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resources. With a focus on the performance of oxygen and hydrogen peroxide as preferred oxidants,
this minireview summarizes recent advances made in the selective oxidation of cyclohexene,
cyclohexane, cyclohexanone and n-hexane to adipic acid. Special attention is paid to the exploration of

catalytic pathways involving lignocellulosic biomass-derived chemicals such as 5-hydroxymethylfurfural,
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1. Introduction

Adipic acid (AA), also referred to as hexanedioic acid, is one of
the most produced commodity chemicals worldwide. With a
projected global market size of more than 6 billion pounds by
2017, AA is known to be a versatile building block for an array of
processes in the chemical, pharmaceutical and food industries.?
Its primary use is as a precursor for the synthesis of the
polyamide Nylon-6,6. Additionally, AA is widely used for the
production of polyester and polyurethane resins, as a plasticizer
in the production of polyvinyl chloride (PVC) and polyvinyl
butyral (PVB), and as an approved additive in cosmetics, gelatins,
lubricants, fertilizers, adhesives, insecticides, paper and waxes.
Notably, approximately 75 years after DuPont’s development of
the first commercial AA process,” long-standing interest in the
improvement of its synthesis strategy continues to inspire the
catalytic community to explore new processes and resources.
The current industrial process for the production of AA
relies on the catalytic oxidation of a mixture of cyclohexanol
and cyclohexanone, also referred to as KA oil (6 x 10° tons per
year).> A recent review by Cavani and Alini describes different
methods to produce the KA oil, the most common being the
cobalt-catalyzed oxidation of benzene-derived cyclohexane with
air (Scheme 1).* Unfortunately, owing to the inverse dependence
of the selectivity on cyclohexane conversion, this bulk oxidation
is run at very low conversions (4-8%), thereby requiring distilla-
tion and recycling of unconverted cyclohexane.”” The second
step of the process involves the oxidation of the KA oil with an
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Scheme 1 Simplified reaction scheme of the current industrial process for AA

production by catalytic oxidation of KA oil with nitric acid.

excess of HNO; in the presence of copper(un) and ammonium
metavanadate catalysts. Studies by Aellig et al. have demon-
strated that cyclohexanol likely reacts with HNO, to form
reactive (H)NO, species, suggesting that cyclohexanol is an
essential co-substrate as pure cyclohexanone would be rather
inert under the same conditions.®™° A serious drawback of the
nitric acid oxidation reaction is the stoichiometric reduction of
HNO; to NO, and the greenhouse gas nitrous oxide (N,O), the
latter accounting for approximately 5-8% of the worldwide
anthropogenic N,O emissions.'* Various technologies have
been implemented by major AA producers to recover and reuse
N,O or to thermally decompose it into O, and N,.'> For
example, BASF has patented a process for preparing cyclo-
dodecanone by the oxidation of cyclododecene with N,O.'***
Another option is to integrate the use of the N,O-containing
stream for the hydroxylation of benzene to phenol,'”™” which
can then be hydrogenated into cyclohexanol to complete the
N,O cycle.” In addition to the downstream approaches compa-
tible with the industrial practice, there has been a recent surge
of interest in the development of alternative catalytic processes
to expand the feedstock source for AA production.
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This review focuses on the advances in this rapidly emerging
field, including mechanistic insights into oxidation processes and
their implications on catalyst and process design. Rather than
providing a comprehensive survey, we discuss examples that high-
light opportunities and challenges in the synthesis of AA from the
new generation of alternative substrates: cyclohexene, cyclohexane,
cyclohexanone, n-hexane and lignocellulosic biomass-derived
chemicals. Although the synthesis of AA and its precursors has
also been demonstrated by the biocatalytic conversion of vegetable
oils"®"® and a-ketoglutaric acid,*® by bis-hydroformylation or two-
step carbonylation of 1,3-butadiene,*** and by dicarbonylation
of 1,4-dimethoxy-2-butene,** a discussion of these processes falls
outside the scope of this minireview.

2. Oxidation of cyclohexene

The use of cyclohexene as a viable substrate for AA production
has attracted much attention during the last 15 years, largely on
account of increased cyclohexene availability by hydrogenation
of benzene,>> >’ or by dehydrogenation of cyclohexane.?®**° Two
oxidants, i.e. hydrogen peroxide (H,0O,) and molecular oxygen,
are currently gaining momentum to replace nitric acid in the
oxidation processes and thus to avoid N,O production. Research
in this area has been extensively reviewed;"**!?? therefore, only
selected achievements will be presented here.

2.1 Hydrogen peroxide as an oxidant

The first successful oxidation of cyclohexene to AA was reported in a
seminal contribution by Sato et al.,** who developed a biphasic
system using 30% H,0, in the presence of Na,WO, as a homo-
geneous catalyst and [CHj;(n-CgH;7);NJHSO, as a phase-transfer
catalyst (Scheme 2). Because cyclohexene and water are almost
immiscible, their mixture creates a two-phase system containing
the tungstate and H,O, in the aqueous phase, and the phase-
transfer catalyst in the organic cyclohexene phase. At a temperature
of 75 to 90 °C, Na,WO; is oxidized by H,O, into an anionic peroxo
species that is extracted by the quaternary ammonium cation into
the organic phase.** The reaction with cyclohexene restores the
reduced form of the catalyst and returns it into the aqueous phase
to initiate a new catalytic cycle.” The solvent- and halide-free process
affords analytically pure AA crystals in yields of 90% after 8 h of
reaction. Various studies indicate that the reaction pathway for this
transformation consists of six steps, involving three kinds of oxida-
tion reactions (olefin epoxidation, alcohol oxidation and Baeyer—
Villiger oxidation) and two hydrolytic reactions (vide infia).*>>*
The industrial applicability of the phase-transfer catalyst
was later called into question by Deng et al. who noted that,
besides being relatively expensive systems, the quaternary
ammoniums also have a negative environmental impact.* This
inspired the development of a less harmful approach in which

Na,WO,
[CHa(n-CgH17)3N]HSO,4

o
HO.
+4HO0) —mMm———— OH +4H,O
75-90 °C, 8 h 5

Scheme 2 Oxidation of cyclohexene to AA with H,0,.3*
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Fig. 1 Proposed structures of tungsten peroxo and hydroperoxo complexes

with and without an oxalic acid ligand.3®

the ammonium salts were substituted by less expensive organic
acid ligands such as oxalic acid, notably without affecting the
yield and selectivity of the cyclohexene to AA conversion. A
point of contention is the real configuration of the active
mononuclear tungsten peroxo complex in the catalytic cycle
(Fig. 1). A combined experimental and density functional theory
(DFT) study indicates that the energy barriers of the catalytic
cycle can be markedly reduced for the structures with oxalic
acid as a ligand, suggesting that structures (ii) and (iv) should
be easier to recycle.>® Moreover, theoretical results supported
by X-ray crystal data favor a mechanism in which the peroxo
ring structure is the active species for the oxidation reaction,
instead of the originally hypothesized hydroperoxo structure.?”

Faced with the problem of reactant incompatibility, Boh-
strom et al. demonstrated the conversion of cyclohexene to AA
in aqueous dispersions of mesoporous oxides with built-in
catalytic WO, sites.*® Alternatively, microemulsions made of
benzalkonium chloride surfactants have been used to avoid the
need for phase-transfer agents by providing a homogeneous reac-
tion medium for cyclohexene as the oil phase and H,0, as the
aqueous phase.>** Several other tungstate-based catalysts have
been reported as well, including oxotungsten-containing SBA-15,""
surfactant-type peroxotungstates,”> [BMIm],WO, supported on
silica sulphamic acid,** [WO(0,),-2QOH],** H;PW,04,*> and
combinations of Na,WO, with H,S0,*® or H,WO, with acidic
resins,” thus emphasizing the remarkable catalytic efficiency
of tungstate in this oxidation reaction.

As part of the ongoing effort to understand the mechanistic
pathway of the oxidative cleavage reaction, Lee et al. explored
titanium framework-substituted aluminophosphate (TAPO-5) as
another catalyst for the oxidation of cyclohexene to AA.*® Nuclear
magnetic resonance (NMR) and gas chromatography coupled with
mass spectrometry (GC-MS) analyses provided insight into the
formation of intermediates and shed light on the mechanism of
the overall reaction (Scheme 3). In contrast to what was observed by
Sato et al.,* the analytical measurements revealed the formation
of trans- and cis-stereoisomers of 1,2-cyclohexanediol during the
progress of the reaction. These results suggest that while the
trans-diol is known to be formed by the acid-catalyzed ring
opening of the epoxide, the production of the cis-diol must
proceed through a free-radical mechanism. It was also found
that the TAPO-5 catalyst reacted significantly faster with the cis-
diol than with its ¢trans-analogue.

The insights gained into the mechanistic pathway have set
forth the rational design of bifunctional heterogeneous catalysts
containing Brgnsted acid and metal sites as the primary way of

This journal is © The Royal Society of Chemistry 2013
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Scheme 3 Mechanistic pathways for the oxidation of cyclohexene to AA in the
presence of a TAPO-5 catalyst. Adapted from ref. 48.

further improving AA yields. For example, Ti-based catalysts
have been developed by incorporating Al into the framework of
mesostructured SBA-15, followed by Ti grafting.*>*® AA was
synthesized in yields higher than 80% with tert-butyl hydroper-
oxide (¢-BHP) as oxidant under mild, stoichiometric conditions
(80 °C). Lapisardi et al. demonstrated the importance of acidity
of the SBA-15-support for the catalytic activity of these materi-
als.*” In this regard, a high Brensted acid strength has also
been shown to increase the rate of acid-catalyzed epoxide
opening during the oxidation of cyclohexene to AA over zeolite
occluded manganese diimine complexes.>’

Other recent work has targeted the oxidant efficiency and the
leaching of Ti species from the catalyst. Considerable effort has been
devoted to improve the epoxidation step of cyclohexene by using
Ti-grafted mesoporous silica catalysts.”>** In order to reduce the
unwanted decomposition of the oxidant, dropwise addition of H,0,
has been implemented to minimize its local concentration near the
Ti sites.® Encouraging results show that this method not only
suppresses the disproportionation of H,O, into O, and H,O, but
also favors the more selective heterolytic pathway of cyclohexene
epoxidation instead of the less selective homolytic pathway
(Scheme 4).>* Although not yet proven, lower water concentrations
could reduce the hydrolytic cleavage of Ti-O-Si bonds of the grafted
moieties and thus the aggregation of Ti isolated sites into larger and
less active TiO,-like clusters. Timofeeva et al. attributed the leaching
of Ti from a mesoporous titanium-silicate catalyst (Ti-MMM-2)* to
the interaction of surface Ti sites with the AA reaction product.>®

2.2 Developments in process and reactor design

Laboratory-scale experiments for producing AA by H,0,-mediated
oxidation of cyclohexene have traditionally been carried out in

0% O
055250

Scheme 4 Mechanistic pathvvays for (i)
tion of cyclohexene with H,0,.4

2 H,0

heterolytic and (ii) homolytic epoxida-
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the batch mode using either glass vessels or round-bottom flasks.
However, along with the development of more efficient catalysts,
breakthroughs have been achieved in the reaction engineering of
this process. Freitag et al. reassessed the biphasic catalytic system
based on Na,WO, and [CH;(n-CgH;,);NJHSO, in order to evaluate
the use of microwave irradiation as an alternative heating source,
and the substitution of Na,WO, by commercially available tung-
sten and molybdenum salts.”” Using Na,WOy,, the highest AA yield
(68%) was achieved after 90 minutes of reaction under microwave
conditions. Besides the drastic reduction in reaction time, they
reported competitive yields when using sodium polytungstate as
the oxidation catalyst.

Alternatively, Buonomenna et al. investigated the application of
polymeric microporous membrane reactors to avoid the need for
phase-transfer catalysts.”® Compartmentalization of the organic
phase containing cyclohexene and the aqueous phase containing
the oxidant, the catalyst and succinic acid enabled the production
of AA in yields up to 90%. Importantly, the use of succinic acid
improved the contact between the catalytic active sites and
the cyclohexene reagent. Preliminary results obtained with an
ammonium molybdate catalyst ((NH,)sMo0,0,,) are encouraging
to exploit such modular design to scale-up the process by
interfacing several membrane contactors in series or in parallel.
However, the traditional high cost of membrane reactors could
be problematic for larger-scale production.

A successful example of a large-scale process for the H,0,-
mediated oxidation of cyclohexene has most recently been
published by Wen et al.>® The implementation of continuous-
flow techniques as an alternative to traditional batch oxidations
has made it possible to optimize the reaction parameters for a
catalyst combination consisting of H,WO,, H,SO, and H3PO,.
An in situ synthesized species, i.e. {PO,[WO(O,),]4}s ", was suggested
to be the true active species, whereas experimental results showed
that it can be reversibly converted into soluble H;PW;,04 by
the consumption of H,0,. The feasibility of the continuous-flow
process was demonstrated in a reaction device consisting of four
5000 L continuous stirred-tank reactors (CSTR) connected in
series, representing a 10 000-fold scale-up from the laboratory-scale
reaction. The scale-up to the pilot plant showed excellent results for
both the product yield (94.1% at lab-scale vs. 94.7% at pilot-scale)
and the purity of the crude AA product (98.8% at lab-scale vs. 99.0%
at pilot-scale). To the best of our knowledge, this is the first example
of a H,0,-based process for the production of AA from cyclohexene
that is approaching a stage at which it becomes a realistic alter-
native for the current industrial process.

Conceptually, Vural Giirsel et al. have initiated a rethinking
of the process design based on the use of microreactor technologies
and flow chemistry as intensification fields.>”**° Simulations were
performed to compare the flow schemes of the commercial route
(Scheme 1) with the synthesis route proposed by Sato et al
(Scheme 2), the latter being modelled as a continuous process
with microreactors. The results of this technoeconomic evalua-
tion demonstrate that the one-step process leads to reduced
capital cost requirements owing to a more compact plant
design (i.e., only one reactor and a reduced number of down-
stream units). A comparison of the utility requirements shows
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that although the microreactor costs are higher than the batch
reactor costs, the drastic simplification of the process results in
about 30% less energy consumption, in particular by avoiding
the need for energy-intensive separation units. Currently,
expansion of this methodology is in progress to estimate the
environmental impact of the process by means of a Life Cycle
Assessment (LCA). The expertise built up in this line of research
has also led to a new study on the implementation of flow units
into modular plant environments such as so-called container
plants.®

3. Oxidation of cyclohexane
3.1 Air or oxygen as an oxidant

Sporadic reports over the past decades have proposed the direct
oxidation of cyclohexane to AA using Co and Mn catalysts with
acetic acid as the solvent.®' " Inspired by this work, Bonnet et al.
investigated the combination of lipophilic carboxylic acids and
low loadings of Co and Mn salts.®® The choice for lipophilic
carboxylic acids was motivated by the need to facilitate their
recycling after partitioning of AA in the aqueous phase (Fig. 2). A
screening of several combinations led to the selection of 4-tert-
butylbenzoic acid with ppm levels of Co and Mn as the most
effective system. The applicability of the method was further
demonstrated in semi-batch and continuous-flow experiments
in a 1 L reactor under 20 bar air, resulting in a maximum
selectivity of 71% AA and a productivity of 95 g L™ h™™.

Nanostructured gold-based catalysts have also been the
subject of numerous studies on the aerobic oxidation of cyclo-
hexane. Examples include Au/graphite,”” Au/Al,05,°%%° Au
nanoparticles on Ti-doped SiO,,”® Au/TiO,,°® Au/MCM-41,”
Au/SBA-15,°%7% and Au/C.”> The main oxidation products
obtained with these catalysts were cyclohexanol and cyclo-
hexanone, although AA has occasionally been observed as a
byproduct at high conversions.®® Interestingly, however,
Alshammari et al. recently showed that the gold-catalyzed
oxidation of cyclohexane to AA is possible to some extent by
fine-tuning the particle size and dispersion of Au nanoparticles
on TiO,.”* Using acetonitrile as solvent and #BHP as an
initiator, the highest AA yield was 8% after 4 h of reaction at
150 °C and 10 bar of 0,.”

Unreacted cyclohexane, intermediates, catalyst

(0]
Oz, catalyst HOM
OH

le} l + water

Organic phase
(cyclohexane, catalyst)

Aqueous phase

!

@

Crystallization
of adipic acid

Fig. 2 Schematic diagram of the process for oxidation of cylcohexane to AA and
recycling of the lipophilic catalyst. Adapted from ref. 66.
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In 2011, Yu et al. approached the field from a new angle by
pioneering the use of multiwalled carbon nanotubes (CNTs) as
a metal-free catalyst for the aerobic oxidation of cyclohexane.”®
The performance of nitrogen-doped CNTs was demonstrated to
even exceed the activity of most Au-based catalysts. For instance,
after reacting for over 8 h at 125 °C and 15 bar of O,, N-doped
CNTs gave 45% conversion with 60% AA selectivity. The inhibition
of catalytic activity in the presence of p-benzoquinone as a radical
scavenger indicated that this CNT-catalyzed oxidation reaction
proceeds through a similar radical-chain mechanism as proposed
for the liquid-phase autoxidation of cyclohexane. Beyond
the well-known radical-chain sequence (reactions (1) to (5)),
Hermans et al. provided solid evidence that a concerted
bimolecular reaction of cyclohexyl hydroperoxide with cyclo-
hexanone (reaction (6)) causes a predominant initiation process
in the autoxidation of cylcohexane.>””"”®

CeH,,O0H — CgH,,0° + HO® )
CeH110° + CgHy1, — CgHy1OH + CgHyq® (2)
Ce¢H11* + O, - CcH;,00° (3)

CeH1,00° + CgH,, — CgH;;O0H + CgH,;® (4)
2C6H;,00° — CgHy;OH + CgH o(=0) + 0,  (5)

CeH;;00H + C¢Hy4(=0) — Ce¢H;,0° + C¢Ho(—O0)_o + H,O

(6)

Indeed, the apparent activation energy for the CNT-
catalyzed cyclohexane to AA conversion was found to be
(111.5 + 15.5) k] mol !, which is consistent with the value for
reaction (6) calculated by transition-state theory (116.3 kJ mol ).
Yu et al. demonstrated that such unique reactivity is imparted by
the ability of CNTs to accept and stabilize cyclohexyl hydroper-
oxide radicals, coupled with a facilitated adsorption of reactive
intermediates due to the presence of electron-donating nitrogen
species at the exposed graphitic sites. Besides the observed
catalytic effects, the stabilization of peroxyl radicals by m-n
conjugation with the CNTs was corroborated by a theoretical
calculation performed at the B3LYP level of DFT.

Follow-up studies have achieved the modification of the
electronic characteristics of the CNTs by filling their interior
with Fe nanowires.”® This can be accomplished by growing the
CNTs through chemical vapor deposition with ferrocene as
the catalyst and a mixture of xylene and dichlorobenzene as
the carbon source. The resulting encapsulated Fe not only
allows an easy magnetic separation of the catalyst, but it
also helps to enhance the oxidative activity of the CNTs by
increasing the electron density of its external surface. The best
results were obtained for a high Fe content of 19%, achieving
a maximum conversion of 37% with 61% AA selectivity
after 8 h of reaction. Although this concept is still in its
infancy, it provides an elegant approach for carbon-catalyzed
oxidations with obvious advantages such as low cost and facile
catalyst recovery.

This journal is © The Royal Society of Chemistry 2013
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3.2 Examples of biomimetic approaches

A valuable example of supramolecular chemistry in the context
of biomimicking is the catalytic oxidation of cyclohexane by
iron-phthalocyanine (FePc, Fig. 3i) encapsulated in crystals of
zeolite Y.%%" FePc is of particular interest as a mimic of the active
site of enzyme cytochrome P-450. The planar FePc complex can be
encapsulated in the supercages of zeolite Y by the so-called “ship-
in-a-bottle” synthesis method. The role of the zeolite is similar to
that of the proteic mantle of an enzyme, i.e., imposing constraints
on the active site and protecting it against oxidative destruction.
For the oxidation of cyclohexane, Thibault-Starzyk et al. found that
the use of a polar solvent was crucial to dissolve AA and to extract
it from the zeolite pores.*" For instance, a yield of 30% AA at 85%
conversion of cyclohexane was obtained by heating a mixture of
the catalyst with acetone, t-butanol, cyclohexane and ¢BHP at
60 °C. By adding acetone as a co-solvent, the authors sought to
find a compromise in polarity to improve the diffusion of
cyclohexane in the relatively hydrophilic zeolite without inhibiting
the approach of the apolar substrate. Related work by Parton et al.
extended this concept by embedding the catalyst in a poly-
dimethylsiloxane (PDMS) membrane.®* The hydrophobicity of
this polymer accounted for a four-fold increase in the catalytic
activity, likely attributable to an enhanced concentration of
cyclohexane as well as a decreased concentration of +-BHP in
the PDMS matrix. Whether the zeolite-encaged iron complex is
also stable and reusable under AA synthesis conditions remains to
be examined.

A second biomimetic attempt was published by Yuan et al.,
who disclosed the solvent-free oxidation of cyclohexane using
meso-tetra (o-chlorophenyl) iron porphyrin (T(o-Cl)PPFe,
Fig. 3ii) as a homogeneous catalyst.®® Interesting features of
this catalyst are the high turnover numbers and the relatively
mild reaction conditions (140 °C, 25 bar of O,). However, as far
as the production of AA is concerned, the highest yield was only
21%. Noack et al. noted that, under these conditions, the
performance of the iron porphyrin catalyst is likely limited by
overoxidation of AA, leading to the formation of glutaric and
succinic acid.** Hybrid DFT calculations point towards a mechanism
involving an Fe™=O0 species formed by the reaction of Fe" with O,
(Scheme 5). The first step of the mechanism entails the catalytic
transformation of cyclohexane to 1,2-cyclohexanediol via two

FePC (i)

T(o-Cl)PPFe (ii)

Fig. 3 Atomic structure of (i) iron-phthalocyanine and (i) meso-tetra (o-chlorophenyl)
iron porphyrin.
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Scheme 5 Major steps involved in the heme-catalyzed oxidation of cyclohexane
to AA. Adapted from ref. 84.

consecutive hydroxylation reactions, each initiated by a hydrogen-
atom transfer from the substrate to the Fe™—0 oxidant. Subse-
quently, 1,2-cyclohexanediol undergoes an intradiol C-C bond
cleavage into adipaldehyde and an oxidation to AA.

4. Oxidation of cyclohexanone

In 1958, a contribution by Starcher and Phillips had already
demonstrated the formation of small amounts of AA (1%) as a
side reaction in the Baeyer-Villiger oxidation of cyclohexanone
with peracetic acid.®*> However, it was almost half a century
later that the direct oxidation of cyclohexanone aroused the
interest of researchers looking for new synthesis routes for AA.
In the past, various oxidants have been used for the oxidation of
cyclic ketones, including HNO;, KMnO,, CrO;, KO,, O,, and
H,0,. The first four candidates in this series are clearly less
interesting from a “green” chemistry perspective,®® and will
therefore not be the focus of this minireview.

4.1 Air or oxygen as an oxidant

Besson et al. reported the use of metal-free activated carbon for
the oxidation of cyclohexanone using air instead of pure oxygen.®”
The catalysts were prepared by polycondensation of Novolac
phenolic resins with cross-linking agents and ethylene glycol as
solvent. The full conversion of cyclohexanone at 140 °C and
50 bar of air led to moderate yields of C,-C¢ dicarboxylic acids:
AA (15-34%), glutaric acid (23-32%) and succinic acid (15-23%).
The oxidation activity mainly depended on the surface area and
the microporosity of the carbon catalysts, both of which could
be increased by activation of the catalysts under CO, or air.
Shortly afterwards, the authors examined the role of surface
oxygen functionalities on the catalytic behavior of the carbon
materials.®® Notably, a heat treatment under N, at 900 °C
selectively eliminated the quinone groups, leading to a
decreased AA selectivity. Hence, the quinone groups were
postulated to be the active sites for the activation of molecular
O,. In further investigations, the incorporation of phosphorus
into the carbon matrix showed a slight selectivity increase to
AA.*° The results indicated that a high density of oxygenated
functional groups on the modified catalyst had a promoting
effect on the oxidative bond breaking of the cyclic ketone.
Similarly, the use of carbon coated monolithic catalysts for
the oxidation of cyclohexanone to AA by air has also shown
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promising results.’® Crezee et al. succeeded in extending the
scope of the reaction to slurry phase operation. The deposition
of highly dispersed Pt enhanced the selectivity to AA at 140 °C
from 9 to 21%. Further investigations are required to fully
understand and exploit the role of the carbon and platinum
sites to maximize product selectivity.

While others considered individual Co and Mn acetates,’*
Chavan et al. introduced pz-oxo-bridged Co and Mn cluster
complexes for the oxidation of either pure cyclohexanone or
mixtures of cyclohexanone and cyclohexanol with air.”?
For example, cyclohexanone was oxidized to AA with CoMn,(u3-O)-
(OAc)6(py)s at 100 °C and 38 bar of air in yields of nearly 85%.
Unfortunately, significant leaching of the metal ions was observed
for catalytic reactions with the zeolite-Y-encapsulated form of the
cluster complexes. In situ electronic and electron paramagnetic
resonance (EPR) spectroscopic studies revealed a partial decom-
position of the cluster complexes to monomeric Co™ and Mn"
species during the oxidation reaction.

Regarding the solvent, there is considerable evidence that
the use of acetic acid can affect the prevailing mechanism by
which cyclohexanone is transformed into AA. For example,
Cavani et al investigated the reactivity of homogeneous
Keggin-type P/Mo/V polyoxometalates (POM) for the oxidation
of cyclohexanone with 0,.°® Using a water-only solvent, or in
the presence of acetic acid but with a high catalyst to substrate
ratio, it was shown that the oxidation proceeds mainly through
a redox-type mechanism with direct involvement of the POM.
On the other hand, for reactions carried out in the presence of
acetic acid and at comparatively low catalyst to substrate ratios,
the prevailing mechanism is suggested to be a radical-chain
autoxidation. Variations in the solvent composition demon-
strated not only an increase of the reaction rate, but also
revealed an important effect on the product distribution. While
the redox mechanism appears to be more selective to AA, the
radical-chain autoxidation leads to parallel oxidative degrada-
tion reactions with formation of significant amounts of glutaric
and succinic acid.

Until recently, tin containing microporous materials were
mainly known as efficient catalysts for the Baeyer-Villiger
oxidation of ketones by H,0,.°*°> However, research by Dutta
et al. has shown the advantages of a new porous organic-
inorganic hybrid tin phosphonate (HMSnP-1) material as a
heterogeneous catalyst for the aerobic oxidation of cyclohexa-
none to AA.°® Their study demonstrates AA yields up to 74% for
oxidations in aqueous media. In contrast to a previously
reported mesoporous tin phosphate,”” the presence of free
amines in the spacer group of as-synthesized HMSnP-1 seems
particularly useful for stabilization of the keto-enol tautomer.
The oxidation reaction is further enhanced upon the activation
of molecular O, by Sn incorporated in the porous framework
(Scheme 6). Subsequent hydrolysis of g-caprolactone leads to
the formation of 6-hydroxohexanoic acid, which is finally
oxidized to AA. Interestingly, the use of methanol as solvent
afforded hydroxomethyl hexanoate as the main reaction product.
The incomplete oxidation of cyclohexanone is likely due to the
lower solubility of molecular O, in methanol.
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Scheme 6 Proposed mechanism for the transformation of cyclohexanone to
g-caprolactone over HMSnP-1 in the presence of 0,.%°
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4.2 Hydrogen peroxide as an oxidant

In an extension of their work on cyclohexene oxidation, Usui
and Sato accomplished an organic solvent- and halide-free
oxidation of cyclohexanone with aqueous 30% H,0O, and
H,WO, as a catalyst.”® An advantage of this method is the ease
of operation, even at a hectogram-scale. For example, an almost
quantitative yield of AA could be achieved for the reaction of
100 g cyclohexanone with 382 g H,0, (30%) and 2.50 g H,WO,
after 20 h at 90 °C. The high AA yields are attributed to the pK,
value of 0.1 and the good solubility in water of the catalytic
active species, H,[WO(O,),(OH),], that is formed from oxida-
tion of H,WO, with H,0,. Remarkably, none of the proposed
oxidation intermediates could be detected by GC or "H NMR
analysis in the course of the reaction. The authors ascribe this
observation to the fact that the Baeyer-Villiger oxidation of
cyclohexanone is probably the rate-determining step in the
conversion to AA. The Baeyer-Villiger reaction itself proceeds
in two substeps: (i) the addition of H,0, to the carbonyl group
of cyclohexanone to form a tetrahedral intermediate, known as
the Criegee intermediate, and (ii) a concerted rearrangement of
the tetrahedral adduct to give e-caprolactone with water as the
only byproduct (Scheme 7).°*'°° However, it is not yet clear
whether the first or the second substep in the Baeyer-Villiger
mechanism is rate-limiting and if the acid catalyst increases
the rate of either substep.’® Under comparable conditions, the
oxidation of five- to eight-membered cycloalkanones and
cycloalkanols gave the corresponding dicarboxylic acids with
yields ranging from 81% (heptanedioic acid) to 98% (glutaric
acid).’® Note that linear ketones could not be converted to the
corresponding carboxylic acids.

Recently, while studying the Baeyer-Villiger oxidation of
cyclohexanone with H,0, to g-caprolactone, Cavani et al. found
that a hitherto overlooked radical-mediated reaction can lead to
the concurrent formation of AA.'®" Their work initially focused
on the thermal, uncatalyzed oxidation of cyclohexanone with
H,0, at 90 °C, which surprisingly afforded yields of 22% AA
after 6 h of reaction time. Early mechanistic studies suggested
three different pathways for the activation of cyclohexanone:
(i) by addition of H,O, (Scheme 7), (ii) by hydrogen bonding of

Hz0,

Scheme 7 Baeyer-Villiger oxidation of cyclohexanone with H,0,.
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the carbonyl group with water, or (iii) by a nonconventional
radical reaction with hydroxyl radicals generated by decompo-
sition of H,0, (reactions (7) and (8)).

H202 — 2HO*® (7)
HO* + H,0, — H,0 + HO,* (8)

It was argued that the subsequent conversion of e-caprolactone
to AA or C,—Cs diacids most likely proceeds by a reaction with the
radical species formed in reactions (7) and (8). In fact, when using
titanium silicalite-1 (TS-1) under similar conditions, the authors
observed a significant increase in the consumption of H,O,.
Further investigations led to the hypothesis that Ti-OOH species
could act as a reservoir for hydroxyl radicals through controlled
decomposition of the hydroperoxo species.

4.3 Synthesis of dibutyl acidic acid esters

One recent study considered the possibility of synthesizing
dicarboxylic esters by performing the H,0,-mediated oxidation
of cyclohexanone in an alcoholic solution.'® The catalytic process
reported by Terent’ev et al. is based on their previous reports
demonstrating (i) the synthesis of geminal bishydroperoxides from
cyclic ketones and H,0, in tetrahydrofuran (THF) at 15-20 °C,'*
and (ii) the oxidation of bishydroperoxides at higher temperatures
to form dicarboxylic esters.'® It was found that the following
conditions are essential to produce the dibutyl esters by one-pot
oxidation of cyclohexanone in butanol: a temperature higher than
80 °C, a concentration of H,SO, of 0.2-1 mol L™* and a molar ratio
of cyclohexanone to H,O, of 5-10.

5. Oxidation of n-hexane

From a catalyst design perspective, perhaps one of the most
impressive accomplishments to date is the oxidation of
n-hexane to AA by using molecular sieve catalysts.'®® The selective
oxyfunctionalization of the terminal methyl groups in alkanes has
already been demonstrated by enzymes with non-heme iron active
centers, yet attempts to use synthetic materials to mimic their
properties have generally been met with only limited success.* To
this end, controlled oxidation with molecular sieves offers a
promising alternative route with significant advantages from a
processing standpoint.

The vast body of research developed by Thomas and Raja
et al. shows that Co(u)- and Mn(m)aluminophosphates (AIPOs)
act as regioselective catalysts for the oxidation of alkanes by
molecular 0,.'°>*% The key characteristics of these molecular
sieves are the well-defined sizes and shapes of the eight-ring
windows that allow only end-on entries of the alkanes into the
cavities containing isolated Co™ and Mn"" ions at the inner
walls. In the case of n-hexane oxidation, the positioning of the
tetrahedrally coordinated Co™ ions in the AIPO is another
important consideration, as they function as centers for the
generation of free radicals,'®®'% and play an important role in
directing the preferential attack by O, on the terminal group of
the alkane. For the oxidation of n-hexane, Raja et al. asked
whether it would be possible to accommodate two Co™ ions in
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each cage of an AIPO framework, preferably opposite to each
other, in order to achieve selective oxyfunctionalization at both
ends of the alkane.'® Although the precise distribution of the
Co™ ions could not be determined by direct electron micro-
scopy, computational estimates hinted at the tendency of two
Co™ ions to be situated in each cage for Co:P ratios of 0.08
or higher. Among the different AIPO topologies examined,
AlPO-18 and AIPO-34 proved the most effective for AA produc-
tion. For example, CoAlPO-18 with a Co:P ratio of 0.10
catalyzed the oxidation of n-hexane at 100 °C and 15 bar of
air to AA with 33.6% selectivity and 9.5% conversion. With
regard to the product distribution, the main byproducts were
hexanoic acid and 2-hexanone, with selectivities up to 35.2%
and 19.7%, respectively. After filtering the catalyst from the hot
reaction mixture, less than 3 ppb of Co were found in the
solution and no significant changes in either the n-hexane
conversion or product selectivities could be observed, supporting
the stability of the Co cations in the AIPO framework. However,
Hartmann and Ernst later argued that leaching of active species
by carboxylic acids was probably minimized by working at low
conversions (<10%).'*°

These and similar examples inspired the use of molecular
sieves for other reactions such as the epoxidation of alkenes,""*
the Baeyer-Villiger oxidation of ketones to lactones,"** or the
selective oxidation of cyclohexane'*™"” and benzene.""® Among
the issues that remain to be addressed are the long-term stability
of the molecular sieve catalysts,"'° the structural and functional
characterization of the metal species,"'® and a more detailed
description of the kinetics and mechanisms by which the metal-
substituted AIPOs catalyze the oxidations.''® Gaining mecha-
nistic insights into the elementary steps of alkane oxidation
cycles is far from trivial, as many of the proposed intermediates
cannot be directly detected. Gomez-Hortigiiela et al. have now
published a series of papers on computational analysis of the
complete reaction mechanism for the aerobic oxidation of
hydrocarbons catalyzed by Mn-doped AIPO-5,"*° including the
four subsequent stages of the catalytic cycle: preactivation of the
Mn sites,"””" hydroperoxide decomposition,"** propagation,'*?
and catalyst regeneration.'** This complementary information
makes the complex free-radical pathways more straightforward
to understand and helps to interpret basic experimental obser-
vations. It is interesting to note that Lii et al most recently
confirmed the radical mechanism for the aerobic oxidation of
cyclohexane to AA using an Anderson-type POM catalyst."*

6. Catalytic pathways involving
lignocellulosic biomass-derived chemicals

Instead of oxidizing one specific linear or cyclic Cs molecule, AA
production could come from a more abundant and versatile
feedstock such as lignocellulose. The conversion of biomass
components, in particular cellulose, hemicellulose and lignin,
is a current topic of intense scientific research."***” The
industrial interest in biobased AA is reflected in the plans of
firms such as DSM, Verdezyne, Rennovia, BioAmber, Amyris,
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Genomatica, Aemetis and Myriant to enter the AA market with a
renewable alternative. In this section, we describe the current
status and future directions in AA production from lignocellu-
losic biomass-derived chemicals involving bio- and chemo-
catalytic methods.

6.1 Conversion of 5-hydroxymethylfurfural

The past few years have seen a flurry of research into the
production of 5-hydroxymethylfurfural (5-HMF) using diverse
solvents, catalysts and biphasic systems for the processing of
mono- and polysaccharides such as p-glucose, p-fructose, p-
mannose, sucrose, cellulose, inulin, starch and xylan."***” Not
surprisingly, multiple pathways have been proposed for the
conversion of 5-HMF into AA. For example, already in 1981,
Faber (Hydrocarbon Research Inc., Lawrenceville, NJ, US)
patented a multistep process for AA synthesis based on ligno-
cellulosic biomass-derived 5-HMF."*® The four steps in this
process include: (i) acid-catalyzed hydrolysis/dehydration of
lignocellulose to 5-HMF in aqueous solutions of H,SO,, (ii)
RANEY®-Ni catalyzed hydrogenation of 5-HMF to 2,5-di-hydro-
xymethyl-tetrahydrofuran (DHMTHF), (iii) hydrogenolysis of
DHMTHF to 1,6-hexanediol with a copper chromite catalyst
in a fixed-bed reactor, and (iv) biocatalytic oxidation of 1,6-
hexanediol (1,6-HD) to AA by certain bacteria belonging to the
Pseudomonadaceae family (e.g., Gluconobacter oxydans).
Further contributions to the catalytic hydrogenation of 5-HMF
into DHMTHF were recently made by Alamillo et al'*® and
Buntara et al.'>° The latter authors confirmed the excellent
performance of RANEY®-Ni in this reaction by achieving essen-
tially quantitative yields of DHMTHF (cis/trans = 98:2) after
14 h of reaction at 100 °C and 90 bar of H, (Scheme 8).
Buntara et al. presented distinct, yet highly complementary,
pathways for the subsequent conversion of DHMTHF to
1,6-hexanediol.”>"*" Particularly interesting about their work is
the Rh-Re/SiO, catalyzed ring-opening reaction of DHMTHF into
1,2,6-hexanetriol (1,2,6-HT) and the conversion of 1,2,6-HT into
tetrahydro-2H-pyran-2-ylmethanol (2-THPM, Scheme 9). Some-
what unexpectedly, it was found that the addition of Brensted
acids to the hydrogenation reaction of 1,2,6-HT led to its

o] OH HO OH
\ O RANEY®-Ni 0,
\ /) 90 bar Hp, 100 °C, 14 h
5-HMF DHMTHF

Scheme 8 Hydrogenation of 5-hydroxymethylfurfural to 2,5-di-hydroxymethyl-
tetrahydrofuran with RANEY®-Ni catalysts.”>®

OH
HO OH
e L
> How
OH
DHMTHF 1,2,6-HT 2-THPM

Scheme 9 Consecutive reaction pathway for the conversion of 2,5-di-hydroxymethyl-
tetrahydrofuran to tetrahydro-2H-pyran-2-ylmethanol via 1,2,6-hexanetriol."*
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Scheme 10 Schematic illustration of the active sites on rhodium-rhenium
catalysts for the hydrogenolysis of 2-THPM. Adapted from ref. 152.

ring-closure in very high yields of 99% 2-THPM. Such results
motivated the authors to explore the direct hydrogenolytic ring-
opening of DHMTHEF into 1,6-hexanediol by using a combination
of Rh-Re/SiO, and acid catalysts such as Nafion SAC-13. This one-
pot catalytic process, performed at 120 °C and 80 bar of H,,
allowed the full conversion of DHMTHF with selectivities to
1,6-hexanediol of up to 86%. Other solid acids were also capable
of converting DHMTHEF, albeit at slightly lower selectivities.

A discussion on this pathway should be taken as part of the
general issue of C-O bond hydrogenolysis of polyols and cyclic
ethers. Recent reports by Chia et al. and Chen et al. demon-
strate that ReO,-promoted Rh/C catalysts are highly selective
for the hydrogenolysis of 2-THPM into 1,6-hexanediol.">>'>* The
hydrogenolysis mechanism of secondary C-O bonds in cyclic
ethers can be understood in terms of the bifunctional nature of
the ReO,-promoted Rh/C catalyst, which is thought to facilitate
both the acid-catalyzed ring-opening and dehydration of
2-THPM coupled with the metal-catalyzed hydrogenation
(Scheme 10)."**> By combining a highly reducible metal with an
oxophilic metal, this approach could, in principle, be transferred
to the deoxygenation of other biomass-derived cyclic ethers and
polyols. Continued research into this and related hydrogenolysis
reactions is needed and can be anticipated ultimately to advance
a breakthrough in the pathway to AA.

In an alternative approach, Boussie et al. (Rennovia Inc. Menlo
Park, CA, US) recently patented a two-step process for the produc-
tion of AA from 5-HMF via 2,5-furandicarboxylic acid (FDCA).">*
Previous work had focused on the synthesis of FDCA via
catalytic oxidation of 5-HMF"™ or dehydration/oxidation
of fructose."”®'®® As demonstrated for Au/CeO, and Au/TiO,
catalysts, the reaction pathway for the aqueous-phase oxidation
of 5-HMF is proposed to proceed via the formation of a hemi-
acetal, 5-hydroxymethyl-2-furancarboxylic acid and 5-formyl-2-
furandicarboxylic acid as the key intermediates.’®® The catalytic
hydrogenation of FDCA with Pd/silica at 140 °C and 52 bar of H,
yielded 88% of tetrahydrofuran-2,5-dicarboxylic acid (THFDCA,
Scheme 11)."** The inventors claim that Pd/silica and Rh/silica
can hydrogenate THFDCA to AA in excellent yields as high as 99%
after 3 h of reaction at 160 °C and 49 bar of H,. It is clear that the
economic viability and environmental impact of this process have
yet to be improved, as in both cases the catalysts require prohibi-
tively high pressures, halogens and acetic acid as solvent. Regard-
less, it is tempting to speculate that furan derivatives might play a
pivotal role in the future production of biobased AA.
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Scheme 11 Two-step process for the catalytic hydrogenation and ring-opening
of 2,5-furandicarboxylic acid to AA.">*

6.2 Conversion of p-glucose

In parallel, Boussie et al. disclosed a second patent for the
catalytic transformation of p-glucose to AA via glucaric acid.'®"
Commercialization of this pathway is being pursued by the US
start-up firm Rennovia in Menlo Park, California. Preliminary
cost estimates indicate that the catalytic process is economic-
ally advantageous over the petrochemical route when the price
of crude oil is $50 per barrel.'®> To make the innovation even
more sustainable, the firm can benefit from using its over-
supplied high fructose corn syrup (HFCS) as an initial feedstock
source. Rennovia currently produces AA ata 1 1b h™" pilot plant
and plans to scale up to commercial quantities of 300 to 500
million 1b per year by the end of 2013 or the beginning of 2014.

Regarding the first step in this process (Scheme 12), catalyst
screening showed that Pt catalysts were the most suitable for
the oxidation of p-glucose.'® Even in the absence of any added
base, Pt/silica afforded glucaric acid yields of 66% after 8 h of
reaction at 90 °C and 5 bar of O,. Despite the good results, the
examples provided herein refer only to reactions with 250 pL
p-glucose solutions. Specifically, issues such as the pH effect and
deactivation of the Pt catalysts during the oxidation of p-glucose
remain of concern.'®*"*® The subsequent hydrodeoxygenation
reaction could be achieved by using PdRh/SiO, catalysts. In the
presence of HBr and acetic acid, these bimetallic catalysts were
capable of converting glucaric acid into AA in yields ranging
from 50 to 77% after 3 h of reaction at 140 °C and 49 bar of
H,. Unfortunately, again no mention is made of the catalyst
stability and reuse. An additional scientific challenge lies in the
elucidation of the role of the halogen source.'®’ It is assumed
that during hydrodeoxygenation of glucaric acid, a secondary
alcohol group reacts with HBr to form an alkyl bromide. The
mechanism by which the C-Br bond converts to a C-H bond is
not yet fully resolved but at least three plausible pathways have
been proposed. First, the intermediate might react with H, to
form the C-H bond along with HBr. Second, the intermediate
might undergo a dehydrobromination reaction to form an
olefin that could be further reduced in the presence of PARh/
SiO,. In the third hypothesized pathway, a reaction of the
brominated intermediate with HBr not only leads to the for-
mation of the C-H bond, but also releases molecular bromine
as a byproduct.

In a biochemical alternative route, strains of Escherichia coli
have been constructed to produce AA from p-glucose."®”"'*® The
enzymatic method proceeds via an aerobic pathway in which
p-glucose is transformed into the intermediates catechol and
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Scheme 12 Two-step process for the conversion of p-glucose to AA via the
formation of glucaric acid.'®’

cis,cis-muconic acid, respectively. The conversion to AA had to
be performed in a chemocatalytic step by hydrogenating cis,cis-
muconic acid with Pt/C,'®” bimetallic RuPt nanoparticles,'®® or
titania-supported Re catalysts.'’® However, several enzymatic
transformations are currently being developed that could pave
the way towards a completely biological synthesis method."”*"
A consideration of the biotechnological production of AA, as well
as the metabolic pathways leading to its precursors, has recently
been reviewed by Polen et al.'”*

6.3 Conversion of y-valerolactone

The ring-opening hydrocarboxylation of y-valerolactone (GVL)
represents another attractive pathway with considerable
potential for the production of biobased AA. The precursor
GVL can be produced by catalytic hydrogenation of levulinic
acid,'””™'®” a platform chemical derivable from cellulose™®* 7
and/or hemicellulose fractions.’**% As an illustrative example
of the economic viability of GVL production, we draw attention
to the technoeconomic analysis performed by Sen et al. for an
integrated strategy to convert lignocellulose into GVL.*°' A
patent search reveals that many of the proposed strategies for
AA synthesis require homogeneous rhodium or iridium catalysts
in the presence of either a bromide or iodide promoter.>*>>% For
example, direct hydrocarboxylation of GVL has been performed
with CO and small amounts of water in an acetic acid solution,
using RhCl; as a catalyst and HBr as a promoter.”> Product yields
of 61% AA, 21% methylglutaric acid, 12% valeric acid and 4%
ethylsuccinic acid could be achieved after 4 h of reaction under
28 bar of CO at 220 °C. Interestingly, under comparable
conditions, the bromide-promoted rhodium catalyst was able to
perform the isomerization of 2-methylglutaric acid to AA, as well
as the interconversion of valeric acid to 2-methylbutyric acid.”*®
However, the daunting reaction conditions needed for the direct
hydrocarboxylation of GVL have recently stimulated the devel-
opment of new multistep process designs.

Partly related to the work of Bond et al. on GVL ring-
opening,”®” Wong et al. (Institute of Chemical and Engineering
Sciences, Singapore) advanced a three-step catalytic process for
AA production, comprising: (i) reactive distillation of GVL in the
presence of an acid catalyst such as SiO,-Al,O; to produce a
mixture of pentenoic acid isomers, (ii) carbonylation of the
pentenoic acids to AA with an in situ prepared palladium
catalyst, and (iii) precipitation of AA and recycling of the
catalyst together with the unreacted pentenoic acid isomers
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Scheme 13 Catalytic conversion of GVL to AA via pentenoic acid.?°

to the second step (Scheme 13).**'%% In addition to unreacted
GVL, AA was the only product that could be detected by *C NMR
and GC analysis when reacting the mixture of pentenoic acids
present in the distillate of the first step with the palladium catalyst
for 5 h under 60 bar of CO at 105 °C. Yields of 22-48% were
obtained after collection of crude AA fractions by, respectively,
crystallisation, filtration, washing with ethyl acetate and drying
under vacuum. The selective formation of AA was tentatively
attributed to the rapid equilibrium between the pentenoic acid
isomers and the difference in carbonylation rate depending on the
position of the C—=C double bond.**® Indeed, 4-pentenoic acid
showed a higher reactivity than the internal 2- and 3-isomers. It
follows that optimization studies should be geared at improving
the catalytic isomerization of pentenoic acids, alongside further
efforts to effect the ring-opening of GVL during reactive distillation.
To aid advances in this direction, we need more information about
the kinetics and the thermodynamic constraints of the process.

Analogous carbonylation processes of pentenoic acid and
methyl pentenoate isomers with gaseous CO have been performed
by using Pd catalysts with bidentate diphosphine ligands.*'*>'> As
an alternative to the rather conventional gas-phase approaches,
Lange et al. previously demonstrated the transesterification of
GVL to methyl pentenoate under catalytic distillation condi-
tions (Scheme 14).>'*%'¢ Key to the success of this approach was
the large difference in boiling point between GVL (207 °C) and
methyl pentenoate (127 °C). The reversible reaction was per-
formed by feeding methanol into a distillation flask charged
with GVL and para-toluene sulfonic acid at 200 °C. The yield of
methyl pentenoate collected over consecutive distillation frac-
tions was found to increase nearly linearly as a function of time,
achieving a maximum value of 98% after completion of the
reaction. Various isomers of methyl pentenoate could be
detected in the distillate while the only byproducts analyzed
by GC-MC were traces of pentenoic acid. The general applic-
ability of the catalytic distillation method was shown by the
transesterification of §-hexanolactone (DHL) instead of GVL
and by the substitution of methanol for higher alcohols.

213,214

6.4 Conversion of compounds representative of lignin and
lignin-derived bio-oils

Finally, compounds representative of lignin and lignin-derived
bio-oils could be exploited as another potential feedstock for AA

o] (0]

0.0 + CHZOH -H0 \NJ\
@/ OCH; ~—— OCHs
OH methyl pent-3-enoate

GVL methyl 4-hydroxypentanoate + isomers

Scheme 14 Catalytic transesterification of GVL to methyl pentenoate.'®
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Fig. 4 Compounds representative of lignin and lignin-derived bio-oils that
could potentially be used in the catalytic production of AA.
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Scheme 15 Proposed mechanism for the hydrogenation of phenol to cyclo-
hexanone over a dual supported Pd-Lewis acid catalyst.?%?

production (Fig. 4). The aforementioned biocatalytic pathways
starting from catechol or phenol provide the first opportunity
in this context.>'” Obviously, the catalytic conversion of phenol
and substituted phenols (e.g., guaiacol or anisole)*'*>*" to one
of the oxidation substrates discussed in Sections 2 to 5 is an
alternative attractive route that could stimulate collective think-
ing of innovative catalytic cascade reactions.

This concept can be reconciled with the substantial progress that
has recently been made in the one-step hydrogenation of phenol to
cyclohexanone using cooperative catalysis. Selective phenol hydro-
genation at elevated conversion is complicated because the cyclo-
hexanone product is prone to overreduction to cyclohexanol under
the same conditions. However, investigations by Liu et al. revealed
that this reaction can be elegantly promoted by using a synergistic
combination of nanoparticulate Pd catalysts (Pd/C, Pd/ALO; or Pd/
NaY zeolite) and Lewis acids such as AICL;.*** Nearly quantitative
conversions could be achieved within 7 h of reaction in a dichloro-
methane solvent at 10 bar of H, and temperatures as low as 50 °C.
Preliminary kinetic and Fourier transform infrared spectroscopic
studies support the hypothesis that the Lewis acid sequentially
facilitates the hydrogenation of phenol by increasing its nucleophi-
licity, and then inhibits the further hydrogenation of cyclohexanone
(Scheme 15). Evidence was presented that coordination of the Lewis
basic carbonyl oxygen to the Lewis acid is necessary to suppress the
formation of cyclohexanol. Concomitant with the development of
this dual catalyst system, Liu et al. showed that dichloromethane can
be successfully replaced by using compressed CO, as the reaction
solvent. The facile separation of CO,, product and catalyst, as well as
the proven efficiency in catalyst reuse, means that the process might
be adapted to a continuous flow system, which constitutes a crucial
step towards an eventual scale-up in the future.

7. Conclusions and outlook

Whereas the traditional industrial route involves oxidation of a
mixture of cyclohexanol and cyclohexanone with nitric acid, a

This journal is © The Royal Society of Chemistry 2013
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new generation of substrates has emerged in the past decade as
an attractive resource for the future production of adipic acid.
Examples discussed in this review are the selective oxidation of
cyclohexene, cyclohexane, cyclohexanone or n-hexane with
either hydrogen peroxide or oxygen. Important accomplish-
ments in this research area have been achieved by the imple-
mentation of advanced process and catalyst design principles,
including the use of biphasic catalytic systems, the application
of continuous-flow techniques and compartmentalization by
membrane reactors, the synthesis of catalytic systems that
mimic natural enzymes, and the rational design of regioselec-
tive molecular sieve catalysts.

To accelerate the design and development of more efficient
catalysts, future research efforts should be prioritized into
characterizing the nature of active sites within the catalytic
systems and developing a deeper understanding of radical-
based oxidation mechanisms. Equally beneficial would be
gaining further insights into the underlying causes of catalyst
deactivation and focusing efforts toward improving oxidant
efficiency for hydrogen peroxide-mediated reactions. A perti-
nent question still remains unanswered regarding which of the
next-generation oxidation processes has the potential to be
competitive in replacing or supplementing the current indus-
trial process. A systems-based technical and economic evalua-
tion of all candidates based on their catalytic performance,
substrate availability, catalyst stability and recyclability, oxidant
efficiency and industrial feasibility is desirable to identify the
most promising prospective alternative resource.

The production of adipic acid from renewable resources, particu-
larly lignocellulosic biomass-derived chemicals, could offer an even
more sustainable option. Recent breakthroughs have been made by
industry and academia in the development of bio- and chemocata-
lytic routes for AA synthesis from biorefinery building blocks such as
5-hydroxymethylfurfural, p-glucose, y-valerolactone and compounds
representative of lignin and lignin-derived bio-oils. The successful
conversion of biomass-derived oxygenates into targeted molecules
will hinge on the proper design of catalysts that effectively realize
catalytic cooperativity in one-pot and cascade reactions. As expertise
in the field increases and new generations of catalysts and solvents
continue to be designed and implemented, this research area will
undoubtedly be dramatically extended in the near future.
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