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Abstract
The oxidative functionalization of hydrocarbons lies at the heart of most chemical valuechains. If this functionalization is done with molecular oxygen, reactions often proceed via
complex radical chain reactions, called autoxidations. Intermediate peroxides are decisive for
the behavior of such reactions. The herein presented doctoral thesis deals with the study of
olefin autoxidations and comprises both experimental work and theoretical modeling on
quantum mechanical grounds.
The emphasis was laid on the understanding of reactions with renewable resources. In fact,
the Kraft paper pulping process produces a huge annual amount of renewable olefins with a
sophisticated carbon skeleton, called terpenes, and therefore they are cheaply available on the
market. We studied the prime exponents of this class, namely α- and β-pinene.
The aerobic oxidation of α-pinene was shown to follow a well-defined regio- and
chemoselectivity pattern, explainable by the relative reactivities of intermediate alkyl and
peroxyl radicals. The pre-formed bicyclic structure is maintained even under harsh conditions,
and a series of allylic oxygenation products (alcohols, hydroperoxides, ketones) is obtained.
Most of them are valuable ingredients for the fragrance industry. Due to the availability of a
reactive double bond in the substrate, epoxides can also be formed. In fact, they are often the
most desired among the oxidation products. Although most products are primary in nature
(i.e. they arise from the direct interaction of chain-carrying radicals with the substrate),
secondary contributions to the products were observed from the overoxidation of reactive
primary products, e.g. aldehydes and hydroperoxides. Studying the reaction at high oxygen
pressure, a rate acceleration was observed as a consequence to the formation of highly
reactive dialkyl peroxide intermediates.
The autoxidation of β-pinene revealed the importance of non-terminating bimolecular radicalradical reactions. As a matter of fact, two peroxyl radicals can eliminate O 2, thereby
transforming into even more reactive alkoxyl radicals. This effect is an illustrative example of
Wigner‘s spin conservation rule. With the help of a highly interconnected set of differential
equations, a robust model was built that allowed the understanding and quantitative
characterization of the elementary steps involved in the reaction. A quasi-steady-state
treatment allowed for the estimation of the concentration of chain-carrying radicals.
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The role of added oxidation catalysts in autoxidations is usually limited to enhancing the
scission of the O-O bond in the intermediate peroxides – rather than direct O2 activation –
thus leading to an over-all rate enhancement of the reaction, without altering the intrinsic
selectivity. We therefore studied the behavior of well-known oxidation catalysts (e.g. cobalt
and molybdenum) in artificial model solutions containing hydroperoxides. Cobalt is efficient
at generating radicals, which can be explained by the availability of one-electron
oxidation/reduction steps. A quantum-mechanical analysis of the very complex potential
energy surfaces of both involved spin multiplicities (high and low spin) revealed the interplay
of both surfaces to the reactivity of the cobalt catalyst. Indeed, by efficient spin-orbit coupling
the spin can be altered at the occurent spin inversion junctions. These calculations corroborate
the importance of two-state reactivity also in the liquid phase.
Unexpectedly, the fully oxidized molybdenum ion was also shown to exhibit homolytic
activity, in addition to the expected heterolytic, Sharpless-type epoxidation with in situ
generated hydroperoxides taking place. This peculiar observation of homolytic activity –
notably in the absence of other accessible oxidation states of the catalyst – was rationalized by
a heterolytic mechanism generating metal trioxido species that spontaneously decompose in a
homolytic way. We think that the trioxide mechanism is the answer to the long-standing
question of selectivity in Sharpless-related epoxidation systems.
Some chapters of this thesis are dedicated to ongoing work and side-applications of the
knowledge gained in autoxidation chemistry: For instance, advanced oxidation processes
(AOP) for the decontamination of waste-water by microimpurities. Therein, similar radical
species as found in autoxidations are supposed to carry out a chain oxidation of the water
impurities. In fact, the addition of a minuscule amount of initiator made it possible to speedup the decontamination of a hundred-fold excess of impurities. As another example, we
rationalized the often-observed epoxidation tendency of cyclooctene. On theoretical grounds,
a population analysis of the conformational space was performed, where it was found that the
epoxidation was not significantly favoured, but that the allylic oxidation is disfavoured,
leading to high epoxide selectivities.
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Zusammenfassung
Die oxidative Funktionalisierung von Kohlenwasserstoffen nimmt eine zentrale Rolle in den
meisten chemischen Wertschöpfungsketten ein. Wenn man diese Funktionalisierungen mit
molekularem Sauerstoff durchführt, laufen die dahinterstehenden Reaktionen oft gemäss
einem komplexen radikalgetragenen Kettenchemanismus ab. Man nennt diese Vorgänge
Autoxidation. Reaktive Peroxide als Zwischenprodukte sind entscheidend für das Verhalten
dieser Prozesse. Die hierin präsentierte Doktorarbeit beschäftigt sich mit der Erforschung von
Olefin-Autoxidationen. Die Arbeit hat sowohl experimentellen wie auch fundamentaltheoretischen Charakter, welcher auf quantenchemischen Berechnungen gründet.
Es ist wichtig, neben der klassischen ölbasierten Chemie vermehrt auch die Chemie von
nachwachsenden Rohstoffen zu untersuchen. Deswegen liegt ein Schwerpunkt der Arbeit auf
dem Verständnis der Oxidationsreaktionen mit erneuerbaren Rohstoffen. Tatsächlich
entstehen beim sogenannten Kraft Papier-Pulpenprozess enorme Mengen an erneuerbaren
Olefinen mit einem ausgeklügelten Kohlenstoffgerüst: die sogenannten Terpene. Diese sind
wegen ihrer schieren Menge günstig erwerbbar. Wir untersuchten die Hauptrepräsentanten
dieser Stoffklasse, nämlich α- und β-Pinen.
Es zeigte sich, dass die Luftoxidation von α-Pinen zu einer Mischung aus Produkten mit
wohldefinierter Chemo- und Regioselektivität führt. Die genaue Zusammensetzung der
Mischung konnte anhand der relativen Reaktivität der beteiligten Radikale (z.B. Alkyl- und
Peroxylradikale) verstanden und erklärt werden. Die vorhandene Bicyclo-Struktur der Edukte
wurde dabei – trotz harschen Reaktionsbedingungen – erhalten, was sich als nützlich für die
weitere Verwendung der Produkte erweist. Die Stoffklassen der entstehenden allylischen
Oxidationsprodukte sind: Alkohole, Hydroperoxide und Ketone. Die meisten der Produkte
werden als Duftträger in der Duftstoff- und Aromaindustrie verwendet. Wegen der
Verfügbarkeit einer elektronenreichen C=C-Doppelbindung ist es auch möglich, Epoxide
herzustellen. In der Tat gehören die Epoxide von Pinen zu den begehrtesten der Produkte.
Obwohl die meisten Produkte primärer Natur sind (d.h. sie entstehen durch Interaktion von
kettentragenden Radikalen mit dem Substrat), konnte ein sekundärer Beitrag durch
Überoxidation von Primärprodukten (z.B. Hydroperoxide und Aldehyde) nachgewiesen
werden. Durch das Untersuchen der Autoxidationsreaktionen bei hohen Sauerstoffdrücken
gelang es, die Reaktionsgeschwindigkeit zu erhöhen, indem hoch reaktive DialkylperoxidZwischenstufen gebildet wurden.
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Die Autoxidation von β-Pinen führte den Einfluss von nicht-terminierenden, bimolekularen
Radikal-Radikal-Reaktion zutage. Es ist, genauer gesagt, möglich, dass zwei PeroxylRadikale O2 eliminieren können, dadurch zu Alkoxyl-Radikalen werden und zurück in die
Reaktionsmasse diffundieren können, wo sie die Kettenreaktion weiter propagieren. Dieser
Effekt ist eine ein anschauliches Beispiel des Wigner‘schen Spinerhaltungssatzes. Mithilfe
eines Modelles bestehend aus vielen, hoch verknüpften, kinetischen Differentialgleichungen,
konnte ein robustes Modell erstellt werden. Damit war es möglich, ein tieferes Verständnis
der Reaktion und eine quantitative Beschreibung der involvierten Elementarreaktionen zu
erzeugen. Durch eine Quasigleichgewichtsnäherung konnte die Konzentration an
kettentragenden Radikalen abgeschätzt werden.
Der Effekt von Oxidationskatalysatoren ist oft darauf beschränkt, die Reaktion zu
beschleunigen, indem sie die O-O-Bindung der intermediären Peroxide homolytisch spalten.
Dies entspricht nicht einer direkten O2-Aktivierung! Die intrinsisch gegebene Selektivität
wird dadurch nur marginal geändert. Wir studierten das Verhalten von Cobalt- und
Molybdän-Katalysatoren mit Hydroperoxiden unter Bedingungen, die die Autoxidation
simulieren. Cobalt war ein effizienter Radikal-Generator. Dies ist auf die Verfügbarkeit von
Einelektronenredoxreaktionen zurückzuführen. Eine quantenchemische Analyse zeigte, dass
die wahre Natur dieser Reaktion wesentlich komplexer ist als bisher angenommen.
Insbesondere das Auftreten von ineinander verschachtelten Spinzuständen ist ein neuer
wesentlicher Punkt in dieser katalytischen Reaktion. Es scheint, dass an den berechneten
Spinumkehrpunkten – durch effiziente Spin-Bahn-Kopplung – beide Spinzustände ineinander
überführt werden können. Diese Berechnungen untermauern die Wichtigkeit von
Zweizustandsreaktivität („two-state reactivity―) in der Flüssigphase.
Unerwartet führte auch die Hydroperoxid-Molybdän-Mischung zu einer homolytischen
Aktivität, neben der erwarteten heterolytischen Sharpless-artigen Epoxidierung durch in situ
erzeugte Hydroperoxide. Diese eigenartige Beobachtung von homolytischer Aktivität –
notabene in Abwesenheit von anderen zugänglichen Oxidationsstufen des Katalysatorts –
konnte mit einem heterolytischen Mechanismus erklärt werden: Durch Oxidation eines
Hydroperoxids entsteht ein Trioxido-Molybdän Komplex, welcher thermisch labil ist und sich
spontan homolytisch zersetzen kann. Wir glauben dass dieser Trioxido-Komplex die Antwort
auf die seit langem bestehende Frage ist, wodurch die Selektivität in Sharpless-basierten
Epoxidationssytemen gegeben wird.
Einige Teile dieser Arbeit widmen sich Nebenprojekten und laufenden Forschungsarbeiten,
die auf den oben gewonnenen Erkenntnissen aufbauen: Als Beispiel erwähnt seien die
„Advanced Oxidation Processes― (AOP), mit denen man Mikroverunreinigungen in Abwasser
entfernen kann. Eine Kettenreaktion, die ähnlich der Autoxidation ist, ist dort am Werk.
Durch die Zugabe von winzigen Mengen Kettenstarter kann die Reinigung signifikant
beschleunigt werden. Ein zweites Beispiel betrifft die allgemein bekannte
Epoxidationsfreudigkeit von Cyloocten. Auf theoretischen Grundlagen charakterisierten wir
den Konformationsraum und fanden, dass nicht die Reaktivität der Doppelbindung, sondern
die Hemmung der allylischen Position für die hohe Selektivität verantwortlich ist.

Part I
Introduction

Understanding Selective Oxidations
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Chapter 1
Understanding Selective Oxidations

Functionalizing organic molecules is an important value-creating step throughout the entire
chemical value-chain. Oxyfunctionalization of e.g. C–H or C=C bonds is one of the most
important functionalization technologies used industrially. The major challenge in this field is
the prevention of side reactions and/or the consecutive overoxidation of the desired products.
Despite its importance, a fundamental understanding of the intrinsic chemistry, and the
subsequent design of a tailored engineering environment, is often missing. Industrial
oxidation processes are indeed to a large extent based on empirical know-how. In this
chapter, we justify our work – helping to bridge this knowledge gap – and elaborate on the
state-of-the-art of the understanding and improvement of catalyzed and uncatalyzed selective
oxidations.

Understanding Selective Oxidations
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1.1 Industrial Perspectives
Managing our limited natural resources, exploring the economically viable use of renewable
feedstocks, reducing or recycling waste, and keeping up with the ever-increasing demand for
chemical products, are some of the huge challenges the chemical industry is facing today.
Addressing these challenges will demand a reconceptualization of (chemical) production, as
well as a reconsideration of the chemicals we are using. Sustainable development indeed
requires an integrated vision where chemistry represents the main tool for today‘s
development strategies.[1] Designing alternative production pathways requiring less energy
input and producing a limited amount of waste (which could eventually still be used as a
feedstock for other processes) has however always been the focus of process optimization for
obvious economic reasons. In that sense, more sustainable processes are often also
characterized by better economics, implying that economic benefits should not exclude
environmentally benign processes, but could catalyze sustainable chemistry to the industrial
benchmark. It is important to emphasize that often a relatively small improvement in the
chemical performance of a process can trigger a non-linear effect in terms of overall
improvement. For instance, a higher productivity (activity) leads to lower investment costs
because smaller reactors can be used to achieve the same output, whereas a higher selectivity
leads to fewer by-products, saves precious raw material, and lowers the investment and
energy consumption in post-reaction separation.

Figure 1

Different parameters determining the performance of an oxidation process.

Within the chemical value-chain, selective oxidations play a pivotal role, not only in the
production of large quantities of bulk intermediates, e.g. for the polymer industry, but also for
the production of fine chemicals such as fragrances and pharmaceutical compounds. [2] In the
last decades there has been a significant improvement in the industrial production of
oxygenated molecules in terms of improved heat recovery, energy integration, abatement of
tail exhaust gases, and replacement of dangerous/toxic reactants. Nevertheless, selective
oxidation technology is a domain with room for improvement, and this can be achieved from
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various perspectives (Figure 1). First of all, the fundamental knowledge of the intrinsic
oxidation chemistry is lagging behind other fields such as alkylation and hydrogenation
chemistry. The selection of the oxidation agent is therefore often based on trial-and-error.
Energy to overcome the activation barrier can be provided via heat, electrical current or light.
Although heat is often assumed to be an non-benign stimulus, this is not generally true.
Indeed, exothermic oxidation reaction can best be performed at around 130-180°C, rather than
at room temperature. Working above the boiling point of water allows one to use the heat of
reaction to generate steam, a precious energy carrier in an industrial plant. If an oxidation
reaction is carried out at or near room temperature, the heat of reaction can only be used to
slightly heat up cooling water and means actually a waste of energy. In order to avoid sidereactions and/or consecutive overoxidation of the desired products, a catalyst is very often
required to mediate the selectivity. With all these fundamental parameters fixed, one still has
a degree of freedom in the engineering environment to get most out of the given system. All
of these different parameters should be used together to optimize the performance of a
selective oxidation.[3]

1.2 The Fundamentals of Oxidation Chemistry
Oxidations can be divided into homolytic and heterolytic reactions, depending on the nature
of the reaction intermediates.[4] In the case of homolytic chemistry, radicals (e.g. peroxyl
radicals) are formed as reactive intermediates whereas in heterolytic oxidation reactions, an
active oxygen compound (e.g. a peracid or H2O2), or a metal ion in a high valence state (e.g.
CrO3), oxidizes the substrate in a two-electron transfer reaction, thereby preventing the
formation of radicals. Normally, a stoichiometric amount of the oxidizing compound is used
in combination with a catalyst, for instance a complex of MoVI, VV, or TiIV. The catalyst can
be dissolved homogeneously in a liquid or alternatively be present in solid form.
Unless O2 is explicitly activated on a catalyst (e.g. a silver surface as for ethylene
epoxidation), aerobic oxidations often involve radical chemistry. Indeed, the direct reaction of
O2 with hydrocarbons is spin-forbidden due to the triplet character of the O2 ground-state
(Figure 2), and is consequently very slow. When referring to the rate constants of reactions –
and this is true for all reactions described in this work – it is recommendable to use Eyring‘s
transition state formalism (given in equation 1;  being the path degeneracy, kb the Boltzmann
factor, T the absolute temperature, h Planck‘s constant, Q the involved partition functions and
E0≠ the reaction barrier).

(

)

(eq. 1)

However, if a hydrocarbon is heated in the presence of oxygen, a spontaneous oxidation
will take place in which the slow direct reaction is by-passed by a much more efficient radical
mechanism (reactions (1)–(6)). This type of oxidation – referred to as autoxidation – is of
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great industrial importance. Some large-scale examples are: the oxidation of p-xylene to
terephthalic acid (44 × 106 t/y), the synthesis of cyclohexanol and cyclohexanone (6 × 106
t/y), and the oxidation of cumene to cumene hydroperoxide (5 × 106 t/y).
(3u*)
(1g*)
2p

2p
(1u)
(3g)
(2u*)

2s

2s

(2g)
3

O (3P)
Atomic Orbitals

Figure 2

-

O2 (  g )
Molecular
Orbitals

O (3P)
Atomic Orbitals

Molecular orbitals of ground state triplet oxygen.

During the previous investigations of Professor Hermans, the advisor of this thesis, it was
discovered that the actual autoxidation mechanism is insufficiently known. It was for instance
assumed that during the liquid phase autoxidation of cyclohexane, the alcohol (ROH) and
ketone (Q=O, with Q representing R-αH) products are forming in the termination reaction of
two peroxyl radicals (reaction (6)).[4] However, it was known that the rate of reaction (5) is
much higher than the rate of reaction (6), the ratio being referred to as the chain length (n ≥
100). This would imply that the yield of ROH and Q=O would be much smaller than the
ROOH yield, in disagreement with the experimental observations.
ROOH → RO• + •OH

(1)

RO• + RH → ROH + R•

(2)

OH + RH → H2O + R•

(3)

R• + O2 → ROO•

(4)

ROO• + RH → ROOH + R•

(5)

ROO• + ROO• → ROH + Q=O + O2

(6)

ROO• + ROOH → ROOH + Q=O + •OH

(7)

{ROOH + Q=O + •OH} + {RH}cage-wall → {ROOH + R• + Q=O + H2O}cage

(8)

{ROOH + R• + Q=O + H2O}cage → ROOH + R• + Q=O + H2O

(9)

•
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{ROOH + R• + Q=O + H2O}cage → {RO• + ROH + Q=O + H2O}cage

(10)

ROOH + CoII → RO• + CoIII-OH

(11)

ROOH + CoIII-OH → ROO• + CoII + H2O

(12)

Using a combination of detailed experiments and theoretical calculations,[5,6] it was
discovered that there exists a much faster channel to the alcohol and ketone products than
previously identified. This overlooked mechanism starts with the rapid abstraction of a
weakly bonded αH-atom from the primary hydroperoxide product. The resulting radical (R

αH OOH) is not stable and promptly dissociates to Q=O and OH, immediately explaining the
ketone product (reaction 7).[7]
The hydroxyl radical co-produced in reaction (7) will rapidly abstract an H-atom from the
ubiquitous alkane molecules surrounding the nascent ROOH + Q=O + OH products (reaction
(8)). The resulting products can either diffuse away from each other (reaction (9)), or undergo
cage-reaction (10).
Although the diffusive separation (reaction (9)) faces a lower barrier than cage-reaction
(10), the latter channel can compete due to the formation of a local hot-spot. This nano-sized
hot-spot is generated by the high exothermicity of the previous reaction steps (7) and (8),
which together generate approx. 50 kcal mol–1.[6] Kinetic modeling experiments have thus
shown that in case of cyclohexane, reaction (10) accounts for 70% of the reaction flux, in
close agreement with the theoretical predictions.[6]
More reactive substrates such as toluene and ethylbenzene feature cage-efficiencies of only
56 and 22%, respectively.[8,9] For those substrates, the alkyl radicals are more stabilized,
leading to a higher barrier for reaction (10). In the case of cyclohexane oxidation, the alkoxyl
radicals coproduced in cage-reaction (10) were found to be responsible for the majority of
ringopened by-products, rather than the overoxidation of cyclohexanone as assumed so far.[10]
This hitherto unknown solvent-cage effect in radical autoxidations quantitatively explains the
observed product distributions for a wide range of substrates.
The role of reaction (1) as the dominant initiation mechanism was also questioned. Indeed,
this reaction is not only very slow due to its 40 kcal mol–1 activation barrier (despite the fact
that the reaction is unimolecular), it is also very inefficient in the liquid phase as the nascent
radicals will preferably recombine within their solvent cage, rather than diffuse away from
each other and initiate a radical chain, which leads to a low prefactor.[11] It was shown that the
actual initiation mechanism is a bimolecular reaction of the primary hydroperoxide product
with either the substrate (e.g. in the case of ethylbenzene), or with one of the reaction products
(e.g. cyclohexanone in the case of cyclohexane oxidation).[11] The latter reaction also explains
the autocatalytic nature of cyclohexane autoxidation: during the reaction, cyclohexanone is
produced, and subsequently accelerates the initiation mechanism. The knowledge generated in
Professor Hermans‘ elaborating alkane oxidation studies is being extended in the direction of
olefins in this thesis. More precisely, the oxidation of renewable terpenes (e.g. α-pinene (Fig.
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2)) is studied and put into relation to the data available for alkane oxidation. The resulting,
oxyfunctionalized terpenoids are used in fragrance and flavor industry.

Figure 2

Value chain of α-pinene, extracted from pinus pinaster.

In the case of alkenes, the peroxyl radical can not only abstract weakly bonded allylic Hatoms, but also add to the C=C double bond (Scheme 1). The adduct is able to rearrange to the
corresponding epoxide, thereby releasing alkoxy radicals (RO).[12]

Scheme 1 Addition of ROO• radicals to the C=C bond of α-pinene and the subsequent formation of
pinene oxide.
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1.3 Catalyzed Autoxidations
There are two different ways in which autoxidations can be catalyzed: i) either by accelerating
the rate-determining initiation reaction, or ii) via the introduction of species which are more
efficient chain-carriers than peroxyl radicals (catalyzing the propagation).
Transition metal ions which are able to undergo one-electron redox reactions (e.g. CoII/III,
MnII/III, FeII/III, …) are known to accelerate the initiation rate via the so-called Haber-Weiss
mechanism (Fenton chemistry, reactions (11), (12)).[5] However, the true Haber-Weiss
reactions seem to be much more complex than at first appears (reactions 11,12). In this thesis,
we contribute some kinetic and mechanistic data to the understanding of these systems.[13]
So far only homogeneous catalysts have been successfully used for autoxidations.
However, from a technical point of view heterogeneous catalysts could offer certain
advantages such as ease of recyclability. An important problem arising during the application
of heterogeneous catalysts for liquid phase reactions is leaching. Leaching of the active
elements not only reduces the lifetime of the catalyst, it also causes contamination of the
product stream. One transition metal ion which is particularly active in autoxidations is
chromium: it not only catalyzes the chain initiation, but also the dehydration of the
hydroperoxide to the ketone, the most desired reaction product. Obviously, chromium is too
noxious to be used as a homogeneous catalyst and its appropriate immobilization is an
important prerequisite for up-scaling. However, unlike other transition metal ions, such as
cobalt and manganese, chromium is difficult to immobilize.[14] However, inspired by the low
solubility of Cr2O3, the performance of nano-sized Cr2O3 particles has been assayed.[15,16] In
those reports, in order to avoid a decreasing activity due to agglomeration (particle growth)
under reaction conditions, the Cr2O3 particles were immediately immobilized on an inert silica
support during their synthesis. In that approach, CrVI was slowly added to a buffered aqueous
solution, containing hydrazine. This caused an immediate reduction of CrVI to CrIII and
triggered its hydrolysis. The formation of nano-sized colloids was monitored with dynamic
light scattering (DLS). This aqueous solution was continuously pumped over a
chromatographic column containing silica powder. Using a process called colloid
precipitation, the amorphous hydroxyoxide colloids were trapped on the support.[16] Upon
vacuum drying of the solid, a silica-supported chromium catalyst was obtained. Electron
diffraction and transmission electron microscopy demonstrated that the initially amorphous
particles are transformed (upon the loss of water) into crystalline Cr2O3 agglomerates,
composed of small nano-sized building blocks. These materials turned out to be active and
stable catalysts for the autoxidation of cyclohexane.
In another paper, it was discovered that not only transition metal ions but also hydrogen
bond acceptors (Lewis bases) are active as autoxidation catalysts as they can stabilize the •OH
radical, formed through cleavage of the RO-OH bond.[17] The most remarkable discovery was
that even Teflon, a material deemed completely inert, can accelerate deperoxidation.
N-hydroxyphthalimide (NHPI) is an example of the second type of autoxidation
catalysts.[18] The >NO–H bond strength is similar to the ROO–H bond strength, explaining
why the corresponding phthalimide-N-oxyl radical (PINO•) is also able to abstract H-atoms
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from alkanes (reaction (13)). However, PINO• radicals also react with ROO–H in an
equilibrated reaction (reaction (14), Scheme 2). The catalytic enhancement (C.E., i.e. the ratio
of the RH oxidation rate in the presence of NHPI over the rate in absence of NHPI) was found
to be proportional to the rate of reaction (13) and the equilibrium constant of reaction (14).[19]
PINO• + RH → NHPI + R•

(13)

NHPI + ROO• ⇌ PINO• + ROOH

(14)

Scheme 2 Cycling of NHPI and PINO in the aerobic oxidation of hydrocarbons.[19]

From this mechanism it can be concluded that other >NO–H components can also act as
an autoxidation catalyst, and that their activity depends highly on the >NO–H bond strength,
as verified by numerous experiments. If the >NO–H bond is too weak, the barrier of reaction
(13) will be too high and the catalyst will actually work as an inhibitor as the longliving Noxyl radicals terminate with other radicals. However, if the >NO–H bond is too strong,
reaction (13) will be very fast but equilibrium (14) is completely shifted towards the reactants.
The fundamental question in this chemistry can be formulated as: Does one need more
reactive radicals, or just more radicals?[20] The actual success of NHPI is explained by the fact
that the >NO–H bond strength is slightly weaker than the ROO–H strength (leading to a
favorable shift of equilibrium (14) towards the PINO• radicals), whereas the PINO• radicals
are more reactive towards the substrate than ROO• radicals (viz. deviation from Evans-Polanyi
correlation between activation barrier and reaction enthalpy). This, in combination with the
fact that PINO• radicals cannot terminate as efficiently as peroxyl radicals, explains the
remarkable rate enhancement.[21] It is also interesting to emphasize a synergetic effect
between NHPI-type compounds and transition metal ions such as cobalt. This effect can be
ascribed to an induced shift of equilibrium (14) towards the more efficient chain carrier PINO•
as the cobalt ions destroy ROOH (vide supra).
A severe disadvantage of NHPI is however its price and the fact that one should use a
solvent to dissolve the catalyst. Immobilization of NHPI on silica and silica alumina was

Understanding Selective Oxidations

15

studied.[22] The activity of the systems strongly depends on the surface density of silanol
groups (Si–OH) as identified by solid-state NMR. If the support is too polar it causes rapid
catalyst deactivation. After one catalytic run, all sorts of by-products (e.g. adipic acid in case
of cyclohexane oxidation) stick to the surface, as demonstrated by infrared spectroscopy,
causing the observed deactivation.

1.4 Choice of the Oxidation Agent
The oxidant is a crucial design parameter for selective oxidations (Fig. 1). Besides oxygen,
many other oxidation agents can be used (e.g. HNO3, H2O2, t-butyl hydroperoxide, …). HNO3
is used both on a bulk scale (e.g. the oxidation of cyclohexanol/cyclohexanone to adipic acid)
and on a smaller scale (e.g. the oxidation of 5-ethyl-2-methylpyridine to nicotinic acid or
vitamin B3). During this reaction, HNO3 is stoichiometrically reduced to NOx (responsible for
acidic rain) and N2O (a severe greenhouse gas). Although this is generally considered to be an
environmental issue, the NOx is in reality recycled in an associated HNO3 plant. The
remaining tail gas, containing N2O (nitrous oxide or laughing gas), is catalytically treated
before being released into the air. If the amount of N2O can be minimized, HNO3 acts as an
oxygen shuttle. At the moment, our group works on a strategy to achieve the required NOx reoxidation in situ such that only catalytic amounts of HNO3 would be required.[23] However,
N2O can be also used as a valuable oxidant. Indeed, inspired by old work by ICI,[24] Panov et
al. reported the mild oxidation of olefins with N2O to ketones.[25] A detailed mechanistic
study demonstrated that the oxadiazole intermediate, formed in a rate-determining
cycloaddition of N2O to the C=C bond, can either eliminate N2 and yield the corresponding
carbonyl compound, or decompose to a diazo compound which can, depending on the
substrate, give rise to by-products (Scheme 3).[26]

Scheme 3 Formation and decomposition of the oxadiazole intermediate in the N2O ketonization of
olefins.

Many substrates can be oxidized in high yield, including bi-unsaturated compounds.[27]
Conversion of such dienes to diketones with traditional organic chemistry (e.g. Wacker
oxidation or epoxidation, followed by isomerization) is very difficult. Using N2O, renewable
fatty methyl esters such as methyl oleate and methyl linoleate, or even mixtures of both
(‗biodiesel‘), can be selectively oxidized under relative mild conditions (220–240°C and 20–
40 bar STP N2O). Using this technology, the melting-point of a bio-diesel mixture can be

Understanding Selective Oxidations

16

increased from below 0°C to ±30°C,[27] opening the possibility to use such compounds as
low-temperature lubricants, rather than to burn them in a combustion engine. An industrial
valorization of this new N2O chemistry is found in two new BASF processes,[28] making
cyclopentanone from cyclopentene and cyclododecanone from cyclododecatriene, both
commodity chemicals.
An oxidant of increasing interest is H2O2, producing only H2O as a harmless waste
product. It is however important that the generated value-increase justifies the use of such an
expensive oxidant as H2O2. Indeed, H2O2 has to be produced in a two-step oxidation–
hydrogenation process. Despite the significant price reduction during the last couple of years,
due to economy of scale production advantages, H2O2 is still too expensive for the production
of bulk intermediates such as adipic acid. Roughly speaking there are two interesting reaction
types where the use of H2O2 is justified. The first one is the formation of singlet oxygen (1O2,
see Figure 3),[29] a more reactive, electronically excited form of oxygen.

Certain metal ions such as MoVI and WVI but also LaIII are able to catalyze the
decomposition of H2O2 to singlet O2 (1Δg).[30] This reaction is proposed to proceed via the
formation of η2-peroxo species and shows a maximum activity under basic conditions,
although the molecular mechanism is not fully understood. Singlet oxygen can react in a
number of ways as shown in Scheme 4. The first reaction is the [2π+2π] cycloaddition to
alkenes without abstractable hydrogen atoms in allylic position. This reaction results in the
formation of a dioxetane. The second possible reaction is the [4π+2π] cyclo-addition for
dienes and even aromatic systems, yielding endoperoxides. The third reaction mode is the socalled ‗ene‘ or ‗Schenk‘ reaction for alkenes with abstractable hydrogen atoms in allylic
position which produces allylic hydroperoxides. This singlet oxygen chemistry has already
found application in the synthesis of fine chemicals. However, for the production of bulk or
commodity chemicals, the H2O2 efficiency is still too low, compared to the value-increase.
The low product yield is mainly caused by collisional quenching of the electronically excited
1
O2 with either the solvent, or in the case with immobilized systems, the catalyst.[31] At the
moment a colleague in the group is investigating whether these issues could be minimized by
a tailored reaction environment.

Scheme 4 Different reaction modes of singlet oxygen.
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Another potential use for H2O2 as an oxidant is the epoxidation of olefins. Within the
domain of heterolytic oxidation chemistry, one of the most remarkable breakthroughs of the
last decades is the discovery of the versatile oxidation system, based on the combination of
the heterogeneous catalyst TS-1 and H2O2.[2] TS-1 is a crystalline, microporous silicalite
material (MFI structure, 5.5 Å channels) in which Ti is substituted for some of the Si atoms.
The epoxidation of propylene, the hydroxylation of phenol, the ammoximation of
cyclohexanone to cyclohexanone oxime and of cyclododecanone to cyclododecanone oxime
are four processes which have already been commercialized. Nevertheless, despite the
industrial success, many aspects of the TS- 1/H2O2 system are still unrevealed. For instance,
what does the active site look like? Is it a single Ti-site as widely assumed, or could it be a
dimer site as suggested by recent observations? This question is actually very important for
the development of epoxidation catalysts which can be used for large substrates. Another
crucial point is the here undesired decomposition of H2O2 to O2. This side-reaction not only
reduces the overall efficiency in H2O2, it also creates a safety issue as explosive gas mixtures
could build-up in the reactor. For this reason, alkyl hydroperoxides (ROOH) are also often
used as epoxidation agents. In the Hermans laboratory, we aim at a better understanding of the
activation of hydro and alkyl peroxides. To this end, some of us perform kinetic experiments
on well-designed model catalysts, obtained by e.g. grafting of molecular complexes, as well
as industrial catalysts to come to a structure activity relationship. These kinetic studies are
complemented by Raman spectroscopy studies in micro-reactors to monitor the time evolution
of the peroxide intermediates.

1.5 Scaling-up Promising Results
Scaling-up laboratory results to pilot plant scale, or industrial production, remains a difficult
challenge for selective oxidations. Some of the reasons are: strong influence of the reactor
surface-to-volume ratio on the chemistry (e.g. quenching of intermediates), heat exchange
problems, and complex hydrodynamic behavior of gas-liquid-solid reactions. Studying
reactions under conditions which can be easily scaled-up can reduce this lead time. New
emerging engineering technologies such as micro-structured reactors[32] are moving from an
academic exercise to the industrial practice,[33] not only for pharmaceutical compounds, but
even for commodity chemicals. In a prospective for the future, we aim at taking benefit from
those new technological developments and collaborate with reactor designers to achieve an
optimal reaction environment (Figure 4).
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Microreactor system for catalyzed oxidations with hydroperoxide. The equipment
involves full flow-control, adjacent heat elements for temperature control and connection
to UV-VIS and EPR spectroscopy.

1.6 Conclusions
Selective oxidation is a fascinating discipline where industrial and intellectual challenges
meet. Despite the technical improvements made in the past decade, the chemistry of most of
the existing processes is only superficially understood. Given the industrial impact of
oxidations, a rational optimization or (re)design of oxidation processes can have a significant
impact on the sustainability of the chemical industry. Preventing the formation of waste, using
less (expensive) oxidants, and improving heat integration are just a few of the challenges in
this field where chemistry and chemical engineering should work closely together to make
a leap forward.
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Chapter 2
Mechanism of the Aerobic Oxidation
of α-Pinene

A combined experimental and theoretical approach was used to study the thermal
autoxidation of α-pinene. Four different types of peroxyl radicals are generated, the verbenyl
peroxyl radical being the most abundant one. The peroxyl radicals propagate a long radical
chain, implying that the chain termination does not play an important role in the production
of products. Two distinct types of propagation steps are active in parallel, i.e. the abstraction
of allylic H-atoms, and the addition to the unsaturated C=C bond; the efficiency for both
pathways appears to depend on the structure of the peroxyl radical. The latter step yields the
corresponding epoxide product, as well as alkoxyl radicals. Under the investigated reaction
conditions, those alkoxyl radicals give rise to the alcohol and ketone products, the ketone
being presumably formed upon the abstraction of the weakly bonded αH-atom by O2. This
mechanism explains the predominantly primary nature of all quantified products. At higher
conversion, co-oxidation of the hydroperoxide products constitutes an additional, albeit small
source of alcohol and ketone.
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The cover pictures shows a twig of pinus pinaster, a pine tree
cultivated for the production of turpentine oil. This renewable
resource contains the olefin α-pinene as a main component.
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2.1 Introduction
Selective oxidations play an important role in the chemical value-chain as they convert
relatively cheap molecules into value-added products.[1] Although various oxidants can be
used, O2 is highly desired, both from an economical and an environmental point of view.
Improving both the efficiency and selectivity toward the desired products, remains a prime
objective of academic and industrial research.[2] An important class of aerobic oxidations are
radical propagated autoxidations,[1-4] the relevance of which is highlighted in the first chapter
of this thesis. The autoxidation mechanism of an unfunctionalized alkane RH in the absence
of a catalyst, as assumed up to 2005,[3] is summarized in reactions (1)-(6).
ROOH → RO + OH
RO + RH → ROH + R

OH + RH → H2O + R
R + O2 → ROO
ROO + RH → ROOH + R
ROO + ROO → ROH + Q=O + O2

(1)
(2)
(3)
(4)
(5)
(6)

Reaction (1) is the homolytic dissociation of a hydroperoxide molecule. The O-O bond is
indeed the weakest bond in the system, rationalizing why one often initially adds a small
amount of ROOH to spark the reaction. The O-centered radicals produced in initiation step (1)
are rapidly converted into C-centered radicals via reactions (2) and (3) with the substrate.
Alkyl radicals react in a diffusion-controlled manner with O2 (reaction 4), producing the
chain-carrying peroxyl radicals (ROO). Peroxyl radicals also react with the substrate
(reaction 5), albeit more slowly than alkoxyl and hydroxyl radicals, making them the most
dominant radicals in the system. Step (5) thus regenerates the alkyl radical and closes a
propagation cycle which is repeated many times before the peroxyl radicals are destroyed in
the chain termination step (6), producing an equimolar amount of alcohol (ROH) and ketone
(Q=O). Reaction (6) compensates reaction (1) and precludes a radical runaway. In fact, a
radical quasi steady-state is established,[5] implying that the rate of chain-termination is equal
to the rate of chain-initiation. The ratio of the rates of propagation and termination is called
the chain length, usually a long number, justifying the term chain mechanism. So according to
this traditional mechanism one would expect a large [ROOH]/[Q=O] product ratio. This is
however not observed: the concentrations of the major end products (ROOH, ROH and Q=O)
are of the same order of magnitude. This thus implies that crucial chain-propagating reactions
leading to end products are missing from the mechanism above.[6]
In addition to reaction (5), the reaction of peroxyl radicals with the oxygenated products
also needs to be considered. Especially the abstraction of the αH-atom of ROOH was found to
be a very fast reaction, 20 to 50 times faster than reaction (5) for ethylbenzene [7] and
cyclohexane,[6,8] respectively. Ab initio calculations demonstrated that the resulting R -αHOOH
radical does not exist and dissociates spontaneously to Q=O and OH.[10] This implies that the
abstraction of the H-atom of the hydroperoxide is a fast and straightforward source of
ketone. The OH radical will rapidly abstract an H-atom of the ubiquitously present RH
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molecules, producing an alkyl radical. The overall exothermicity of these two subsequent
steps is approximately 50 kcal mol-1, creating a sudden and local temperature increase (―hotspot‖), which markedly affects the fate of the reaction products. Indeed, either the nascent
{ROOH + R + H2O + Q=O} products can diffuse away from each other, or the caged ROOH
and R products can react together as shown in reaction (7):
{ROOH + R + H2O + Q=O}cage → {RO + ROH+ H2O + Q=O}cage

(7)

Although facing a higher activation barrier than the diffusive separation, reaction (7) can
compete because of the local hot spot. Obviously, the efficiency of reaction (7) depends on
the stability of the alkyl radical: the more stabilized the radical, the lower its reactivity and the
lower the efficiency of the ―cage-reaction‖. This efficiency has been measured experimentally
for three different hydrocarbon substrates, cyclohexane[6,8], toluene[11] and ethylbenzene[7], as
70, 55, 20 %, respectively, fully in line with the expectations. For the case of cyclohexane
oxidation, the alkoxyl radicals co-produced in reaction (7) are partially converted to additional
alcohol upon reaction with the substrate (reaction 2), but they also partially isomerize into ωformyl radicals (reaction 8).
CyO → CH2-(CH2)4-CHO

(8)

This radical could be identified as the most important precursor (approx. 80 %) of the ringopened by-products, such as 6-hydroxyhexanoic acid, adipic acid, and many others. [12,13] It
was wrongly assumed up until a few years ago, that those waste products originated from the
overoxidation of cyclohexanone. Yet, in the recent study above, CyOOH could
unambiguously be identified as the crucial precursor of both the desired products, as well as
the by-products. This case-study on cyclohexane autoxidation illustrates the power of a
detailed quantitative mechanistic investigation.
The initiation reaction (1) could not explain the observed initiation rates, as the
40 kcal mol-1 activation energy barrier makes the reaction extremely slow. Additionally,
reaction (1) is also very inefficient at generating free radicals. Indeed, in the liquid phase, the
nascent RO and OH radicals will recombine in their solvent-cage rather than diffuse away
from each other and start a radical chain reaction. Experimentally we were able to measure
the rate of radical formation during the autoxidation of cyclohexane and found it proportional
to the initial cyclohexanone concentration. Quantification of the experimental data, combined
with quantum chemical and theoretical kinetic calculations, allowed us to identify the true
initiation reaction as a bimolecular reaction between cyclohexyl hydroperoxide and
cyclohexanone.[14] In this reaction, the OH radical breaking away from the hydroperoxide
abstracts a weakly bonded α-hydrogen atom of cyclohexanone, producing a resonance
stabilized ketonyl radical. This reaction faces a lower barrier and is therefore much faster than
reaction (1); in addition, it is also much more efficient, since this in-cage recombination is
slower. While the ketone concentration increases in a nearly exponential way during the
reaction, the rate of initiation also increases very quickly. As such this hitherto overlooked
initiation mechanism could be identified as the core of the autocatalytic mechanism of
cyclohexane oxidation. Substrates which lack products with weak and poorly accessible C-H
bonds (e.g. ethylbenzene)[7] do not show this autocatalytic upswing. For such systems, the
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initiation reaction is a bimolecular reaction of the ROOH product with RH, yielding RO, H2O
and R.[14] Note that these ROOH based initiation mechanisms just discussed are only valid
after the induction period. At the moment it remains unclear how the first radicals are
generated. A mechanism which has often been suggested in the literature is the abstraction of
an H-atom from RH by O2. However, the lifetime of that reaction has been estimated at 2
billion years for the case of cyclohexane, even at 300 °C.[15] It seems more likely that trace
amounts of impurities (e.g. ROOH) are responsible for the initial initiation.
Radical chain oxidations are not only applied in the bulk chemical industry, but are also
used for the synthesis of valuable fine chemicals. An interesting example is the oxidation of
the renewable olefin α-pinene to a mixture of various interesting compounds, used in the
synthesis of fragrances and flavors. One important oxidation product, α-pinene oxide, is
isomerized to campholenic aldehyde. This molecule is the starting point for the synthesis of
sandalwood-like fragrances, such as Sandalore® (Givaudan) or Polysantol® (Firmenich).[16]
Verbenol, another component of the oxidation mixture, is a well-known aggregation
pheromone of the bark beetle and is thus utilized in forestal pest control.[17] Despite its
industrial and academic interest, the basic chemistry behind the oxidation process is not well
understood.[18,19]. Biotechnological oxidation of α-pinene has also been investigated, but
continues to be a challenging task, due to the long reaction time.[20]
A detailed understanding of the molecular mechanisms under autoxidation conditions
would not only be useful to optimize the reaction parameters and to design appropriate
catalysts,[21-26] it could also inspire a broadening of the autoxidation substrate-scope. In this
paper, experimental investigations are combined with quantum chemical calculations to gain
quantitative insight into the reaction mechanism.

2.2 Results and Discussion
Preliminary observations
α-pinene oxidation was studied at 363 K (i.e. 90°C) under 1 bar of pure O2 as detailed in the
Experimental and Computational Section below. Figure 1 shows the evolution of the α-pinene
conversion as a function of time. It can be observed how after an induction period of approx.
3 hours the conversion starts to increase. The conversion upswing is however less strong
compared with the oxidation of cyclohexane[14], but similar to the behavior of ethylbenzene[7].

Mechanism of the Aerobic Oxidation of α-Pinene

28

25

conversion (%)

20

15

10

5

0
0

2

4

6

8

10

time (h)

Figure 1

Time evolution of the α-pinene conversion at 363 K.

Although not always appreciated in the literature, a multitude of products is formed
(Scheme 1). For example, even at a conversion as low as 2 %, all the products shown in
Scheme 1 are already present: α-pinene oxide (29.0 %), verbenyl-hydroperoxide (29.0 %),
verbenol (13.5 %), verbenone (7.0 %), pinenyl-hydroperoxide (4.0 %), pinenol (0.5 %),
pinocarvyl-hydroperoxide (6.0 %), pinocarveol (1.5 %), pinocarvone (1.0 %), myrtenylhydroperoxide (5.0 %), myrtenol (2.0 %) and myrtenal (1.5 %).[27] At higher conversions (i.e.
> 10 %), additional products are formed upon overoxidation or rearrangement of these
primary products (amongst others, campholenal and sobrerol, coming from α-pinene oxide).
Figure 2a shows the evolution of the most important products as a function of the sum of
products, up to approx. 20 % conversion. This plot suggests that these products are mainly
primary in origin, although one can also anticipate a secondary contribution to the production
of verbenol and verbenone (vide infra). Anyway, the product distribution is much less
conversion-dependent than for cyclohexane autoxidation. A similar evolution was observed
for the other -pinene oxidation products (see e.g. Figure 2b for the myrtenyl products).
The large number of products arises from the fact that radicals can abstract H-atoms from
two different C-atoms (denoted ―a‖ and ―d‖, see Scheme 2). Abstraction of an H-atom at the
―a‖ site results in the formation of a resonance-stabilized radical from which both verbenyl
and pinenyl products can be formed (Scheme 1). Abstraction at the ―d‖ site also leads to a
resonance-stabilized radical, giving rise to pinocarvyl and myrtenyl products (Scheme 1). The
experimental ratio between the (verbenyl + pinenyl) and the (pinocarvyl + myrtenyl) products
equals 3. Abstraction of other H-atoms results in radicals which are not resonance-stabilized,
or radicals containing a lot of ring-strain. Those abstractions face substantially higher energy
barriers and are therefore of much less importance,[28] especially under the mild conditions of
363 K.
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Scheme 1 Main products observed during the thermal oxidation of α-pinene and their abbreviations
used in the text.

Scheme 2 Four different sites (denoted a-d) at which α-pinene can be oxidized.
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Evolution of the most important α-pinene oxidation products as a function of the
conversion. The reported selectivities are valid at an α-pinene conversion of 10% (i.e. at
Σ[P] = 630 mM).

H-abstractions by peroxyl radicals: input from quantum chemical calculations
The most abundant radicals in the system are peroxyl type radicals (vide infra) and it is very
instructive to investigate how fast they react with the different C-H bonds in the substrate. For
computational simplicity we used a smaller model radical, i.e. tert-butyl-peroxyl. Abstraction
of the two H-atoms in ―a‖ position faces slightly different energy barriers, i.e. 12.5 and
13.6 kcal mol-1, depending on the H-atom‘s cis or trans orientation towards the dimethyl
bridge (B3LYP/6-311++G(df,pd)//B3LYP/6-31G(d,p) level of theory). Based on the typical
pre-factor per H-atom (i.e. 3.25 × 108 M-1 s-1)[7] one can thus estimate a rate constant
kabs,a(363 K) of 11.5 M-1 s-1. The abstraction of the three H-atoms in ―d‖ position was
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calculated to face a barrier of 13.5 kcal mol-1, resulting in a kabs,d(363 K) of 7.0 M-1 s-1. Note
that the computed kabs,a/kabs,d  2 is in good agreement with the experimental
(verbenyl + pinenyl)/(pinocarvyl + myrtenyl) product ratio 3. The 1 kcal mol-1 reactivity
difference between the ―a‖ and ―d‖-site H-atoms is mainly caused by the difference in C-H
bond strength (approx. 80.7 and 82.6 kcal mol-1, respectively), stemming from the secondary
and primary nature of these H-atoms.[28]
The resonance-stabilized radicals are shown in Scheme 3, together with the Mulliken
atomic spin densities on the most relevant atoms. Addition of O2 to these resonance stabilized
radicals can result in four different types of peroxyl radicals (viz. R(a)-OO, R(b)-OO, R(c)-OO
and R(d)-OO).[27]

Scheme 3 The two resonance-stabilized radicals, formed upon abstraction of an H-atom at the ―a‖
and ―d‖ site (left and right structure, respectively) and the Mulliken atomic spin densities
on the most relevant atoms (B3LYP/6-311++G(df,pd)//B3LYP/6-31G(d,p)-level).

These peroxyl radicals give rise to the wide range of observed allylic oxidation products
(see Scheme 1). It is interesting to note that the observed pinocarvyl/myrtenyl products ratio
of 0.95 ± 0.05 is in good agreement with the computed spin density ratio of positions ―b‖ and
―d‖, i.e. 1.05, in the radical formed upon the abstraction of a ―d-site‖ H-atom (Scheme 3,
right). On the other hand, the experimental verbenyl/pinenyl products ratio of 9.5 ± 0.3 is
much larger than the ratio of calculated spin densities at positions ―a‖ and ―c‖, i.e. 1.03, in the
radical formed upon the abstraction of an ―a-site‖ H-atom (Scheme 3, left). Most probably,
this deviation arises from different O2 addition kinetics: it is indeed likely that the methyl
group at the ―c-site‖ would sterically hinder an approaching O2 molecule and hamper its
addition to this ―c-site‖.

Addition of peroxyl radicals to the unsaturated C=C bond
In addition to the allylic oxidation products, one also observes α-pinene oxide. Epoxidation of
olefins under autoxidation conditions has been known for a long time and has been ascribed to
the addition of peroxyl radicals to the C=C bond, followed by a unimolecular ring-closure,
eliminating RO.[3] In the case of α-pinene, these two steps are shown in reactions (9) and
(10):
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Note that ROO radicals preferably add to the non-substituted C-atom (i.e. the ―b‖ site) in
order to form the more stable tertiary radical. For the addition of t-butylperoxyl radicals, a
barrier of 13.4 kcal mol-1 was computed (B3LYP/6-311++G(df,pd)//B3LYP/6-31G(d,p)-level
of theory), independent from which side the olefin is approached (i.e. cis or trans to the
dimethyl bridge). Combining this barrier with the reported pre-factor for the addition of
CH3OO to propylene[29] i.e. A9 = 4.0  108 M-1 s-1, results in a k9(363 K)  7 M-1 s-1, taking
into account a reaction path degeneracy of 2 (addition can occur cis or trans to the dimethyl
bridge). The barrier of reaction (10) is computed to be 5.5 kcal mol-1, leading to a TSTcalculated rate constant of k10(363 K) = 2  109 s-1. Reaction (10) stands in competition with
the addition of O2 to the radical adduct (reaction 11)[30], a reaction which is probably diffusion
controlled, i.e. k11(363 K)  2  109 M-1 s-1.

Nevertheless, under our conditions (i.e. 1 bar O2 pressure), the estimated O2 concentration
is only  35 mM,[31] meaning that reaction (11) cannot compete with the epoxidation
mechanism (10). The second step in the epoxidation mechanism, i.e. reaction (10), was also
found to be much faster than the reverse step of the slightly endothermic addition reaction (9):
k10(363 K)/k-9(363 K) > 1000, based on a conventional TST calculation.

The chain length
Under the assumption that most of the products are produced in a chain propagation reaction
(i.e. chain length >> 1), the rate of α-pinene oxidation is given by Eq. 1.
[

]

[

 ][

]

(Eq. 1)

In Eq. 1, kabs refers to the rate constant for allylic H-abstraction (i.e. kabs,a + kabs,d) and k9
represents the rate constant for the addition of ROO radicals to the C=C double bond (viz. the
rate-determining step in the epoxidation mechanism). Both rate constants have already been
estimated above: k9(363 K) 7 M-1 s-1 and kabs(363 K) 18.5 M-1 s-1. This allows us to make
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an estimation of the ROO concentration. For instance, at 3 % conversion,
[ROO]  4  10-7 M. This is a reasonable number, of the same order as the values observed
during for instance the autoxidation of ethylbenzene[7].
Assuming that overoxidation of the primary reaction products is negligible (vide infra), the
chain length (i.e. the ratio of the rate of chain propagation and the rate of chain termination) is
given by (Eq. 2):
[

 ][

[

]

]

(Eq. 2)

Unfortunately, the rate constant for termination is not known. Moreover, it is possible that
kterm is in reality a function of the conversion as different types of peroxyl radicals are being
formed. Nevertheless, the most dominant ROO radical can be assumed to be the verbenyl
peroxyl R(a)-OO. As the self-reaction rate constant of alkylperoxyl radicals decreases with the
alkyl size,[32] it is likely that, based on an equal or even higher degree of steric hindrance,
kterm  3  106 M-1 s-1, i.e. kterm for cyclohexenyl-peroxyl radicals. Based on these values, the
lower limit of the chain length is plotted in figure 3 as a function of the conversion. Due to the
nearly linear increase of the ROOH concentration as a function of [P] (see e.g. Figure 2), the
ROO concentration also increases because the rate of chain initiation is proportional to
[ROOH] (d[P]/dt is indeed verified to be proportional to [ROOH]0.5 as expected[1]). As a
consequence, the chain length is found to decrease upon increasing conversion, although it
remains quite high (viz. > 50).
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Lower limit of the chain length ν as a function of the α-pinene conversion.
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Based on the estimated ROO concentrations, and assuming radical quasi-steady-state,[5]
one can also evaluate the initiation over termination ratio, kinit /kterm, via Eq. 3.
[
[

]

(Eq. 3)

]

kinit / kterm (M)

In contrast to the situation encountered with for instance cyclohexane oxidation, kinit /kterm
does not increase as a function of the conversion (Figure 4). This means that there is probably
no reaction product assisting in the initiation, consistent with our observation that the initial
addition of 1 mol% of R(a)-OH, R(a)=O or PO does not significantly influence the autoxidation
rate (viz. d[P]/dt at a given conversion does not change upon the addition of these reaction
products). Actually, one observes a slight decrease in kinit /kterm which is probably due to the
involvement of additional termination steps at higher conversion.
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Evolution of the kinit/kterm ratio as a function of the conversion

.

Primary or secondary nature of the reaction products
A very convenient way to verify whether a given product is primary or secondary origin is to
plot the ratio [Pi]/Ʃ[P] versus Ʃ [P]: if the product is (partially) produced in a primary step, the
intercept should be non-zero and equal to the fraction in which it is produced.[11] This
analysis was performed for the most important products in Figure 5. The first striking
observation is the fact that all products appear to be predominantly primary in origin. While
this is readily explained for PO, R(a)-OOH and R(a)-OH, the primary source of Q(a)=O has so
far not been identified. Also interesting is the observation that the R (a)-OOH selectivity
appears to decrease with Ʃ[P] whereas the R(a)-OH and Q(a)=O contribution slightly increases.
So far the reaction mechanism does not account for these observations. Another minor effect
is the small increase in epoxide (PO) selectivity. The latter observation could be due to the
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fast overoxidation of myrtenal (Q(d)=O) to the corresponding myrtenic acylperoxyl radical
(Q(d)(=O)OO) upon abstraction of its weak aldehyde H-atom. Acylperoxyl radicals are
known to be good epoxidizing agents indeed.[33] This hypothesis is supported by a 8%
increase in the PO selectivity (at 2 % α-pinene conversion) upon the initial addition of 1
mol% of myrtenal (Q(d)=O).
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Figure 5

Evolution of [Pi]/[P] versus [P] for the most important α-pinene oxidation products: αpinene oxide (PO, ), verbenyl-hydroperoxide (R(a)-OOH, ), verbenol (R(a)-OH, o) and
verbenone (Q(a)=O, *).

The origin of alcohol and ketone
The primary nature of the R(a)-OH product can readily be understood, based on the proposed
epoxidation mechanism, viz. reactions (9)-(10). Indeed, this epoxidation mechanism coproduces alkoxyl radicals (RO) which rapidly – much more rapidly than peroxyl radicals –
abstract allylic H-atoms, directly yielding alcohol (viz. reaction 2). However, not only the
alcohol, but also the ketone seems to have a predominantly primary character. The hypothesis
that ketone would exclusively originate from chain termination can be rejected, based on the
observed long chain length (vide supra). On the other hand, one observes an initially linear
correlation of both the R(a)-OH and the R(a)=O with the epoxide (Figure 6), suggesting that
both the alcohol and the ketone originate from the same species, i.e. alkoxyl radicals. A likely
mechanism for Q(a)=O formation from R(a)-O is the abstraction of the weakly bonded αHatom by O2. The analogous reaction of O2 with cyclohexoxyl radicals has been kinetically
characterized in the 225-302 K range;[34] extrapolation of the rate constant to 363 K predicts a
value of 3  107 M-1 s-1. Given [O2]  35 mM, the pseudo-first order rate constant can be
estimated at 106 s-1. It appears reasonable that the analogous reaction with R(a)-O radicals is
significantly faster, given the higher stability of the enone product. Therefore it is likely that
the O2 reaction with R(a)-O can compete with the abstraction of allylic H-atoms from α-

Mechanism of the Aerobic Oxidation of α-Pinene

36

pinene, the pseudo-first order rate constant of which can be roughly estimated at
3  107 s-1.[35] It is important to emphasize that one does indeed observe a decreased
alcohol/ketone ratio at high O2 pressures. However, at higher O2 pressures several other
reactions also become important and complicate the overall chemistry. Those issues will be
addressed in a dedicated publication.
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Figure 6

Correlation of R(a)-OH and the Q(a)=O with the epoxide PO, up to 25 % conversion.

Although it seems reasonable that the R(a)-O radicals are converted to both R(a)-OH and
Q(a)=O, in a ratio 2.1  0.1 (Scheme 5), it does not explain why this ratio would decrease at
higher conversion (see for instance Figure 6); e.g. at 25 % conversion the R(a)-OH/Q(a)=O
concentration ratio has dropped to 1.45. Overoxidation of the R(a)-OH can be excluded as an
additional source of Q(a)=O becoming important at higher conversion, based on our
experiment where we initially added 1 mol% of R(a)-OH and where no change in product
distribution could be observed.

Scheme 4 Proposed fate of the R(a)-O radicals; the experimentally observed r/s ratio is 2.1  0.1.
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The ring-opening of the R(a)-O radical via C-C cleavage can be neglected, despite the
formation of a conjugated enone product (barrier of 11.5 kcal mol -1 at the reliable[36]
B3LYP/6-31G(d,p) level of theory; first-order rate constant 2106 s-1). The reason for this is
the enhanced ring-strain in the product, as the unpaired electron would be localized at a Catom of the four-membered ring.
We believe that the gradual shift in the R(a)-OH/Q(a)=O ratio is correlated with the observed
secondary contribution to both the R(a)-OH and Q(a)=O production, observed in Figure 5.
Therefore we ascribe this effect to the (partial) co-oxidation of the R(a)-OOH product, initiated
upon the abstraction of the weakly bonded H-atom (Scheme 5). As already emphasized in
the Introduction, all radicals of the type R-HOOH dissociate promptly to Q=O + OH.[10]

Scheme 5 Proposed co-oxidation scheme for R(a)-OOH.

Based on the initial d[R(a)-OH]/d[PO] and d[Q(a)=O]/d[PO] (i.e. 0.51 and 0.23,
respectively) one can extrapolate the amount of R(a)-OH and Q(a)=O coming from the R(a)-O
radicals produced in the epoxidation (reaction 10) at higher conversion, based on the observed
PO yield. The ―additional amount‖ of the R(a)-OH and R(a)=O products (i.e. the amount
observed minus the estimated amount coming from the subsequent chemistry of the R(a)-O
radicals, formed in the epoxidation) should then be ascribed to the mechanism in Scheme 5.
The ratio between these additional amounts of R(a)-OH and Q(a)=O coming from R(a)-OOH copropagation is given by Eq. 4. In this equation, f represents the fraction of {Q(a)=O + ROOH +
R + H2O} products of the R(a)-OOH co-propagation undergoing the cage-reaction as shown
in Scheme 6; r and s represent the fractions of R(a)-O radicals reacting with the α-pinene and
O2, respectively (Scheme 5).
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(Eq. 4)

As can be observed in Figure 7, the plot of the ―additional‖ R(a)-OH versus Q(a)=O is linear
(R = 0.97) with a slope of 0.19 from which f  0.11 can be estimated. This means that 11 % of
the caged {Q=O + ROOH + R + H2O} products will undergo the activated cage-reaction
shown in Scheme 5. As a comparison, this cage-fraction was measured to be 0.7, 0.55 and 0.2
for cyclohexane,[6-8] toluene[11] and ethylbenzene,[7] respectively. It should thus be emphasized
that the obtained value for f  0.11 is fully in line with the cage-efficiencies determined before
for other substrates.
Note that this cage reaction (fraction f in Scheme 5) causes a net destruction of R(a)-OOH,
explaining why its selectivity decreases as a function of the conversion (see Figures 2a and 5).
It is interesting to notice that the R(d)-OOH selectivity decreases even 3 times faster (viz. the
more pronounced leveling-off of the R(d)-OOH contribution compared to R(a)-OOH in Figures
2a and 2b). This can be attributed to a higher rate constant for H-abstraction from R(d)-OOH,
due to the presence of 2 H-atoms and a slightly looser TS (viz. less steric repulsion of the
dimethyl bridge). The cage-efficiencies are predominantly determined by the stability of the

R radicals; the precise structure of the hydroperoxide is probably less important.
One important issue which hasn‘t been addressed so far is the fate of the HO 2 radicals,
produced in the reaction of the alkoxyl radicals with O2 (see Scheme 4, fraction s). Several
reactions can be proposed:
HO2 + RH  H2O2 + R

(12)

HO2 + RH  PO + OH

(13)

HO2 + HO2  H2O2 + O2

(14)

HO2 + ROO  O2 + ROOH

(15)

HO2 + ROOH  H2O2 + ROO

(16)
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Plot of the additional R(a)-OH versus the additional Q(a)=O yields, stemming from the cooxidation of R(a)-OOH product (see text).

Reactions (12) and (13) represent the H-abstraction and epoxidation mechanism,
respectively, analogous to the ROO chemistry. Assuming a similar reactivity of the HO2
radical as ROO, the combined pseudo-first-order rate constant for the RH consumption by
HO2 can be estimated at (k12 + k13)[RH]  200 s-1. Reactions (14) and (15) are self- and crosstermination reactions. Assuming that both rate constants are equally fast (presumably
diffusion controlled, k14  k15  2  109 M-1 s-1), the rate of reaction (15) will be much faster
than (14), due to [HO2]<<[ROO]. The pseudo-first-order rate constant of reaction (15) can
be estimated at k15[ROO]  400 s-1 (for a conversion of 0.5-1.5 %). Reaction (16) represents
the conversion of the HO2 radical into ROO. The barrier of the model reaction HO2 +
CH3OOH was computed to be as low as 4.6 kcal mol-1, due to the formation of pre- and postreactive complexes. Combining this barrier with a typical pre-factor for H-abstraction by
peroxyl radicals (i.e. 3.25  108 M-1 s-1)[7] and a total [ROOH] ≥ 10 mM (viz. [R(a)-OOH] +
[R(b)-OOH] + [R(c)-OOH] + [R(d)-OOH]) for conversions  0.5 %, leads to a pseudo-firstorder rate constant  5  103 s-1. It is clear that reaction (16) is by far the fastest of all
competing HO2 channels. This implies that for every observed ketone molecule, one ROOH
has been destroyed, at least at low conversions where overoxidation of hydroperoxide can be
neglected as a source of ketone. Indeed, an equimolar amount of ketone and HO 2 is produced
upon the reaction of O2 and RO (viz. Scheme 4).
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Chemo-selectivity and interconversion of peroxyl radicals
Based on the mechanisms detailed above, the epoxidation efficiency E.E., i.e. repox / (repox +
rabstr), of a certain R(x)-OO peroxyl radical is given by Equation 5.
[
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(Eq. 5)
] [

]

Indeed, whereas either R(x)-OH or Q(x)=O are formed subsequent to the epoxidation step,
and R(x)-OOH is formed upon the allylic H-abstraction, one should also take into account the
amount of R(x)-OOH which has been destroyed by the HO2, co-generated with the (initial)
ketone (see Scheme 4). Assuming that the rate constant of HO2 with ROOH is independent
of the precise structure of the hydroperoxide,[37] one has to account for the relative abundance
of the specific R(x)-OOH species. Note that Eq. 5 is only valid for low conversions where the
overoxidation of R(x)-OOH can still be neglected as a source of Q(x)=O, i.e. one has to
extrapolate to zero conversion. Using this approach we obtained the following epoxidation
efficiencies: (40±10) % for R(a)-OO, (30±10) % for R(b)-OO, (10±5) % for R(c)-OO and
(40±10) % for R(d)-OO radicals. These values are in line with the computed epoxidation
efficiency of t-BuOO radicals, viz. E.E.t-butylOO  7/(11.5+7) = 38 %, except for the sterically
hindered R(c)-OO.
So far it has been assumed that the peroxyl radicals only react with the olefin substrate, i.e.
abstract allylic H-atoms, or add to the C=C bond. However one should also consider the
interconversion of different peroxyl radicals via reaction (17).
ROO + R-OOH ⇋ ROOH + R-OO

(17)

The barrier of such a thermoneutral reaction is computed to be slightly higher than for
reaction (16), i.e. 4.8 kcal mol-1 for the model reaction CH3OO + CH3OOH, leading to a
k17(363 K)  4  105 M-1 s-1. Therefore this reaction can compete with the allylic Habstractions and C=C addition reactions, even at very low hydroperoxide concentrations. For
normal autoxidations, this interconversion is degenerated as only one type of ROO radical is
present. However, during the autoxidation of -pinene, at least four types of peroxyl radicals
are formed (verbenyl, pinenyl, pinocarvyl and myrtenyl), all featuring slightly different
reactivities. Due to the high rate of interconversion, all peroxyl radicals will be in equilibrium
with each other. So far it remains an open question if one could affect the equilibrium
distribution of the peroxyl radicals upon the addition of an appropriate catalyst. It can indeed
not be excluded that the various hydroperoxides would have a different reactivity towards e.g.
transition metal ion catalysts, and that this could lead to a modified peroxyl radical
contribution and hence a different selectivity.
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2.3 Conclusion
The thermal autoxidation chemistry of α-pinene is fully investigated. The addition of O2 to
resonance stabilized radicals leads to the formation of several peroxyl radicals. Of these, the
verbenyl peroxyl radical is the most abundant. These peroxyl radicals can abstract allylic Hatoms, yielding hydroperoxide, or they can add to the C=C double bond, yielding the
corresponding epoxide and alkoxyl radicals. Due to the special structure of these alkoxyl
radicals they can not only react with the α-pinene substrate to form alcohol, but O2 is also able
to abstract their weakly bonded αH-atom, thereby yielding ketone and HO2. The HO2
radicals will mainly react with the hydroperoxide products, converting it to peroxyl radicals.
At higher conversions, the overoxidation of the hydroperoxide product, initiated upon the
abstraction of its weak αH-atom, forms a small but quantifiable source of additional ketone
and alcohol. Whereas the ketone product is immediately produced upon αH-abstraction, the
additional alcohol is only formed in an activated cage-reaction subsequent to the αHabstraction step. The efficiency of this cage-reaction could be quantified and is in line with
previous results on activated alkane substrates, such as ethylbenzene. Overoxidation of the
other major products (i.e. the alcohol, ketone and epoxide) does not seem to be important as
can be concluded from co-oxidation experiments where small amounts of these products were
initially added. The chain length was found to be larger than 50, implying that the chain
termination does not play an important role in the formation of products. Furthermore it was
discovered that the epoxidizing efficiency of the involved peroxyl radicals depends markedly
on their precise structure. More work is in progress to investigate the role of transition metal
ion catalysts on the mechanism.

2.4 Experimental Section
The experiments were performed in a 50 mL glass reactor, stirred with a Teflon coated
propeller; the vessel is connected to a large O2 reservoir, kept at 1 bar. The temperature was
controlled by a thermostat, equipped with immersion heater and thermocouple (standard run
at 363±2 K). Samples (250 L each) were withdrawn from the reactor and analyzed by GC
(HP6890; HP-5 column, 30 m / 0.32 mm / 0.25 μm; Flame Ionization Detector). n-Nonane
(Sigma Aldrich, >99 %) was added to the α-pinene substrate (Sigma Aldrich, 98 %, devoid of
stabilizers) in 1 mol% and used as an inert internal standard. The hydroperoxide yields were
determined via a double injection, with and without reduction of the reaction mixture by
trimethylphosphine (Sigma Aldrich, 1 M in toluene). From the obtained augmentation in
alcohol content, the corresponding hydroperoxide yield was determined. Products
identification was done with GC-MS using both split injection (Tinject = 250 °C) and cool-oncolumn injection (Tinject = 50 °C) to verify the thermal stability of the products. No difference
in product distribution could be observed.
Quantum chemical calculations were performed with the Gaussian03 software[38] at the
UB3LYP/6-311++G(df,pd)//UB3LYP/6-31G(d,p) level of theory.[39] Earlier, this method was
validated against several benchmark levels of theory (viz. G2M, G3 and CBS-QB3) for Habstraction reactions by peroxyl radicals.[6] The reported relative energies of the stationary
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points on the Potential Energy Surfaces (PESs, viz. the energy barriers Eb and reaction
energies ∆E) were corrected for Zero-Point-Energy (ZPE) differences. Rate constants of
elementary reactions were estimated by transition state theory (TST), in terms of the complete
partition functions of the transition state and the reactant(s) and product(s) as well as their
relative energy difference, i.e. the barrier Eb. For certain reactions, featuring loose TSs with
hindered internal rotations, known pre-factors were combined with the computed barriers. In
those cases, this procedure results in a more accurate estimation of the rate constant than
relying on conventional TST calculations where all internal motions are treated as harmonic
oscillations to compute the pre-factor.[6]
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Chapter 3
Aerobic Oxidation of α-Pinene at High
Oxygen Pressure

The liquid-phase oxidation of the renewable olefin α-pinene with molecular oxygen yields
several valuable compounds for the fine-chemical industry. The most important products are
verbenol/-one and α -pinene oxide. Following our previous work on the radical autoxidation
at atmospheric pressure, this contribution addresses the influence of the oxygen pressure on
the reaction mechanism and the product distribution. Trapping of the radical epoxideprecursor by O2 causes a decrease of the epoxide selectivity, as well as the formation of a
thermally unstable dialkylperoxide. This dialkylperoxide accelerates the rate significantly,
due to an enhancement of the radical initiation. Although this causes a decrease of the radical
chain-length, the amount of products produced in the chain-termination can still be neglected
compared to the amount produced in the chain-propagations. Parallel to this, the ketone to
alcohol ratio increases at higher oxygen pressure, due to the reaction of alkoxyl radicals with
O2, as well as a reaction of O2 with the addition product of the alkoxyl radicals and the C=C
double bond of the substrate. For O2 partial pressures of 1 to 80 bar, rate constants of
important reactions are extracted from the experimental observations via differential
modelling, and confronted with literature values and/or quantum-chemical predictions. The
derived mechanism is supported at the molecular level and provides a reliable description of
the experimental observations.
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3.1 Introduction
The important role of radical-based autoxidation chemistry [1-4] in synthesizing valueadded chemicals has been highlighted in the first chapter of this thesis. In the preceding
chapter, then, we studied the oxidation of α-pinene (see Scheme 1) – a terpene that is
available as a side-product of cellulose production (>10 5 tons per year)[6] and a
representative example of olefinic substrates in fine-chemical industry. Improving both
the efficiency and selectivity toward the desired products, remains however an intellectual
challenge of high industrial relevance. [2]

Scheme 1 Molecular structure of α-pinene, together with its four possible oxidation sites (denoted
a-d).

The autoxidation of -pinene yields both the corresponding epoxide, as well as different
allylic oxidation products. Although many products can be observed – even at low
conversions – pinene oxide, verbenyl hydroperoxide, verbenol and verbenone are the most
abundant ones (Scheme 2).[7] The prefix ―verbenyl‖ refers to the allylic oxidation site ―a‖
(see Scheme 1), which is endocyclic but does not bear the cyclobutane bridgehead.
Several (heterogeneous) catalysts have been proposed for this reaction. [8] However, in
this work, the influence of the oxygen pressure on the thermal autoxidation in absence of a
catalyst is studied.

Scheme 2 Main products observed during the thermal oxidation of α-pinene and their abbreviation
used in the text.
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At 363 K and 1 bar of oxygen, the four products in Scheme 2 have a cumulated
selectivity of roughly 80%, whereas the other allylic regioisomers – formed at the sites
―b‖, ―c‖ and ―d‖ – account for the remaining 20% of products. 7 All oxidation products
have pleasant olfactory properties and are therefore desired compounds for the fragrance
industry.[9] α-pinene oxide can, for instance, be isomerized to campholenic aldehyde, an
intermediate in the synthesis of sandalwood-like fragrances, such as Sandalore ®
(Givaudan) or Polysantol ® (Firmenich).[10] Verbenol on the other hand, is a well-known
aggregation pheromone of the bark beetle and is utilized in forestal pest control. [11]
Despite the industrial and academic interest, the basic chemistry behind -pinene
oxidation is not well understood.
The developed autoxidation mechanism of α-pinene under 1 bar of O2 is summarized in
reactions (1)-(9).[7] Reaction (1) is responsible for the formation of radicals (the so-called
initiation reaction). In the past it has often been assumed that the most important initiation
mechanism would be the unimolecular dissociation of RO-OH. However, this reaction is
rather slow,[12] due to its barrier of 40 kcal mol -1. Moreover, this scission reaction is also
very inefficient at generating radicals as the nascent radicals would preferably recombine
over diffusing away from each other to light-off a radical chain, indeed.
ROOH + RH → RO + H2O + R

(1)

The alkoxyl radicals (RO ) produced in reaction (1) can rapidly be converted to alkyl
radicals (R) upon reaction with the substrate (reaction 2). Alkyl radicals react diffusion
controlled with O 2, producing a stoichiometric amount of peroxyl radicals ROO  (reaction
3).
RO + RH → ROH + R 
R + O2 → ROO

(2)
(3)

The peroxyl radicals react with the substrate to yield hydroperoxide (reaction 4), or
epoxide and alkoxyl radicals (reactions 5 & 6). When sufficient oxygen is present,
reactions (4) and (5) are significantly slower than reaction (3), meaning that the latter
reaction is not rate-determining. Note that ROO  radicals preferably add to the ―b‖ site of
-pinene, creating a more stable tertiary C-centered radical. Abstraction of H-atoms
occurs both at the ―a‖ and the ―d‖ site in a ratio of about 3:1, in good agreement with
quantum-chemical predictions. 7 Addition of O2 to the resonance-stabilized alkyl radicals
yields four different types of peroxyl radicals (denoted R(a)-OO, R(b)-OO, R(c)-OO and
R(d)-OO) of which the verbenyl peroxyl radical (R (a)-OO) appears to be the most
abundant.[7]

ROO + RH → ROOH + R 

(4)
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(5)

→ PO + RO

(6)

Peroxyl radicals are also simultaneously destroyed via the mutual termination reaction (7).
2 ROO → ROH + Q=O + O 2

(7)

As such, a radical chain-mechanism is established, both propagated and terminated by
peroxyl radicals. The ratio between the rate of the controlling propagation steps, i.e.
reactions (4) and (5), and the rate of termination, i.e. reaction (7), is referred to as the
chain-length. This chain-length is experimentlly found to be >50, implying that the
majority of the observed products originate from chain-propagation reactions.[7] The
lifetime of the peroxyl radicals (viz.  = 1/{2k7[ROO]} 1-5 s) is much shorter than the
time-scale over which the ROO  concentration changes significantly (viz. 102-103 s).
The ROO concentration will therefore rapidly reach a quasi-steady-state (QSS) value,
give by Equation 1. Indeed, at steady-state, the rate of chain-initiation reaction (1) should
equal the rate of chain-termination reaction (7). [3]
[ROO]QSS = √

[

][

]

Eq. 1

Additionally to reaction (2), RO  radicals are also proposed to react with O 2, yielding
ketone (denoted Q=O). The extrapolated rate-constant for the analogous reaction of
cyclohexoxyl radicals with O 2 equals 1.2107 M-1 s-1 at 363 K.[13] Unfortunately, the
precise rate-constant of reaction (8) could not yet be established.
RO + O2 → Q=O + HO2

(8)

The HO2 radicals co-produced in reaction (8) react predominantly via the equilibrated
reaction (9) with ROO-H, lowering the yield of this primary product.
HO2 + ROOH ⇋ H2O2 + ROO

(9)

The competition between reactions (4) and (5) has been quantified for the four
involved peroxyl radicals (i.e. R(x)-OO).[7] The epoxidation efficiencies (E.E.) – i.e.
Rate(5)/(Rate(4)+Rate(5)) – were found to equal 40% for R (a)-OO, 30% for R(b)-OO, 10%
for R(c)-OO and 40% for R (d)-OO. The different values can mainly be attributed to the
structure of the peroxyl radical: the more sterically hindered, the lower the E.E. value.
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3.2 Results and Discussion
Product distribution at 1 bar
Figure 1 shows the evolution of the most abundant products of α-pinene autoxidation
under 1 bar of oxygen, as a function of the sum of products (i.e. Σi[Producti]).
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Figure 1

Evolution of the most abundant α-pinene oxidation products as a function of the sum of
products (90°C and 1 bar O2). The reported selectivities are valid at 3% conversion (i.e.
Σi[Producti] = 200 mM).

The most dominant product is PO, followed by R(a)-OOH, R(a)-OH and Q(a)=O. A
striking observation is that [PO] equals Σi{[R(i)OH]+[Q(i)=O]}, up to 8 % conversion
(Figure 2); Σi{[R(i)OH]+[Q(i)=O]} represents the sum of all (a,b,c,d)-derived alcohols and
carbonyls. This observation is in line with the mechanism discussed above. Indeed, in
reaction (6) one RO  radical is produced per PO product molecule. RO  is converted either
into ROH (reaction 2), or into Q=O (reaction 8). At conversions above 8 %, the
[PO]/Σi{[R(i)OH]+[Q(i)=O]} ratio starts to decrease, due to the overoxidation of the
hydroperoxides.[7] Indeed, abstraction of the weakly bonded H-atom of e.g. R(a)-OOH
yields additional verbenone as the R (a)-H-OOH radical immediately eliminates OH.[14]
This additional ketone source also explains why the [R (a)-OH]/[Q(a)=O] ratio slowly
decreases at higher conversions. These observations are actually fully in line with
previous autoxidations studies on other activated substrates such as toluene and
ethylbenzene.[15,16]
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Figure 2

Plot of [PO] versus Σi{[R(i)OH]+[Q(i)=O]}, for a reaction under 1 bar oxygen. The plotted
straight line with slope 1.0 describes the experimental data with excellent precision.

Product distribution at high pressure
Figure 3 shows the evolution of the most abundant products of α-pinene autoxidation
under 80 bar of O2, as a function of Σ i[Producti]. Although the R(a)-OOH selectivity is
barely affected, the PO selectivity is significantly lower than at atmospheric pressure ( viz.
17% vs. 30%). Moreover, at high O 2 pressure, [Q(a)=O] overrides [R (a)OH] (see Figure 3
vs. Figure 1). These observations challenge the oxidation mechanism outlined in reactions
(1-9).
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Figure 3

Evolution of the most abundant α-pinene oxidation products as a function of the sum of
products (90°C and 80 bar O2). The reported selectivities are valid at 3% conversion (i.e.
Σi[Producti] = 200 mM).
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In order to get quantitative information about how the O2 pressure influences the
outcome of the reaction, experiments were performed at several pressures (vide supra). It
is important to emphasize that gas-liquid mass-transfer limitations are unable to explain
the observations. Indeed, no difference in selectivity or rate could be observed (up to 5%
conversion) between a reaction performed under 1 bar of O 2 (only stirring the solution
with an impellor), or when bubbling O 2 through the solution with a fine gas disperser,
massively enhancing the the mass-transfer.

Breaking the epoxide stoichiometry
Figure 4 shows that the [PO]/Σi[R(i)OH+Q(i)=O] ratio decreases steadily at increasing O 2
concentrations.[17] Looking more carefully at the proposed epoxidation mechanism – viz.
reactions (5) and (6) – reveals that although reaction (6) is very fast (estimated rate
constant 2×109 s-1)[7], at high [O2] the R(a)-OO-(b)R(c) intermediate might be partially
trapped by oxygen (reaction 10). Analogous O2 trapping reactions have already been
considered for several other unsaturated substrates. [19] For instance for cycloheptene, an
oxygen pressure of 4 bar is sufficient for reaching k10[O2] ≡ k6.[20] However, k6/k10 appears
to be highly structure-dependent: cyclooctene, for instance, requires more than 40 bar to
make reaction (10) as fast as reaction (6). [20]
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Figure 4

The [PO]/Σi{[R(i)OH]+[Q(i)=O]} ratio as a function of [O2] at 3% conversion. The solid
line is based on the kinetic model, the rate constants of which are given in Scheme 4.

Following these data, a measurable influence of reaction (10) is expected for -pinene
in the studied pressure region (1-80 bar). The fate of the O 2 addition product, i.e. the R(a)OO-(b)R(c)-OO radical, should therefore be investigated more carefully.
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For the tertiary peroxyl radical R (c)-OO an epoxidation efficiency as low as 10 % has
been measured under the same conditions, due to sterical hindrance. [7] The -peroxoperoxyl radical R (a)-OO-(b)R(c)-OO, produced in reaction (10), is sterically even more
hindered. So, in good approximation, it can be assumed that this radical is predominantl y
undergoing hydrogen abstractions (viz. reaction 11), rather than epoxidation. The Habstraction by the t-butyl-peroxyl radical at the ―a‖ site of -pinene was previously
predicted to face a barrier of 12.5 or 13.6 kcal mol -1,7 depending on the relative
orientation of the H-atom with respect to the methyl bridge (viz. trans or cis). It stands to
reason that the tertiary radical R (a)-OO-(b)R(c)-OO reacts similar to t-butyl-peroxyl,
leading to an estimated barrier of 131 kcal mol -1 for reaction (11) and a pseudo-first
order rate constant of approximately 10 s-1.

The competing intramolecular H-abstractions, i.e. the 1,4- and 1,7-H shifts, taking place
on either ends of the dialkyl -peroxo group, are featuring barriers of 27.1 and
20.0 kcal mol-1, respectively (predictions at the UB3LYP/6-311++G(df,pd) level of
theory). Based on literature values for the pre-exponential factors (51011 s-1 and
5109 s-1, respectively),[21] the first order rate constant can be estimated to 210-5 s-1 and
410-3 s-1, respectively. Therefore, the bimolecular reaction (11) is significantly favored.
Step (11) closes the propagation cycle by releasing a new alkyl radical, and yields a
thermally unstable dialkyl peroxide (i.e. R(a)-OO-(b)R(c)-OOH). Dissociation of this dialkyl
peroxide (reaction 12) yields the -hydroperoxy alkoxyl radical ( O-(a)R(c)-OOH) which
can ring-open without a barrier and yield pinonic aldehyde (PA) upon the prompt
elimination of OH (reaction 13). [14] It has to be emphasized that, although PA can be
identified as a reaction product by GC-MS, it is rapidly over-oxidized to pinonic acid and
perpinonic acid.[22] The latter peracid could indeed be detected as a trace product by
means of an increased pinonic acid peak after the reduction of the sample with trimethyl
phosphine (see experimental section). However, reliable quantification of all products
arrising from RO-OR‘, and especially RO-OR‘ itself, is extremely difficult because of the
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low concentrations and/or decomposition during the chromatographic separation. Note
that the rapid ring-opening of the O-(a)R(c)-OOH radical (lifetime <1 ps) [23] will
significantly enhance the efficiency of the RO---OR‘ scission (reaction 12) by preventing
fast in-cage recombination. In the gas-phase, the homolytic dissociation of di-isopropylperoxide proceeds with a rate-constant of 210-7 s-1 at 363 K.[24] At the UB3LYP/6311++G(df,pd) level of theory, the R (a)-O---O-(b)R(c)-OOH bond is predicted to be even
2.5 kcal mol -1 weaker than for di-iso-propylperoxide, meaning that the rate-constant of
reaction (12) is probably >10 -5 s-1. This is significant, compared to the pseudo-first-order
rate-constant of reaction (1), i.e. 110-6 s-1.

Reaction rate
Figure 5 shows the product formation rate di[Producti]/dt at 3% conversion as a function
of the O2 concentration. Similar plots were also observed at different conversions. At first
sight, this is a strange observation as the reactions involving O 2 are usually diffusion
controlled and are hence not expected to affect the over-all reaction rate.
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Figure 5

di[Producti]/dt at 3% conversion as a function of [O2]. The solid line is the result from
kinetic modelling, the rate constants of which are given in Scheme 4.
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Assuming that the majority of the products arises from chain-propagation steps (vide
infra), di[Producti]/dt is given by Equation 2.
di[Producti]/dt = (k4 + k5)  [ROO]  [RH]

(Eq. 2)

This implies that the higher di[Producti]/dt should be ascribed to a higher [ROO ].
This could be the result of either (i) an enhanced chain-initiation or (ii) a decreased chainterminination. Whereas it is not clear how the O 2 pressure could enhance the chaintermination, the cleavage of the dialkyl peroxide (reaction 12) is an important contribution
to the chain-initiation, increasing in importance at higher [O 2].
The expression for the quasi-steady-state peroxyl radical concentration at higher O 2
pressures is indeed dependent on two initation channels as shown in Equation 3. At low
[O2], initation is dominated by the ROOH channel (reaction 1), whereas at high [O 2], the
contribution of the ROOR‘ channel becomes increasingly important. The relative increase
in di[Producti]/dt for the data point around [O2]  3 M is approximately a factor of three.
This implies that the initiation rate increases over the studied pressure range by roughly
one order of magnitude.
[ROO ]

√

[

][

]

[

]

(Eq. 3)

Ketone fraction
Figure 6 shows that the [Q (a)=O]/([Q(a)=O]+[R(a)-OH]) ratio increases steadily as a
function of the O 2 concentration. Although an increasing ketone/alcohol ratio is in line
with the competition between reactions (2) and (8), it is striking that the plot in Figure 6
does not go through the origin (viz., no O2, no ketone). Indeed, the observed behaviour
cannot be explained in terms of the RO  chemistry considered so far. There must be an
additional route to ketone that acts parallel to reaction (8) and is thus a third alternative in
the propagation cycle, following reaction (6).
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Figure 6

[Q(a)=O]/([R(a)OH] + [Q(a)=O]) ratio as a function of [O2] at 3% conversion. The solid line
is the result from kinetic modelling, the rate constants of which are given in Scheme 4.
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A reaction we overlooked so far is the oxidative addition of RO  to the C=C double
bond of an olefinic substrate (reaction 14). [25] Indeed, quantum-chemical calculations
predict a barrier of only 3.5 kcal mol-1 for this step (UB3LYP/6-311++G(df,pd)//631G(d,p) level of theory), very close to the barrier of reaction (2), and significantly lower
than the barrier of ROO  addition (i.e. 13.4 kcal mol -1).[7] Furthermore, reaction (14)
appears to be irreversible, since the reaction is predicted to be exothermic for
22.9 kcal mol-1. Reaction (14) is therefore a viable RO  sink. The rate constant k14(363 K)
can be roughly estimated at 1×10 6 M-1s-1, based on the predicted barrier and a similar prefactor as for ROO  addition (i.e. 2108 M-1 s-1).[26]

After the fast addition of O 2 to R(a)-O-(b)R(c), a series of intramolecular rearrangements
can take place (see scheme 3). First, the verbenylic H-atom is intramolecularly shifted
(R2R3). The calculated activation barrier for this 1,6-H-shift is 14.5 kcal mol-1. This
reaction is clearly faster than the bimolecular H-abstraction from RH featuring a similar
barrier. This 1,6-H-shift can be followed by O 2 addition (R3R5). However, this addition
of O2 to the strongly stabilized allyl radical R3 is reversible. [27] Therefore, a competitive
reaction dominates the fate of R3, namely the fast OH-transfer from the internal
hydroperoxide moiety to the C-centered radical (R3R4). The predicted barrier for this
step is 12.4 kcal mol-1 and the first-order rate constant 2.1104 s-1 at 363 K, meaning that
this loose OH-shift can outrun the competitive bimolecular reaction (R5DHP) at low O2
pressures (vide infra). In the next step, the resulting alkoxyl radical (R4) undergoes facile
-scission, the activation energy of which is estimated to be only 0.2 kcal mol-1, based on
a quantitative structure-activity-relationship.[23] The resulting radical (R6) can either react
with oxygen (forming radical R7), or decompose to pinonic aldehyde (PA) upon cleavage
of a weak C-O bond. The barrier of the latter step (R6PA) is predicted to be only
9.7 kcal mol-1, meaning that it can outrun the diffusion controlled addition of O 2 at low
pressures.
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Scheme 3 Intramolecular rearrangement cascade after the oxidative RO  addition to the C=C double
bond.

The result is an equivalent of pinonic aldehyde (PA) and the -hydroxy-verbenyl radical
Q(a)–OH (R8), which finally gets converted to Q (a)=O upon reaction with O2. The hydroxy-peroxyl radical – formed upon the addition of O 2 to -hydroxy-alkyl radicals –
indeed rapidly eliminates HO 2, yielding the corresponding carbonyl compound. [28]
Because this reaction sequence also produces HO 2, just as the direct reaction of RO  with
O2 (viz. reaction 8), the overall stoichiometry is not affected. However, this additional
Q=O formation mechanism does explain the extrapolated Q=O yield for [O 2] approaching
zero. Indeed, the R (a)-O-(b)R(c) adduct radical (viz. R1 in Scheme 3) acts as a resting state
as it can only react with O 2. Based on the intercept of the plot in Figure 6, viz.
[Q(a)=O]/([R(a)OH]+[Q(a)=O])0.15 for [O2]0, the k2/k14 ratio can be estimated at 5.5,
in good agreement with the theoretical predictions (viz. k2 = 5106 M-1 s-1 and k14 =
1106 M-1 s-1, vide supra).
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Modelling
The proposed mechanism was modelled by taking into account all reactions discussed in
the text, and their estimated/predicted rate constants. The experimentally observed produ ct
distribution at 3% conversion is the integrated result of ca. 10 5 propagation cycles. Thus,
for the given primary reaction steps, the probability for a single cycle is reflected in the
final product distribution. The modelling is based on this differential condition; the results
can be seen in Figures 4, 5 and 6. The model is able to describe the changes in selectivity
and rate, qualitatively as well as quantitatively. The Relative Standard Deviation (RSD) of
the model was only 3.4 %. By studying the increase of the RSD upon perturbation of the
rate constants, a sensitivity analysis was performed. The RSD increases by a factor of 5 to
10 upon changing the value of the rate constants by a factor of 2, except for k1 which was
less sensitive and can therefore not be determined with the same precision as the other
rate-constants. The fitted rate-constants are summarized in Scheme 4, together with the
literature values and/or computationally predicted values. Importantly, the modelled rate
constants show reasonable values, not deviating more than an order of magnitude from
their expected quantity.
Based on these modelling results, the chain length ν at 3 % conversion was calculated
and plotted in Figure 7 as a function of the oxygen concentration. It can be observed that,
although ν decreases, it remains high. The majority of the products can therefore be
attributed to chain-propagation steps, as assumed in the derivation of Equation 2.
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Figure 7

Chain length ν as a function of [O2] at 3% conversion.
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Scheme 4 Reactions and rate constants used for the kinetic modelling. The rate-constants between
brackets represent the literature values or estimations, based on quantum-chemical
predictions. Overall, the reactions 4 and 5 are rate-determining.

Also of interest is the fate of the alkoxy radical R(a)-O as a function of the oxygen
concentration, shown in Figure 8. It can be seen that, although reactions (2) and (8) are the
most important overall alkoxy sinks, at low oxygen concentrations (i.e. [O2] < 1 M),
reaction (14), and the subsequent chemistry detailed in Scheme 3, becomes important. For
[O2]  1 M, the contribution of reaction (14) is however negligible (< 5%). Note that up to
that point, the 1,5-OH shift in Scheme 3 (viz. R3R4) is indeed faster than the competing
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addition of O2 to the sterically hindered and resonance stabilized radical R3 as assumed
above. The same conclusion has also been achieved for the competition between R6PA
and R6R7 in Scheme 3.
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Figure 8

Contributions of reaction (2), the solid line (a), reaction (8), the dashed line (b), and
reaction (14), the dotted line (c), to the fate of the R(a)-O radical as a function of [O2].

3.3 Conclusions
The aerobic oxidation of α-pinene has been investigated as a function of the oxygen
pressure in the range 1 to 80 bar. At high pressure, more ketone than alcohol is observed,
accompanied by a smaller yield of epoxide. This effect is mainly caused by oxygentrapping of the epoxide precursor. The experimental data is used to fit the involved rate constants to the proposed mechanism. The model, which is entirely based on proven or
quantum-chemically predicted steps, describes very well the experimental observations.

3.4 Experimental section
The experiments were performed at 363 K in a 100 mL 316 stainless steel autoclave,
equipped with an inert Polyether Ether Ketone (PEEK) insert, including a PEEK top lid
and stirrer. The short heating time (15 min) and the accurate temperature control ensured
stable conditions during the reaction. The reactor was connected to an O2 reservoir of
100 mL via an accurate pressure regulator, maintaining the desired pressure in the reactor
throughout the reaction. The pressure in the reactor and in the O 2 reservoir was monitored
with a pressure sensor. Samples were withdrawn from the reactor and analyzed by GC
(HP6890; HP-5 column, 30 m / 0.32 mm / 0.25 μm; Flame Ionization Detector). n-Nonane
(Sigma Aldrich, >99 %) was added to the α-pinene substrate (pre-distilled, Sigma Aldrich,
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98 %, racemic) and used as an inert internal standard for product quantification. The
hydroperoxide yield was determined via a double injection, with and without reduction of
the reaction mixture by trimethylphosphine (Sigma Aldrich, 1 M in toluene). From the
obtained augmentation in alcohol content, the corresponding hydroperoxide yield was
determined. Products identification was done with GC-MS with cool-on-column injection.
Quantum chemical calculations were performed with the Gaussian03 software [29] at
the UB3LYP/6-311++G(df,pd)//UB3LYP/6-31G(d,p) level of theory,[30] unless mentioned
differently in the text. Earlier, this method was validated against several benchmark levels
of theory (viz. G2M, G3 and CBS-QB3) for H-abstraction reactions by peroxyl radicals. [31]
The reported relative energies of the stationary points on the Potential Energy Surfaces
(PESs, viz. the energy barriers Eb and reaction energies ∆E) were corrected for ZeroPoint-Energy (ZPE) differences.
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Chapter 4
Peculiarities of β-Pinene Autoxidation

The thermal oxidation of the renewable olefin β-pinene with molecular oxygen was
experimentally and computationally investigated. Peroxyl radicals abstract weakly bonded
allylic hydrogen atoms from the substrate, yielding allylic hydroperoxides (i.e., myrtenyl and
pinocarvyl hydroperoxide). In addition, peroxyl radicals add to the C=C bond of the
substrate to form an epoxide. It was found that a relatively high peroxyl radical
concentration, together with the high rate of peroxyl cross-reactions, make radical–radical
reactions surprisingly important for this particular substrate. Approximately 60% of these
peroxyl cross-reactions lead to termination (radical destruction), keeping a radical chain
length of approximately 4 at 10% conversion. Numerical simulation of the reaction – based
on the proposed reaction mechanism and known or predicted rate constants – demonstrate
the importance of peroxyl cross-reactions for the formation of alkoxyl radicals, which are the
precursor of alcohol and ketone products.
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4.1 Introduction
α-/β-pinene as renewable resources
α- and β-pinene (Scheme 1) are two chief constituents of turpentine oil, which can be obtained
by the distillation of pine tree resins or as a by-product of the kraft pulping process.[1]
In the kraft or sulfate process, wood chips are heated to 150–180°C in an aqueous digestion
mix (NaOH, Na2S, Na2CO3 and small quantities of Na2SO4, Na2SO3 and Na2S2O3) in large
pressure vessels at 7–13 bar for several hours.[1] Crude sulfate turpentine is condensed from
the waste gas from the digester and is separated from the water. It still contains 5–15 wt%
sulfur compounds (e.g., MeSH, Me2S). These can be oxidized with NaOCl solution at about
60°C to give the less volatile sulfonic acids, sulfoxides or sulfones, which can be effectively
separated by washing with water or by distillation. The yield of refined sulfate turpentine is
approximately 10 kg per ton of pulp for pine trees. The location and date of the wood harvest,
as well as the length of the storage period before processing, all affect the yield and the
composition of the product. Typical American turpentine oil contains 60% α- and 30% βpinene. The world production of sulfate turpentine reached 6×105 tons per year in 2008,[2]
making up two-thirds of the total turpentine production. Production has more than doubled
since 1990. Moreover, if bio-refineries[3] make it to the industrial market, a significant
increase in turpentine availability can be anticipated.

Scheme 1 Structure of the two region-isomers - and -pinene. The four different oxidation sites are
denoted a-d.

Terpenic isomers are therefore cheaply available renewable resources and can be used for a
wide range of applications. α-pinene is, for instance, converted to -pinene oxide, which is a
precursor for all synthetic sandalwood fragrances.[4] β-pinene is a substrate for the synthesis
of insecticides,[5] menthol and fragrance products such as camphor. Both isomers (i.e. α- and
β-pinene), as well as their oxidized derivatives, are desired in perfumery due to their woody
pine odor.[6] -Pinene can be found in both enantiomeric forms in different turpentine types.
β-pinene from turpentine sources is usually found in enantiopure (-) form (ee > 95%).[7] The
other enantiomer, i.e. (+)-β-pinene, prevails in citrus fruit oil.[8]
A publication by Widmark et al. from 1957 reported the autoxidation rates of different
monoterpenes (e.g. Δ3-carene, α-pinene, β-pinene and (+)-limonene) at room temperature in
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air, but not the product distribution.[9] Recently, we reported the mechanism of the
oxyfunctionalization of α-pinene.[10],[11]
α-pinene autoxidation
The autoxidation of α-pinene was previously studied and found to be propagated by four
different peroxyl radicals, i.e. verbenyl (R(a)OO●), pinocarvyl (R(b)OO●), pinenyl (R(c)OO●)
and myrtenyl peroxyl radical (R(d)OO●).[10] These radicals abstract weakly bonded H-atoms
in the substrate, yielding the corresponding hydroperoxide and a resonance stabilized alkyl
radical. H-abstraction can occur both at the a- and d-site of -pinene (Scheme 1), in both
cases producing resonance stabilized radicals (Scheme 2).
O2 addition to these two allyl radicals generates the four R(x)OO● peroxyl radicals.
Competing with the H-abstraction reaction is the addition of the peroxyl radicals to the C=C
double bond in the substrate (Scheme 3). The adduct intermediate (AI) can either eliminate an
alkoxyl radical and form epoxide, or it can react with O2 and ultimately yield a dialkyl
peroxide (Scheme 3). At moderate oxygen pressures, epoxide formation is kinetically
favoured.[11]

Scheme 2 The two resonance-stabilized radicals, formed upon abstraction of an H atom at the a- and
d-sites of α-pinene (left and right, respectively), and the Mulliken atomic spin densities on
the most relevant atoms (UB3LYP/6-311++G(df,pd)// UB3LYP/6-31G(d,p)-level).

The alkoxyl radicals formed in the epoxidation step are converted into alcohol and ketone
upon reaction with the substrate and O2, respectively. This explains the 1:1 ratio between the
epoxide and the sum of alcohol and ketone up to 10 % conversion. At higher conversions,
more alcohol and ketone is formed than estimated from this 1:1 relation, due to the cooxidation of the hydroperoxide, yielding additional alcohol and ketone upon abstraction of the
αH-atom.
At increasing oxygen pressure, a significant decrease in epoxide selectivity was
observed.[11] Indeed, the adduct intermediate (AI) can be trapped with O2, preventing the
formation of epoxide (Scheme 3). Associated with this is an increase in the reaction rate, due
to enhanced initiation by the produced dialkyl peroxide. Due to kinetic competition, ketone
formation is also favored at higher O2 pressure.[11]
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Scheme 3 Addition of peroxyl radicals to α-pinene; formation of pinene oxide.

Although a lot of work was carried out in the field of catalytic oxidation of β-pinene,[12-15] a
fundamental study on its radical-propagated autoxidation mechanism is lacking. The goal of
this contribution is to verify if a similar mechanism is responsible for the oxidation of pinene as was described for α-pinene.

4.2 Results and Discussion
Overall observations
-pinene oxidation was studied at 363 K (i.e. 90°C) in a bubble column reactor under 1 bar of
pure O2 as described in the Experimental and Computational Section. Figure 1 shows the
evolution of the -pinene conversion as a function of time: after a short induction period of
approx. 10 minutes, the conversion increases in a nearly quadratic way. This is in stark
contrast with the situation observed during cyclohexane oxidation,[16] but similar to the
observed behaviour during the autoxidation of ethylbenzene [17] and -pinene.[10] The main
reason for this difference in kinetic behaviour between the different substrates is the fact that
ethylbenzene and -pinene oxidation does not produce products which can accelerate the
formation of radicals (chain initiation) as does cyclohexanone during cyclohexane
oxidation.[18]
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Time evolution of the -pinene conversion at 363 K.

Scheme 4 summarizes the main products of the -pinene autoxidation as identified by GC
and GC-MS. Table 1 shows the Kovats indices of the found products, with values falling into
the range between 900 (n-nonane) and 1400 (n-tetradecane).

Scheme 4 Main products of β-pinene oxidation.
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Kovats retention indices of the terpenoid products.

substance

Kovats index
(experiment)a

Kovats index
(literature)b

nonane
α-pinene
β-pinene
decane
undecane
α-pinene oxide
nopinone
trans-pinocarveol
β-pinene oxide
pinocarvone
myrtanal
cis-pinocarveol
dodecane
myrtenol
myrtenal
pinocarveol oxide
tridecane
perilla alcohol
myrtenol oxide
tetradecane

900
934
980
1000
1100
1105
1141
1144
1161
1167
1188
1190
1200
1202
1204
1282
1300
1302
1317
1400

900
939
980
1000
1100
1095
1139
1140
1162
1180
1180
1200
1194
1193
1300
1295
1400

a

Linear alkanes define the the time-independent elution coordinates in
steps of 100 per carbon atom, linear interpolation applies.
b
Retrieved from: The Pherobase: Database of Insect Pheromones and
Semiochemicals, http://www.pherobase.com.

Many of those products are valuable ingredients for the fine-chemical industry. Myrtenol
for instance is used as a beverage preservative, a flavour ingredient, a fragrance,[6] and can
serve as an insect pheromone in insect trapping by attracting pine bark beetles. [5] Myrtenal is
also used in the perfume industry, for instance as deodorant constituent, and could form an
interesting ligand scaffold. Substituted or oxidized pinocarveol derivatives are promising
fragrance compounds. The hydroperoxides can be reduced, for instance with sodium sulphite,
to increase the yield of the corresponding alcohol. -pinene oxide (bPO) can be rearranged to
useful products such as perilla alcohol.[19]
Figures 2 and 3 show the evolution of the most important products as a function of the sum
of products, up to approx. 20 % conversion. Similar to the situation with -pinene oxidation,
the product distribution is much less conversion-dependent than for cyclohexane autoxidation,

Peculiarities of β-Pinene Autoxidation

69

meaning that consecutive overoxidation is less important. The most remarkable overoxidation
products are pinocarveol oxide and myrtenol oxide, stemming from consecutive epoxidation
of pinocarveol and myrtenol, respectively (the observed selectivities are zero up to 3%
conversion).[20]

Figure 2

Evolution of the myrtenyl products (―d-site‖ oxidation products in Scheme 1) and bPO
versus sum of products. The selectivity is reported at 10% conversion (i.e. i[producti] =
630 mM).

Figure 3

Evolution of the pinocarvyl products (―b-site‖ oxidation products in Scheme 1) versus
sum of products. The selectivity is reported at 10% conversion (i.e. i[producti] =
630 mM).
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An interesting observation is the relatively low epoxide yield (viz. 9 %), compared to pinene oxidation (viz. 34 %).[10] Another striking observation is that [alcohol]+[ketone] >>
[epoxide] whereas during -pinene oxidation, the amount of epoxide is equal to the amount of
alcohol plus ketone (Figure 4). Therefore it has to be concluded that a different mechanism is
responsible for the formation of alcohol and ketone.

Figure 4

Correlation between the epoxide and the sum of alcohols and ketones concentrations
during - (a) and -pinene (b) oxidation in the conversion range of 0-10 %.

Peroxyl radical chemistry: input from quantum-chemical calculations
Numerical simulation of -pinene oxidation shows that the most abundant radicals in the
system are peroxyl radicals (vide infra). It is therefore instructive to investigate how these
intermediates react with the substrate. For computational simplicity, a smaller model radical,
i.e. ethylperoxyl, is used.
Abstraction of one of the two H-atoms in the activated b-position (Scheme 1, right) faces
slightly different barriers, i.e. 10.7 and 13.0 kcal mol-1, depending on the orientation of the Hatoms towards the dimethyl bridge (UB3LYP/6-311++G(df,pd)//UB3LYP/6-31G(d,p) level
of theory). The slightly lower barrier in comparison with α-pinene (i.e. 12.5 kcal mol-1) can be
attributed to the 2.9 kcal mol-1 lower stability of the β-pinene isomer. Based on a typical prefactor per H-atom (i.e. 3.25 × 108 M-1 s-1) one can thus estimate a rate constant for Habstraction at kabs(363 K)120 M-1 s-1. The resonance-stabilized radical is shown on the right
hand side in Scheme 2, together with the Mulliken atomic spin densities on the most relevant
atoms. Addition of O2 to this resonance stabilized radical yields pinocarvyl peroxyl (R(b)OO●) and myrtenyl peroxyl (R(d)-OO●) radicals. From the observed myrtenyl to pinocarvyl
ratio of 1.3 one can conclude that addition of O2 to the ―d-site‖ is slightly favored over the
―b-site‖, in agreement with the slightly higher spin density at the ―d-site‖ C-atom (see Scheme
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2). Note that abstraction at the tertiary bridge-head position is strongly disfavoured, since that
would lead to an sp2 center at the bridgehead. The calculated energy barrier is 17.6 kcal mol-1,
i.e. too high to be of any importance at moderate temperatures.
The barrier for the addition of a peroxyl-radical to the C=C double bond of β-pinene was
computationally predicted to be 13.0 or 13.6 kcal mol-1, depending on how the C=C bond is
approached. Note that the addition to the less substituted end of the β-pinene double bond is
favored (the ―d-site‖, Scheme 1), due to the higher stability of the resulting radical. [21]
Combining the predicted barriers with a typical pre-factor of 2  108 M-1 s-1 (as e.g.
determined for the addition of the methylperoxyl-radical to propylene[22]) results in an
addition rate constant kadd of 4.3 M-1 s-1. The subsequent uni-molecular release of an alkoxyl
radical and the corresponding epoxide is much faster and not rate determining (computed
barrier of 7.0 kcal mol-1).
The ratio of the predicted rate constant for H-abstraction (viz. 120 M-1 s-1) over that for
addition (viz. 4.3 M-1 s-1) is much larger for -pinene than for -pinene (viz. 16.6 versus 2.3).
This explains the significantly lower epoxide yield observed for -pinene.

The source of alcohol and ketone
One remarkable difference between the oxidation of α- and β-pinene is that a large fraction
of the peroxyl radicals produced during -pinene are primary peroxyl radicals (e.g. R(d)-OO●),
rather than secondary. The cross-reaction between primary peroxyl radicals is known to be
significantly faster than for secondary peroxyl radicals (viz. 6108 versus 4107 M-1 s-1).[23]
Given the typical radical concentrations during autoxidations of 10-7 M, such mutual crossreactions cannot be neglected, relative to H-abstraction (120 M-1 s-1) and C=C addition
(4.3 M-1 s-1). Therefore this cross-reaction needs to be carefully evaluated.
When two peroxyl radicals react, they initially form a short-living tetroxide ROOOOR
intermediate (reaction 1) which is stabilized by 16 kcal mol-1.[24]
ROO● + ROO● → ROOOOR

(1)

Ingold[25] observed that tetroxides arising from primary and secondary peroxyls eliminate
both singlet and triplet oxygen, whereas tetroxides arising from tertiary peroxyls eliminate
only triplet oxygen. The structural influence on the singlet oxygen yield was confirmed by
Mendenhall, who reported values of 0 % (tertiary) and 4-13 % (primary, secondary).[26]
Together with the observed kinetic isotope effect,[24] these findings provided strong
experimental evidence for the Russell rearrangement[27] of the tetroxide, leading to
termination (reaction 2). Recently, Peeters[28] proposed a mechanism able to explain the
formation of singlet oxygen, via a five-membered cyclic transition state.
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(2)

Not only is reaction (2) possible, the scission of an O-O bond can also occur. According to
Ghigo,[29] this leads to a loose complex, consisting of triplet oxygen and two alkoxyl radicals
(reaction 3). Hasson[30] describes the complex rather as alkoxyl and trioxyl radicals, with the
ROOO● decaying into 3O2 and RO●.
ROOOOR → 3{RO● + RO●}…3O2

(3)

When considering the orientation of the two alkoxyl radicals, they must have parallel spins,
due to spin-conservation.[31] Thus, they form a ―spin down‖ triplet opposite to the ―spin up‖
triplet of oxygen. Thermodynamic arguments prohibit the formation of singlet oxygen in that
step (1O2 formation must be coupled to an exothermic reaction in order to be feasible).
Whether 3O2 is loosely bound to the nascent alkoxyl radical(s) from reaction (3), or
whether they are kept together by a solvent cage, is not yet unambiguously proven, however
that does not qualitatively change the further outcome of the reaction. The fate of the nascent
radicals can be threefold. Indeed, the first possibility is a mutual reaction between the two
radicals, yielding electronically excited ketone (reaction 4):
ROOOOR → 3{RO● + RO●}…3O2 → 3Q=O + ROH + 3O2

(4)

Notice that reaction (4) leads to termination (i.e. the net decrease of radicals) and can in
principle be monitored via the chemiluminescence of the excited ketone.[32]
Alternatively, the 3O2 can react with one of the two RO● radicals yielding ketone, RO● and
HO2●:
ROOOOR → 3{RO● + RO●}…3O2 → Q=O + RO● + HO2●

(5)

Yet another possibility is the diffusive separation of the two radicals prior to a mutual
reaction or reaction with 3O2: [33]
ROOOOR → 3{RO● + RO●} + 3O2 → 2RO● + 2RO● + 3O2

(6)

Ab initio estimation of all involved branching fractions is currently prohibited and is still an
ongoing challenge for quantum chemistry.[29,28,34] The branching fractions reported in Scheme
5 are the result of numerical simulation (vide infra) of the experimentally observed product
distribution of -pinene. The reported values are in agreement with the QSAR suggested by
Capouet et al. (i.e. 50±20% non-terminating cross-reaction for primary peroxyl radicals).[35]
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Scheme 5 Reaction channels in the cross-reactions of peroxyl radicals.

Interestingly, trace amounts of nopinone were detected in the product mixture. This is
indeed a fingerprint for the occurrence of 1O2, since the latter can, inter alia, add to -pinene,
forming a dioxetane that releases formaldehyde and nopinone. [36] The Schenck 1O2 addition
product that is predominantly formed is indistinguishable from the autoxidation product
R(d)OOH.
Modelling shows that the cross-reaction of peroxyl radicals is indeed the dominant source
of alkoxyl radicals during the autoxidation of -pinene. These alkoxyl radicals are converted
to alcohol and ketone upon reaction with the substrate, the hydroperoxide and O 2, respectively
(reactions 7-9), analogous to the situation with -pinene.
RO● + RH → ROH + R●

(7)

RO● + ROOH → ROH + ROO●

(8)

RO● + O2 → Q=O + HO2●

(9)

The formation of epoxide
Interestingly, the epoxide selectivity increases from 5 % at 1% conversion to approx. 10 % at
20 % conversion. This implies that in addition to the primary epoxidation mechanism
(analogous to the reactions in Scheme 3) there is also a secondary source of epoxide. Indeed,
the addition of ROO● to β-pinene with subsequent epoxide formation is not fast enough to
explain the observed bPO selectivity. As known from previous work, [10] the addition of
aldehydes increases the selectivity towards the epoxide. In the present case, an initial addition
of 3 mol% myrtenal does indeed increase the epoxide selectivity from 6 to 9 % at 2 %
conversion. This stems from the fact that the αH-atom of an aldehyde is easily abstracted; the
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activation energy for the abstraction was determined to be only 9 kcal mol-1. With a typical
pre-factor of 2  108 M-1 s-1 for this bimolecular reaction, the rate constant becomes
763 M-1 s-1 at 363 K, i.e. 6 times faster than H-abstraction from -pinene. This implies that for
a hypothetic aldehyde yield of 14 mol%, an equal amount of peroxyl radicals would react
with the substrate and the aldehyde. Subsequently, the acyl radical will be converted to an
acyl peroxyl radical upon O2 addition. Such acyl peroxyl radicals can directly epoxidize C=C
bonds similar to other peroxyl radicals, and even much faster (viz. rate determining addition
barrier only 2.5 kcal mol-1).[37] Alternatively, the acyl peroxyl radical can abstract an allylic
H-atom from the substrate and yield a peracid (computed barrier of 3 kcal mol-1).[38] Such
peracids are known epoxidation agents, too (so-called Prilezhaev mechanism).[39] Both
channels thus lead to a secondary contribution to the bPO yield (see Scheme 6).

Scheme 6 Co-oxidation of myrtenal and the secondary contribution to the epoxide formation.

According to this mechanism, sizeable amounts of myrtenic acid and peracid are formed,
in line with the experimental observations that (i) there is a small myrtenic acid peak in the
chromatogram and (ii) that this peak increases by about 20% upon reduction of the sample
with phosphine.

HO2● chemistry
Considerable amounts of HO2● radicals are produced during the autoxidation of β-pinene, for
instance in reactions 5 and 9. These HO2● radicals will equilibrate with ROO● radicals
according to reaction (10). The forward and reverse rate constants for reaction (10) can be
estimated at 1.8  104 and 3  103 M-1 s-1, respectively.[40]
HO2● + ROOH ⇋ H2O2 + ROO●

(10)

Alternatively, HO2● can also abstract H-atoms from the substrate (reaction 11), or add to
the C=C bond of the substrate and yield epoxide (reaction 12).
HO2● + RH → H2O2 + R●

(11)

HO2● + RH → bPO + ●OH

(12)
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However, HO2● radicals also play a role determining the overall radical concentration as
they can terminate in a diffusion controlled manner according to reactions (13) and (14).[41,42]
HO2● + HO2● → H2O2 + O2

(13)

HO2● + ROO● → O2 + ROOH

(14)

Modelling shows that the H2O2 concentration steadily grows up to 6 mM at 20 %
conversion, i.e. low and difficult to quantify in the complex reaction mixture.

Overoxidation of the hydroperoxides
The myrtenyl and pinocarvyl hydroperoxides bear weakly bonded H-atoms which can be
abstracted by peroxyl and hydroperoxyl radicals, yielding additional ketone (reactions 15 and
16).[43]
HO2● + ROOH → H2O2 + Q=O + ●OH

(15)

ROO● + ROOH → ROOH + Q=O + ●OH

(16)

In principle, the ●OH radical released in this step can trigger an activated cage-reaction
producing some additional alcohol.[44] However, for activated substrates such as
ethylbenzene[17] and -pinene[10,11] – and hence also -pinene – the importance of this alcohol
production channel can be neglected in first approximation.

Chain initiation
It was found that during the autoxidation of cyclohexane, radicals are formed in the bimolecular reaction of cyclohexyl hydroperoxide and cyclohexanone.[18] In that reaction, the
OH-radical breaking away from the hydroperoxide abstracts a weakly bonded H-atom from
the ketone, producing a resonance stabilized ketonyl radical, water and an alkoxyl radical. A
similar initiation should take place in the autoxidation of -pinene, since a resonancestabilized allyl radical can be formed (reaction 17).
ROOH + RH → RO● + H2O + ●R

(17)

The barrier of the analogous reaction between propene and methyl hydroperoxide was
computationally predicted to be 22.7 kcal mol-1 at the CBS-QB3 level of theory. This value
can be isodesmically extrapolated to -pinene, based on the difference in the DFT barrier of
6.9 kcal mol-1 between -pinene and propene (UB3LYP/6-311++G(df,pd)//UB3LYP/631G(d,p) level of theory). However, the transition state of reaction (17) should be considered
as a singlet diradical. Although being an advanced level of theory, CBS-QB3 systematically
overestimates the energy in the computation of open-shell singlets by 5.8±0.5 kcal mol-1.[45]
Also taking this effect into consideration, one can estimate an initiation barrier of
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22±3 kcal mol-1, i.e. significantly lower than in the case of cyclohexanone (27±1 kcal mol1 [18]
). This result confirms the higher efficiency of the bimolecular initiation mechanism over
the unimolecular decomposition mechanism, the latter facing a barrier of roughly 40 kcal mol1
(homolytic hydroperoxide cleavage). In principle, since the substrate is an olefin, OH
transfer from ROOH to the double bond (instead of H transfer from the substrate to ROOH)
needs to be considered as an alternative initiation mechanism. However, evaluating such a
reaction on the structure- and spin contamination-corrected CBS-QB3 level, the
corresponding barrier amounts to 28±3 kcal mol-1, such that OH transfer can have only a
minor influence on the total initiation at moderate temperatures as encountered in this study.
Unfortunately, the bimolecular initiation is very demanding to describe from a
computational point of view, as dynamic effects will play an important role. For instance, an
Intrinsic Reaction Coordinate (IRC) analysis of the reaction suggests that the located TS
would connect not only to alkoxyl, water and allyl but further on to two closed-shell alcohol
products. However, an IRC analysis follows the energetically steepest descent path but
neglects entropic effects, as well as potential solvent (cage) effects. More work is required to
computationally describe this reaction in detail, preferably using multireference methods to
accurately describe the state mixing.[46]

Modelling
A kinetic model was set up in Matlab using the ODE15s solver for stiff ordinary differential
equations (ODE‘s). The initial conditions for solving the ODE‘s were obtained from
experimental data. Initial estimations of the rate constants were determined either from
quantum-chemical predictions, or from known rate constants in the literature. In order to
reduce complexity, and due to limited available kinetic data, regioisomeric products were
lumped together, similar to a recent study on atmospheric limonene oxidation. [47] This
assumption implies that both radical sites in the R● radical are considered to be equivalent and
means for instance that ROH stands for myrtenol plus pinocarveol. Note that this also implies
that the myrtenyl and pinocarvyl peroxyl radicals are assumed to react similarly. Although
this is a good approximation for H-abstraction and C=C addition, it might be too simplified
for the peroxyl cross-reactions. On the other hand, this is an elegant way of keeping the
complexity under control and while at the same time (approximately) taking into account the
effect of cross-reactions between R(b)-OO● and R(d)-OO● radicals.[35] Table 2 summarizes the
different reactions which were taken into account, together with the corresponding rate
constants.
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Overview of the different reactions implemented in the kinetic modelling, together with
the corresponding rate constants.

reaction

k
kinetic model
[M-1 s-1]

reference
reaction

k
reference
[M-1 s-1]

ROOH + RH
→ RO● + H2O + R●

1.610-5

see text

1.710-5 [48]

ROO + RH
→ ROOH + R●

80

CH3CH2OO + bP

120 [48]

a

RO + RH
→ ROH + R●

5.0106

α-pinene substrate

5.0106 [10]

a

RO + ROOH
→ ROH + ROO

1.51010

tBuO + tBuOOH

1.51010 [49]

OH + RH
→ H2O + R

2109

(C2H5)2C=CH2 + OH

2109 [50]

HO2 + RH
→ H2O + R

7.6

HO2 + bP

7.6 [51]

2.0109

diffusion controlled

2.0109

1.2107

O2 + n-C4H9O

1.2107 [52]

ROO + ROOH
128

→ ROOH + Q=O + OH

EtOO + R(b)-OOH

126 [48]

ROO + Q(d)=O
→ ROOH + Q(d)=O

572

EtOO + Q(d)=O

763 [48]

a

HO2 + ROOH
→ H2O2 + ROO

1.8104

HO2 + CH3OOH

1.8104 [48]

ROO + H2O2
→ ROOH + HO2

3103

CH3OO + H2O2

3103 [48]

ROO + RH
→ bPO + RO

6

EtOO + bP
 bPO + EtO

4.3 [48]

a

a

a

O2 + R → ROO

RO + O2
→ Q=O + HO2
a

a
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a

HO2 + RH
→ bPO + HO

17

CH3CH=CH2 + HO2

17 [51]

2 ROO
→ term. + prop.

3.9108

2 n-C4H9O2

6108 [23]

1.3109

2 HO2

1.3109 [48]

8.8109

HO2 + n-C4H9O2

9.8109 [41]

a

2 HO2 → H2O2 + O2

HO2 + ROO
→ O2 + ROOH
a

reactions with a low sensitivity (perturbation of the rate constants with 20% did not induce a
significant change in the product-time curves and could hence not be optimized with the experimental
data; for those reactions the reference values were used)

Based on this model, the evolution of hydroperoxides, epoxide, alcohols and ketones can
be described rather accurately (see Figures 5 and 6). The small deviations (< 30 %) are
probably due to the simplifications made in the model, as well as experimental errors.

Figure 5

Evolution of the hydroperoxides (i.e. R(b)-OOH plus R(d)-OOH) and β-pinene oxide (bPO)
as a function of time; solid line is result of numerical simulation.
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Evolution of the alcohols (i.e. R(b)-OH plus R(d)-OH) and the carbonyl compounds (i.e.
Q(b)=O plus Q(d)=O) as a function of time; solid line is result of numerical simulation (see
text).

Interesting numbers that can be extracted from this modelling are, for instance, radical
concentrations, e.g. [ROO●] = 3  10-7 M and [RO●] = 1.5  10-14 M at 10 % conversion. It
also shows that the H-abstraction from -pinene (1.5  10-4 M s-1) and the bi-molecular
peroxyl cross-reaction (8.0  10-5 M s-1) are both important ROO● channels leading to
products. Initiation reaction (17) and the ROO● cross-reactions summarized in Scheme 5 are
the most important RO● sources; epoxidation of -pinene according to the mechanism in
Scheme 3 is only a minor source of RO● radicals.

The chain length
The chain length (i.e. the ratio of the rate of chain propagation and the rate of chain
termination) is given by (Eq. 1); knon-term and kterm refer to the rate constants of the
(non-)terminating cross-reactions of the lumped peroxyl radicals. Figure 7 shows the
evolution of as a function of the conversion.
[

 ][

]
[

[
]

]

(Eq. 1)

The ratio of mono-radical over bi-radical propagation reactions in Figure 7 shows that peroxyl
H-abstractions and additions are only responsible for the formation of 60% of products.
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Evolution of the chain length (a) and the ratio of monoradical over biradical propagation
reactions (b) as a function of the β-pinene conversion.

Temperature dependence
The effect of the temperature on the reaction rate at 2 % conversion is summarized in the
Arrhenius plot in Figure 8. The experimentally observed activation energy is 212 kcal mol-1
and the Arrhenius pre-factor 3 108 M-1 s-1. Based on a quasi-steady-state analysis it can be
shown that the experimentally observed activation energy equals Eprop + Einit/2 – Ecross/2.[53]
The barrier of the radical cross-reaction can be assumed to be very small (Ecross
 2 kcal mol-1). The relevant propagation barrier is the thermally averaged barrier for Habstraction and peroxyl radical addition (Eprop  11 kcal mol-1). The initiation barrier (viz.
reaction 17) was estimated at 22 kcal mol-1 (vide supra). Putting all these values together, one
expects – according to the proposed mechanism – an apparent activation energy of 214 kcal
mol-1, which is in excellent agreement with the experiment.
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Arrhenius plot of the uncatalyzed β-pinene autoxidation. The logarithm of the reaction
rate at 2 % conversion is shown for 333, 343, 353, 363 and 373 K (r2 = 0.997).

4.3 Conclusion
The radical chain autoxidation of β-pinene is compared with previous results on its isomer αpinene. Resonance stabilized alkyl radicals are generated upon abstraction of an allylic Hatom. Addition of O2 to these R● radicals yield myrtenyl and pinocarvyl peroxyl radicals.
These radicals do not only abstract H-atoms – regenerating the alkyl radicals – but also add to
the C=C double bond, a reaction which ultimately leads to epoxide and alkoxyl radicals.
Another reaction of the peroxyl radicals, which is much more important for β-pinene than for
-pinene, is the cross-reaction of two peroxyl radicals. Numerical simulation of the reaction
reveals that approximately 60 % of those cross-reactions would lead to chain-termination,
compensating the chain-initiation reaction between a hydroperoxide product and the RH
substrate. However, 40 % of the peroxyl cross-reactions do not lead to the destruction of
radicals and actually contribute to the chain-propagation. Hence, -pinene oxidation is
characterized by mono-radical and bi-radical chain propagations, the ratio between those
channels being approximately 2:1 at 10 % conversion. This behaviour deviates clearly from
the cyclohexane case, where the reaction is dominated by mono-radical propagations.[16] The
importance of these bi-radical cross-reactions is not only clear from modelling but also from
the formation of nopinone, a product which is an indicator of singlet oxygen, produced in a
small fraction (i.e. 10 %) in the cross-reaction of the peroxyl radicals. Alkoxyl radical
concentrations rise up to 1.5  10-14 M, and are predominantly formed in the bi-radical crossreactions of peroxyl radicals. RO● radicals are the precursors of the observed alcohols and
carbonyl products. Co-oxidation of myrtenal, a primary aldehydic product, causes the
formation of additional β-pinene oxide.
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4.4 Experimental Section
The experiments were performed in a 10 mL bubble column reactor constructed out of glass
and equipped with a top condenser. O2 was bubbled (100 NmL/min) through 250 m pores
of a bubbler to ensure fast gas-liquid mass-transfer. The temperature was controlled by a
thermostat, equipped with an immersion heater and thermocouple (standard run at 363±2 K).
The reactor was heated to reaction temperature under a flow of N 2 (inert conditions);
subsequently the gas flow was changed to O2 to start the reaction. Note that this is potentially
dangerous and that appropriate safety measures should be taken. Samples (250 L each)
were withdrawn from the reactor and analyzed by GC (HP6890; HP-5 column, 30 m /
0.32 mm / 0.25 μm; Flame Ionization Detector). n-Nonane (Sigma Aldrich, >99 %) was
added to the (-)-β-pinene substrate (Sigma Aldrich, 99 %) in 1 mol% and used as an inert
internal standard. The hydroperoxide yields were determined via a double injection, with and
without reduction of the reaction mixture by trimethylphosphine (Sigma Aldrich, 1 M in
toluene). From the obtained augmentation in alcohol content, the corresponding
hydroperoxide yield was determined. Products were identified with GC-MS using both split
injection (Tinject = 250 °C) and cool-on-column injection (Tinject = 50 °C) to verify the thermal
stability of the products. No difference in product distribution could be observed. Products
were additionally characterized by their Kovats indices.
Quantum chemical calculations were performed with the Gaussian09 software[54] at the
UB3LYP/6-311++G(df,pd)//UB3LYP/6-31G(d,p) level of theory.[55] Earlier, this method was
validated against several benchmark levels of theory (viz. G2M, G3 and CBS-QB3) for Habstraction reactions by peroxyl radicals.[16] The reported relative energies of the stationary
points on the Potential Energy Surfaces (PESs, viz. the energy barriers Eb and reaction
energies ∆E) were corrected for Zero-Point-Energy (ZPE) differences.
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Chapter 5
Ongoing Autoxidation Research
The obtained insights into the radical oxidation reactivity of terpenes can be applied to
further substrates. In this chapter, the ongoing research on the substrates cyclooctene and
valencene is illustrated. In the cyclooctene case, we answer the question of why its
epoxidation performance is better than comparable substrates. In the valencene case the
target is complementary, i.e. allylic functionalization towards the synthesis of nootkatone, the
natural grapefruit fragrance.
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5.1 Cyclooctene for Epoxidation
Introduction
Epoxidations with cyclooctene are much favoured and thus subject of many studies.[1] In
general, a good selectivity, i.e. low allylic byproduct formation, is observed. Also under
(radical) autoxidation conditions, cyclooctene has been shown to outperform other cyclic
alkenes by far.[2]
The commercially available form is (Z)-cyclooctene. For (E)-cyclooctene – which is the
smallest (E)-cycloalkene that has been isolated – one conformation only is adopted.[3] Yet, the
energy of the (E) form is significantly higher than the one of the (Z) form, and dedicated
synthetic routes are needed for the synthesis of it. Therefore, unless specifically mentioned, in
this paper we refer to (Z)-cyclooctene when speaking of cyclooctene.
The conformations of cyclooctene have not yet been verified in detail. The only available
data is based on rough estimates using group increment [4] or force field[5] approaches. In this
contribution, we want to correlate the structure of the cyclooctene conformations with the
peculiar reactivity of that cycloalkene.

Methods
The conformational space of cyclooctene has been characterized by means of a modern
density functional theory (DFT) approach, using an unrestricted form of the hybrid functional
B3LYP on a 6-31G(d,p) basis for optimization, and on a 6-311++G(df,pd) basis for singlepoint calculation.[6] The reported stationary points include the contribution of zero-point
energy (ZPE). The results obtained at this high DFT level are in quantitative agreement with
calculations on the reference level UCCSD(T)/6-31G(d,p) on the same geometries. The
connection of transition states with stable conformations was verified using intrinsic reaction
coordinate (IRC) scans. All calculations were performed with the Gaussian 09 set of
programs.[7]

Results and Discussion
Identifying the basic conformations

Using the DFT approach that is described in the Methods chapter, four different energy
minima were found on the potential energy surface, which are denoted below as A, B, C and
D. These minima correspond to four different conformations of (Z)-cyclooctene. The most
stable conformer, A, has a structure with 4 carbon atoms in plane (C-C=C-C) and 4 carbon
atoms above that plane. The conformation C is similar, but with different dihedral angles. The
conformations B and D represent situations with 5 carbon atoms in plane (C-C=C-C-C).
Three orthogonal projections of each conformation are given in Figure 1.
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Three orthogonal projections of the conformations A, B, C and D.

The interconversion of these four conformations occurs via internal C-C rotations, starting
from the central conformation A, connecting to B, C and D. The potential energy surface
(PES) of these three conformational changes is given in Figure 2. The relative, energetic order
of the conformations is A<B<D<C.

Figure 2

PES of the internal C-C rotations in A that lead to the B, C and D conformations. Level of
theory: UB3LYP/6-31G(d,p) without ZPE.
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The ZPE-corrected single-point values of the four conformers‘ relative energies are given
in Table 1. Benchmarking the utilized DFT method against the reference level CCSD(T) and
G2M reveals that both the relative order and the relative energies are competitive, agreeing
within 1 kcal mol-1.
In order to calculate the equilibrium population of the conformations, the partition
functions Qtot were evaluated according to equation 1, with the translational part Q trans
referring to the three-dimensional particle-in-a-box model, the rotational part Qrot referring to
the rigid rotor model and the vibrational part Qvib referring to the harmonic oscillator model.[8]
With that in hand, the equilibrium constants for the isomerization between two arbitrary
conformations i and j are readily available, using van‘t Hoff equation 2.
Qtot = Qtrans  Qrot  Qvib
→

[ ]

(

[]

(eq. 1)
)

(eq. 2)

According to these calculations, the population of conformation A is 94.0 % at room
temperature (see Table 1). In the same way, we did the thermodynamic treatment for variable
temperatures. The resulting temperature-dependence of the equilibrium composition can be
found in Figure 3.

Table 1

Relative energies of cyclooctene conformers, partition function and population at 298 K.
conformer

a)
b)
c)
d)

DFTb
(kcal mol-1)

CCSD(T)c

Qtot

(kcal mol-1)

(m-3)

pop.d
(%)

A

0.00

0.00

4.491040

94.0
(96.0)

B

2.01

2.15

6.731040

4.8
(3.8)

C

5.68

6.55

2.521041

0.04
(0.01)

D

3.02

3.97

8.711040

1.2
(0.24)

in hartree
on the UB3LYP/6-311++G(df,pd)//UB3LYP/6-31G(d,p) level of theory
on the UCCSD(T)/6-31G(d,p)//UB3LYP/6-31G(d,p) level of theory
values in brackets are referenced to CCSD(T) energies
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Equilibrium composition at different temperatures. Conformations A (), B(■), C(▼)
and D(☆).

Stereochemistry
Noteworthy, none of the conformations A-D features an internal rotation-reflection axis (Sn
with n ϵ ℕ0), implying that all of them are chiral. Since the systematic (R/S) nomenclature for
planar chirality is not applicable to compounds of such highly symmetric constitution, [9] we
define the enantiomers of A, B, C and D in an arbitrary way as A*, B*, C* and D*,
respectively.
Racemisation processes (e.g. the inversion of A to A*) must be accomplished with
asymmetric transition states, in the present case of cyclooctene they have C s symmetry (the
reflection plane intersecting the C=C bond orthogonally). Two versions are possible: The first
possibility is (B-B*) transition, featuring a perfect boat conformation, the second possibility is
(C-C*) transition, featuring a perfect chair conformation (Figure 4).
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Boat and chair conformations, corresponding to the transition structures TS(B-B*)
and TS(C-C*).

As a conclusion, the highly symmetric boat and chair forms are actually transition states,
not stable conformations. This is in contrast to the early estimates of Favini and Allinger.3,4
The potential energy surface is such that racemization of A to A* (and vice versa) occurs
preferentially via racemization of C to C* (Figure 5). As a second pathway, the route via B
and B* is possible, but the barrier is significantly higher.

Figure 5

PES of the racemization of the A, B and C conformers. Level of theory: UB3LYP/631G(d,p) without ZPE.
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Full conformational space
On the other hand, an enantioretentive ring-inversion of a similar type as chair-chair inversion
in cyclohexane is possible. Indeed, by ring inversion of the D conformer, the four carbon
atoms above the plane can migrate below the plane, forming another D conformer. Although
this second D conformer is stereochemically identical to the first one, it constitutes a new
point in the conformational space (just as cyclohexane has two identical chair isomers).
Therefore, we denote these two conformers as D1 and D2, the numbers indicating the relative
position with respect to the olefin‘s sp2 plane. The transition state that connects D1 with D2
was characterized as shown to possess ―twist‖ geometry (Figure 6). In agreement with the
conservation of chirality in that process, this ―twist‖ transition structure is chiral and has C 2
symmetry.

Figure 6

The D1 and D2 conformers, with a ―twist‖ transition state connecting them.

In a subsequent conformational change, the conformer D2 can convert back to an Aequivalent conformer A2, in the same way as shown in Figure T. In summary, for the ringinversion of the most stable conformer A1 into its analogous form A2, two intermediates D1
and D2 are traversed (see Figure 7).

Figure 7

PES of the ring-inversion. The decisive ―twist‖ TS connects D1 and D2. Level of theory:
UB3LYP/6-31G(d,p) without ZPE.
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With all these processes shown so far, the whole conformational space can be covered.
Note that all the energetics that apply to the relation among the A, B, C and D conformers are
congruent with the energetics that apply to the relation among their enantiomeric counterparts
A*, B*, C* and D*.10 As an overview, Figure 8 sketches the conformational space of
cyclooctene. The four basic conformations are each 4-fold degenerate, yielding a total of 16
conformers.

Figure 8

Full conformational space of cyclooctene. Stars denote enantiomers. 1 and 2 refers to
above or below the olefin‘s sp2 plane, respectively.

Reactivity: epoxidation vs. allylic oxidation
Note that the allylic H atoms in the A conformation are almost in the olefin‘s sp 2 plane, i.e.
the C-H orbital is close to orthogonal to the C=C orbital. Therefore, the overlap between those
two orbitals is poor. For an efficient allylic oxidations, however, the overlap should be as
strong as possible, such that the transition state can benefit from partial allyl radical
character.11 Figure 9 illustrates this situation. As a consequence, the abstraction of allylic H
atoms is not favoured in cyclooctene. For instance, the calculated abstraction barrier (with the
peroxyl radical CH3OO) is 13.1 kcal mol-1, whereas the barrier for addition (with CH3OO,
followed by Twigg rearrangement12 to epoxide) is only 11.2 kcal mol-1. In agreement with the
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relative order of the ground state stabilities, the high-lying abstraction TS is B-like, whereas
the low-lying addition TS is A-like. As a consequence, if by some side-reactions peroxyl
radicals are occurring in a particular (catalytic) epoxidation system, they preferably form
cyclooctene oxide rather than allylic by-products. Thus, a high chemoselectivity is maintained
even if some radical side-reactions are occurring.

Figure 9

Newman projection of the conformations A and B. The allylic H atom is pointing away
from the C=C orbital. In conformation B, the H atom is more parallel to C=C.

When calculating the same competition of allylic oxidation and epoxidation for the
substrates cycloheptene, cyclohexene and cyclopentene, the peculiar reactivity of cyclooctene
can be illustrated persuasively (Figure 10). In fact, the addition barrier for all substrates is
roughly the same. However, the abstraction is significantly increased for cyclooctene.
Therefore, the aptitude for allylic oxidation (i.e. by-product formation) is optimal for
cyclooctene, in agreement with the experimental observations.2

Figure 10 Addition barrier versus abstraction barrier for various substrates. The line drawn indicates
equal barriers for abstraction and addidtion reactions.

Conclusions
Four conformations of (Z)-cyclooctene, A, B, C and D, have been characterized. Due to their
chirality, four enantiomeric counterparts are possible. The racemization occurs via two
pathways: B-B* and C-C*. With ring inversion, starting from the D conformation, a
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stereoidentic D conformer can be attained, labeled D2. The high epoxidation tendency of
cyclooctene has been rationalized with the transition state for epoxidation having character of
the lowest conformation, i.e. A, and the transition state for allylic oxidation having character
of a conformation of higher energy, i.e. B. In this substrate, not epoxidation is particularly
favoured, but allylic oxidation is disfavoured.
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5.2 Valencene Oxidation
Another target of our research is valencene. This relatively cheap renewable raw material can
be oxidized in allylic position to nootkatone (Figure 11), the natural flavour of grapefruit.
Although the substrate has various weak C-H bonds and two accessible C=C bonds, our
preliminary theoretical investigations predict that the desired allylic position can be
selectively oxidized with attacking peroxyl radicals. This makes valencene a promising
candidate for the proposed autoxidation chemistry. As suggested in the work on pinenes, the
selectivity to the ketone product might even be enhanced by going to high conversions, since
the intermediate hydroperoxides were shown to be selectively overoxidized to ketones.

Figure 11 Oxidation of valencene to nootkatone.

Note that this allylic functionalization leading to food-grade nootkatone cannot be carried
out with the standard selenium oxide catalyzed allylic functionalization, because of the high
toxicity of this reagent. Moreover, the currently used biosynthetic approach poses several
problems in terms of technical feasibility. However, the use of oxygen and in situ generated
hydroperoxides (Part B) in combination with a selected Lewis acid (Part A) offers a feasible
and food-tolerant route for a selective synthesis of nootkatone.
Following our promising preliminary DFT calculations, which suggest high selectivity
for nootkatone, we are studying the oxidation of pure valencene. However, the feedstock for
the commercial production of valencene is rather complex (i.e. squeezed orange peel, Fig.
12). As a consequence, the purity of valencene on the bulk market is usually only 70 to 90%
by weight. The 10-30% side-components present in bulk valencene will be analyzed with GCMS. Therefore, the perturbation of these side-components on the oxidation behavior and the
selectivity towards formation of nootkatone will be explicitly studied. It is indeed of high
importance to account for the changing quality of the feedstock, since physical parameters
such as viscosity – important for the reactor engineering – can be affected as well.

Figure 12 Feedstock for bulk-scale valencene: orange peel and orange oil. Distilling off the lowboiling limonene, a residue containing approx. 70% valencene is obtained.
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Chapter 6
Cobalt-Catalyzed Homolytic Activation of
Hydroperoxides
The CoII/CoIII-induced decomposition of hydroperoxides is an important reaction in many
industrial processes and is referred to as deperoxidation. In the first step of the so-called
Haber–Weiss cycle, alkoxyl radicals and CoIII–OH species are generated upon the reaction of
the CoII ion with ROOH. The catalytic cycle is closed upon the regeneration of the Co II ion
through the reaction of the CoIII–OH species with a second ROOH molecule, thus producing
one equivalent of the peroxyl radicals. Herein, the deperoxidation of tert-butylhydroperoxide
by dissolved cobalt(II) acetylacetonate is studied by using UV/Vis spectroscopy in situ with a
noninteracting solvent, namely cyclohexane. Kinetic information extracted from experiments,
together with quantum-chemical calculations, led to new mechanistic hypotheses. Even under
anaerobic conditions, the Haber–Weiss cycle initiates a radical-chain destruction of ROOH
propagated by both alkoxyl and peroxyl radicals. This chain mechanism rationalizes the high
deperoxidation rates, which are directly proportional to the cobalt concentration. Quantum
chemical calculations indicate that the Haber-Weiss reaction is a case of liquid-phase twostate reactivity: The potential energy surfaces of different spin states are very close, and spininversion of the ground state occurs at various places in the reaction.
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6.1 Introduction
Alkylhydroperoxides (ROOH) are important intermediates and reactants (i.e., oxidants) in
many oxidation processes.[1-4] For instance, in the industrial autoxidation of hydrocarbons,
ROOH is formed in the reaction of peroxyl radicals (ROO.) with the substrate (RH) and can in
turn be (partially) converted into an alcohol (ROH) and a ketone (Q=O) upon abstraction of
its weakly bonded α-H atom by ROO..[5-8] In many cases, the products of interest are the Q=O
and ROH molecules (e.g., KA oil from the oxidation of cyclohexane; 6 Mt a−1) rather than
ROOH.[9,10] Industrial autoxidation processes are therefore often followed by subsequent
deperoxidation in the absence of oxygen, thus converting the (remaining) ROOH intermediate
into additional ROH and Q=O species. In other cases, such as the Amoco process in which pxylene is oxidized to therephthalic acid (44 Mt a−1), deperoxidation is carried out
simultaneously with aerobic autoxidation. Cobalt complexes that are soluble in the reaction
mixture are used for this purpose (i.e., homogeneous catalysis).[3] During this peroxide
activation reaction, several reactive oxidizing species (i.e., oxygen-centered radicals) are
generated, thus explaining why ROOH can also be used as an oxidant in metal-catalyzed
(ep)oxidations.[11] The cobalt-induced cleavage of ROOH is also an important step in the
(chemical) drying of alkyd paint.[12] Indeed, the spontaneous aerobic oxidation of binder
molecules containing unsaturated C=C bonds (fatty acid chains) produces allylic
hydroperoxides, the cobalt-induced decomposition and subsequent chemistry of which causes
cross-linking between the binder molecules, thus shortening the drying time.
According to previous reports, cobalt ions react with ROOH in a so-called Haber–Weiss
catalytic cycle [reactions (1) and (2)], thus resulting in an overall conversion of two ROOH
molecules in alkoxyl (RO.) and peroxyl (ROO.) radicals, as given in reaction (3).[13,14]
CoII + ROOH → CoIII–OH + RO•

(1)

CoIII–OH + ROOH → CoII + ROO• + H2O

(2)

2 ROOH → RO• + ROO• + H2O

(3)

According to this two-step mechanism, the CoII ion is first oxidized by ROOH to a Co III–
OH intermediate, which can be regenerated back to the starting CoII ion upon reaction with a
second ROOH molecule. At the moment, there is disagreement over which step [i.e., reaction
(1) or (2)] is the rate-determining step, and hence which cobalt species (i.e., CoII or CoIII–OH)
is the dominant in solution.[15,16] Little information is available on the precise rate or
temperature dependence of the reactions. There is even controversy about the active species,
that is, the monomeric or μ-oxo/μ-hydroxo-bridged species.[17] The mechanism has not been
unambiguously clarified. A solid mechanistic understanding of the chemistry would be useful
to guide process optimization and the development of more efficient (heterogeneous) catalytic
systems.[18-20]
Herein, the deperoxidation of tert-butylhydroperoxide (denoted below as ROOH) by the
homogeneous model catalyst cobalt(II) acetylacetonate (Co(acac)2) is kinetically
characterized in a noninteracting solvent, namely, cyclohexane. The main goal of this chapter
is to quantify the kinetics and to gain insight into the fundamental chemistry of this reaction.
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6.2 Results and Discussion
Introduction to the experiments
tert-Butylhydroperoxide (5.5 M in decane, dried over molecular sieves (4 Å)) was used as a
model hydroperoxide because of its lack of an α-H atom, the abstraction of which could
significantly complicate the chemistry. Because hydroperoxides can form double H-bonded
dimers,[21] the ROOH concentration was chosen to be low enough so that the population of the
dimers can be neglected in the studied temperature range. Indeed, the dimers might have a
different reactivity to the monomers. In the case of tert-butylhydroperoxide, the MPW1B95/631+G(d,p)[22] predicted zero-point-energy (ZPE)-corrected stability of the dimer at 0 K was 8
kcal mol−1 with respect to the separated monomers. This finding implies that for the ROOH
concentrations used in this study (i.e., below 10 mM), the dimer fraction can be neglected,
even at a temperature as low as 323 K. For the same reason, ROOH was diluted in a
noninteracting solvent (i.e., cyclohexane).
Although the precise deperoxidation rate was unknown at the start of this study, it can be
anticipated that the reaction must be fast, even at room temperature (compare with the paintdrying process). Off-line analysis (e.g., by conventional gas chromatography) could therefore
generate less-reliable kinetic data; therefore, the reaction should preferably be monitored in
situ. Given the low catalyst and substrate concentrations, sensitive UV/Vis spectroscopy was
selected to follow the reaction (see the Experimental Section).
Spectral observations
The UV/Vis spectrum of Co(acac)2 in cyclohexane shows a broad absorption band between
λ=250 and 320 nm and a weak feature at λ=225 nm (Figure 1). (Note that the band at
λ=225 nm was probably underestimated due to the decreased transparency of the sapphire
windows below λ=220 nm.) Although the latter signal from Co(acac)2 interferes with the
absorption by ROOH in this wavelength region (Figure 1), the consumption of ROOH can
still be monitored by the absorbance signal at λ=225 nm, which is linear in [ROOH]. It can
indeed be expected that the concentrations of CoII ions and CoIII–OH remain virtually constant
(quasi-steady-state) for the duration of the experiment so that spectral changes at λ=225 nm
can be mainly attributed to the consumption of ROOH.

Cobalt-Catalyzed Homolytic Activation of Hydroperoxides

Figure 1

104

UV/Vis spectra of a) 50 μM Co(acac)2 and b) 10 mM ROOH in CyH at 343 K.

As the absorption cross-section of the alcohols is much lower than that of ROOH and
Co(acac)2, the ROH product does not directly interfere in the spectroscopic measurements.
Nevertheless, alcohols such as cyclohexanol (CyOH) seem to induce a significant blueshift
when added to a solution of Co(acac)2 in cyclohexane (Figure 2). The appearance of two
isosbestic points (λ=280 and 320 nm) demonstrates that under the experimental conditions,
alcohols can coordinate to the cobalt ions. This behavior points either to the presence of
vacant coordination sites in the Co(acac)2 species or to a very rapid ligand-exchange reaction
taking place. Given the high purity of the solvent and the hydrophilicity of cobalt ions, the
most likely other ligand is water. However, attenuated total reflection infrared (ATR-IR)
measurements of the starting Co(acac)2 powder showed no evidence for the presence of water.
Moreover, the solubility of H2O is very low in CyH, thus rendering the possibility of
additional water ligands (besides the acetylacetonate ligands) small. This hypothesis is
supported by a similar and gradual blueshift in the Co(acac)2 spectrum in CyH upon the
addition of small quantities of water (in total below 100 mM), thus also leading to an
isosbestic point at λ=277 nm. These observations suggest that the Co(acac)2 species present in
CyH have unoccupied coordination sites.

Figure 2

Effect of the addition of cyclohexanol (0, 20, 40, 60, 80, 100 mM) on the spectrum of
85 μM Co(acac)2 at room temperature. Note the isosbestic points at λ=280 and 320 nm.
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The coordination of alcohol is probably one of the main reasons why alcohols tend to
inhibit cobalt-catalyzed autoxidation and deperoxidation reactions. Therefore, the
deperoxidation of ROOH has to be studied under initial kinetic conditions, that is, at low
conversions. The stability of the Co(acac)2/methanol complex is computationally predicted to
be 10.0 and 7.6 kcal mol−1 at the UB3LYP/LANL2DZ and UBP86/LANL2DZ levels of
theory, respectively. The fact that both DFT functionals - each with its own shortcomings agree within a few kcal mol−1 on the stability of the complex is an indication that this
prediction is rather reliable. Moreover, the average stability of ±9 kcal mol−1 is in qualitative
agreement with the observed shift in Figure 2.
Time-resolved measurements after the addition of ROOH
The addition of ROOH to Co(acac)2 in solution immediately induces similar spectroscopic
changes as the addition of alcohol, thus indicating that ROOH also coordinates to the cobalt
ions (Figure 3). Note that the initial strong increase of the absorption signal at around
λ=230 nm upon the addition of ROOH is caused by 1) ROOH itself and 2) coordination of
ROOH to the CoII ion. Indeed, a comparison of Figures 1 and 3 shows that the absorbance of
Co(acac)2/ROOH in solution is greater (especially at around λ=250 nm) than the algebraic
sum of the absorbances of the two separate solutions. The stability of the Co(acac)2/CH3OOH
complex is computationally predicted to be 6.5 and 6.3 kcal mol−1 at the UB3LYP/
LANL2DZ[23] and UBP86/LANL2DZ[24] levels of theory, respectively. This finding is
±2.5 kcal mol−1 weaker than for the alcohol complex. This relative difference seems to be
significant, given the close agreement between the UB3LYP- and UBP86-predicted stabilities
of both complexes. However, it was observed that a significantly smaller amount of ROOH
can induce a similar spectroscopic shift than ROH. This observation could point towards the
formation of other cobalt species that induce a similar blueshift (see below).

Figure 3

a) Spectrum of 50 μM Co(acac)2 in CyH at 343 K. b) Instantaneous spectral shift upon the
addition of 10.0 mM tert-butylhydroperoxide (t=0), in part due to the coordination of CoII
ions by ROOH. c) The subsequent decrease of absorbance as a function of time, which
was uniform over the spectral range and due to the chemical removal of ROOH (spectra
recorded every 60 s).
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Immediately after the instantaneous spectral shift, the absorbance starts to decrease with
time over the entire range λ=220–350 nm due to consumption of ROOH (Figure 3). Although
the absolute ROOH decay can not be measured due to the anticipated spectral interference of,
for example, the CoII/ROOH complex, the relative concentration of ROOH can still be
followed because [CoII/ROOH] is expected to be proportional to [ROOH]. The kinetic plots in
Figure 4 unambiguously demonstrate first-order kinetics for ROOH. To avoid inhibition by
coordination of the alcohol product to the cobalt species (see above), the reaction was
monitored only until [ROOH](t)/[ROOH](0)≈0.5 (i.e., initial kinetics). As an example, the
pseudo-first-order rate constant k′≡−dln {[ROOH](t)/[ROOH](0)}/dt at 343 K with 50 μM
Co(acac)2 equals 2.0×10−3 s−1. Note that the absence of an induction period indicates that the
species initially present are immediately active in the catalytic deperoxidation. Fast and
irreversible catalyst deactivation can be excluded in the studied conversion range because the
pseudo-first-order rate constants do not change as a function of time, that is, the slope of the
plot of ln {[ROOH](t)/[ROOH](0)} versus time does not show any measurable decrease.

Figure 4

a) First-order and b) second-order kinetic plots of the deperoxidation of ROOH by 50 μM
Co(acac)2 at 343 K; [ROOH](0)=10.0 mM. Determination of the pseudo-first-order rate
constant k′≡−dln {[ROOH](t)/[ROOH](0)}/dt=2.0×10−3 s−1.

Kinetic quantification at 323–343 K
A number of measurements of the rate of ROOH removal was carried out at various
concentrations of the Co(acac)2 catalyst at three different temperatures (i.e., 323, 333, and
343 K; Figure 5). This plot demonstrates the first-order kinetics in the concentration of
Co(acac)2. The experiments were limited to 323–343 K because ROOH dimers could become
important at lower T values, whereas the reaction becomes too fast for accurate monitoring
with the applied setup at higher T values. However, this narrow T range is compensated by the
precision of the data. The apparent overall bimolecular rate coefficient k(T) was obtained
from the plots of k′≡−dln {[ROOH](t)/[ROOH](0)}/dt versus Co(acac)2. An Arrhenius plot of
ln k(T) versus 1/T is inserted in Figure 5; the data can be fitted with excellent precision by the
Arrhenius expression k(T)=1.2×1010×exp (−13 kcal mol−1/RT) M−1 s−1.
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Pseudo-first-order
rate
constant
for
the
deperoxidation
of
ROOH
k′≡−dln {[ROOH](t)/[ROOH](0)}/dt as a function of the Co(acac)2 catalyst concentration
at different temperatures: a) 323, b) 333, and c) 343 K. The insert shows the Arrhenius
plot of the apparent overall bimolecular rate coefficient k(T).

Although the measured Arrhenius activation energy of 13 kcal mol−1 is in fair agreement
with the predicted barrier of the rate-determining step (i.e., 15±3 kcal mol−1), the Arrhenius
frequency factor (i.e., AArrh=1.2×1010 M−1 s−1) is strikingly large. This outcome seems to
indicate that the experimental findings are irreconcilable with the Haber–Weiss mechanism as
the sole sink of ROOH, even allowing for the consumption of two additional ROOH
molecules by the fast subsequent reactions (1) and (5) (see below). One must indeed conclude
that the observed deperoxidation rate is approximately one order of magnitude higher than
expected for a pure Haber–Weiss mechanism. The most probable rationalization is a chain
mechanism initiated by the Haber–Weiss cycle.
Reaction Mechanism
Rationalization of the experimental observations start by examination of the fate of the
alkoxyl radicals produced in reaction (1). Radical RO. can either react with the cyclohexane
solvent [reaction (4)] or with the hydroperoxide, [reaction (5)].
RO• + CyH → ROH + Cy•

(4)

RO• + ROOH → ROH + ROO•

(5)

The rate of reaction (4) was measured at 253–302 K;[26] slight extrapolation predicts
k4(333 K) to be as large as (1.5±0.5)×106 M−1 s−1. However, reactions of the type X.+ROO
H→X H+ROO are also known to be surprisingly fast.[27] Calculations at the UB3LYP/6311++G(df,pd)//UB3LYP/6-31G(d,p) level, which are known to predict quantitatively
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reliable barriers for H-transfer reactions,[5] demonstrate that reaction (5) proceeds via a
transition state (TS) that is located 2.95 kcal mol−1 below the level of the reactants (a so-called
submerged TS) due to the formation of strong pre- and post-reactive H-bonded complexes.
The rate constant of reaction (5) predicted by TS theory (TST) would therefore be
approximately 3×1010 M−1 s−1, given the average pre-exponential rate constant for H-transfer
reactions of 3×108 M−1 s−1.[8] This estimation of k5 is one order of magnitude larger than the
normal diffusion-controlled rate constant. Therefore, one has to estimate the precise rate at
which the RO. radical and ROOH diffuse towards each other, rather than using this TST
value. Based on the long-range ROOH⋅⋅⋅.OR dipole–dipole interaction and by adopting as a
―reactive distance‖—the separation of the reactants at which the interaction energy equals
kBT—the diffusion-limited rate constant k5(333 K) can be estimated to be 2×1010 M−1 s−1.[28]
This rate is significantly faster than diffusion-controlled reactions between nonpolar reactants
in aqueous solutions (i.e., usually ≈3×109 M−1 s−1) but only slightly faster than, for example,
the measured recombination of iodine atoms in hexane (i.e., 1.3×1010 M−1 s−1),[29] in which no
long-range interactions are at play. The known or estimated rate constants of reactions (4) and
(5) imply that under the experimental conditions (i.e., [CyH]=9.5 M and initial
[ROOH]=10−2 M) the majority of the RO. radicals react rapidly (within ≈3 ns) with ROOH to
form ROO. radicals and ROH. This conclusion is in line with Visser and co-workers, who
studied the consumption of tert-butylhydroperoxide by tert-butoxyl radicals generated by the
thermal dissociation of di-tert-butylperoxyoxalate at 318 K.[30]
We will return to the fate of the 5–10 % Cy radicals formed in reaction (4). Furthermore,
β-scission of the tert-butoxyl radical can be neglected in the experimental T range[26]
Note that when reaction (4) is neglected (see above), the rate-controlling reaction (1) and
the two (fast) subsequent reactions (2) and (5) can be combined into one overall catalytic
initiation reaction controlled by k1 (i.e., CoII+ROOH(+2 ROOH)→CoII+ROH+H2O+2 ROO.),
with the rate of chain initiation (i.e., Rinit=k1[CoII][ROOH]; as a single chain involves two
ROO. radicals; see below), but with the rate of ROOH removal due to the initiation [Eq. (A)]:
(-d[ROOH]/dt)init = 3k1[CoII][ROOH]

(A)

For ROO. radicals, two competing pathways are possible: the self-reactions (6 a) and
(6 b) and the H-abstraction reaction with the solvent [reaction (7)].
ROO• + ROO• → RO• + RO• + O2

(6a)

ROO• + ROO• → ROOR + O2

(6b)

ROO• + CyH → ROOH + Cy•

(7)

The self-reaction of tert-butylperoxyl radicals—as is the case with all tertiary peroxyl
radicals—produces mainly RO. radicals, whereas termination to form ROOR is only a minor
channel, relative to the reactions of primary and secondary peroxyl radicals in which α-H
atoms can be transferred.[1] Indeed, for tertiary peroxyl radicals, termination only occurs for a
small fraction as a result of in-cage recombination of the nascent RO. radicals prior to their
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diffusive separation.[27] The total rate constant for the mutual reaction of two tert-butylperoxyl
radicals in the gas phase is known to be k6,gas(333 K)=8×104 M−1 s−1.[31] In a noninteracting
liquid, TST predicts the bimolecular rate constants to be approximately three times larger due
to smaller translation partition functions of all the involved species in the liquid phase. [32]
Therefore, a reasonable estimate of k6(333 K) is approximately 3×105 M−1 s−1. This quantity is
important because reaction (6 a) becomes the rate-controlling propagation step in the overall
mechanism of ROOH removal because each resulting RO . radical rapidly attacks an ROOH
molecule through reaction (5). By attributing the observed deperoxidation rate (i.e.,
1.1×10−5 M s−1 at 50 μM Co(acac)2 and 333 K; see above) mostly to chain propagation (i.e.,
neglect the initiation as a sink for ROOH) and using the value of k6 a≈k6 (see above), [ROO.]
can be estimated to be approximately 4×10−6 M. The competing ROO. sink, namely reaction
(7), is characterized by the rate constant k7(333 K)≈3×10−2 M−1 s−1.[3,33] Given the estimated
[ROO.] of approximately 4×10−6 M, the rate of reaction (7) should be close to 1.2×10−6 M s−1.
This value is approximately ten times smaller than the observed deperoxidation rate (i.e.,
1.1×10−5 M s−1), thus indicating that reaction (7) is only a minor sink for ROO . radicals
(approximately 10 %). Therefore, the rate-limiting propagation reaction (6 a) can be, in a good
approximation, combined with two times the subsequent reaction (5) into a single overall
chain-propagation reaction (i.e., ROO.+ROO.(+2 ROOH)→2 ROH+O2+2 ROO.) with chainpropagation rate (i.e., Rprop=k6 a[ROO.]2; a single chain involving two ROO. chain
propagators), but giving an rate of the ROOH removal by chain propagation (B):
(-d[ROOH]/dt)prop = 2k6a[CoII][ROO•]2

(B)

According to this proposed mechanism (Scheme 1), the radical chain is not only
propagated but also terminated by two ROO. radicals. Application of the radical quasi-steadystate, that is, equating the rate of chain initiation Rinit= k1[CoII][ROOH], to that of chain
termination Rterm= k6 b[ROO.]2 leads to the expression (C) for the total ROOH removal rate:
−d[ROOH]/dt=(−d[ROOH]/dt)init+ (−d[ROOH]/dt)prop:
-d[ROOH]/dt = (3+ 2k6a/k6b) × [CoII] × [ROO•]2

(C)

Scheme 1 The radical-chain mechanism responsible for the CoII-induced decomposition of ROOH.
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Thus, according to this chain mechanism, the experimentally observed rate coefficient
k(T) above is in fact (3+2 k6 a/k6 b)×k1. The chain length, defined as the ratio of the chainpropagation and chain-termination rates, simply equals k6 a/k6 b. This ratio has been
experimentally determined to be (7—10):1 for tert-butylperoxyl radicals in benzene at
318 K.[30] A chain length on the order of 10, thus yielding k(T)≈20×k1, appears reasonable,
given that most of the nascent RO. radicals produced in the mutual reaction of ROO. will
diffuse away from each other rather than combine. The temperature dependence of the k6 a/k6 b
ratio is expected to be small as it is controlled by diffusion, thus meaning that the
experimentally observed activation energy of 13 kcal mol−1 is a reasonable estimate for the
energy barrier Eb of reaction (1).
It is important to emphasize that Equation (C) correctly predicts the observed reaction
orders for both cobalt and hydroperoxide. Many other mechanisms were considered, but all of
them had to be rejected because they could either not explain the observed kinetics and/or the
products observed in post-reaction analysis with gas chromatography (GC).
Under our conditions, the lifetime of ROOR is on the order of several days, that is, much
longer than the timescale of the experiments. ROOR can thus be considered a true termination
product. Experimental quantification of this compound, for example with GC, is very difficult
given its low concentration and low stability in the GC injector (its lifetime at 473 K is only
≈1 s).
Although the general picture is clear and consistent, we have to return to the fate of the
Cy radicals formed in reactions (4) and (7). Despite our precautions to avoid O 2 in the system
(by flushing the reactor with N2), the formation of O2 in situ cannot be avoided: about 0.5 O2
is formed per ROOH consumed through reaction (6). Given that only approximately 0.15–0.2
Cy. radicals are expected to be generated per ROOH molecule removed, all Cy . radicals will
be able to react with O2, thus yielding the CyOO. radical. Indeed, with a diffusion-controlled
rate constant of 3×109 M−1 s−1, the rate of Cy. loss, even at [O2] as low as 10−5 M, will still be
as high as 3×104 s−1, far higher than any other Cy. radical reaction. Initially, at low ROOH
conversions, the CyOO. peroxyl radicals will react mainly with ROOH and vice versa
[reaction (8)]. This reaction is known to proceed with a rate constant of approximately
103 M−1 s−1 at 303 K in both directions.[27]
.

CyOO• + ROOH ⇌ CyOOH + ROO•

(8)

So, after a short time the two types of peroxyl radicals will be in (pre-)equilibrium with
[CyOO.]≪[ROO.] given that [ROOH]≫[CyOOH]. Nevertheless, as the reaction proceeds,
both CyOO. and CyOOH will also start to react with the ROO. radical and eventually also
with cobalt, thus yielding cyclohexanol and cyclohexanone. However, the effective rate of
CyOOH loss remains rather low due to its low concentration relative to ROOH, thus
explaining why it can be detected by using GC. Significantly, the total amount of cyclohexane
oxidation products observed with GC (i.e., ±15 % with respect to tert-butyl alcohol) is in good
agreement with the mechanism detailed above. This mechanism therefore also explains why
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the yield of the industrial deperoxidation of cyclohexylhydroperoxide in cyclohexane exceeds
100 % as one co-oxidizes a fraction of the cyclohexane solvent.
In summary, the mechanism shown in Scheme 2 is based on well-characterized reactions
(experimentally and/or computationally) and can not only explain the observed reaction rate
and reaction orders but also the minor fraction of cyclohexane oxidation products relative to
the major product tert-butyl alcohol

6.3 Two-State Reactivity
Since both CoII and CoIII have well-populated d-valence, d7 and d6, respectively, the
occurrence of different spin states is possible. Although the ground state of Co II is usually a
quartet and the ground state of the CoIII is usually a singlet, the higher-lying doublet and
triplet states must be considered when investigating the mechanism of the reaction with
quantum mechanical calculations.
The concept of two-state reactivity (TSR) has been introduced by Schwarz and Shaik.[38]
It refers to the fact that reactions involving atoms of significant spin-orbit-coupling (e.g. TMI)
can be ―spin-catalyzed‖ at spots where potential energy surfaces of different spin multiplicity
do cross. These spots are called spin inversion junctions (SI), and for usual (organic)
molecules the inversion is forbidden, i.e. very slow. In order to have fast spin-flips at the SI,
TSR requires enormously strong bound, core-close electrons, that move so fast that relativistic
effects come into play.

Figure 6

Symbolic representation of two-state reactivity (TSR). The spin inversion junctions (SI)
facilitate the reaction from high-spin reagents to high-spin products via low-spin
intermediates.

Usually, the conditions for such reactivities are extreme, e.g. gas-phase experiments
with energy-rich molecules. However, DFT calculations strongly suggest that in the case of
(liquid-phase) cobalt-catalyzed deperoxidation, the spin states are also close in energy.
Therefore, we investigated the whole potential energy surface for the two Haber-Weiss steps
on both high- and low-spin levels. In order to have at least qualitatively sound results, we
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used a dedicated set of calculation conditions including generic basis sets. More precisely, an
f-polarized Los Alamos ECP basis set (LANL2DZ(f)) was used for cobalt, a well-performing
6-311++G(df,pd) basis set for the nonmetals and Truhlar‘s M06-L meta GGA functional
which is optimized for treating different spin states.[39]
In Figure 7, the results of those calculations are shown. Indeed, the central transition
state is lower on the doublet level, such that spin-catalysis can occur. Indeed, spin-orbit
coupling for cobalt systems is relatively large,[40] enabling efficient state changes at the spin
inversion junctions. As a consequence, the TS lies around 0 kcal mol-1 only. According to
transition state theory, this implies a bimolecular reaction between Co II and ROOH,
proceeding through a very low transition state. Although a quantitative estimation of the rate
constant for such a reaction involving TSR is currently prohibited, one can assume a fast
reaction. Interestingly, the quartet CoIII-OH/RO adduct is almost degenerate with the doublet
equivalent.

Figure 7

First step of the Haber-Weiss reaction, involving TSR.

In Figure 8, the second step of the Haber-Weiss reaction is shown. In that case, the TSR
is even more pronounced, since it does not reach only over the transition state but also over
three intermediates. Moreover, the incorporation of a ROOH molecule seems to be quite fast:
Instead going over the triplet barrier, the reaction can choose the low-lying singlet path all the
way to the peroxo complex. Whereas the first step was in essence a low-barrier bimolecular
reaction (with pre-equilibrium complex formation), the second step seems to be an activated
unimolecular dissociation of the intermediate Co III-OOR compound. Therefore, we put
forward the hypothesis that not CoIII-OOR but CoIII-OOR is the longest-lived and thus
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prevalent species in solution. The elimination of a peroxyl radical would then be the ratedetermining step. The calculated barrier of 16 kcal mol-1 is in fair agreement with the
experimentally observed 13 kcal mol-1. More work is in progress to understand alternative
CoIII-OOR sinks which could explain catalyst deactivation.[41]

Figure 8

Second step of the Haber-Weiss reaction, involving TSR.

6.4 Conclusion
Herein, the catalytic deperoxidation of tert-butylhydroperoxide with [Co(acac)2] was studied
by in situ UV/Vis spectroscopic analysis at 323–343 K. It is proposed that a Haber–Weiss
mechanism is responsible for the initiation of a radical-chain mechanism propagated by
alkoxyl and peroxyl radicals. The absence of an efficient termination channel in the mutual
reaction of tertiary peroxyl radicals results in a chain length on the order of 10. The majority
of the hydroperoxide radicals are therefore destroyed by propagation reactions rather than the
Haber–Weiss cycle. A computational study reveals the importance of two-state reactivity for
liquid-phase reactions involving transition metal ions. The most abundant catalyst species is
supposed to be a peroxo complex Co III-OOR. It is our aim to further characterize this reaction
(both experimentally and computationally) and to investigate the influence of the ligands,
additives and experimental conditions. Also the performance of heterogeneous catalytic
systems will be compared and rationalized in the light of the proposed mechanism.
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6.5 Experimental and Computational Section
In the experimental setup, the light of a deuterium–halogen source was guided by optical
fibers to a magnetically stirred high-pressure reactor (10 mL). The light was passed through
the reactor (optical path length: ≈1 cm) through sapphire windows and guided to an Ocean
Optics USB2000 spectrometer through a second optical fiber. The integration time of the
CCD detector was set at 5 ms, thus averaging out 100 spectra to improve the signal-to-noise
ratio. A dark spectrum was recorded with a closed light shutter, while reference spectra were
recorded with only cyclohexane in the reactor. The reaction was initiated by adding a known
quantity of a prediluted ROOH in cyclohexane (0.275 M) to an N2-flushed solution of
[Co(acac)2] in CyH (5 mL) in the reactor, after which the reaction was monitored under an N2
atmosphere. All the studied cobalt solutions were obtained from the same mother solution
(1.0 mM Co(acac)2 in cyclohexane) through dilution with N2-flushed cyclohexane. Note that
the sapphire windows of the high-pressure reactor absorb light below λ≤220 nm, thus
deforming the far-UV range of the spectrum.
Quantum-chemical calculations were performed with the Gaussian09 software[42] at the
indicated level of theory. The reported relative energies of the stationary points on the
potential-energy surfaces (i.e. energy barriers Eb and reaction energies ΔE) were corrected for
ZPE differences.
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Chapter 7
Thermal and Catalytic Formation of
Radicals during Autoxidation

The aerobic autoxidation of hydrocarbons proceeds through a complicated reaction
mechanism, mediated by free radicals. Most reported autoxidation catalysts enhance the
radical formation rate via homolytic activation of hydroperoxide products. Whereas our
knowledge of the product formation mechanisms has significantly improved over the last
couple of years, the chain initiation is still poorly understood. In this chapter, the thermal and
catalytic initiation rate for the oxidation of the renewable olefin α-pinene is quantified,
thereby providing evidence for a substrate-assisted thermal initiation. The kinetics of the
catalytic initiation is in good agreement with previous studies under model conditions.
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7.1 Introduction
Partial oxidation of hydrocarbons is an industrially relevant and academically challenging
task, as pointed out in the preceding chapters.[1] The focus of our work is laid on aerobic
oxidations, mediated by free radical intermediates.[2-4] There, a hydrocarbon (RH) is subjected
to oxygen at elevated temperatures, and a chain oxidation takes place during which the active
oxidant is not O2 itself, but reactive peroxyl radicals (ROO●).[4] Products which can be
observed are hydroperoxides (ROOH), alcohols (ROH) and ketones (Q=O). Under noncatalytic conditions, radicals are generated from the ROOH product, leading to an
autocatalytic increase of the oxidation rate. Although it had been assumed[3] that this thermal
chain-initiation takes place via homolytic dissociation of the O-O bond (reaction 1), it was
recently proposed that this unimolecular reaction is not only very slow, but also inefficient in
generating radicals, as the nascent radical-pair rapidly recombines in a solvent-cage.[5] It was
therefore proposed that the initiation is a bimolecular reaction between ROOH and the
substrate (reaction 2), or a more reactive reaction product, such as cyclohexanone in the case
of cyclohexane oxidation (reaction 3). In those reactions, the OH-radical breaking away from
the hydroperoxide abstracts an H-atom, forming water and a C-centered radical, eventually
stabilized by delocalization.[5] Such a substrate or product-induced initiation features not only
a lower activation barrier, it is also proposed to be more efficient in generating radicals than
the unimolecular O-O bond cleavage, because the nascent RO●-radical is effectively shielded
by the initially hydrogen-bonded water molecule against recombination with the R●-radical.
H2O acts as ―insulator‖ between the two radicals and is hydrogen-bonded to the alkoxyl
radical with approximately 2.6 kcal mol-1, at the ZPE-corrected UB3LYP/6-311++G(df,pd)
level of theory.
ROOH → RO• + •OH

(1)

ROOH + RH → RO• + H2O + R•

(2)

ROOH + Q=O → RO• + H2O + Q-αH•=O

(3)

The RO● radicals are rapidly converted to R● radicals (reaction 4) which are themselves
trapped by O2, leading to ROO● radicals (reaction 5). Peroxyl radicals are able to abstract Hatoms from the substrate and form ROOH (reaction 6).
RO• + RH → ROH + R•

(4)

R• + O2 → ROO•

(5)

ROO• + RH → ROOH + R•

(6)

In addition, ROO● radicals can abstract the weakly bonded αH-atom of the ROOH primary
product, leading to the formation of alcohol and ketone in an activated solvent-cage reaction
(7); the stoichiometric coefficient x in reaction (7) depends on the substrate.[6-9]
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ROO• + ROOH {+ RH}

→ x ROOH + x R• + (1-x) ROH + (1-x) RO• + Q=O + H2O

(7)

Reactions (8) and (9) can be additional sources of alcohol and ketone, respectively, depending
on the substrate.[10]
RO• + ROOH → ROH + ROO•

(8)

RO• + O2 → Q=O + HO2•

(9)

As compared to saturated hydrocarbons, olefins are significantly more reactive. Amongst
other reasons, this is caused by a better stabilization of the electron-deficient R● radicals
(allylic resonance). Moreover, the ROO● radicals can, in addition to H-abstraction, add to the
C=C bond, forming epoxide (EO) (reaction 10).[10] The efficiency of this epoxidation
mechanism depends on the olefin as well as the O2 partial pressure.[11,12]
ROO• + RH → RO• + EO

(10)

In all cases one also has to consider the cross-reaction of ROO● radicals, despite the low
[ROO●] (≈10-7 M); this reaction can either lead to alkoxyl radicals (reaction 11) or chaintermination (reaction 12). The substrate-dependent branching ratio between the two channels
has important consequences on the whole chain mechanism.[13]
ROO• + ROO• → RO• + RO• + O2

(11)

ROO• + ROO• → ROH + Q=O + O2

(12)

Most reported autoxidation catalysts accelerate the formation of radicals by homolytic
activation of hydroperoxides.[2] The best known catalysts are based on Co II/III, accelerating the
decomposition of the hydroperoxide in a so-called Haber-Weiss cycle (reactions 13-14).[14]
The catalyst can be homogeneous (industrial practice) or heterogeneous, e.g. incorporated into
a (micro-)porous material.[15]
ROOH + CoII → CoIII–OH +RO•

(13)

ROOH + CoIII–OH → CoII + H2O + ROO•

(14)

The rate of this reaction has been directly measured for the model hydroperoxide t-BuOOH
and Co(acac)2, dissolved in cyclohexane using in situ UV-Vis spectroscopy.[16] In the
temperature range 323-343 K, the rate constant can be well represented by the Arrhenius
expression kcat(T) = (6±3) × 108 M-1 s-1 × exp(-13±2 kcal mol-1/RT).
However, up until now there is no direct in situ quantification of the catalytic initiation rate
constant under autoxidation conditions. Neither is there a quantification of the relative
importance of the catalytic initiation to the total initiation. A better understanding of catalytic
autoxidation chemistry should start with a kinetic quantification of the catalyst‘s performance.

Thermal and Catalytic Formation of Radicals during Autoxidation

120

7.2 Materials and Methods
The experiments were performed in a 10 mL glass bubble column reactor equipped with a top
condenser. O2 was bubbled (100 NmL/min) through 250 μm pores of a bubbler to ensure fast
gas-liquid mass-transfer. The temperature was controlled by a thermostat, equipped with an
immersion heater and thermocouple. The reactor was heated to reaction temperature under a
flow of N2 (inert conditions); subsequently the gas flow was changed to O2 to start the
reaction. Note that this is potentially dangerous and that appropriate safety measures should
be taken. n-Nonane (Sigma Aldrich, >99 %) was added in 1 mol% as an internal standard to
freshly distilled α-pinene (98%, Sigma-Aldrich, stabilized). Product quantification was done
with GC-FID and GC-MS, as described elsewhere.[10]

7.3 Results and Discussion
As a benchmark reaction for characterizing the catalytic activity of Co(acac) 2, a well-known
autoxidation model-catalyst, we chose the autoxidation of the renewable olefin α -pinene. The
most prominent products during α-pinene oxidation are α-pinene oxide, verbenyl
hydroperoxide, verbenol and verbenone (Scheme 1), whereas other regioisomeric products
have also been characterized.[10] Most of these products are interesting targets for the
fragrance and flavour industry, e.g. the epoxide is the starting material for the synthesis of
sandalore® (Givaudan) and polysantol® (Firmenich).[17]

Scheme 1 Main products of the thermal α-pinene oxidation.

It is known from our earlier work that the oxidation rate is directly linked to the concentration
of chain-carrying peroxyl radicals.[10] Figure 1 shows that upon addition of 100 M catalyst,
the oxidation rate is significantly enhanced. Addition of 500 mM verbenol did not
significantly change the reaction rate, showing that reaction products barely influence the
catalytic activity.
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Figure 1

The time-evolution of the sum of products under thermal () and catalytic conditions (★,
100 M Co(acac)2), both at 353 K (1 atm O2).

In order to quantify the catalytic effect, a series of experiments with varying catalyst
concentration was performed. The observed reaction rates increased as a function of the
Co(acac)2 concentration, but in a nonlinear way, implying an indirect connection of the
catalyst concentration with the reaction rate. During autoxidations, the radical‘s lifetime is
significantly shorter than the timescale of the overall oxidation reaction, leading to radical
quasi steady-state. The rate of chain-initiation therefore equals the rate of chain-termination
(equation A), allowing for an evaluation of the instantaneous radical concentration (equation
B).

k2[ROOH][RH] + kcat[ROOH][CoII]  k12[ROO●]2
[ROO●] = √

k [ROOH][RH] + kcat [ROOH][Co ]
k

(A)
(B)

Notice that there is a thermal contribution (k2[ROOH][RH]) and a catalytic contribution
(kcat[ROOH][CoII]) to the initiation; kcat refers to the rate constant of the rate-determining step
in the Haber-Weiss cycle. Note that the concentration of the active catalyst species involved
in the rate-determining step is present in a concentration which is nearly the same as the
initially added [Co(acac)2]0.The propagation rate (rp) is proportional to [ROO] and [RH]
(Equation C), with kp referring to the propagation rate constant, i.e. the sum of H-abstraction
and C=C addition in case of -pinene). Therefore, an elegant way to linearize the equations –
and to determine kcat – is to plot the squared-rate at a given [ROOH] versus the catalyst
concentration. The slope (equation E) of this squared-rate plot is a measure for the Haber-
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Weiss reactivity of the catalyst, whereas the intercept (Equation F) contains information about
the pure thermal initiation.


rp = kp [ROO ][RH]

(C)

rp 2 = intercept + slope  [CoII ]

(D)

slope =

kcat kp 2
k

intercept =

[RH]2 [ROOH]

k kp 2
k

(E)

[RH]3 [ROOH]

(F)

The slope of i[Producti] vs. time was determined for every experimental data point and
plotted as a function of the experimentally measured [ROOH] (see Figure 2) for various
concentrations of Co(acac)2. The obtained rp(25 mM ROOH) data were used to construct the
squared-rate vs. [Co(acac)2] plot in Figure 3. The linearity of the data corroborates the
applicability of the kinetic calculations in equations (A)-(F). The extracted kcat = 0.5 M-1s-1 at
353 K is approximately ten times smaller than the value measured for t-BuOOH in
cyclohexane under model conditions. This small difference in reactivity might be related to
the different steric requirements of pinene hydroperoxide vs. t-BuOOH. The observed kcat/k2
ratio is 3  105, showing that the Haber-Weiss initiation is orders of magnitude faster than
thermal initiation. Therefore, already at a catalyst concentration of only 3 ppm (i.e. 20 M),
the initiation caused by the catalyst (reactions 11 and 12) outruns the thermal ―self-initiation‖
of hydroperoxide (reaction 2).

400
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150
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Figure 2
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Procedure to determine rp(25 mM ROOH): Left-hand of the figure shows i[Producti] vs.
time for 50 M Co(acac)2 at 343 K; Right-hand of the figure shows rp=d(i[Producti])/dt
as a function of [ROOH]. rp(25 mM ROOH) can be found via interpolation.
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Squared-rate plot of Co(acac)2 catalyzed -pinene autoxidation (, solid line) at 353 K and
[ROOH] = 25 mM; intercept = 1.610-9 M-1 s-1; slope = 5.310-5 M-1 s-1. Contribution of
thermal initiation (☆, dotted line).

In order to obtain more kinetic data, series of autoxidation experiments were carried out at
different temperatures. The resulting rate-square plots are shown in Figure 4.
From the slope and intercepts of these plots, and the known kp and k12 [10], one can determine
kcat(T) = (32)108  exp(-142 kcal mol-1 / RT) and k2(T)= (52)108  exp(-232 kcal
mol-1 / RT). These results show that the activation barrier of the thermal initiation mechanism
is substantially lower than the RO-OH bond dissociation energy (viz. 23 vs. 40 kcal mol-1) but
in good agreement with the UB3LYP/6-311++G(df,pd)//UB3LYP/6-31G(d,p) predicated
barrier of reaction (2), i.e. 24.5 kcal mol-1. To the best of our knowledge, this is the first direct
experimental evidence for the proposed bimolecular initiation mechanism (reaction 2). The
Arrhenius expression for kcat is in good agreement with the one derived under model
conditions with in situ UV-Vis spectroscopy (i.e. using tBuOOH in cyclohexane[16]), viz.
(63)  108  exp(-132 kcal mol-1/RT) M-1 s-1, and subscribes the robustness of our analysis.
Importantly, the same data evaluation procedure can also be used to study the performance of
other oxidation catalysts, such as heterogeneous systems.
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Figure 4

Squared-rate at 25 mM ROOH versus [Co(acac)2] for -pinene autoxidation at 353 K (),
343 K () and 333 K (*). The insert shows the Arrhenius plot for kcat as determined from
the slope of the plots (see text).

7.4 Conclusions
In this contribution we determined the Arrhenius expressions for the temperature-dependency
of the rate constants for thermal and Co(acac)2-catalyzed chain-initiation during the
autoxidation of -pinene. The kinetic analysis is based on a quasi steady-state treatment of the
chain-carrying peroxyl radicals and allows for a precise determination of the rate constants
under reaction conditions. It is shown that the activation energy of the thermal chain-initiation
(viz. 232 kcal mol-1) is significantly lower than the RO-OH bond strength (40 kcal mol-1),
ruling out a unimolecular homolytic cleavage. However, the experimentally determined
activation energy is in good agreement with the DFT-predicted barrier (viz. 24.5 kcal mol-1) of
a substrate-assisted initiation mechanism in which the OH-radical braking away from the ROOH is abstracting a weakly bonded allylic H-atom from -pinene. The rate constant of the
rate-determining step of the catalytic chain-initiation mechanism is in quantitative agreement
with previously determined kinetic data on the deperoxidation of tBuOOH using in situ UVVis spectroscopy. From a catalyst concentration of 20 M onwards, the catalytic chaininitiation dominates over the thermal substrate-assisted initiation mechanism.

Thermal and Catalytic Formation of Radicals during Autoxidation

125

7.5 References
[1]

F. Cavani, J. H. Teles, ChemSusChem 2009, 2, 508-534.

[2]

R. A. Sheldon, J. K. Kochi, in: Metal-Catalyzed Oxidations of Organic compounds,
Academic Press, New York, 1981.

[3]

G. Franz, R. A. Sheldon, in: Oxidation, Ullmann‘s Encyclopedia of Industrial
Chemistry, Wiley–VCH, Weinheim, 2000.

[4]

N. M. Emanuel, E. T. Denisov, Z. K. Maizus, in: Liquid Phase Oxidation of
Hydrocarbons, Plenum (New York) 1967.

[5]

I. Hermans, P. A. Jacobs, J. Peeters, Chem. Eur. J. 2006, 12, 4229-4240.

[6]

I. Hermans, T. L. Nguyen, P. A. Jacobs, J. Peeters, ChemPhysChem 2005, 6, 637-645.

[7]

I. Hermans, J. Peeters, P. A. Jacobs, J. Org. Chem. 2007, 72, 3057-3064.

[8]

I. Hermans, P. A. Jacobs, J. Peeters, J. Mol. Cat. A, 2006, 251, 221-228.

[9]

I. Hermans, J. Peeters, L. Vereecken, P. Jacobs, ChemPhysChem 2007, 8, 2678-2688.

[10]

U. Neuenschwander, F. Guignard, I. Hermans, ChemSusChem 2010, 3, 75-84.

[11]

D.E. van Sickle, F.R. Mayo, J. Arluck, J. Am. Chem. Soc. 1965, 81, 4824-4832.

[12]

U. Neuenschwander, I. Hermans, Phys. Chem. Chem. Phys. 2010, 12, 10542-10549.

[13]

U. Neuenschwander, E. Meier,
doi:10.1002/cssc.201100266.

[14]

a) F. Haber, J. Weiss, Naturwissenschaften 1932, 20, 948-950; b) F. Haber, J. Weiss,
Proc. R. Soc. London Ser. A 1934, 147, 332-351; c) G. Sosnovsky, D. J. Rawlinson in:
D. Swern (Ed.), Organic Peroxides, Vol. 2, Wiley, New York, 1971, p. 153; d) R. A.
Sheldon, J. K. Kochi, Adv. Catal. 1976, 25, 272-413; e) S. Goldstein, D. Meyerstein,
Acc. Chem. Res. 1999, 32, 547-550; f) W. H. Koppenol, Redox Rep. 2001, 6, 229-234.

[15]

See, for example: a) F.X. Llabrés i Xamena, O. Casanova, R. G. Tailleur, H. Garcia,
A. Corma, J. Catal. 2008, 255, 220-227; b) D. L. Vanoppen, D. E. De Vos, M. J.
Genet, P. G. Rouxhet, P. A. Jacobs, Angew. Chem. Int. Ed. 1995, 34, 560-563; c) A.
Chica, G. Gatti, B. Moden, L. Marchese, E. Iglesia, Chem. Eur. J. 2006, 12, 19601967; d) K. Kervinen, H. Korpi, J. G. Mesu, F. Soulimani, T. Repo, B. Rieger, M.
Leskelä, B. M. Weckhuysen, Eur. J. Inorg. Chem. 2005, 2591-2599.

[16]

N. Turrà, U. Neuenschwander, A. Baiker, J. Peeters, I. Hermans, Chem. Eur. J. 2010,
16, 13226-13235.

[17]

K. G. Fahlbusch, F. J. Hammerschmitdt, J. Panten, W. Pickenhaben, D. Schatkowski,
Flavors and Fragrances, Ullmann‘s Encyclopedia of Industrial Chemistry, Wiley–
VCH, Weinheim, 2005.

I.

Hermans,

ChemSusChem

2011,

4,

Thermal and Catalytic Formation of Radicals during Autoxidation

126

Molybdenum-Catalyzed Epoxidations using Hydroperoxide

127

Chapter 8
Molybdenum-Catalyzed Epoxidations using
Hydroperoxide

Catalytic activation of hydroperoxides by MoVI proceeds via metal-peroxido species which
can either epoxidize olefins, or form metal-trioxido species upon reaction with hydroperoxide.
Homolytic cleavage of the trioxide leads to the formation of radicals, limiting the epoxide
selectivity. For these reasons, hydroperoxides that are in situ generated via autoxidation
chemistry, can efficiently be activated by MoVI to increase the reaction rate and the epoxide
selectivity during aerobic oxidation of olefins such as α- and β-pinene.
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8.1 Introduction
Oxidations play an important role in the synthesis of a wide variety of value-added
chemicals.[1,2] Of particular interest is the selective epoxidation of olefins, often brought about
via the activation of peroxides using oxidatively stable transition metal ions (TMIs) like Ti IV,
VV, MoVI and WVI, i.e. d0 systems.[2-4] Isotopic labelling has unambiguously shown that the
distal oxygen of the hydroperoxide (i.e. most remote from the alkyl group) is transferred to
the olefin, and stereo-isomerization experiments confirmed a heterolytic mechanism.[5]
Nevertheless, there is still debate about the nature of the active species, and the origin of
allylic by-products. Several groups observed a higher epoxide selectivity at higher olefin-toperoxide concentration ratios, and attributed the allylic products to radical chemistry. [6,7]
Often, a Fenton-like reaction, proceeding via MoVI/MoV switches (reaction 1), is proposed as
radical source.[8,9]
MoVIO2(OR)(OOR) → MoVO2(OR) + ROO•

(1)

However, according to our DFT-calculations, reaction (1) is endothermic at 60 kcal mol-1 (for
R = CH3) reflecting the limited reducing power of peroxides and the stability of Mo VI. The
origin of radicals, and hence of allylic by-products, therefore remains unclear and will be
addressed in this contribution.
A disadvantage of using alkyl hydroperoxides (like t-butyl or cumyl hydroperoxide) is that
the oxidant should first be synthesized via autoxidation chemistry.[1,2] Autoxidation is an
industrially important aerobic functionalization strategy in which peroxyl and alkoxyl radicals
are responsible for a chain oxidation of the substrate.[10] Interestingly, chain oxidation of
olefins also yields epoxides, the selectivity of which strongly depends on the substrate.[1,2,11]
Controlling the selectivity of radical-mediated oxidations remains a challenge as autoxidation
catalysis is largely restricted to accelerating radical formation (chain initiation).[2,12]
In this chapter, Lewis acid activation of in situ generated hydroperoxides – rather than ex
situ synthesized peroxides – is investigated for the aerobic oxidation of - and -pinene
(Scheme 1). This strategy can formally be considered as an aerobic epoxidation which is a
major challenge in oxidation catalysis.[13]
- and -pinene are readily available renewable substrates and aerobic chain oxidation
results in several products of interest to the fine-chemical industry (see ref. 11 and Figure 1).
-Pinene oxide (PO) can – for instance – be isomerized to campholenic aldehyde, the
starting material for the synthesis of synthetic sandalwood fragrances. -Pinene oxide (PO)
can be catalytically rearranged to perilla alcohol (Scheme 1), a promising drug for the
treatment of various cancers,[14] with retention of configuration.[15] Along with the epoxides,
the allylic products are also very valuable. Myrtenol for instance is used as a beverage
preservative, a flavour ingredient, a fragrance, and can serve as an insect pheromone in insect
trapping by attracting pine bark beetles. Substituted or oxidized pinocarveol derivatives are
promising fragrance compounds.
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-, β-pinene, and perilla alcohol (left to right).

The autoxidation mechanism can be briefly summarized by reactions (2)-(9).[11]

ROOH + RH → RO• + H2O + R•

(2)

R• + O2 → ROO•

(3)

ROO• + RH → ROOH + R•

(4)

ROO• + RH → RO• + PO

(5)

RO• + RH → ROH + R•

(6)

RO• + O2 → Q=O + HO2•

(7)

2 ROO• → 2 RO• + O2

(8)

2 ROO• → ROH + Q=O + O2

(9)

After the formation of radicals via reaction (2), resonance stabilized alkyl radicals (R•)
react with O2 (reaction 3) and form different regio-isomers of peroxyl radicals. These ROO•
radicals can either abstract H-atoms from the substrate (reaction 4), yielding hydroperoxides,
or add to the C=C double bond and yield pinene oxide (PO, reaction 5). The alkoxyl radicals
(RO•, co-produced in reaction 5) can either form alcohol (ROH) or ketone (Q=O) upon
reaction with the substrate or O2, respectively (reactions 6 and 7). Cross-reaction of two ROO•
radicals can either lead to chain-termination or chain-branching (reactions 8 and 9). The
importance of such radical cross-reactions to the overall product make-up depends on the
substrate. The epoxide selectivity at 10% conversion was experimentally determined to be
30% and 9%, for - and β-pinene, respectively; the ROOH selectivity is approximately 40%
for both substrates.[11] It would be beneficial to use the ROOH autoxidation products as in situ
oxidant, in combination with a well-performing epoxidation catalyst that is stable under
reaction conditions to increase the value of the oxidation mixture.
In situ generated oxidants have already received considerable interest.[16] Nevertheless,
the concept of using alkyl hydroperoxides, generated via radical chain oxidation as in situ
oxidants, has been largely overlooked, despite the potential. Cases that have been reported on
so far are the oxidation of cyclohexene to cyclohexenoloxide [17] (in chlorinated solvents using
a vanadium catalyst) and the epoxidation of octene[18] (in a complex mixture of solvent,
stoichiometric co-reductant and three catalysts). Since those early reports, the knowledge on
radical oxidations has significantly advanced, leading to new opportunities as illustrated in
this chapter.
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8.2 Experimental and Computational Section
The experiments were performed in a 10 mL glass bubble column reactor, equipped with a
top condenser. O2 was bubbled (100 NmL min-1) through 250 μm pores of a bubbler to ensure
fast gas-liquid mass-transfer. The reactor is heated to reaction temperature under a flow of N 2
(inert conditions); subsequently the gas flow is changed to O2 to start the reaction. Note that
this is potentially dangerous and that appropriate safety measures should be taken. Samples
(<250 μL each) were withdrawn from the reactor and analyzed by GC (HP6890; HP-5
column; Flame Ionization Detector). n-Nonane (Sigma Aldrich, >99 %) was added to the predistilled (-)-β-pinene (Sigma Aldrich, 99 %) or (-)-α-pinene substrates (Sigma Aldrich, 98 %)
in 1 mol% and used as an inert internal standard. Product characterization was done as
described elsewhere.[11] Quantum chemical calculations were performed with the Gaussian09
software[31] at the UB3LYP/6-311++G(df,pd)//UB3LYP/6-31G(d,p) level of theory,[32] using
a LANL2DZ basis set[33] with an additional f-polarization function[34] for Mo. The effective
core potential basis set LANL2DZ has been benchmarked to basis sets of higher dimension
and reported to yield good results for MoVI catalysis.[35] The reported relative energies of the
stationary points on the Potential Energy Surfaces (PESs, viz. the energy barriers Eb and
reaction energies ∆E) were corrected for Zero-Point-Energy (ZPE) differences.

8.3 Results and Discussion
Concerning autoxidation of -pinene, several d0 TMI complexes were screened for their
ability to activate the alkyl hydroperoxides (i.e., myrtenyl and pinocarvyl hydroperoxide),
formed in the autoxidation cycle (viz., reaction 4). Amongst the various complexes
investigated (viz., TiO(acac)2, VO(acac)2, Cr(acac)3, MoO2(acac)2, Mn(acac)2, Fe(acac)3,
Cr(CO)6, Mo(CO)6, and W(CO)6), the best result was obtained with MoO2(acac)2, leading to a
PO selectivity of 27 % at 10 % conversion (Figure 1).
Interestingly this selectivity is maintained at higher conversions, up to 20%. This is an
improvement by a factor of three compared to the 9% selectivity without catalyst, i.e. the pure
thermal autoxidation.[11] No synergetic effects were observed with mixtures of d0 complexes.
The improvement of epoxide selectivity can also be observed in the autoxidation of α-pinene
where the PO selectivity rises to 47%, as compared to 34% in standard autoxidation.[11] As
expected, the hydroperoxide selectivities for the catalyzed reaction are significantly lower
than for the non-catalyzed case. By changing the gas flow from oxygen to nitrogen at the end
of the reaction, the remaining hydroperoxides can even be fully converted to epoxide, so that
the product mixture becomes completely peroxide-free and thus safe.[19] A classical two-step
synthetic approach (i.e., addition of MoVI to a pinene autoxidation mixture) is
disadvantageous for getting high epoxide yields, because during the autoxidation,
hydroperoxides would accumulate in high concentrations so that they would be overoxidized[11] to a significant extent and not be available anymore for catalytic epoxidation.
Moreover, the one-pot-synthesis approach has certain practical advantages related to process
intensification and reduced risk of peroxide explosions.
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Figure 1

Evolution of the -pinene oxide and myrtenyl products (upper), and the pinocarvyl
products (lower), formed in the MoO2(acac)2 catalysed β-pinene autoxidation (1.5 mM
catalyst, 353 K). The selectivites are reported at 10% conversion (i.e. Σj[productj] =
630 mM).

The epoxidation takes place via the so-called Chong-Sharpless mechanism[5,20,21] (Figure
2) in which one alcoholato ligand is initially substituted by a peroxo ligand (1→5). The
resulting molybdenum peroxido complex 5 can deliver the MoVI-bound distal oxygen to the
olefin in a bimolecular step (5→7). The proximal oxygen preserves the ligation to MoVI, so
that the charge balance is always maintained (important in the solvent-free environment).
According to our calculations, the epoxidation barrier would be 16.5 kcal mol-1 (prediction for
iso-butene).[22] Although this value is significantly lower than the only other computational
prediction (i.e., 23 kcal mol-1 for the Cp*MoVI epoxidation system in polar solvents),[23] this
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value is in good agreement with the experimental value of 14 kcal mol-1.[24] The overall
exothermicity of the epoxidation cycle is computed to be 43.5 kcal mol-1.
The proposed mechanism implies that before every turnover, a 1,3-H shift takes place
between the hydroperoxide reactant and the alcoholato ligand (1→5). Likewise, the
acetylacetonato ligands get protonated and dissociate from the initial catalyst. This hypothesis
is supported by the observation that the catalytic reaction also works with Mo(CO) 6, where
the catalyst is oxidized in situ to MoVI.[8] Therefore, the acetylacetonato ligands can – if at all
– only subtly influence the overall performance of the catalyst, justifying the calculation with
the molybdenyl dimethanolate model.
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The second effect of the MoVI catalyst (besides in situ catalytic epoxidation), is
enhancement of the overall oxidation rate (Figure 3). This points towards a homolytic
activation of the hydroperoxides, leading to a higher ROO • radical concentration. This
observation is in line with the hypothesis that MoVI is somehow able to generate radicals upon
reaction with ROOH (vide supra).[8,9] In our hands, a MoVI catalyzed epoxidation of -pinene
using cumyl hydroperoxide as the oxidant under N2 atmosphere, resulted in about 10% allylic
oxidation products.[25] Mixing of a hydroperoxide solution with MoVI and 5,5-dimethyl-1pyrroline-N-oxide (DMPO) spin trapper at room temperature results in the appearance of an
EPR signal which can be attributed to RO•-spin adducts (Figure 4). This implies that there
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exists an efficient mechanism (low barrier) by which Mo VI is cleaving ROOH. Having ruled
out the one-electron reaction (1) as a plausible mechanism (vide supra), it is clear that one
should focus on a Lewis acid mechanism, preserving the redox-state of the molybdenum
throughout the reaction.
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Figure 3. β-pinene conversion at 343 K without (a) and with 1.5 mM MoO2(acac)2 (b).

Figure 4

EPR spectrum of spin-trapped alkoxyl radicals in a mixture of hydroperoxide, MoVI and
spin trap (DMPO).

Lewis acid catalyzed decomposition of H2O2 was first proposed by Sigel et al. for
Cu .
The active species was proposed to be a diperoxo complex, based on the second
2+ [26]
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order in [H2O2]. Whereas Sigel favored a non-radical pathway, Fedorova showed that such
decompositions take place homolytically.[27] It is interesting to note that in the presence of
square-planar ligands, the deperoxidation reaction does not occur, pointing towards the need
for a cis coordination of both peroxo ligands.[28] More recently, Stepovik et al. developed an
oxidation system that consists of AlIII or TiIV alcoholates, together with t-butyl
hydroperoxide.[29] Also in these systems, the formation of oxygen-centered radicals was
observed, and the hypothesis was put forward that the radical formation occurs via a trioxide
metal intermediate (i.e. M-OOOH). Whether or how this species would be formed has not yet
been resolved.
Putting all these observations together, we propose a Lewis acid mediated hydroperoxide
decomposition where the key step is the disproportionation of two peroxide entities
(reaction 10).
MoVIO2(OR)(OOR) + ROOH → MoVIO2(HOR)(OR)(OOOR)

(10)

Computational evidence was found for a transition state (imaginary frequency of
347 cm-1), formally a sigmatropic rearrangement with a distorted bicyclo[3,1,0] structure (10
in Figure 2), that results from the interaction of the epoxidation-ready metal-peroxido specie 5
with ROOH (Figure 2). The reactivity strongly resembles the epoxidation mechanism, with
the transfer of the molybdenum bound oxygen atom of a peroxo ligand. An Intrinsic Reaction
Coordinate (IRC) analysis (Figure 5) confirms the formation of an alkoxo and a trioxido
ligand. Interestingly, the barrier for trioxide formation (i.e. 20 kcal mol-1) is only slightly
higher than the barrier for epoxidation (i.e. 16.5 kcal mol-1). Epoxidation therefore still
prevails, but trioxide formation can compete, depending on the precise reaction conditions.

Figure 5

IRC analysis of the transition state towards the formation of molybdenum trioxide.
B3LYP level of theory with generic basis set (see chapter 8.2).
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The trioxide complex is however not a dead end. The decay of linear organic
hydrotrioxides was studied by Pryor et al.,[30] observing the formation of alkoxyl radicals due
to homolytic bond scission. Such a decay occurs even at temperatures as low as 240 K, in
contrast to hydroperoxides, which are rather stable. The bond dissociation energy (BDE) for
dialkyl trioxides is 21 kcal mol-1.[29] The BDE of the MoOOOR trioxide complex is
computationally predicted to even be 3 kcal mol -1 smaller, implying a rapid O-O scission
(reaction 11; estimated half-lifetime (353 K) << 1 s).
MoVIO2(HOR)(OR)(OOOR) → MoVIO2(HOR)(OR)(OO•) + RO•

(11)

The resulting superoxide complex can eliminate HOO•, at the cost of only 8.5 kcal mol-1,
regenerating the active catalyst species (reaction 12). Reaction (13) summarizes the
stoichiometry of the overall catalytic process and explains the enhanced initiation observed in
Figure 3, as well as the formation of allylic by-products during classical epoxidation
reactions. The kinetic competition between the metal-peroxido species epoxidizing the olefin,
or forming metal-trioxido species upon reaction with hydroperoxide, explains why the
epoxide selectivity is a function of the olefin-to-peroxide ratio (vide supra).
MoVIO2(HOR)(OR)(OO•) → MoVIO2(OR)2 + HOO•

(12)

2 ROOH → ROH + RO• + HOO•

(13)

8.4 Conclusions
From this study, we conclude that: (i) MoVI is an excellent catalyst for the catalytic
epoxidation of -pinene using in situ generated hydroperoxides under autoxidation
conditions; (ii) this approach achieves an increase in selectivity by a factor of three towards pinene oxide, the precursor of – amongst other products – perilla alcohol; (iii) in addition,
MoVI was found to catalyze the formation of radicals via a molybdenum trioxide species
which thermally dissociates to radicals; (iv) the formation of this trioxide upon addition of
ROOH to the molybdenum peroxo species stands in kinetic competition with the olefin
epoxidation by the same molybdenum peroxo species; (v) this kinetic competition explains
why in classical peroxide-based epoxidations, the selectivity increases at higher olefin-toperoxide concentration ratios. Consequences of these findings for other epoxidation systems
are under investigation.
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Outlook
Following our fundamental insights into oxidation chemistry, we are striving for the
understanding and improvement of current processes and industrial applications.

Advanced Oxidation Processes
In collaboration with the technology-leading company, Ozonia Ltd. in Dübendorf
(Switzerland), we investigated the kinetics of advanced oxidation processes (AOP) for wastewater treatment. In that approach, persistent micropollutants, such as pharmaceutical drugs,
are oxidatively decomposed to ensure a clean water effluent. The AOP involves formation of
hydroxyl radicals which are the effective oxidizing agent. It is a late stage cleaning of the
water, i.e. the bulk of the pollutants was already removed in earlier stages.

Scheme 1 Structure of ibuprofen.

Our approach for AOP is to combine ozone with peroxide chemistry. With HPLC, the tracing
of the microimpurities is possible down to very low concentrations (Figure 1).
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In preliminary experiments, first order kinetics were found in the decomposition of the drug
ibuprofen in buffered aqueous media, using ozone and H2O2 (Figure 2). Interestingly, the
substoichiometric addition of a minuscule amount of H 2O2 is sufficient to enhance the rate
over the whole period of the AOP (Figure 3), suggesting the involvement of radical chain
oxidation, similar to our hydrocarbon studies.
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First-order kinetics of ibuprofen oxidation using a O3/H2O2 AOP.
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Addition of H2O2 to the AOP.
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Scheme 2 Possible radical-chain oxidation mechanism (hypothesis).

A possible reaction mechanism is put forward in Scheme 2. The key is the regeneration of
radicals upon rearomatisation of the oxidized ibuprofen. The validity of this hypothesis,
however, is still to be confirmed by further experiments and calculations.

Ultrasonic Cavitation for Radical Chain Reactions
We plan to investigate the influence of ultrasonic treatment on radical autoxidations. It is
known, that in a process called cavitation, ultrasonic waves are able to trigger the formation of
radicals (Scheme 3). In principle, such action can lead to chain initiation of radical-chain
oxidations.

Scheme 3 Ultrasonic formation of radicals.
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List of Abbreviations and Acronyms
6-31G
B3LYP
CBS
DFT
EPR
GC
HF
FID
GGA
IR
IRC
LANL2DZ
M06
MS
PES
PO
Q=O
RH
ROH
ROOH
SI
SP
TS
TSR
TST
UV
VIS
ZPE
η
μ

(and similar) Pople split-valence basis set
Becke-Lee-Yang-Parr hybrid functional
complete basis set
density functional theory
electron paramagnetic resonance
gas chromatography
Hartree-Fock
flame ionization detector
general gradient approximation
infrared
internal relaxed coordinate
Los Alamos effective core potential
Truhlar‘s meta functional
mass spectrometry
potential energy surface
epoxide
carbonyl compound (i.e. ketone or aldehyde)
hydrocarbon substrate (with a C-H bond)
alcohol
hydroperoxide
spin inversion
single point
transition state
two-state reactivity
transition state theory
ultraviolet
visible light
zero point energy
chain length (greek nu)
hapticity of a ligand (greek eta)
bridging properties of ligands (greek mu)
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