules. Using the
UV-visible spectrum, this method can provide insight into transition metals in
heterogeneous catalysts. Specifically d-d transition energies can be investigated for
ligands with empty π orbitals as well as lone electron pairs and the transfer of electrons
from the metal to the ligand and vice versa. The energy for this is commonly in the visible
range and often colored. The intensity of the absorbance can be associated with the
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concentration of the absorbing species according to the Beer-Lambert law (A=ε•C•l) if the
molar extinction coefficients is known.

7.4.1.3 Raman Spectroscopy
Complementary to IR spectrometry is Raman spectroscopy. This type of spectroscopy can
use light sources ranging from near IR to UV depending on requirements. In comparison
to IR which analyses the elastic (Raleigh) scattering of the incident light, Raman
quantifies the inelastic scattering or energy lost through excitation and return to the
relaxed state of the molecule. Where IR spectroscopy is applicable to asymmetric
vibrations, symmetric and asymmetric vibrations are Raman active and is ideal for easily
polarizable bonds that have large electron clouds and are not polar in nature. C=C double
bounds are very strong Raman scatterers where H2 O does not produce a strong Raman
signal. Fluoresce is however a drawback, as this can over shadow the desired Raman
signals.

7.4.1.4 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy takes advantage of the photoelectric effect where
electrons may be expelled from the atom under sufficient extra energy from X-ray
radiation. By measuring the number and kinetic energy of electrons escaping the near
surface of the analyzed material, composition as well as chemical and electronic state of
the elements in the material can be described via their binding energy. Such measurements
require an ultra-high vacuum to analyze the escaping electrons within 10 nm of the sample
surface. Binding energy changes allow for the determination of oxidation states as the
electrons are more tightly bound to species with increasing oxidations state. XPS analysis
was performed in collaboration with SuSoS AG using a PhI5000 VersaProbe spectrometer
(ULVAC-PHI, INC.) equipped with a 180° spherical capacitor energy analyzer and a
multi-channel detection system with 16 channels. Spectra were acquired at a base pressure
of 5 10 -8 Pa using a focused scanning monochromatic Al-Ka source (1486.6 eV) with a

94

spot size of 200 µm. The instrument was run in the FAT analyzer mode with electrons
emitted at 45° to the surface normal. Pass energy used for survey scans was 187.85 eV
and 46.95 for detailed spectra. Charge neutralization utilizing both a cool cathode electron
flood source (1.2 eV) and very low energy Ar + –ions (10 eV) was applied throughout the
analysis.

Data

were

analyzed

www.casaxps.com]. The

using

signals were

the

program

integrated

CasaXPS

[Version
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following Shirley background

subtraction. Sensitivity factors were calculated using published ionization cross–
sections[133] corrected for attenuation, transmission-function of the instrument and source
to analyzer angle. As a result, the measured amounts are given as apparent normalized
atomic concentration and the accuracy under the chosen condition is approximately ±10%.

7.4.2 Scanning Transmission Electron Microscopy
Electrons from an incidence beam can pass through a solid due to their small relative size.
When such electrons travel in the vicinity of an atom, they are deflected by an angle
relative in magnitude to the electron’s proximity to the atom’s nucleus. This scattering in
increased by larger atoms and thicker samples producing a visual contrast describing the
solid. In comparison to conventional transmission microscopy, STEM focused the electron
beam into a narrow spot, which is scanned over the sample in a raster. Use of a highannular dark field detector allows for analysis of highly and incoherently scattered
electrons, which are not Bragg scattered minimizing diffraction effects. The contrast of
the image can be directly related to the atomic number of species present (z-contrast) with
larger species (i.e. catalytic metals) shows as brighter areas compared to a darker support.
STEM imagery was completed in collaboration with EMEZ-Electron Microscopy ETH
Zurich using Tecnai F30 ST (FEI, FEG, 300 kV), Cm12 (FEI, W cathode, 100 kV),
HD2700CS (Hitachi, aberration-corrected dedicated STEM, cold FEG, 200 kV), Gemini
1530 (Zeiss, FEG SEM), and Quanta 200 (FEI, FEG ESEM) microscopes. [134]
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7.5.1 Catalyst Testing and Experimental Protocols
Catalysts were tested and compared through the oxidation of benzyl alcohol benzylamine
and dibenzylamine. These substrate was diluted with toluene to the desired concentration
(typically 200 mM unless specified otherwise). Biphenyl is used as an internal standard
for gas chromatograph analysis at a concentration of 10 mM. 5 mL of this reaction
solution is added to 0.384 g of supported metal catalyst with a magnetic stirrer in a 25 mL
round bottom flask sealed under N2 and placed in a isothermal oil bath at the desired
temperature (typically 90°C). Oxygen was then bubbled for 2 minutes before the flask is
sealed again with a latex balloon filled with oxygen at atmospheric pressure. The higher
pressure reactions were performed at a volumetric factor of 5 in Parr Autoclaves reactors
(100 mL) lined with Teflon (working volume 70 mL). 0.1 mL samples were taken from
the reaction mixture at periodic time intervals (5, 10, 30, 60 min). The samples were
centrifuged for 10 minutes at 4400 rpm to separate the catalyst and the resulting liquid
was analyzed by GC-FID (30 m FFAP column). An identical setup was used for
investigations of initial concentration with varied starting concentration of benzyl alcohol
(or benzylamine) each with corresponding concentration (5% of substrate concentration)
of biphenyl internal standard with 0.1 mL samples taken at 5 min intervals for the first
half hour followed by hourly samples until 3 h of reaction time.

7.5.1.1 Radical Trap Investigation
In order to investigate a potential radical mechanism a similar setup up to section 6.5 was
utilized. 0.043 g of the radical trapper 2,6-Di-tert-butyl-para-cresol was added to the 5 mL
reaction mixture prior to N2 sealing and heating. Sampling and analysis was followed
according to the prior section.

7.5.1.2 Hammett Correlation Experiments
A series of oxidations were completed to investigate the effect of para-substituted groups.
Three comparative reactions where completed with 4-hydroxy-3-methoxybenzyl alcohol,
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4-chlorobenzyl alcohol and 4-nitrobenzyl alcohol were used in place of benzyl alcohol
under the identical conditions and set up described in section 6.5. 0.1 mL samples were
taken every 5 minutes for the first half hour, then hourly until 3 h of reaction time.

7.5.1.3 Kinectic Isotope Effect
Effects of a kinetic isotope were investigated using benzyl alcohol with a benzylic
positioned deuterium. A 5 mL mixture of 50:50 benzyl alcohol and deuterated benzylic
alcohol (both at 200 mM concentration) was oxidized under a similar set up to that
described in section 6.5 with 10 mM biphenyl as an internal standard. 0.1 mL samples
were taken every 5 minutes for the initial 30 min, and at 60 min intervals until a total
reaction time of 3 h was reached. These experiments were also completed at various
temperatures of the isothermal oil bath (70°C, 80°C, 100°C and 110°C) in order to obtain
the Arrhenius expression.

7.5.1.4 Heterogenuity Test
A hot filtration test was used to investigate whether leeching of catalytic metal species
occurs. A reaction setup described in section 6.5 was used with reaction mixture samples
taken at 5 minute intervals. After 15 minutes, the entire reaction volume was removed and
centrifuged for 10 minutes at 4400 rpm. The resulting reaction mixture was reintroduced
to the prior reaction condition (25 mL round bottom flask sealed with O 2 balloon, 90 °C
isothermal oil bath) and sampled at 5 min intervals for 15 minutes then at 30 min intervals
until 3 h of reaction time.
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7.5.2 Amine Oxidation
7.5.2.1 Alcohol Amine Competitive Oxidation
Competitive oxidations of benzyl alcohol and benzylamine were completed under similar
conditions described in section 6.5. A starting concentrations of 100 mM benzyl alcohol
was used with benzylamine concentrations of 5, 20, 40, and 100 mM with 0.1 mL samples
taken after 15 min of reaction time.

7.5.2.2 N-Benzylidene-1-Phenylmethanamine Formation
For

pathway

investigation

of

N-benzylidene-1-phenylmethanamine

formation,

benzylamine was oxidized under conditions described in section 6.5. To eliminate residual
water in the system, 1.0 g of 3A molecular sieve were added to the reaction mixture prior
to catalyst additions. The molecular sieves where dried at 110°C for 24 hours before
inclusion to the reaction mixture.

7.5.3 Meerwein-Pondorf-Verley Transfer Hydrogenation
The MPV transfers hydrogenation of cyclohexanone was performed in a 50 mL round
bottomed flask equipped with a reflux condenser and charged with the reactant solution
(0.4 M cyclohexanone in 2-butanol) and the appropriate amount of catalyst (corresponding
to 0.5 mol. % Ir). The reaction set up was flushed and sealed with N 2 for the inert
reactions and with air for effects of oxygen. Reactions were performed in an 80 °C
isothermal oil bath and quantified against a biphenyl internal standard (10 mM) by GCFID analysis (30 m FFAP column). A hot filtration test was also completed under similar
conditions as per the method described in section 6.5.3.
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7.5.4 Catalyst Reuse
Catalysts intended for reuse were separated from the end reaction mixture by
centrifugation for 10 minutes at 4400 rpm, and then washed with deionized water. If
reactivation was required, catalysts were mixed with a 0.2 M solution of NaOH for 10
hours before being washed with distilled water (2 L g-1 of catalyst), and dried in a oven at
110 ºC for 16 hours before reuse.

7.5.5 Imine Epoxidation
0.373 g cyclohexanone was diluted with 5.91 g of acetonitrile to which 0.475 g of aqueous
ammonia hydroxide was added in a 25 mL round bottomed flask with a cold water
condenser. 0.020 grams of WO3 /Al2 O3 (0.5 atoms W/nm 2 ) was added to the mixture and
heated to 80°C in an isothermal oil bath. After 15 minutes, 0.373 g of mCPBA was added
and samples were taken for GC-MS analysis after 30 and 90 minutes. Nonane (10 mM)
was used as an internal standard for analysis

7.5.6 Competitive Pinene Oxidation
10.94 g of α-pinene was mixed with 5.35 g of cyclohexylamine in a 25 ml round bottomed
flask with a cold water condenser. The mixture with 50 mM nonane as an internal
standard was heated to 80 °C in an isothermal oil bath with oxygen slowly bubbled
through the mixture. Periodic samples of 0.1 ml were taken at 15 min intervals and
analyzed with GC-MS.

7.6 Product Analysis and Quantification
7.6.1 Gas Chromatography
Gas chromatography was the primary method of analysis of the oxidation reactions
performed. This method can be used to distinguish various organic products through
chromatographical separation methods. Suitable compounds for GC analysis must be
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volatile within the instruments working temperature range, yet thermally stable to avoid
decomposition. After injection the sample is quickly vaporized and transported via an
inert helium carrier gas through the system and subsequently the chromatorgraphic
column. The inside of the column is lined with a microscopic liquid supported on an inert
material. As the injected sample in the carrier gas flows through the column, mobile
species interact with the stationary phase via hydrogen bonding and dipole-dipole
interactions, immobilizing various species depending on their chemical nature. For
alcohol and alcohol oxidation products, a polar column was used, however for the amine
and amine oxidation products, an apolar column provided better results. By applying an
increasing heating profile, the different analytes will remain stationary for varying lengths
of time (retention time) separating the sample into its constituents. Once all species have
passed through the column, they are individually detected by a Flame Ionization Detector
(FID). Through pyrolysis, the analyte is oxidized to form fragmented ions when passed
through the flame and can be detected between two oppositely charged plates. The total
ion count detected gives a relative quantitative value for each species where the species
dependant retention time (characteristic for heating profile, species and column) can
identify the products present. The use of an internal standard of known concentration is
used to accurately provide the concentration of the analyte by ratio of ion counts and a
response factor. The response factor can be calculated through the linear relationship of
combinations of known concentrations of internal standard and analyte versus their
respective ion counts.

7.6.2 Mass Spectrometry
Conversely, after the sample has been separated through the column a mass spectrometer
can be utilized in place of the FID for further qualitative analysis. Species exiting the
column undergo electron ionization through bombardment of free electrons. This
ionization breaks down the molecule into characteristic definable fragments of lower mass
to charge ratios (m/z). Due to the reactivity of such ions, this must be conducted under
vacuum conditions. Cations formed, are accelerated by a charged repellor plate (which
also attracts anions) towards slits which produced a beam of ions. This beam (of cations
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and neutral fragments) follows through a electromagnetic filter where they are filtered
based on ion mass. The electromagnetic field deflects the ions by a radius inversely
proportional to their mass. At varied strength of the electromagnetic field, only ions with a
certain mass will be deflected at the radius equal to the curved tube leading to the
detector. At the detector, a quantitatively analysis of each ion by specific mass is made
which corresponds to the various ions associated with the analyte at each retention time.
The spectrum of ion count versus retention time (similar to that of FID output) can be
analyzed using software coupled to a compound and their respective ion profiles library
which can in turn can be used to identify the molecule associated with the peaks at each
retention time.
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Appendix A: Publications in Connection
with this Thesis

 „Developments in the Aerobic Oxidation of Amines“
M. Schümperli, C. Hammond, I. Hermans
ACS Catalysis 2012, 2, 1108-1117.
(Chapter 2)
 „Reactivity of α-amino-peroxyl radicals and consequences for amine oxidation
chemistry“
M. Schümperli, C. Hammond, I. Hermans
Phys. Chem. Chem. Phys. 2012, 14, 11002-111007.
(chapter 3)
 „Hydrogen transfer processes mediated by heterogeneous iridium oxide nanoparticles“
M.Schümperli, C. Hammond, S. Conrad, I. Hermans
Accepted ChemCatChem
(chapter 4)
 „Insights into the oxidative dehydrogenation of amines with nanoparticulate iridium
oxide“
M.Schümperli, C. Hammond, I. Hermans
Accepted Chem. –Eur. J.
(chapter 5)
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Appendix B: Raw Data
Microscopy Data

Image 1. Secondary electron images of iridium on magnesium oxide support.
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Image 2. Z-contrast images of iridium on magnesium oxide support.
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Image 3. Secondary electron images of iridium on cerium oxide support.
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Image 4. Z contrast image of iridium on cerium oxide support.
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XPS Data
Table 1. Normalized At. -% (all detected elements).
Post Treatment Temperature

Ce 3d

Ir 4f

Cl 2p

C 1s

O 1s

200 °C

13.3

0.7

0.0

38.4

47.6

400°C

16.6

0.7

0.0

29.6

53.1

Table 2. Normalized At. -% (omitting carbon).
Post Treatment Temperature

Ce 3d

Ir 4f

Cl 2p

O 1s

200 °C

21.6

1.1

0.0

77.3

400°C

23.6

1.0

0.0

75.4

Figure 1. Survey spectra of the measured positions.
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Figure 2. Ce 3d binding energy detailed spectra.

Figure 3. Ir 4f binding energy detailed spectra.
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Figure 4. O 1s binding energy detailed spectra.

Figure 5. C 1s binding energy detailed spectra.
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Table 3. Measured binding energies calibrated to adventitious C at 285 eV.
Post treatment temperature

200 °C

400 °C

Ce 3d5/2v0

882.8

882.7

Ce 3d3/2u0

901.2

901.1

Ce 3d5/2v

885.5

885.4

Ce 3d3/2u

903.9

903.8

Ce 3d5/2 v'

888.3

888.5

Ce 3d3/2 u'

906.7

906.9

Ce 3d5/2v''

890.2

890.6

Ce 3d3/2u''

908.6

909.0

Ce 3d5/2v'''

898.5

898.5

Ce 3d3/2u'''

916.9

916.9

Ir 4f7/2A

62.4

62.1

Ir 4f5/2A

65.4

65.1

Ir 4f7/2B

64.0

63.7

Ir 4f5/2B

67.0

66.7

C 1s A

285.0

285.0

C 1s B

287.7

288.5

C 1s C

289.7

289.8

O 1s A

529.8

529.6

O 1s B

531.4

531.0

O 1s C

532.8

532.5

O 1s C

532.8

532.5
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Table 4. Initial states and Final states of Ce3+ and Ce4+ Ions in Ce 3d Core Level X-ray
Photoelectron Spectroscopy Spectra[135] (V denotes the valance band, liens belonging to Ce
3d5/2 are labeled with u, and lines belonging to Ce 3d 5/2 are labeled with v).[136]
Ion

Initial state

Final state

3d 104f1

v0 , u 0 : 3d 94f2 Vn-1

3d 104f1

v0 , u 0 : 3d94f1 Vn

3d 104f0

v0 , u 0 : 3d 94f2 Vn-2

3d 104f0

v0 , u 0 : 3d 94f1 Vn-1

3d 104f0

v0 , u 0 : 3d94f0 Vn

Ce3+

Ce4+

Table 5. Normalized atomic % concentration of the two Ir species.
Post treatment temperature

Ir A

Ir B

200 °C

70.7

29.3

400 °C

58.2

41.8

Table 6. Normalized atomic % concentration of the Ce and Ir content.
Post treatment temperature

Ir A

Ir B

200 °C

95.3

4.7

400 °C

95.8

4.2
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Table 7. Full with at half max (FWHM) for the modeled components.
Post treatment temperature

200 °C

400 °C

Ce 3d5 v0

2.60

2.72

Ce 3d3 u0

2.60

2.72

Ce 3d5 v

2.56

2.56

Ce 3d3 u

2.60

2.72

Ce 3dv'

2.60

2.72

Ce 3du'

2.60

2.72

Ce 3d v''

2.60

2.72

Ce 3d u''

2.60

2.72

Ce 3d v'''

2.44

2.60

Ce 3d u'''

2.46

2.61

Ir4f7/2 A

2.05

1.98

Ir4f5/2 A

2.05

1.98

Ir4f7/2 B

3.66

3.52

Ir4f5/2 B

3.66

3.52

C 1s

2.03

2.14

C 1s

2.03

2.14

C 1s

2.03

2.14

O 1s A

1.75

1.80

O 1s B

1.80

1.80

O 1s C

1.80

1.80

Ce 3d5 v0

2.60

2.72
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Appendix C: List of Abbreviations and
Acronyms
6-31G

(and similar) Pople split-valence basis set

APNO

Asymptotic convergence for pair natural orbital

B3LYP

Becke-Lee-Yang-Parr hybrid functional

CBS

complete basis set

CCS

carbon capture and storage

DFT

density functional theory

DMP

Dess-Martin periodinane

DP

Deposition-precipitation

DPPH

1,1-diphenyl-2-picrylhydrazyl

EDTA

ethylenediaminetetraacetic acid

FID

flame ionization detector

G3

Gaussian 3 theory composite model

GC

gas chromatography

HAP

hydroxyapatite

HF

Hartree-Fock

ICP

inductively coupled plasma

IR

infrared

KIE

kinetic isotope effect

M-H

metal-hydride

MPV

Meerwein-Pondorf-Verley

MS

mass spectrometry

MOF

metal organic framework
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mCPBA

meta-chloroperoxybenzoic acid

NP

nanoparticles

PCM

polarizable continuum model

PES

potential energy surface

ODH

Oxidative dehydrogenation

QCISD

Quadratic configuration interaction ingles & doubles

SP

single point

STEM

scanning transmission electron microscopy

TEM

transmission electron microscopy

TOF

turnover frequency

TS

transition state

TST

transition state theory

UV

ultraviolet

VIS

visible light

XANES

X-ray absorption near edge structure

XPS

X-ray photoelectron spectroscopy

XRD

X-ray diffraction

ZPE

zero point energy
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