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Summary

Microwave-assisted flow processing in heterogeneously copper nano-
catalyzed reactions

In the last decades, micro-processing and microwave technology have been
established as mature technologies, however, mainly instigated by academia. Many
advances in micro-process technology have led to novel routes and/or process
windows to replace batch operations by more efficient continuous processes, both at
lab and at industrial scales. Especially, the fine-chemicals industry has been
recognized for realistic implementation of these technologies with respect to both
scale as well as cost. In this thesis, the major hurdles to combine microwave and
micro-processing technology for organic syntheses have been addressed. In
comparison to gas-phase reactions, metal-catalyzed liquid-phase organic synthesis
requires different operational process windows to realize successful implementation
of micro-processing. Major issue here is to avoid solid bases and slurry catalysts by
including pre-treatment steps and depositing catalysts onto structured supports. In
addition, the use of metals as catalysts under microwave irradiation is known for rapid
energy absorption and, therefore, requires special attention regarding temperature
control. The Ullmann-type coupling reaction and the Simmons-Smith type
cyclopropanation are both intensively employed in the fine-chemicals industry and
were, therefore, investigated over various novel heterogeneous Cu catalysts in this
project.

The Cu-catalyzed coupling of aromatic compounds is not only an excellent
example to investigate the benefits of integrated microwave and micro/milli-reactor
technologies, but also for its potential applications in the production of
pharmaceutically active molecules, such as antivirals and antibiotics (e.g.
Vancomycin). This type of organic reactions provides considerable challenges to
overcome, both with respect to the severe reaction conditions and, undoubtedly, the
sustainability of heterogeneous catalysis which substantially contributes to the cost in
flow processing. More importantly, however, was the use of heterogeneous CuZn
nano-colloids which, as oxidative stable “metallic microwave-absorber”, provide an
additional benefit (but also point of attention) regarding the higher temperatures at the
locus of the reaction.

Therefore, monometallic and bimetallic Cu-based nanoparticles with a narrow
size-distribution and a high resistance against oxidation and agglomeration were
developed. The chemical and colloidal stability of these Cu-based nanoparticles,
including their purity and morphology, could be significantly improved by coating the



copper nanoparticles with poly(N-vinylpyrrolidone). These nano-catalysts were then
tested for their performance in the Ullmann-type coupling reaction and the Simmons-
Smith cyclopropanation.

Subsequently, these novel nano-catalysts were immobilized onto a microwave-
transparent TiO, support and used in a fixed-bed reactor. Novel routes for the
preparation of highly active TiO,-supported Cu and CuZn catalysts were proposed
and applied in Cu-catalyzed organic reactions. The copper oxidation was significantly
suppressed by using CuZn/TiO, catalytic films and a strong relation between the
catalyst composition and activity was found for the Ullmann C-O coupling reaction.
This novel preparation method was based on titania dip-coating onto glass beads,
obtaining either structured mesoporous or non-porous titania thin films, which could
be loaded with the catalyst nanoparticles by deposition onto the calcined films. These
catalysts were analyzed using various characterization techniques and in-operando
synchrotron X-ray absorption spectroscopy, giving a better understanding of their
catalytic behavior.

Besides catalyzing a reaction, the energy supply towards the catalyst surface is
obviously as important and has been also investigated in this project. This issue has
been addressed separately, because in traditional reactors the energy supply is
particularly governed by classical heat-transfer limitations. Furthermore, the
troubleshooting of the major obstacles for continuous operations to synergize the
benefits of microwave systems and micro/milli-processing in flow synthesis has been
targeted. A micro fixed-bed reactor was designed, using packed spherical glass beads
coated with the catalyst and support, for kg-scale flow operations in the Ullmann C-O
coupling. In addition, the influence of reactor shape and dimensions for effective
microwave irradiation was studied. Experimental evidence of complete microwave
penetration in the radial direction was found, allowing rapid and controlled heating
without significant radial temperature gradients in the flow-through reactors.

The abovementioned developments in chemistry, nano-catalysis and reactor
engineering were the basis for an extended cost study, consisting of 14 process
scenarios. In this way, the cost-impact of micro-processing and microwave heating for
liquid-phase reactions in fine-chemicals synthesis could be envisaged. Two examples
were studied, i.e. the Ullmann-type coupling reactions and the Aspirin synthesis. It
could be concluded that the operating costs for the Ullmann-type processes compared
to those for the Aspirin synthesis can be defined as either material based (e.g. reactant
excess, pretreatment and catalyst synthesis) or downstream processing based (e.g.
work-up, waste treatment) processes. The impact of integrating microwave heating
and micro-processing systems on profitability was evaluated with respect to
operational costs and chemical productivity. This techno-economic evaluation
provided a route map, highlighting feasible routes to combine different technologies,
chemical processes and catalyst systems.

Vi
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Chapter

Introduction

1.1 The Cu-catalyzed Ullmann C-O coupling and Simmons-Smith
cyclopropanation for fine-chemicals synthesis

A centennial overview of the Ullmann reaction. In 1903, Ullmann, Sponagel and
Goldberg have been the first to report the copper-assisted nucleophilic substitution
reaction of aromatic reagents towards bi-aromatic products . Although their
chemical protocol required stoichiometric use of copper, high reaction temperatures
and a reaction time of several hours, many industrial applications for pharma-
intermediates, agrochemicals and high added-value chemicals have adapted this
methodology [“. Based on the current classification, the Ullmann-
condensation/coupling reaction is nowadays recognized as the copper-assisted
coupling between aryl halides and aryl amines or (thio)-phenols towards the
synthesis of bi-aryl amines or aryl-(thio)ethers (Scheme 1a). On the other hand, the
Ullmann-reaction represents the copper-assisted synthesis of bi-aryl components
from two aryl halides (Scheme 1b) B,

X  HYX Cu Y.
S S AP
X
2 equiv. \O G + X, (or2cCux) (b)

X = Hal

Y =NH, S, 0
Scheme 1.1. The Ullmann reaction from a halo-aromate and either a phenol, thiol or amine
(a) and from 2 equiv halo-aromates (b).

In addition, the copper-assisted Goldberg-condensation reaction is known as
the coupling reaction of an aryl halide and an amide resulting in a C-N aryl-bond
[ while the copper-assisted condensation of 2-halobenzoic acids and dicarbonyls
has been coined as the Hurtley-condensation reaction !, The successes of Pd-
catalyzed cross-coupling reactions in the last three decades, e.g. the Hartwig-
Buchwald amination reaction, have simultaneously resurrected the interests in the
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original Cu-based coupling reactions . Especially due to the catalyst cost and
product purity, a renaissance was made in the copper-catalyzed cross-coupling
reactions, which is known as the modified Ullmann-reaction. As a result, previous
obstacles regarding high catalyst loadings and reaction temperatures/times have
been resolved, using new procedures, and implemented in a wide spectrum of
applications ["). These improvements could mainly be attributed to the discovery of
novel ligands, which improved the Cu-catalyst solubility in the reaction media. The
use of chelating moieties, e.g. di-amines !, amino acids ¥, phenantrolines %, diols
(1] and other N,O-containing ligands ™2, proved increased activity as a result of
their positive effect on the Cu solubility in typical organic solvents. These
successes of the modified Ullmann reaction led to implementation in large-scale
production ™. Undoubtedly, this methodology provided many benefits as
compared to the recent successes of Pd-catalyzed coupling systems.

However, mechanistic understanding of the modified Cu-catalyzed Ullmann-
reaction still remained inferior to knowledge about the mechanistic pathway of the
Pd-catalyzed Hartwig-Buchwald arylation-type coupling reactions. Another major
drawback of the Ullmann-type C-O, C-N and C-S coupling reactions was the
necessity of a strong base, such as sodium tert-butoxide, which, acting
simultaneously as a nucleophile, clearly limited its applications to rather
straightforward and non-functionalized substrates. A novel protocol was introduced
in 1997 by Buchwald and co-workers wherein the reactive base was substituted by
cesium carbonate™. This strategy was adapted by many researchers and proved to
be the optimum base in most cases, leading to a significant improvement in the
synthesis of diaryl ethers % 1 |n medicinal chemistry, many successes were
reported in a number of syntheses of diaryl ethers, using copper triflate
(Cu[SO3CFs3]y) in combination with ethyl acetate and naphthoic acid as ligands at
110 °C in toluene. In this way, also C-O couplings of many unactivated aryl halides
and hindered phenols could be realized ¥, Substituting the (CuOTf),-benzene
complex as copper(l) source by the more stable Cu(CH3CN)4PFg, known as Kubas
salt, demonstrated even more successes °. Palomo et al. developed in the same
year a phosphorimidic triamide base (P4-Bu'), also known as Schwesinger base,
which showed a significant rate enhancement in almost all of their etherification
examples of aryl halides with a variety of phenols. This improvement was mainly
attributable to the in-situ formation of a naked phenoxide anion and the
stoichiometric use of CuBr 1. In our recently reported work, a similar observation
was made, using similar types of naked-ion nucleophiles 8. Gratifyingly in our
case, the separate generation of potassium phenoxide and the use of 18-crown-6 as
solubilizer made it possible to avoid unnecessary by-products (originating from
phenoxide generation) and also to increase the solubility of potassium phenoxide
and the related by-product potassium chloride.

Traditionally, the main disadvantage of copper(l) salts as homogeneous
catalysts in organic solvents is their very low solubility, reducing the yields
considerably due to mass-transfer limitations. A solution was proposed by
Venkataraman et al., who introduced the wuse of soluble, air-stable,
bromo(triphenylphosphine) copper(l) complexes (and the related bidentate
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complexes). In this way, electron-rich para- and meta-substituted phenols could be
coupled to aromatic bromides in good yields °* %58 Their work in 2003 has led to
many improvements of ligand-assisted arylations of phenols 2% and an impressive
number of studies on the effect of various additives and ligands besides increasing
the Cu(1) solubility, such as tetramethylheptadione ™!, bis-pyridineimine ** % and
dimethylglycine [15e], appeared. A remarkable ligand improvement was achieved in
the arylation of tyrosine derivatives without epimerization [ using
tris(hydroxymethyl)-ethane *9 diketone **" and aminophosphonate **'! which all
demonstrated better reactivity and selectivity when compared to the conventional
catalysts ™. In addition, also the unsatisfactory reactivity of aryl chlorides,
classified as stable and relatively cheap reactants, was considered to be a serious
limitation for a real industrial breakthrough. The combination of copper(l) bromide
and a diketone ligand showed some improvement ™! when aryl chlorides were
applied. Other methods were reported to provide increased productivity for aryl
chlorides, using microwaves ! and ligand-less systems 1. In contrast to these
developments, a much more efficient combination of Cu nanopartlcles and a highly
soluble naked-ion phenoxide was developed in our group for substituted chloro-
heterocycles %! and will be discussed in the following chapters.

Mechanism of the Ullmann reaction. So far, the majority of the mechanistic studies,
conducted for coupling reactions, are based on Pd catalysts. Nevertheless,
consensus exists on two possible catalytic cycles for the copper-catalyzed
etherification of nucleophiles (see Scheme 2). In mechanism A, an oxidative
addition of the aryl halide occurs prior to the actual nucleophilic substitution, both
leading to the coupling product and simultaneously regenerating the catalytic
copper species. In mechanism B, the nucleophile forms a co?per-complex, that
enables the substitution of the halide to form a bi-aromatic ether [ 7@ €1,

,,g:u Mechanism A

@Cu@ . ©Y©

/\ /Q Mechanism B
HY _.Cu
\© Hy X

: o v

base X =Cl, Br, I

Y=0O,N,S

Scheme 1.2. Two most plausible mechanisms for the Cu-catalyzed Ullmann-type coupling
reaction following initial Cu interaction either with the aryl halide (A) or nucleophile (B).

Most catalysts used in the Cu-based Ullmann coupling reaction are homogeneous,
which allowed intrinsic research on the mechanism of the reaction. Although it is
generally accepted that the catalytically active Cu species is a Cu(l)-salt ], also
Cu(ll)-salts and metallic Cu(0) have shown catalytic activity 4.
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Undoubtedly, the use of metallic copper promises a higher potential for efficient
application as a heterogeneous catalyst, although the in-situ formation of the active
Cu(l) species might still be the major contributor to the reactivity . This
conclusion is primarily based on the fact that two Cu(l) species are able to
disproportionate into Cu(0) and a Cu(ll) species °!. Therefore, intrinsically, both
Cu(0) and Cu(l) could act as a catalyst where, according to Lindley et al., the first
interaction occurs between the nucleophile and the catalyst followed by halide
displacement 1. The various copper oxidation states can be categorized for five
different mechanistic pathways in the Ullmann coupling reaction 8. The
involvement of a Cu(lll)-complex has only recently been accepted as an
intermediate to catalyze the coupling reaction . The first mechanistic pathway is
initiated by the oxidative addition of an aryl halide and the formation of a Cu(lll)
species which ends with a reductive elimination step. The first reports on the
presence and activity of organocopper(l11) species were made in the early 1970s by
Cohen et al.*!, based on an earlier observation of other organocopper species by
Whitesides et al.®¥ Later, however, Van Koten et al. opposed this Cu(lIl)-type
mechanisms, based on a long-standing knowledge and acceptance of the more
plausible presence of arylcopper(l)-complexes in the reaction 2 32 Another
mechanism is the single electron transfer (SET) by the formation of a radical anion
from the aryl halide, leading to electron exchange mechanism between Cu(l) and
Cu(ll). The very first reports on the involvement of free radicals in the Ullmann
reaction were published by Waters et al., shortly before Fritz Ullmann’s death, and
were subject of heavy speculation at that time B3 Only in the late 1960s,
Kornblum B4 and Russell ®° independently observed the presence of free-radicals
in chain (coupling) reactions, which were expanded for aromatic systems by
Bunnett et al. ®® Their mechanistic study led to the introduction of a “Sgn1”
classification, referring to a unimolecular radical-nucleophilic substitution. This
mechanism does not necessarily require the use a metal (complex) as the formation
of a radical could also be initiated photo or electrochemically.

Nevertheless, reports on the organometallic-assisted electron transfert®2® 371
led to organocopper applications in the Cu-catalyzed Ullmann coupling reaction
following a Sgny1 mechanism (381 Arai and coworkers were the first to demonstrate
the existence of an organometallic species with a paramagnetic character
originating from an electron transfer of Cu(l) species &%, Their results supported
work on the Cu-catalyzed aromatic Sgnl reaction pathway “ by many other
groups, yet at the same time provoked uncertainty to other researchers 2> “. The
third proposed mechanistic pathway of the Cu-catalyzed Ullmann reaction is the -
bond metathesis where the active copper species is assumed to remain at a Cu(l)-
oxidation state. According to Bacon et al., this mechanism involves a c-complex
formation between the Cu-electrons and the electron pair of a halogen atom,
resulting in an efficient interaction with the nucleophile 2. Conversely, Van Koten
et al. demonstrated a deviating mechanism via “intimate-electron” transfer by
means of a Cu(l)-Cu(ll) redox reaction, opposing Bacon’s philosophy of a o-
metathesis procedure ™. Nonetheless, the o-bond metathesis is currently still
accepted as a way to displace the aryl halide by a strong nucleophile to form a Cu-
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Nu species. As a result, copper induces a partial positive charge on the adjacent
carbon to promote nucleophilic substitution and Cu(l)-retention. The final reaction
mechanism has been proposed by Weingarten et al. and involved m-complexation
between Cu(l) and the n-electrons of the aryl halide to consequently stimulate an
aromatic substitution by a nucleophilic attack 4. During the n-complexation Cu(l)
acts as an electron acceptor by facilitating the halide cleavage and stabilizing the
aromatic system as was observed for Cu(I)-benzene ™ complexes and
chlorobenzene-chromium tricarbonyl complexes *°/.

Ullmann C-O coupling in fine-chemicals synthesis. Diaryl ethers and their
derivatives are found in a variety of fine chemical and pharmaceutical products,
emphasizing on the importance of copper-mediated arylations of phenols as
essential tool for industrial applications. However, due to the complex mechanism
of the classical Ullmann diaryl ether synthesis (because of the strong reactivity
dependence of aryl-substituents), the first breakthrough was made in the late 1990s
by Chan, Lam, and Evans by their first applications of aryl boronic acids as
arylating agents 7. Nevertheless, with the original procedure satisfying
performance could still be achieved for intermolecular coupling reactions towards
pharma-active compounds, e.g. in the synthesis of cycloisodityrosine-derived
agents (see Scheme 3 upper part), such as K-13, OF4949-111, and OF4949-1V
(Boger et al.) ¥,

OH

OR,
OH 1\@\ CuBr, SMe,, NaH o
+
CO,Na PhNO,, 130 PhNO,, 130°C. ©\COOH Boger et al.
y NHRy

o
NHR2 —», E\/lL
CO,M T N "COOH
Me cone : H
L-DOPA derivative \CONH2
R, = Benzyl \
l e
0)
R, = Carbobenzyloxy \Qj
O
H O
QVOTN%O/ \)LN "COOH
O R HOzC “NHAc N
. CONH2
R; = L-tyrosine
(@)
o ﬁ
HO NH,

OR,
OR,

og ! Cul/Me,NCH,CO,H 0
- Ma .
+ Cs,CO;, dioxane, 90 °C et al
NHR; MeO,C” “N(R)) e NHR3
“, 3 S 1)2 K7
’ COZR,MCOZC NH(R ),

CO,R,

Scheme 1.3. Applications of the Cu-catalyzed Ullmann C-O coupling reaction in the
synthesis of intermediates for cycloisodityrosine-derived agents, following the Boger (above)
and Ma (below) protocols.
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One of the intermediates was obtained rather straightforward from the coupling of a
L-DOPA derivative and sodium p-iodobenzoate, using a mixture of sodium hydride
and a copper bromide/dimethylsulfide complex in nitrobenzene. Racemized by-
products could be avoided using the solvent nitrobenzene at 130 °C, which, in the
case of the conventional solvent pyridine, resulted in significant epimerization 2.

This example shows a successful Ullmann coupling of an electron-rich aryl
iodide with simple substrates and an unactivated phenol. However, in the case of a
coupling between electron-rich aryl iodides containing o-alkoxy substituents with a
single functionalized tyrosine derivative only limited success could be achieved.
Moreover, no activity was observed in the coupling of two functionalized tyrosine
with iodo-phenylalanine derivatives. In 2006, Ma et al. proposed an improved
strategy for the synthesis of the same compound, using a more efficient Cul/N,N-
dimethylglycine complex, starting from an activated L-DOPA derivative and a
protected iodo-phenylalanine (Scheme 3, lower part) 1. Similar effects of
substituents in the reactants on the reactivity were observed by Wipf et al. in an
Ullmann-coupling step in the diepoxin-c synthesis, which is a highly oxygenated
antifungal and anticancer natural product “°!. The authors showed that the coupling
of a tetralone with 1-iodo-8-methoxy-naphtalene could only be successfully carried
out after reduction of the ketone in tetralone, which emphasizes the importance of
the substituent type. Similar effects were also reported by Furstner et al. ®° in the
aspercyclide C synthesis and were confirmed by Ramana et al. ®¥ in 2007, who
showed both independently major benefits in preparing the diaryl ether core at the
start of the synthesis. This was earlier suggested by Kametler et al. in the
macrocyclic bis(bibenzy1) ether synthesis of Plagiochins A and B P2,

Although nowadays the use of advanced copper ligands and the use of
nanoparticles demonstrate major improvements in the synthesis of diaryl ethers, the
introduction of Cs,COj3 as base by Buchwald was the crucial step in the synthesis
of verbanachalcone, a compound reported to act as a nerve growth stimulator. Cuny
et al. assembled efficiently the diaryl ether core of verbanachalcone by a C-O
coupling of a phenol and an aryl bromide in the presence of Cs,COj in pyridine P21,
Another success in the diaryl ether synthesis of pharmaceutical compounds has
been the discovery of widely used boronic acids as arylating agents “™ . Mainly
due to their high reactivity at mild temperatures combined with Cu(OAc),, Evans et
al. demonstrated an efficient synthetic route of thyroxine, using triethylamine as
base and pyridine as solvent, which both are also believed to act as ligands in the
organocopper intermediates “’®. More examples of this mild and efficient strategy
towards diaryl ethers can be found in many medicinal reports, such as the
preparation of Isodityrosine B4 Pulcherosine B Combretastatin D2 B¢,
Rodgersinol B!, Puetuberosanol B8 and Tejedine . Another interesting example
IS a precursor preparation in the synthesis of Teicoplanin Aglycon synthesis, which
demonstrated an appealing epimerization-free arylation with a substituted
ar¥lglycine derivative . In addition, the trace amine-associated receptor agonists
51 and ultrapotent HIV-protease inhibitors preparation are considered to be major
advances in medicinal chemistry with due to improved diaryl ether syntheses 2.
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Homogeneous catalysts in the Ullmann C-O coupling reactions. In 2003 Ma et al.,
developed an efficient catalyst system for C-O coupling reactions at ambient
temperature % based on earlier reported progress ¢ They reported a facile
method to couple various bromoanilides with L-tyrosine derivatives at 25 °C by
combining the effects of ortho-substituents and the presence of amino acids as Cu-
ligands using a copper loading of 30 mol%. In this way, the ambient-temperature
conditions provided major benefits for this reaction that eventually could prevent
racemization of the tyrosine derivatives. On the other hand, the use of relatively
large Cu-loadings and the necessity to use complex ortho-amides, as directing
group for the coupling, still required a more simplified system. Besides the low
temperature, the main advantage in this system was postulated to be the activation
of Cu(l), induced by strong O-coordination of the ligand (see Scheme 4).

/  FC

0—C ju
o) / NHCOCF
NHCOCF; Cilny. > N o 3

O
Br MézN C\ll/‘ > BOC-L-TyI‘-OME MCOZE\/Q/ \©
Br Me,N BocHN

Base (Cs,COs3)

Boc = tert-butoxycarbonyl
Scheme 1.4. The reaction of 2-bromotrifluoroacetanilide with a L-tyrosine derivative using
Cul/N,N-dimethylglycine in the presence of Cs,CO3 at room temperature, providing a highly
selective peptide synthesis via the Ullmann C-O coupling strategy.

In another study, Bao and coworkers described a similar efficient copper-
based catalyst for the arylation of phenol derivatives. The use of a -keto ester as
supporting ligand for copper afforded diaryl ethers from aryl bromides at mild
temperatures and from aryl iodides even at room temperature ™", Taillefer et al.
developed a novel Schiff base and oxime-types as Cu-ligands for another type of
coupling reactions, which also demonstrated to be efficient in the synthesis of
diaryl ethers 2% %1 Only 10 wt% Cul, in conjunction with these ligands, was
needed to establish the coupling of a large range of aryl bromides with phenols
under mild conditions using the inexpensive base KsPO, 2% ¥ pyrrolidine-2-
phosphonic acid phenyl monoester has also been reported as a Cu ligand in the
coupling of phenols with aryl iodides or bromides, though at higher temperatures
(151" Also, the use of a 1,10-phenanthroline as ligand in association with a KF/Al,O3
system as the base ! and the direct impregnation of copper onto charcoal under
microwave irradiation %! have been reported. In another study by Xia et al.,
significant advances were reported in the development of an efficient Cu-catalyst
for the arylation of phenols with relatively inactive aryl chlorides ™. The authors
developed one of the first catalyst systems, based on a 2,2,6,6-tetramethyl-3,5-
heptadione ligand, which utilized inexpensive starting materials, albeit at relatively
harsh conditions (135 °C). In the same group, examples of the arylation of phenols
with aryl iodides in acetonitrile at 82 °C were demonstrated with the use of only
copper precursors in the absence of any ligands ®®!. Two other examples have been
reported in ligand-free catalyst systems [ 671 Nevertheless high reaction
temperatures appeared to be necessary (150-160 °C), albeit with employment of
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active aryl iodides and bromides. The use of iodides and bromides is favorable due
to their high reactivity as electrophile, but regarding atom efficiency, stability and
raw material cost the use of chlorides is far more beneficial.

Although the abovementioned examples are only a selected fraction of the
current progress in C-O coupling reactions, many more examples can be found in
the literature 8 which all have in common being based on homogeneously
catalyzed processes. Still less developed, the use of heterogeneously catalyzed
processes is undoubtedly much more favorable in terms of chemical process
efficiency in relation to catalyst recovery.

Heterogeneous catalysts in the Ullmann C-O coupling reactions. Many reports on
the development of cross-coupling reactions using heterogeneous Pd catalysts can
be found in the literature . Supported catalysts in the Cu-mediated Ullmann-type
coupling reactions, on the other hand, have hardly been explored and, for the very
few, far more in C-N coupling than in C-O and C-C coupling reactions """, Kidwai
et al. developed a heterogeneous catalyst which could be applied at mild
temperatures (50-60 °C) and which was used as a copper nano-slurry, consisting of
Cu nanoparticles (10 mol%) with a diameter of 18 nm, for the C-O coupling of
both aryl iodides and aryl bromides with phenols. This catalyst system did not
require the use of ligands, making this process highly cost-competitive. However,
the major drawbacks orignate from the limitations of catalyst losses after multiple
catalyst recovery steps, requiring longer reaction times after each subsequent
recycle ™. In another report, Wang et al. have developed resin-supported catalysts,
where a diamine ligand, attached to a SiO,-substrate, could chelate with the copper
catalyst (see Scheme 5a). This catalyst system demonstrated to be highly efficient
in the coupling of aryl halogens (-1, -Br and -Cl) towards diaryl ethers at 130 °C
and could even be recovered quantitatively and reused up to 10 times [?].

0,551 SiO 5
\_\—NH HNJ_/
O>/-—NH HN—<O
/ N\_/ \
_N\ N=
a) b) Cu

Scheme 1.5. Resin-supported Cu-diamine/SiO, complex for the synthesis of diaryl ethers as
developed by Wang (a) and the sol-gel based supported Cu-2,2-bipyridine/SiO, complex by
Monnier et al.

Monnier et al. developed a sol-gel supported copper catalyst using a
bidentate ligand (see Scheme 5b) for application in the C-O coupling of aryl
iodides and aryl bromides with phenols, resulting in excellent yields, even after
multiple recycle runs ¥, Although the aryl iodides and bromides are very reactive
at trace amounts of catalyst, surprisingly, a very small amount of copper was
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detected in the product stream, indicating negligible leaching from the ligand (less
than 1 wt% per run).

The above-summarized systems exemplify the use of supported catalysts,
but the necessity of organic ligands appeared to be indispensible. Therefore, these
processes are still more expensive than conventional ceramics-based heterogeneous
catalysts, e.g. the Cu/ZnO catalyst as used in the methanol synthesis [". Our group
recently reported novel routes for the preparation of highly active TiO,-supported
Cu and CuZn catalysts for Ullmann-type C-O coupling reactions. Slurries of a
titania precursor were dip-coated onto glass beads to obtain either structured
mesoporous or non-porous titania thin films. The Cu and CuZn nanoparticles,
synthesized, using a reduction-by-solvent method, were deposited onto calcined
films to obtain a Cu loading of 2 wt% [ A study based on synchrotron X-ray
absorption spectroscopy, using various CuyZn,/TiO, catalysts, provided detailed
information on the Cu-Zn interactions. The fresh and spent catalysts were analyzed
after a hydrogen treatment from 25 °C to 375°C for 12 hours followed by
reoxidation in an air flow at 140 °C, using a microreactor cell. In this way, the role
of Zn as “oxide-scavenger” and, consequently, retention of the Cu-oxidation state
were studied ['®',

The Cu-catalyzed cyclopropanations for fine-chemicals synthesis. The formation of
cyclopropanes from insertion of a carbon atom in a double bond can be obtained in
two mechanistically different ways, using either a methylene halogen requiring a
cuznt" catalyst or a diazo-ester which is mainly Cu- [®1  Ru- ! or Rh-
catalyzed 8% (see Scheme 6). The CuZn-catalyzed cyclopropanation, followin? a
carbene-insertion mechanism as described by Simmons and Smith in the 1960s '™
81 has been the conventional tool towards the synthesis of fine-chemicals
involving cyclopropanes, e.g. Drospirenone (Bayer) 2. Another attractive quality
of this chemical protocol is its strength in the asymmetric synthesis of optically
active cyclopropane based products ©2]

Cuz
. CH,Hal, uen . >R1 + ZnCl,  a)

n . ><R R
Cu, Rh, Ru (Ligands) ! J>< 1
N2CHC02R2 > R202C RZOZC + N2 b)
Scheme 1.6. The Cu-catalyzed original Simmons-Smith cyclopropane formation from an
olefine and dihalomethanes, requiring equimolar amounts of Zn (a) and the cyclopropanation
with a diazo-compound as carbon insertion moiety in the absence of Zn (b).

Cyclopropyl moieties are found in various natural and synthetic products
with appealing biological properties 4, which have instigated numerous
discoveries and new chemical protocols to find highly active cyclopropane
derivates %, However, the currently obtained good to excellent yields have been
reported mostly when a diazo-compound was used via either homogeneous Ru-type
catalysis or expensive copper-ligand assisted catalysis [ 82 81 |n the last
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decades, various effective systems have been developed and aﬁ)plied for the
asymmetric Simmons-Smith reaction based on chiral promoters ") pre-activated
reagents (%8 and various catalyst systems ®°. Although these examples are based on
improvements by addition of hetero-atoms as directing groups for enhanced
reactivity and stereo-chemical control, a major improvement would be the
asymmetric Simmons-Smith cyclopropanation of pro-chiral olefins without the
necessity of these directing groups ®°. Another example has been reported by
Rodriguez-Garcia et al., where the use of transition-metal complexes provided an
effective tool for the cyclopropanation of both electron-poor and electron-rich
olefinic reactants with diazoalkanes Y. Additionally, photochemical processes to
activate dihalomethanes have been reported for cyclopropanes in a highly stereo-
specific manner, e.g. the Norrish-Yang reaction [92]

Mechanistically, cyclopropanation of olefins from the decomposition of
diazoalkanes, using a transition-metal catalyst, has been considered as the most
important tool for efficient cyclopropane formation 3!, Therefore, many studies,
more than those on the original Simmons-Smith reaction, have led to a significant
understanding of the mechanism of the carbenoid cyclopropanation reaction . In
addition, this chemical protocol also provided a highly effective way to control the
stereoselectivity of functionalized cyclopropanes, using various Cu-, Rh- and Ru-
based catalysts. In scheme 7, the catalytic cycle of the carbenoid-based
cyclopropane formation is depicted, where initially interaction between the diazo-
moiety and the catalyst forms a metallocarbene complex as reactive intermediate
compound (under release of nitrogen gas) and subsequently a carbene-transfer to

the olefin occurs.
R, L, M R,
/\R
Nz/\R2 %( 3
L M=<
\ x

Scheme 1.7. The catalytic cycle of the metal -catalyzed cyclopropanation based on the
carbenoid mechanism.

M +nL

The enantioselectivity can be controlled very accurately, using a wide range
of chiral ligands. As a matter of fact, the carbenoid-based reaction of ethyl
diazoacetate is considered to be the most prominent test-reaction to evaluate the
stereoselectivity of any novel catalyst. On the other hand, the original Simmons-
Smith reaction appeared to be relatively slow and less effective in the multi-step
synthesis of functional cyclopropanes and was, therefore, studied less extensively.
Nevertheless, two reaction pathways have been regarded, involving either a



1. Introduction 11

methylene-transfer mechanism or a carbometalation mechanism (see Scheme 8). In
the latter mechanistic pathway, a highly active pseudo-trigonal methylene group of
halomethylzinc halide, usually 1ZnCHlI, attacks the olefin ©-bond and, concurrently,
forms a C-C and a C-Zn bond. Consequently, a 1,2-migration is believed to cleave
the halide from the carbon by formation of Zn-halide. Nonetheless, this
carbometalation mechanism has only been accepted in rare cases, such as using
lithium carbenoids ! and leaves many questions on the actual mechanistic
addition of the metal-carbenoid to the olefin answered F°.

methylene transfer
X X
: ZnX
X
~z4~ ) I (,1\ H

ZnX— /\ + ZnX

+ . /
2 ‘b
; Zn
b H (‘é H
U - .
H H H H

carbometalation

Scheme 1.8. Two proposed mechanisms of the Simmons-Smith cyclopropanation from an
olefin and halomethylzinc halide, via either a f methylene-transfer or a carbometalation
mechanism.

Conversely, the methylene-transfer mechanism has generally been accepted as
more plausible for the Simmons-Smith cyclopropanation as confirmed by
Nakamura et al. in 2003 using a density function theory (DFT) modelling method
B7 The reaction pathway is believed to follow two stages, a bi-molecular
nucleophilic substitution attack to the carbon of the halomethylzinc halide,
followed by a C-Zn bond cleavage affording the cyclopropane moiety.

Although many enhancements in stereo- and enantioselectivity were based
on homogeneous catalysis, cost-efficient industrial production scales would
significantly benefit from supported catalysts '3 7 %1 " especially for continuous
operations. The development of a supported catalyst is, clearly, the first and most
important step in successfully performing sustainable catalysis in flow-chemistry
and process intensification.

1.2 Cu nanoparticles as catalyst in organic synthesis

Cu monometallic nanoparticles. Extensive research has been reported in the field
of metallic nanoparticles in the last two decades ®%. The most promising field in
chemical applications of metallic nanoparticles is undoubtedly in catalytic
processes %! Nanoparticulate copper, more specifically, has been an appealing
research theme, in comparison with other nobel d-metals, since it offers low raw
material and processing costs. In addition, these beneficial properties have led to
extensive applications, e.g. in optics, electronics, sensor technology and in medical
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practice *°Y. The synthesis of copper nanoparticles can be done in various ways,
e.g. thermal decomposition ™% sono-chemical reduction X% metal vapour
deposition % laser ablation %! radiation methods %! microemulsion
techniques ! and chemical reduction . The most interesting, though, have
been the “wet-chemical” methods by virtue of their notable synthetic simplicity and
the absence of complex and demanding equipment. Simultaneously, wet chemical
methods offer the ability to modulate flexibly towards product composition as well
as morphology by adapting various synthetic parameters (e.g. source of reductant,
solvent and chemical precursor) and, consequently, to control the reduction kinetics
of the cationic metal precursors in solution. Typically, issues, such as the colloidal
stability of the particles, narrow particle size distribution and stability against
oxidation, are the major obstacles of the chemical reduction methods, especially for
non-noble metal particles .

Currently, it is well accepted that increased surface energies in nano-
dimensional particles significantly influence the rate of catalytic reactions and
surface oxidation processes. Nevertheless, the proper prediction of the correlation
between particle morphology and surface chemistry remains complicated.
Recently, systematic investigations have been reported revealing the essential
principles of nanoparticulate systems by establishing rules of nano-scalability with
respect to nano-sized particles and their electronic properties %, Only a few
publications deal with the issue of stability against oxidation in
nanoparticulate copper systems. This is mainly due to lack of evidence, which
originates from the intrinsic stability of zero-valent Cu surfaces of nanoparticles
[ However, evidence exists that the formation of either a Cu-core or a
CuO/Cu,0-shell system is most probably to occur 2. Further research on particle
identification of these systems is limited to X-ray diffraction analyses, which b
default does not represent sufficient sensitivity for (sub)nanometer particles %,
though, conversely, employment of nano-skin capping systems has been reported.
These systems, however, considerably limit the accessibility of the reactants and,
therefore, hamper the catalytic activity of the nanoparticles 4.

In our work, a systematic extension of a polyol-based reduction method *°!
has been developed with the main focus on (a) the influence of the chain length of
the capping agent PVP (poly[N-vinylpyrrolidone]), (b) the effect of varying the
type of the metal precursor on the nanoparticle formation, and (c) the effect of a
secondary reducing agent.

Polymetallic nano-alloys. Another very interesting field in the synthesis and
application of nanoparticles is the use of bi- or tri-metallic nano-alloys because of
their tunable chemical and physical properties at varying composition, atomic
nano-alloy structure, and particle size of the nano-alloys. Improvement of specific
nano-alloy properties, with respect to monometallic clusters due to complex (or
non-lineair) synergetic effects, has proven their relevance in various fields in
catalysis, materials science and electronics engineering. In general, these synergetic
effects of bi-metallic nano-clusters have shown to be most dominant in catalysis
due to the distinctive chemical properties as compared to the corresponding mono-
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metallic nano-clusters, even though of the same size. Besides the very high specific
surface area, the unique physical property of a finite-size alloy, as compared to
(infinite) bulk alloys, plays an important role, e.g. the limited miscibility of various
elements in a bulk alloy could easily be overcome by means of nano-alloying ¢!,

Due to the on-going demand to develop nano-based materials with well-
defined and controllable structured properties (and additionally the flexibility to
generate bi-, tri- and poly-metallic nano-alloys) has launched a new terminology
referred to “alloy nano-clusters” (or simply “nano-alloys”). Besides the already
well-accepted “magic size” phenomenon of nano-alloys, i.e. a most stable (against
agglomeration and oxidation) alloy nano-cluster size, also an optimum atomic
composition may determine a particular chemical and colloidal stability. Typically,
nano-alloys exhibit certain surface structures, compositions and segregation
properties 71 which are of paramount importance for their chemical reactivity,
especially in catalysis™®.

CuZzn bimetallic nano-alloys as chemical catalyst. A particular interest in bimetallic
nano-alloys appears to be the CuzZn system, which has shown to play a dominant
role in catalysis. In this work, and as discussed above, the Cu-catalyzed Ullmann
C-O coupling reaction has shown large rate enhancements when applying CuZn
nanoparticles instead of pure Cu nanoparticles. The positive effect on catalytic
activity is probably due to oxidative stability of Cu, originating from preferential
oxidation by Zn > In another example, the CuZn-catalyzed Simmons-Smith
cyclopropanation exhibited much higher activities using CuZn nanoparticles as
compared to CuZn micron-sized particles (see Chapter 3).

Nevertheless, Cu nanoparticles are mostly known in the heterogeneously
catalyzed methanol synthesis, where often ZnO is used as support ™ 1% For this
reason, there has been a considerable interest in the interface of Cu-ZnO and the
actual oxidation state of copper, instigating research on the structure of CuZn and
Cu-ZnO nano-alloys. Fischer et al. reported on a “magic composition” of CuZn
“nanobrass”  colloidal nanoparticles, synthesized by thermolysis from
Cu(OCH(Me)CH,;NMe,), and Et,Zn. EDX-analysis demonstrated a very specific
atomic composition of the nano-clusters, which deviate drastically from the starting
compositions. In addition, the atomic CuZn composition strongly determined the
final nanoparticles sizes, i.e. Cugg5ZNg g5 particles (starting from a Cu:Zn precursor
ratio of 90:10) appeared to have a diameter of 5-10 nm, whereas Cug7Zng3 and
Cuo.35ZNg 65 particles (from Cu:Zn precursor ratios of 50:50 and 30:70, respectively)
possess mean diameters of ca. 10 nm. The authors showed that the pseudo-
spherical particles became more faceted at increased Zn compositions, whilst a
high oxidative stability of Cu could already be obtained with only 5 wt% Zn,
confirming our previous findings on the “sacrificial anode” effect of Zn on Cu. The
particle morphology was strongly dependent on the composition, i.e. at sub-
equimolar Cu-Zn compositions a Cu-core and a CuZn-shell were observed,
whereas at an increased Zn-fraction the Cu and Zn atoms appeared to be more
uniformly distributed. In the case of a- and B-CuZn nano-alloys, convincing
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evidence was found for the preferential oxidation of the Zn atoms, affording a
ZnO-shell surrounding a Zn and Cu-Zn alloy core 2%,

1.3 Microwave-assisted organic flow-chemistry for large-scale synthesis

The use of microwaves as a substitute for conventional heating in performing
organic reactions already received considerable attention in academic **! and
industrial research laboratories “??! during the last decades %!, Heat transport
resistances in conventionally heated systems are governing the heating process.
However, microwaves, acting as volumetric heating sources, do not suffer from
these heat-transfer resistances and, combined with a proper reaction medium, lead
to very effective heating (Figure 1).

Surface versus Microwave heating Micoreactors versus Microwave heating
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Figure 1.1. Temperature profiles of conventional and microwave heating (a) and the
comparison of microreactor heat release and microwave heat input (b).
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These benefits of microwave-assisted chemistry are generally applicable at
lab scales. Nevertheless, in some cases these advantages can directly be translated
towards larger scales, such as effective heating (under mixing), selective catalyst
heating, suPerheating of solvents ™?4 and in some cases to an increased energy
efficiency %1, However, at larger scales one crucial issue severely bottlenecks
scale-up, which is the limited penetration depth of microwave irradiation in larger
batch reactors. For the most common microwave systems, operating at 2.45 GHz,
the penetration depth of microwaves is in the order of centimeters and could
slightly be increased using solvents with appropriate dielectric properties 12,
Generally, batch reactors exceeding 1-L scale have a significant non-uniform
density of the electric field at the center of the reactor as compared to the outer
periphery of a cylindrical reactor. Hence, thermal energy at the center of the reactor
will mainly be delivered via convective (or forced convection in the case of
mixing) heat-transport. This limitation is one of the major reasons to drive the
change towards continuous operations in microwave-assisted processes, where, as
long as the reactor dimensions do not exceed the penetration depth, a flow-through
reactor could be heated with the benefits of microwaves [121¢].

This change, however, requires additional efforts in fitting and optimizing
the operational parameters to the reaction requirements, especially in the case of
highly sensitive medicinal chemistry. Therefore, this move is still at the very
beginning of its development. An example of this move was reported by Wilson et
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al. in 2004 ™1 where a glass-coiled flow-reactor was used in conjunction with
microwaves in SyAr, esterification and Suzuki cross-coupling reactions. Despite
these successes, this study emphasized on the difficulties associated with
combining microwave and flow processing, i.e. the clogging of tubes due to
product crystallization. Similar failures were reported by Leadbeater et al. for the
scale-up of various organic reactions to a hundred-grams scale, resulting in a
disappointing conclusion that scale-up in a microwave flow-process could only be
successfully done with homogeneous systems [?8l. Recently Moseley et al.
compared various commercial microwave systems with respect to the possibility of
scaling up the Newman-Kwart rearrangement reaction in batch, stop-flow and
continuous-flow reactors. Generally, also in their study it was confirmed that
microwave-assisted organic flow reactors could only be carried out efficiently in
homogenous reaction mixtures %!, As an example, Hessel et al. demonstrated a
notable improvement in the aqueous Kolbe-Schmidt reaction of a homogeneous
mixture using a microwave-assisted capillary-based process 3. Therefore, the
main drawback in combining microwave heating and continuous processing is not
the use and development of these technologies, but rather suiting their applications
in real-life chemistry. Thus, chemistry always needs to be developed simultaneous
to engineering progress.

1.4 Overview of the thesis

In this thesis, the major parts of the above-mentioned topics are covered, which
undoubtedly was based on both a horizontal (i.e. orienting) and a vertical approach
(i.e. focused and deep-going), seeking for realistic opportunities to establish
practical methodologies for combining microwave-assisted chemistry and
continuous operations. Following the above-given introduction, this investigation,
to the best of my belief, follows a critical and adequate approach to conclude that
the development of a “Chemistry & Engineering Quest” can certainly be proceeded
with addressing the “chemistry needs” and the “engineering musts” separately,
thus, simultaneously investigating suitable chemistry for a certain technology.

Therefore, in chapter 2 of this thesis the chemical reactions, selected from an
intensive (literature) search based on current academic and industrial interests, are
discussed. The Cu-catalyzed coupling of nucleophiles and halo-aromates appeared
to be not only an excellent example of investigating the benefits of integrated
microwave and micro/milli-reactor technologies, but also of its potential towards
applications in the production of pharmaceutically active molecules, such as
antivirals and antibiotics (e.g. antibiotic Vancomycin). The Ullmann-type ether
synthesis (see Scheme 1), already discovered a century ago by Ullmann et al., has
been chosen as a key reaction in this research to exploit and improve many recent
scientific endeavors in Cu-catalyzed organic reactions. This type of coupling
reactions requires harsh reaction conditions, the use of activated aryl halides and
excess of catalyst, which makes realistic implementation of high production
volumes even more challenging.
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Clearly, this type of organic reactions provides considerable challenges to
overcome, both with respect to the severe reaction conditions and, undoubtedly,
regarding sustainable heterogeneous catalysis which may bring considerable cost
benefits in flow processing. The use of microwave energy in the Ullmann-type
reactions was a first step towards the conceptual integration of both microwaves
and flow-chemistry %1, More importantly, however, was the use of heterogeneous
copper which, as a “metallic microwave-absorber”, could locally heat the catalyst
surface and provide an additional benefit regarding perfect reaction control by
tuning the temperature at the reaction locus. Although localized metal heating is
known for more than two decades, the unique combination of catalytic and heat
generated functions would, in our concept of using a bi-functional metal, lead to
major process advantages and novelty. To the best of our knowledge, this has not
been recognized before. This start was also exploiting previous studies, where
magnetic materials were shown to provide rapid microwave absorption via so-
called eddy-currents and magnetic-reversal loss mechanisms, so far mostly
recognized for micron-size powdered catalysts. In addition, literature reports about
a strong coupling of these metals with the microwave field, providing very fast
heating, but unfortunately also, dependent on their particle size, to arcing. In
chapter 2, it will be concluded that it is of paramount importance, therefore, to
synthesize active particles at the desired nano-size and with a high level of
uniformity.

Consequently, chapter 3 deals with the development of monometallic and
bimetallic Cu-based nanoparticles with a narrow size-distribution and a high
resistance against oxidation and agglomeration. The chemical and colloidal stability
of these Cu-based nanoparticles, including their purity and morphology, could be
significantly improved, for more than three months, by coating the copper
nanoparticles with poly(N-vinylpyrrolidone) as steric stabilizer Y. These
heterogeneous Cu-based nano-catalysts were the basis for Ullmann-type coupling
reactions and the Simmons-Smith cyclopropanations as depicted in Scheme 9.

KO Gl micro-fixed bed reactor Y © Ullmann-type C-O (@)
+ N N~

CuZn/meso-TiO,

OF .
N th ©/\ Cu-capillary reactor (:(ﬁ<]77 Simmons-Smith type (b
0

CuZn-nanoparticles COE cyclopropanation

Scheme 1.9. Two types of Cu-catalyzed reactions investigated using our developed catalysts
in a micro/milli flow-systems: the Ullmann-type coupling reaction (a) and the modified
Simmons-Smith cyclopropanation (b).

In a subsequent step, the novel nano-catalyst, described above, was
immobilized onto a microwave-transparent TiO, support which is highlighted in
chapter 4. Novel routes for the preparation of highly active TiO,-supported Cu and
CuZn catalysts were applied in Cu-catalyzed organic reactions. The activity and
stability of the catalysts were studied in the Ullmann-type coupling reaction (see
Scheme 9a). It will be discussed that copper oxidation could be significantly
suppressed by using CuZn/TiO, catalytic films and that a strong relation between
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activity and the catalyst composition with a clear optimum in the turn-over
frequency (TOF, s) exists in the Ullmann C-O coupling reaction (see Figure 2).
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Figure 1.2. Catalyst activities and activation energies for the various developed CuZn
catalysts.

To achieve this, a novel technique will be described to dip-coat a titania film
onto glass beads, obtaining either structured mesoporous or non-porous titania thin
films. The Cu and CuZn nanoparticles could be deposited onto calcined films (see
Figure 3).

4) Catalyst packing to
fixed-bed

2) TiO;, coating
on SiO; surface

3) Impregnation of Cu
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Figure 1.3. Schematic overview of the catalyst and support synthesis and the reactor design
for the Ullmann-type coupling reaction.

It will be discussed how these catalysts were analyzed using various state-of-the-art
characterization methods, such as inductively coupled plasma spectroscopy,
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temperature programmed oxidation/ reduction techniques, ®*Cu nuclear magnetic
resonance spectroscopy, X-ray diffraction, scanning and transmission electron
microscopy, X-ray photo-electron spectroscopy and synchrotron X-ray absorption
spectroscopy.

Chapter 5 deals with the issue of microwave-energy supply to
heterogeneously catalyzed chemical reactions. Besides catalyzing a reaction, the
energy supply towards the catalyst surface is obviously as important, especially
because in traditional reactors this supply is governed by classical limitations in
heat transfer. Initially, our endeavors were stimulated by exploring an adapted
chemical system that could provide benefits when conventional heating is
substituted by microwave irradiation and when batch processing was replaced by
flow processing. Regarding the choice of the Ullmann-type coupling, it was clear
that the major drawbacks in flow processing were the excess of solid bases and the
metallic Cu catalysts.

It will be discussed in chapter 6 how these disadvantages were eliminated
and how an experimental setup could be proposed which would synergize the
benefits of microwave systems (as a novel heating technology) and micro/milli
processing (as a novel reactor technology) in flow synthesis. A structured support
layer was designed, where the catalyst and support were coated onto spherical glass
beads, which were packed in a tubular milli-reactor (see Figure 4).

Reactor
- MW-Generator L=165 mm

i
M _Ei
| MW-Field T-probe
5 «> Cat-bed Catalyst £ X X
T | 250 um > " Interstitial diameter
LS o aeeey A 70 um
- {10 | 90099’

e = w L |
I Tm  Temperature sensors catalyst

_____________ reaction mixture

Reactor axial view

Micro fixed-bed

‘ Flow-out

1 .
pip Flow-in ID 7 mm Reactor
I?I

Figure 1.4. A continuously operated micro fixed-bed reactor combined with microwave
heating (left), where the packing provides a highly porous micron-sized structure (right).

Simultaneously, in a separate setup, the effects of reactor shape and
dimensions on effective microwave irradiation were studied. It will be revealed
how experimental evidence of complete microwave penetration in the radial
direction was found and how rapid and very controlled heating without significant
radial temperature gradients in milli-reactors was achieved %2, A special
microwave setup with single-mode microwave cavities was designed to generate a
microwave-field “hotspot” at the location of the reactor where wave cutters (stub-
tuners) assure perfect control of the energy density. Figure 5 shows this microwave
setup, consisting of four cavities where the electric component of the microwave
field and the coupled thermal energy generation could be optimized manually.
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Figure 1.5. The microwave setup, where at the center of the cavity the milli-reactors (MR1-
MR4) are placed, perpendicular to a resonating cavity.

In this way, it will be described how direct heating of a metal deposited onto a
microwave-transparent support (TiO) could be used efficiently to heat the catalyst
at the nano-spot, while maintaining the direct environment (e.g. the catalyst’s
support matrix) unheated. In addition it will be addressed how a high energy
density in the magnetic CuZn nano-alloys, in combination with a thermal energy
barrier of the support, leads to an increased catalyst activity and selectivity due to a
large temperature difference between the bulk and the catalyst surface.
Consequently, a multi-segmented catalyst bed (see Figure 6) was designed to
utilize microwave heating more efficiently and controlled than in the case of a
single catalyst bed. The temperatures in the catalyst segment (shown in brown) and
at the inert segments (shown in grey) appeared much higher for the catalyst
segments. The yields for the four catalyst configurations were superior to those in
the conventionally heated Cu wall-coated capillary reactor (see Figure 6a) and
showed an increase in yield with the number of catalyst segments, up to 75% for
the four-fold segmented catalyst bed in 80 min. These high space-time-yields have
so far, to the best of our knowledge, not been reported for the Ullmann-type
reactions using flow processing.

1 i A
¢ four-fold segmented cat-bed i Microwave O ronsmrage vessels
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Figure 1.6. (a) Linear yield increase with catalyst segmentation using microwave heating,
compared to conventional heating. (b) Setup using multi-segment catalyst beds.

Based on the chemistry, nanostructured catalysts and reactor engineering
developments, an extended cost study, consisting of 14 process scenarios, was
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carried out to envisage the cost-impact of microprocessing and microwaves for
liquid-phase reactions in fine-chemicals synthesis. Two examples were studied, i.e.
the Ullmann-type coupling reactions and the Aspirin synthesis *3*31, These results
are presented in chapter 7. It will be revealed how the operating costs in the
Ullmann-type processes compared to those of the Aspirin synthesis can be
characterized as either material-based (e.g. reactant excess, pretreatment and
catalyst synthesis) or downstream processing based (e.g. work-up, waste treatment)
processes. The impact of integrating microwave heating and micro processing
systems on profitability was demonstrated with respect to operational costs and
chemical productivity.
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Chapter

A Kinetic Study of the Cu(0)-
catalyzed Ullmann Sa/N-type C-O
Coupling of Potassium Phenolate
and 4-Chloropyridine

This chapter has been submitted as:

F. Benaskar, N.G. Patil, V. Engels, E.V. Rebrov, J. Meuldijk, V. Hessel, L.A.
Hulshof, A.E.H. Wheatley, J.C. Schouten (2012). A kinetic study on the Cu(0)-
catalyzed Ullmann SaN-type C-O coupling of potassium phenolate and 4-
chloropyridine. Dalton Trans., Accepted/Revision. [1]

Abstract

A parametric study of the factors that influence C-O bond formation reactions has
been carried out to elucidate the mechanism by which copper mediates the
Ullmann-type SNAr reaction of 4-chloropyridine with potassium phenolate. Process
conditions such as temperature, reactant concentrations, catalyst type, catalyst
concentration and amounts of solubilizing additives were varied to obtain the
Kinetic parameters. A major effect of reactant concentrations on reaction rates was
found. An increased concentration of 18-crown-6 ether, used as an alkali-metal
solubilizing agent for potassium phenolate, proved to be effective only for low
conversions, whereas inhibited salt complexation at high product concentrations
was observed. An apparent activation energy of 55.4 kJ-mol™ was observed for a
Cu® catalyst in the liquid-phase coupling reaction in a temperature range of 100-
150 °C. It was demonstrated that a Langmuir-Hinshelwood kinetics model is
mechanistically more likely to occur than an Eley-Rideal model for this type of
surface reaction. A maximum adsorption enthalpy on Cu was found for 4-
phenoxypyridine, followed by 4-chloropyridine and phenolate, respectively.
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2.1 Introduction

Since the discovery of copper-catalyzed C-C, C-N and C-O coupling processes
utilizing activated phenols as nucleophiles and as reported by Fritz Ullmann ! and
Irma Goldberg ! between 1901 and 1905, progress has been achieved in obtaining
higher yields under milder reaction conditions. A significant breakthrough was
made when palladium-catalyzed systems were introduced by Hartwig . Later
developments were made by Buchwald, who developed a wide-ranging library of
substituted phenolic nucleophiles and aromatic electrophiles as reagents for the
synthesis of diaryl ethers 1. Moreover, recent modifications have resulted in higher
product yields whilst allowing decrease of the reaction temperature to 90-120 °C
when using a range of chemically diverse catalyst substrates and promoters 1.
These improvements have mainly been achieved through the use of palladium 1 *
1 and, to a lesser extent, copper catalysts [©.

Recently, we have shown enhanced vyields of heterocycle-aryl ether
(exceeding 90%) under modified process conditions using naked-ion phenolic
derivates and cation quenchers . However, whereas the role of copper in the
Ullmann ether synthesis is generally defined as that of a catalyst 1%, there is still
limited understanding of the reaction mechanism and the role of the copper M.
Hartwig et al. isolated copper-phenolate complexes which were postulated to be
intermediates in the copper-catalyzed etherification of aryl halides and phenol 21
Although uncommon, this research showed that Cu(lll) species, such as
alkylcopper(l1l) and arylcopper(lll), play a role as intermediates. This was
confirmed by a density functional theory (DFT) modelling study on a phenyl-
ligated arylcopper(l11) halide-phenolate complex which provided a free formation
energy of 22.1 kcalsmol™, being consistent with experiment.

Little is known about the intrinsic kinetic parameters of Ullmann-type
C-0O coupling reactions. However, previous studies on the adsorption kinetics of
phenolate 3 and pyridine ™*! have shown a relatively fast desorption of these
components from a Cu surface 1. These results confirm the involvement of
both a nucleophile and an electrophile during an adsorption process in a Sa;N-
type coupling mechanism, thus suggesting a Langmuir-Hinshelwood Kinetics
model. Nevertheless, for this particular type of bi-aromatic etherification,
numerous publications dealing with a “renaissance of Ullmann and Goldberg
reactions” [ have still failed to provide a general and satisfactorily conclusive
kinetic model. Moreover, the substrate adsorption mechanism, following either a
nucleophilic (phenolate) ™7 or electrophilic (halo aromate) 8! pathway, remains
largely unproven. Consequently, reactions hitherto proposed to proceed via a
nucleophilic aromatic substitution (SyAr) could, in theory, also be of a more
electrophilic (Sg/Ar) character. Analysis of reaction Kinetics promises to allow
us to discriminate between an Eley-Rideal and a Langmuir-Hinshelwood
Kinetics mechanism.

In this study, the effect of the temperature, reactant concentration, catalyst
concentration and solubilizer (cation gquencher) concentration on the rate of an
Ullmann C-O coupling reaction has been elucidated and a kinetic model has been
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proposed. A set of experiments have been proposed based on a DoE (Design of
Experiments) methodology using a fractional factorial design of experiments,
where each parameter has been varied separately based on a center-point
experiment. The selected experimental window of the parameters was based on our
recently published study on the coupling reaction between potassium phenolate and
4-chloropyridine for kg-scale continuous processing %/,

2.2 Experimental

2.2.1 Reagents and materials

Potassium phenolate was formed from phenol (~99 wt%, Sigma-Aldrich) and
potassium tert-butoxide (purum, >97.0 wt%, Aldrich). 4-Chloropyridine
hydrochloride salt (99%, Aldrich) was used to obtain 4-chloropyridine in liquid
form upon neutralization. N,N-dimethylacetamide (DMA, CHROMASOLV®
HPLC, >99.9 wit%) was used as reaction solvent. Copper powder (99 wit%,
Aldrich) was used as the catalyst and 18-crown-6 ether (99 wt%, Sigma-Aldrich) as
a potassium ion scavenger. Component concentrations were determined using
tetradecane (puriss. p.a., >99.5 wt% (GC), Fluka) as an internal standard for *H-
NMR spectroscopy.

Potassium phenolate was synthesized by dissolving potassium tert-butoxide
(0.19 mol) in THF (150 mL) and slowly adding phenol (0.20 mol) under reflux,
leading to an exothermic reaction. After 1 h of stirring, THF and tert-butanol were
slowly removed using a rotary evaporator (300 mbar, 40 °C). Subsequently, the
remaining phenol was removed in a vacuum oven (10 mbar, 100 °C). Potassium
phenolate was obtained quantitatively as a white-yellowish powder.

4-Chloropyrdine was formed from an aqueous solution of K,CO3; (2.5 M in
100 mL demineralised water) by slow addition of 4-chloropyridine-HCI salt (0.22
mol). After 1 h of stirring, the clear orange organic layer was extracted using
diethyl ether, dried with anhydrous Na,SO,4 filtered and concentrated by
evaporation (800 mbar, 40 °C).

2.2.2 Analytical methods

During each kinetic experiment, samples were taken at fixed time intervals and
subjected to 'H-NMR spectroscopy (400-MR Varian NMR spectrometer; 400
MHz, d®-DMSO), using tetradecane as an internal standard. Spectral results were
compared with literature data. Component concentrations were then calculated
from the 'H-NMR spectra based on an internal standard (tetradecane).
Additionally, GC-MS analyses (Shimadzu QP 5000, zebron column ZB35) were
applied to verify and cross-check the conversions and product yield. From these
data, concentration-time histories were obtained for each experiment and subjected
to mass balance verification.

2.2.3 Catalyst characterization

The crystallographic structure of the catalyst surfaces was characterized by
powder X-ray diffraction (Bruker D4 Endeavour Roentgen PW3040/60 XPert
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PRO powder x-ray diffractometer) using a high resolution PW3373/00 Cu LFF
(unmonochromated) tube at A = 1.5404 A (Cu Ka) in the 20 range of 10-80° and
a scanning rate of 0.48 °/min. Scanning electron microscopy (SEM) with an
accelerating voltage of 5 keV and magnifications of 100-20,000x were used to
determine particle morphology (FEI Quanta series FEG 3D G2 SEM).

2.2.4 Catalytic activity study

For each separate experiment appropriate amounts of 4-chloropyridine,
potassium phenolate and 18-crown-6 ether (ca. 0.01 equiv with respect to
phenolate) were stirred in a 75-mL baffled glass reactor loaded with DMA (15-
25 mL) at 45°C until complete dissolution occurred. Using phenol as
nucleophile would require an in situ deprotonation step with the need for an
additional solid base. Therefore, potassium phenolate was used as a naked-ion
nucleophile. The potassium phenolate was completely dissolved in the solvent
by the addition of 18-crown-6 ether and pre-heated to 50 °C. For the center-
point experiment a mixture of 0.5 M (10 mmol, 1.14 g) of 4-chloropyridine, 0.75
M (15 mmol, 1.14 g) potassium phenolate and 0.008 M (0.15 mmol, 0.040 g) of
18-crown-6 ether (ca. 0.01 equiv with respect to phenolate) was stirred in a
baffled glass reactor loaded with solvent DMA (20 mL). After heating the
mixture to the desired reaction temperature, the solution was treated with an
appropriate amount (variable mol% with respect to 4-chloropyridine) of 99 wt%
metallic copper catalyst (for center-point experiment 0.05 M (1 mmol, 0.064 g))
and the resulting slurry was mechanically stirred in a jacketed reactor using a
circulating oil-bath. Bulk temperatures during the reaction were measured using
a thermocouple probe. All reactions were carried in an argon atmosphere. The
yield of 4-phenoxypyridine was determined by comparing the aromatic regions
of the *H-NMR spectra (5 = 6.5-8.6 ppm) of reaction aliquots against unreacted
material. The vyield (Y; in Equation l1a) was based on the amount of 4-
chloropyridine converted (X; in Equation 1b) and the selectivity towards
formation of 4-phenoxypyridine (S; in Equation 1c) at various reaction times.
The initial reaction rates (rinit in Equation 1d) were deduced from concentration-
time histories (see Supporting Information in reference [1]).

Y, (%) =100 x (S, x X,) Equation 2.1a
0t
X, =CE—OCE Equation 2.1b
Ce
C'e .
S, =—— Equation 2.1c
' C%-C'e d
_ CAtP XVL

it = Equation 2.1d
init Atchat q

C% represents the initial electrophile (4-chloropyridine) concentration (in
mol-L ™) and C't and C'; indicate the electrophile and product concentrations (in
mol-L™!) after a certain reaction time, respectively. The initial reaction rate (in
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mol-g~*.s7!) is determined for normalized amounts of catalyst (as Wes; in gear) and
reaction mixture volume V, (in L). The C*p (in mol-L™) indicates the amount of
product formed over a defined time span Az (given in s).

2.2.5 Catalyst deactivation study

Catalyst deactivation kinetics were obtained over the spent catalysts from the
previous run. In these experiments, the catalyst was separated from the product
mixture and reused in a subsequent run under identical reaction conditions. Catalyst
separation was carried out by centrifugation, decantation, filtration and drying,
followed by measurement of the residual catalyst weight. A catalyst recovery of
above 96 wt% was achieved.

2.2.6 Design of experiments

The experimental part was designed using a “One Variable At Time-strategy”
(OVAT-strategy) where separately each parameter was subjected to experiments,
while leaving other parameters unchanged. Although this strategy requires an
extended number of experiments, it provides much more detailed information
which can be analyzed separately for each parameter. Other methods exist to
conduct efficiently kinetic analyses using multi-parametric fitting models. These
fractional factorial designs of experiments are mostly applied when two (or
maximal three) parameters are suspected to be correlated and provide a quick
insight into the severity of interrelation, such as in our case temperature and
concentration. This type of design of experiments allowed to trace the cross-terms
and provide operational conditions for optimum output (e.g. rate, conversion and
selectivity), most reliably at the given experimental domain. However, the
objective of this OVAT-based study was more focused on determining the intrinsic
parameters and to distinguish the interrelated input variables, using the conversion
data at different reaction times. The developed model was fitted by means of a
multi-parameter linear regression model, where conversion was described as a
function of the reaction conditions. The conversion output was divided in two parts,
i.e. the conversion slope (as function of time) at the start of the reaction and at the
conversion completion.

2.3 Results and discussion

2.3.1 Catalyst characterization

Scanning electron microscopy (SEM). SEM images demonstrated a platelet-like
non-porous structure (Figure 1a) with a mean particle size of 40 £ 5 um (Figure
1b). The active catalyst surface was calculated based on high-magnification
SEM-images (see Supporting Information in reference [1]). Energy dispersive
X-ray (EDX) analysis confirmed a Cu purity greater than 99.5 wt%. Selected
Images and the corresponding size distribution histogram are shown in Figures
la-1d.
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Figure 2.1. SEM-images of the commercial Cu-powder used as a catalyst (a-c) and grain-size
distribution (d) as calculated from the low-magnification images.

Powder X-Ray Diffraction analysis (P-XRD). The crystallographic structure of
the Cu powder was analyzed as shown in Figure 2. Characteristic diffraction
peaks at 42.4, 50.5 and 73.0 degrees 20 correspond to the face-centered cubic
(FCC) copper metal structure. Albeit negligible, a trace impurity was observed
at 20 = 61.9° due the presence of a small amount of CuO.
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40 45 50 55 60 65 70 75 80 85 90
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Figure 2.2. Powder-XRD spectrum of commercial, micron-sized Cu-powder as obtained
from Sigma-Aldrich.

0

2.3.2 Catalyst deactivation study

Experiments designed to study the catalyst deactivation at low conversions were
performed at 115 °C. Figure 3 demonstrates the yield after two consecutive
reaction runs of 30 min. No catalyst deactivation can be seen in these runs. The
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slight yield drop after 30 min in the second run was attributed to catalyst losses
during regeneration.
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Figure 2.3. The product yield as a function of reaction time for two consecutive runs with the
same catalyst and otherwise similar reaction conditions, proving negligible catalyst
deactivation. Reaction conditions: T = 115 °C, Cyyridine = 0.2 M, Cphenotate = 0.2 M, Ceat = 20
MM and Csoupitizer = 2 MM.

2.3.3 Effect of Cu-loading

The dependence of the reaction rate on the catalyst concentration was studied at
130 °C at concentrations of 0.05 and 0.1 M while the other reaction conditions
were kept constant. The yield as a function of time is shown in Figure 4a.
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Figure 2.4. Yield profiles at 130 °C as a function of time (a) and catalyst concentrations (b),
establishing the influence of catalyst loading (A = 0.05 M, ¢ = 0.1 M) on the product yield.
The rate as a function of catalyst loading for various reaction times shows a linear
dependence. Reaction conditions: T = 130 °C, Cprenolate = 0.75 M, Cpyrigine = 0.5 M and Cig.
crown-6 = 9 MM.

At a reaction time of 5 min, the rate doubled when using a two-fold catalyst
concentration, clearly indicating the absence of mass-transfer limitations.
Figure 4a confirms higher yields at a catalyst concentration of 0.1 mol-L™ after
5 min. In Figure 4b the reaction rate is plotted as a function of Cu catalyst
concentration at various reaction times. At longer reaction times, the reaction
rate decreases, indicating a possible product inhibition effect.
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2.3.4 Reaction mechanism

Assuming a strong adsorption of either the phenoxide species or of the pyridine
reactant, two reaction pathways can be proposed following the Eley-Rideal (ER)
mechanism. These are shown as pathway 1 and pathway 2 in Scheme 1. In
contrast, if both reactants are adsorbed onto the catalyst, the Langmuir-
Hinshelwood (LH) mechanism applies, where two active species are involved
and electron transfer is assumed to take place as described in pathway 3 in
Scheme 1. The surface reaction (step 3 in the ER or step 4 in the LH
mechanism) is the rate-limiting step.

Reactant A solvatation: N-K + SOL === N + SOLK' Step 1)
Pathway 1: ER Pathway 2: ER Pathway 3: LH

N+ * —_— [N—]* E + * _— [E]* N+ * = [N']* Step 2)

E + [N ]*——CI'+[P]* |[[N + [E]* —= CI'"+[P]* E + * === [E* Step 3)

[E]*+ [N"J* —= [P]*+ CI' +*| Step4)

[P]* = P + * [P]* = P + * [P]* = P + * Step 5)

By-product KCl solvatation: cI  + SOL-K' KCI + SOL Step 6)

SOL = 18-crown-6

* = Cu catalyst

Scheme 2.1. Possible reaction mechanisms for the Ullmann C-O coupling reaction. Pathway
1: ER-mechanism with strong adsorption of the phenolate species and formation of
PhOCu(l). Pathway 2: ER-mechanism with strong pyridine adsorption. Pathway 3: LH-
mechanism with adsorption of both phenoxy and 4-chloropyridine species. A, B, P and *
denote phenolate, 4-chloropyridine, 4-phenoxypyridine and Cu active site, respectively.
Potassium phenolate dissociation towards a naked-ion nucleophile and potassium chloride
formation are given in steps 1 and 6, respectively.

2.3.5 Kinetics study

Effect of reactant molar ratio on reaction rate. The initial concentration of
potassium phenolate was varied while other reaction conditions, such as
temperature and the concentration of 4-chloropyridine (0.5 M), catalyst and
solubilizer were kept constant. After 5 min, the reaction yield was found to
increase from 12 to 25 % as the nucleophile/electrophile (N/E) molar ratio was
raised from 0.5 to 1.2 (Figure 5a). The highest yields, based on the limiting
reactant, were obtained at a slight nucleophile excess of 0.2 M. The yield
remained rather constant at a higher (1.5 times) nucleophile excess and was
significantly reduced at a two-fold excess of electrophile, thus indicating a strong
influence of the phenolate concentration. There exists an optimum nucleophile-
electrophile molar ratio of about 1.2, indicating that a slight excess of
nucleophile is required to achieve the highest product yield (see Figure 5b).
Although at longer reaction times this trend appears to be less significant, initial
reaction rates are considered to have a larger influence on the overall yield.
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Figure 2.5. Reaction yields as a function of time (a) for different nucleophile initial
concentrations (m = 0.25 M, A =05 M, e =0.75 M and ¢ = 0.6 M) and as a function of
potassium phenolate concentration (b) for various reaction times. Reaction conditions: T =
130 °C, Celectrophile = 0.5 M, Csolupitizer =5 MM and Ccat = 50 mM.

Effect of the overall reactant concentration. In the present study, DMA was used as
solvent. It has a high solubility for both polar and apolar organic compounds, a
moderate boiling point and, importantly, a promotional effect on the activation of
amide bond-formation to the copper surface in catalysis. However, whilst the
positive effects of using DMA are significant, work-up of the reaction mixture
involves an energy demanding solvent separation step. In addition, envisaging
process intensification as a means of increasing the operational concentration of the
conversion, experiments were carried out in which the amount of reactants was
increased while the same amount of solvent was used (see Figure 6). Three
different reactant concentrations were tested at a constant N/E molar ratio of 1.5.
Figure 6a shows the product yield as function of time at three overall reactant
concentrations (0.25, 1.25 and 2.5 mol-L™). After 90 min, the highest yield (86%)
was obtained for a total reactant concentration of 2.5 M, while yields of 78 and
73% were observed at 0.25 and 1.25 M, respectively.
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Figure 2.6. Product yield as a function of time (a) for overall reactant concentrations of 0.25
(A), 1.25 (m) and 2.5 (¢) mol-L ™! and (b) at various reaction times. Reaction conditions: T =
130 °C, Cphenola’[e:cpyridine = 1.5, Ceat = 10 mol% of prridine and Cesoypitizer = 1 mol% of Cphenolate-
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The amount of product obtained per unit of reaction volume increased by a factor
of 10 from 22.3 to 246.7 kg-m™-h"* upon increasing the reactant concentration by
10 times. A first order dependence of the reaction rate on the electrophile
concentration was observed when a 1.5 excess of electrophile was used (see Figure
6b). A yield of 80% was obtained after 90 min. Interestingly, the influence of
excess phenolate vanishes at this saturation conversion plateau although the
phenolate to 4-chloropyridine fraction increases exponentially.

Effect of potassium phenolate solubility. The potassium phenolate solubility and
reactivity were increased by adding 18-crown-6 ether in order to form a complex
with cations of a size similar to the crown diameter, resulting in a dynamic
equilibrium between cation coordination and dissociation. Following our
previous results ©°!, 18-crown-6 ether was used as cation quencher to encourage
the formation of a naked phenolate anion of enhanced nucleophilic character
(see Scheme 2). Data suggests that trace amounts of crown ether in the tested
concentration window here are sufficient to increase the reaction performance,
as shown in Figure 7.

ok DMA 7o o
(J ¢ J=——==0x)(J
Lo Lo

Scheme 2.2.The formation of a naked-ion phenolate nucleophile using potassium phenolate
and 18-crown-6 ether as cation scavenger in DMA.

Figure 7a shows the product yield as a function of time for three 18-crown-6
ether concentrations (5, 10 and 50 mM). Figure 7b demonstrates that there are
no major effects on rates for higher 18-crown-6 ether concentrations. At longer
reaction times a negligible effect of the 18-crown-6 ether concentration on the
productivity was observed, which was in line with literature ?°. As the reaction
proceeded, potassium chloride, which is formed as a by-product, underwent
competition with potassium phenolate for 18-crown-6 ether coordination,
resulting in a decreased nucleophilicity and reactivity of potassium phenolate.
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Figure 2.7. Reaction rates (a) as a function of time for different concentrations of 18-crown-6
ether (A =0.005 M, e =0.01 M and ¢ = 0.05 M) and (b) at different reaction times. Reaction
COﬂdItIOﬂS T = 130 OC, prridine = 05 M, Cphenolate = 075 M and Ccat = 005 M
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In addition, the relatively small chloride ion is sterically favoured over
phenolate as a counter-ion for the potassium-crown ether complex. Since the
crown ether is recognised to be a cation scavenger that participates in metal
complexation-dissociation equilibria, it can be considered to represent a
homo[gzgﬁneous catalyst promoter that affords one free site per conversion turn-
over “*,

Effect of product inhibition. To investigate the effect of product, a series of
experiments was carried out in the presence of 10, 50 and 90 mM 4-
phenoxypyridine (Figure 8). The product yield decreased by 13% in the presence
of 90 mM product after 5 min and by 30% after 90 min, revealing a major
product influence on yield (Figure 8a). Figure 8b shows the reaction rates as a
function of the initial product concentrations at various reaction times,
demonstrating that the presence of product mostly influenced the initial product
formation rates. This observation confirms that the reaction rate is much more
affected by the presence of the product rather than any of the reactants, which is
to be expected as both oxygen and nitrogen are present in the product.
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Figure 2.8. Product yields (a) as a function of time for different initial product concentrations
(¢ =001 M, A =005Mand m=0.09 M) and (b) at different reaction times. Reaction
COﬂditiOﬂS T = 130 OC, prridine = 0.5 M, Cpheno|ate = 0.75 M and Ccat = 0.05 M.

Effect of temperature. The apparent activation energy (E,”"P) for the reaction of
55.4 kJ-mol™ and the pre-exponential factor (Ao) of 3756.5 mol-L s were
obtained from experiments in the range 110-140 °C (Figure 9). Manifar et al.
studied the kinetic details of Ullmann-type C-N reactions between substituted
aryl iodides and toluidine components, which proceed by a substitution
mechanism comparable to that of the Ullmann ether coupling “?. These authors
found an apparent activation energy of 54.0 kJ-mol™. The pre-exponential factor
varied from 1774.4 to 5657.8 mol-L*.s* for mono- and disubstitution reactions,
thus demonstrating results comparable to those obtained in the present study for
the Ullmann C-O coupling.
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Figure 2.9. Product yields (a) as a function of time for different temperatures: ¢ = 140, A =
130, @ = 125, m = 120, + = 115 and x = 110 in °C. The Arrhenius plot (b) deduced from
typical reaction temperatures (in K) providing apparent activation energies for ¢ = 5 min, o =

30 min and © =90 min.

Figure 9b and Table 1 show the Arrhenius plots and parameters for the
temperature operation window, respectively, demonstrating a linear relationship
between the logarithmic rate constant and the reciprocal temperature at all

reaction times.

Table 2.1. Logarithmic decrease of Ex** and A, during reaction.

Time (min) EA™ (kJsmol™) Ag (molsLtes™)
5 55.4 3756.5
30 41.2 2282.3
90 34.1 1840.5

Table 2 summarizes the obtained yields at 5 and 90 min for all reaction
conditions, reflecting the effect of the initial rate performance and the yields at

the conversion plateau.

Table 2.2. Yields obtained for all varied reaction parameters at t=5 min and t=90 min.

Yield (%)

Parameters 5 min 90 min
Initial catalyst loading, Ccar (mol-L ™)

0.05 14.1 78.2

0.1 31.1 88.9
Initial molar reactant ratio: Cy:Ce

1:2 12.5 35.3

1:1 16.5 67.5

1.2:1 24.6 84.2

1.5:1 14.1 72.8
Initial reactant concentrations, Cg (mol-L ™)

0.25 14.6 78.3

1.25 14.1 72.8

2.5 18.7 85.3
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Initial 18-crown-6 ether loading, Cso (Mol-L™?)

0.005 14.1 72.8
0.01 14.6 77.9
0.05 20.6 89.0
Initial product loading, Cpreg (Mol-L ™)
0.01 24.6 84.2
0.05 27.8 65.1
0.09 26.5 62.9
Temperature (°C)
110 7.7 55.1
115 9.8 55.2
120 15.1 62.8
125 14.1 67.1
130 14.2 72.8
140 25.9 95.6

2.4 Reaction rate model development

The concentration-time histories from each experiment were used to study the
Langmuir-Hinshelwood and the Eley-Rideal rate models (see Supporting
Information in reference [1]). Mostly bimolecular reaction mechanisms have been
proposed in recent literature ?®1, based on either a Cu(l) or Cu(Il) homogeneous
catalyst. Firstly, a copper activation step is induced where copper-nucleophile
species are formed. Then, reaction with the electrophile occurs following various
postulated mechanisms. Oxidative addition of ArX (followed by reductive
elimination), sigma-bond metathesis, single-electron transfer (SET), iodine atom
transfer (IAT) and m-complexation of ArX are the most frequently referred
mechanisms for aryl halide complexation. On the other hand, a heterogeneous
metallic copper catalyst requires both phenolate (N) and 4-chloropyridine (E) to
adsorb and react simultaneously on the same site undergoing, albeit with different
adsorption strengths, a C-O coupling. For this reason, a Cu(0)-catalyzed
mechanism must be approached differently when compared to proposed
mechanisms based on a two-step homogeneously catalyzed process. The obtained
results following reactant adsorption, C-O bond formation and product desorption
have thus led to a Langmuir-Hinshelwood mechanism where the production rate
could be described using Equation 2a (see also section 4.3.3).

. k w C. C,
1+ KC.+ K,Cy+ K,C,)? Equation 2.2a

W = mass of catalyst (g), k = 2.87 x 10 L%g temol ™ es !, Kg = 7.33 x 10! Lemol™?, Ky =
1.26 Lemol ™, Kp = 9.57 Lemol*, Cg is the concentration of electrophile (4-chloropyridine),
Cy is that of the nucleophile (potassium phenolate), and Cp is that of the product (4-
phenoxypyridine).

Also the Eley-Rideal mechanism has been considered for the strongly adsorbing
4-chloropyridine with the copper as shown in Equation 2b 247,
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e k w C. C, _
1+ K.C. + KoC,)? Equation 2.2b

W = mass of catalyst (g), k = 1.50 x 10 L%g*emoles, Kg = 8.01 x 10" Lemol?, Kp =
6.95 Lemol ", Cg is the concentration of electrophile (4-chloropyridine), and Cp is that of the
product (4-phenoxypyridine).

Comparison of the parity plots of both models, shown in Figure 10, demonstrates
much larger prediction accuracy for the Langmuir-Hinshelwood mechanism than
for the Eley-Rideal mechanism.

4-Cl Pyridine concentration (mol/L) 4-Cl Pyridine concentration (mol/L)
0,6 . 0,61
+5% - +5% .
0.5 051
2 &7 5% c & 5o
S04 - = 0,41 2L
T % 5 ’
0,3 8031 %
S >
2 0,2 0,21 o s
"o
0,14 01
0,0 ; ; ; ; ; : 0,0 ; ; ; ; ; :
00 01 02 03 04 05 06 01 02 03 04 05 06
3) Experimental b) Experimental

Figure 2.10. Parity plot of the fitted rate model describing a Langmuir-Hinshelwood
mechanism (a) and an Eley-Rideal (b) mechanism. The lowest relative residuals value was
found to be + 9.23 x 10™ and + 2.53 x 10 for the Langmuir-Hinshelwood and Eley-Rideal
mechanism, respectively.

From the adsorption constants (see Equations 2a and 2b), it can be seen that the
product adsorbs almost a factor of 10 times stronger onto the catalyst surface than
the reactants. In turn, the adsorption strength of the phenolate is almost double that
of 4-chloropyridine. Therefore, the reaction rate decreases as the surface coverage
with 4-chloropyridine decreases at longer reaction times. In contrast to low levels
of accuracy found for modelling the two ER mechanisms (Figure 10b), the LH
mechanism model describes the data with a higher accuracy (Figure 10a).

2.5 Discussion and conclusions

During this investigation five parameters have been varied in typical experimental
ranges in order to examine their influence on product yield and reaction rate. A
reaction mechanism based on a Langmuir-Hinshelwood Kkinetics model was
previously proposed for this surface reaction 224, which is shown in Scheme 3.
According to this mechanism, the initial formation of the phenolate species, which
is substituted by smaller CI” ions produced during complexation of K* by a crown
ether (18-crown-6), is followed by adsorption of the dissolved phenolate on the
copper surface. The latter step involves the interaction of oxygen lone-pair
electrons with the metal d-orbitals (adsorption step 1), prior to the formation of an
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n°-like interaction involving the phenyl m-system. This results in an adlayer
coverage of the substrate (adsorption step 2) °! which leads to a stabilizing
negative charge on oxygen due to a changed inter-atomic distance between oxygen
and the Cu species. In a simultaneous step, the pyridine approaches the copper
surface via the lone-pairs of the nitrogen (adsorption step 1) before adopting a flat-
laying position stabilized by the n-electrons (adsorption step 2) [?°!

[”i“] ©/—> < @ /O ]

\.0‘/ 1)

Adsorption steps

////)/)/)Q) > //4/ ////)//>// > 1) Lone pair N, 0 adsomtlon
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7 N - o N
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Cu Cu Cu Cu ,C\Uu ci ch ‘Cu
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Scheme 2.3. Adsorption, reaction and desorption mechanisms of phenolate and 4-
chloropyridine species leading to the formation of 4-phenoxypyridine on a Cu (1) surface.

However, in contrast to phenolate adsorption, this step is not accompanied by
oxidation of the surface active sites. As both the adsorption steps end with adlayer-
flipping steps, these steps might very well be equally fast. However, as the lone-
pair electrons in the pyridine are slightly different positioned as compared to those
in the phenolate species, it is possible that the overall coverage of both reactants
results in unequal coverage fractions. Multi-layer adsorption of the reactants is
assumed not to have occurred. In the second step, the surface reaction takes place
involving two simultaneous processes. Initially, two electron transfer steps occur,
i.e. from the Cu-O bond to the CI-C bond and from a Cu-Cl bond back to form Cu'.
In this step, electrons are donated to facilitate the C-Cl bond cleavage and to reduce
Cu' to Cu’. Immediately, the C-O bond-forming nucleophilic attack proceeds from
the oxygen mducmq electron transfer to the Cu'-Cl bond and thus reducing the
second Cu' to Cu® 271, In the last step of the proposed mechanism desorption of the
product occurs simultaneously with chloride inclusion in the potassium-crown ether
complex. Since the bond formation has led to a planar molecule a one-step
desorption can be assumed.

In this chapter, an extended parametric study of the kinetics of the Ullmann
ether synthesis has been described. In particular, the role of copper as a catalyst has
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formed the basis for a long-standing and as yet unresolved topic of discussion with
regard to its surface chemistry. While earlier reports on the Ullmann reactions
focused more on C-C and C-N coupling reactions 2?1, little has been done on C-O
coupling. The conclusions drawn from the present study are based on well-
established mechanistic processes, i.e. the Langmuir-Hinshelwood (and Hugson-
Watson adapted) model for the liquid-liquid type Ullmann C-O coupling reaction.

Nomenclature

Symbol Definition Unit
Ci Concentration of species i in the liquid phase at time t mol-L™
Ce Concentration of electrophile mol-L™
Cn Concentration of nucleophile mol-L™
Ce Concentration of product mol-L™
X4 Conversion of species i at time t -

Y4 Product yield obtained from species i at time t -

Weat Catalyst loading in the reactor g

dp Catalyst particle diameter pum
EA™PP Apparent activation energy of reaction Jemol™*
Ag Pre-exponential factor mol-L™.s™
n Reaction order

N Total number of measurements taken in all experiments

r Observed rate of 4-chloropyridine conversion molegPes™
R Universal gas constant Jemol K™
T Liquid phase temperature K
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Abstract

The action of nanoparticulate copper catalysts with a mean particle size of ca. 10
nm is reported in the Ullmann ether synthesis using multimode microwave heating
and employing stable chloropyridine salts and phenol. The stabilized copper
nanoparticles clearly demonstrated outstanding stability and reusability with
respect to other copper catalysts. The Cu nano-catalyst synthesis was based on a
modified polyol-based reduction method, utilizing poly(N-vinylpyrrolidone)
(PVP, M,, = 40, 000) as polymeric anti-agglomerant. Various reducing agents were
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investigated as means to optimize synthetic parameters for the purity, morphology
and stability of a series of polymer-coated copper nanoparticles. Although it was
demonstrated that ethylene glycol could act as a soft reductant in this system, the
use of hypophosphite as co-reductant in conjunction with the presence of PVP has
afforded nanoparticles with a mean size distribution of 9.6 = 1.0 nm. These Cu
nanoparticles appeared to be stable against oxidation for more than three months as
a nano-slurry. Following these results, the first liquid-type Ullmann etherification
process mediated by oxidative stable Cu, CuZn and CuSn nanoparticle catalysts in
conjunction with microwave heating was further developed, avoiding the use of
solid and expensive bases. This chemical process, using potassium phenolate and
HClI-neutralized 4-chloropyridine, led to improved turnovers and excellent yields in
the heteroaromatic Ullmann-type coupling reaction. Further enhancement could be
achieved upon the addition of 18-crown-6 as a cation scavenger. Finally, the same
optimized nano-catalyst was also employed in the Cu-catalyzed cyclopropanation
of styrene using ethyl diazoacetate and affording ethyl-2-phenylcyclopropane-1-
carboxylate. This reaction is an essential tool towards the synthesis of fine-
chemicals involving cyclopropanes. In this chapter, the first results on the use of
Cu- and CuZn nanoparticles are presented, which already show a significant yield
enhancement as compared to current literature achievements of cyclopropane
syntheses for fine-chemicals production.

3.1 Introduction

Despite being introduced more than 100 years ago , Ullmann and Goldberg-type
aryl ether syntheses remain an essential tool for industrial-scale fine-chemicals
synthesis ! and have recently been the subject of review . Commensurate with
their importance, research efforts have been directed towards tailoring
homogeneous catalysts of copper " and palladium ® and, in this context, a better
understanding of the ligand effects has been achieved to improve the catalyst
performance. Moreover, Cherng et al. have intensively investigated the effect of
solvents on yield employed in these reactions and, typified by strong polar
moments, their added value when combined with microwave heating . Later, also
Ley and coworkers provided many examples of microwave-assisted coupling
reactions where amide-containing solvents demonstrated a beneficial effect in
conjunction with microwaves ™. In particular, earlier work of Raner ez al. '''! has
already shown that the industrially important solvent N,N-dimethylacetamide
(DMA) provides many advantages by virtue of its ability to enhance yields through
improved catalyst solubility and effective microwave heating. Such types of
solvents possess strong polar moments and so are rapidly heated when microwaves
are applied, thus suggesting green chemistry through enhanced yields and
decreased energy consumption by selective heating. Hence, for example, the single-
mode microwave-assisted synthesis of phenoxypyridines using chloroheterocycles
has resulted in higher yields than could be achieved with conventional heating * 2.

Nevertheless, in common with other applications of batch-type single-mode
microwave-assisted reactions, this setup suffered from the drawback that reactions
could only be conducted on a small scale ", These heating effects, however, can
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still be used beneficially, allowing less harsh bulk temperatures, when microwave
heating is applied in conjunction with the catalyst through hotspot formation at the
solid surface ™. More recently, efforts have been made to circumvent these
limitations of scale in batch-type reactions, and also to avoid difficulties associated
with the reliable monitoring of reaction temperatures under single-mode microwave
irradiation, by deploying multimode microwave apparatus to synthesize 4-
phenoxypyridine

Whilst the deployment of copper-based nano-catalysis in organic synthesis is
not new, the employment of nanoparticulate copper, however, undergoes currentl
a much more recent research trend with respect to process intensification 1 4.
Exploitable methods for the fabrication of Cu(0) ), CuO and Cu,O
nanomaterials [ exist and also their applications in “click-chemistry” (in both
slurry batch reactors and supported modes) ') Stephens—Castro 18] and
Sonogashira ' coupling reactions have been reported. More examples can be
found in fine-chemicals syntheses, including C-H (N-H) activation reactions in the
guantitative preparation of propargylamines, bis-(4-hydroxy-2-oxothiazolyl)-
methanes in ionic liquids and the selective aza-Michael reaction of N-alkyl- and N-
arylpiperazines in the presence of aromatic amino or aliphatic hydroxy groups %,
Other applications exist in fine-chemicals synthesis, e.g. in the field of Cu’-
catalyzed arene-sulfur bond formation towards the synthesis of thiophenols and the
asymmetric hydrosilylation of ketones [’ #!I. Alonso et al. have demonstrated the
potential of Cu nanoparticles in the reduction of carbonyl compounds and imines,
where they achieved yields comparable to those noted using more toxic nickel
catalysts [, According to Ranu et al. the main effect of reaction enhancement for
nano-sized catalysts can be found in the increased Fermi-potential, inducing radical
pathways (e.g. coupling of aryl halides with thiophenols) Y. Moreover, the use of
nanoparticulates in the Cu,O-catalyzed Ullmann-type amination ?? and Cu’-
catalyzed Ullmann-type etherification ! has been reported. However, in both
reaction systems the use of highly expensive aryl iodides and relatively long
reaction times limited the process. Furthermore, the use of heterogeneous nano-
catalysts might offer new opportunities in terms of sustainable processing. Still,
these same nano-catalysts suffer from major drawbacks, such as complex catalyst
recovery, product contamination and copper oxidation.

The potential for synergic effects between metals has led to investigation of
the activity of bimetallic nanoparticles in catalysis **. Hence, ZnO-supported
copper has already established itself as a catalyst system in the Haldor-Topsee
process for industrial methanol syntheses. As a result, considerable efforts have
been directed towards the elucidation of cooperative effects between the active
metal and its support ), where especially the formation of CuZn nano-alloy
phases appeared to increase the catalytic activity *°\. In spite of the potential of
these systems, bottom-up approaches for the synthesis of CuZn nano-catalysts
remain little explored *”). Hambrock et al. reported. in 2003 one example of CuZn
nanoparticles synthesis using a wet-chemical process for colloidal CuZn
nanoparticles (261 'In this work, however, the thermodynamic instability of
organozinc reagents has presented obstacles to the precise control of stoichiometry
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in CuZn-systems. In a similar vein, few reports exist detailing preparations of CuSn
nanoparticles via chemical reduction **. While Cald et al. have demonstrated the
efficiency of bronze alloys as catalysts in the Heck reaction of aryl iodides and
activated aryl bromides ), Saito and Koizumi reported the use of CuSn in the
Ullmann-type synthesis of aromatic nitro compounds ?%. In this latter case, yields
of up to 91% were achieved in 3 h. However, as with CuZn, CuSn alloy phases
have previously exhibited a chemical instability, and this phenomenon was hold
responsible for the leaching of Cu during catalytic tests. Recently, also examples of
Cu nano-catalysts in diaryl ether synthesis appeared, though this required the use of
expensive and chemically unstable aryl iodide substrates **!. Moreover, practical
limitations associated with the oxidative instability of Cu nanoparticles °!! have
been overcome by utilizing the stabilizing properties of anti-agglomerants used
during the reduction-by-solvent of CuSO, and Cu(OAc), to Cu(0) /.

Similar Cu nano-catalysts exhibited long-term oxidative stability and were
employed in the microwave-assisted Ullmann ether synthesis of 4-phenoxypyridine
from stable 4-chloropyridine salts and unactivated phenol ! This work is the first
report on the combined use of nanoparticulate Cu and selective microwave heating
in the Ullmann ether synthesis. In addition, the metal oxidation state and particle
sizes were varied to envisage the most efficient catalyst under multimode
microwave irradiation in the synthesis of 4-phenoxypyridine (Scheme 1).

Cu-source (0.1 equiv.)

~Cl HO Cs,CO;5 (2 equiv.) Q) N
0 oaa—— () L%
HC1 Microwave 60-90 W, 120-140 °C
(1eq.) (1.5eq.) Oil-bath 120-140 °C

Scheme 3.1. The microwave-assisted Ullmann ether synthesis of 4-phenoxypyridine.

The use of microwave methods provided nearly a 20-fold increase in heating rate
relative to that achievable using an oil-bath, which consequently led to a
comparison study of the yields obtained for various catalysts using both microwave
and oil-bath heating. For this type of Ullmann reaction, oxidatively stable nano-Cu
has shown to be more efficient than homogeneous Cu(l) and Cu(Il) catalysts,
giving superior yields in significantly less time than was previously required for
comparable systems 2. Moreover, the extension of this study towards the
application of bimetallic copper-based nanoparticle systems, i.e. CuZn and CuSn,
demonstrated the potential of stable bimetallic nano-catalysts for further significant
increases in turnover frequency.

The aim in these achievements was ultimately the design of a continuously
operated heterogeneous catalytic reactor as a means to perform intensified
processing leading to a green and cost-competitive system. Continuous processing
is a convenient method for scaling processes, albeit thus far mainly applied in bulk
chemical synthesis and far less in fine-chemicals production. Nevertheless, upon
scale-up, continuously operated systems are economically favorable if by-product
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formation and reaction times are minimized through chemistry optimization.
Therefore, a new chemical route was developed to prevent the presence of cesium
carbonate base for phenol activation ®*! by making use of a naked-ion nucleophile
and a cation scavenger to, kinetically, promoting the etherification (see Scheme 2).

o™

o O
L o

~_Cl KO ~0 O~

| nanoparticulate copper

N + ] N T K
Z DMA, Ar s

(1 equiv.) (1.5 equiv.) Microwave 60-90 W
130 °C
Scheme 3.2. The liquid-type Ullmann ether synthesis of 4-phenoxypyridine using potassium
phenolate as naked-ion nucleophile in conjunction with 18-crown-6 as cation scavenger.

This chapter is based on a report, demonstrating, to the best of our
knowledge, the first example of a liquid-type Ullmann etherification using copper-
based bimetallic nanoparticle catalysts and highly nucleophilic potassium phenolate
2 Profiting largely from the catalysis achievements as introduced for the Ullmann
coupling reaction, the application of CuZn nanoparticle catalysts was also proposed
for the preparation of high added-value cyclopropanes in another study. The CuZn-
catalyzed cyclopropanation reaction, following a carbene-insertion mechanism as
described by Simmons and Smith in the late 1950s ], is the essential tool towards
the synthesis of fine-chemicals involving cyclopropanes, where e.g. Drospirenone
or Yaz® (Bayer) possessed a market share of ca. 700 M€/annum sales in 2009 %,
The currently obtained good to excellent yields have been reported only when
gsi]ther homogenous Ru-type catalysts or expensive copper ligands were applied !'**

Our study shows an improvement of the state-of-art in the synthesis of
cyclopropanes, by the use of cheaper and reusable heterogeneous copper catalysts
for the fine-chemicals industry. To explore reaction kinetics, the cyclopropanation
starting from styrene and ethyl diazoacetate to give cis- and frans-ethyl-2-
phenylcyclopropane-1-carboxylate was carried out as a model reaction for the
Drospirenone synthesis (see Scheme 3) 361,

COOEt 0
o (j\ Model reaction for = 0
NP , (0
+ N,
OEt  Cu/CuZn —
toluene HO HO
90-110 °C

Scheme 3.3. Cyclopropanation as a model reaction in the synthesis of pharmaceutically
active substances, such as Drospirenone.

The formation of cyclopropanes from the insertion of a carbon in an olefin
can be obtained in two different ways, either using a methylene halogen®®”! or a
diazo-ester [4¢ 149381 The first strategy was found and developed by Simmons and
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Smith using various olefins and methylene iodine, whereas the use of diazo-
compounds is a more recent discovery and has become the standard in the
formation of cyclopropanes ). In this part of our work, the use of CuZn nano-
catalysts in heterogeneously catalyzed processes was successfully demonstrated in
another important class of chemical reactions. The development of a supported
catalyst proved to be, clearly, the first and most important (see chapter 7) step in
performing sustainable catalysis in flow chemistry and process intensification.
Only in this way, an efficient process could be realistically developed where
combined microwave heating and continuously operations afforded a safe (with
respect to hazardous and expensive diazo-moieties) and reliable process using a
cheap Cu-based catalyst as a replacement of the conventional Rh catalysts "',

3.2 Experimental

3.2.1 The Cu-catalyzed Ullmann-type C-O coupling towards 4-phenoxypyridine

Reagents and materials. N,N-dimethylacetamide (DMA, anhydrous), 4-
chloropyridine hydrochloride, phenol, and Cs,CO3; were purchased from Aldrich
and used as received without further purification. Micron-sized metallic copper was
purchased from Sigma Aldrich and Acros Organics. Cu wire was fabricated
mechanically by specialized equipment providing and accuracy of 3%. Uniform
size distribution according to the supplier’s specifications was subsequently
confirmed by optical microscopy.

Activity study for the solid-liquid Ullmann etherification. A mixture of 4-
chloropyridine (6 mmol), phenol (9 mmol), Cs,CO3 (18 mmol) and DMA (15 mL)
in a baffled glass reactor was treated with an appropriate amount of catalyst and the
resulting slurry was heated in either a circulating oil-bath (Lauda Ecoline
staredition 012, type E312, 2.3 kW) or a microwave oven (Milestones Multimode
Microwave, type ETHOS 2450 MHz, 2.5 kW) (120-140 °C for 40-240 min). Bulk
temperatures during the reaction were measured using a fiber-optic probe and an
infrared sensor. The yield of 4-phenoxypyridine was determined by measuring the
'H-NMR spectra of reaction aliquots against unreacted material. The *H-NMR data
was compared with the literature ™ and additional qualitative GC-MS
measurements.

Activity study for the liquid-type Ullmann etherification. 4-Chloropyridine in liquid
form was obtained by reaction of 4-chloropyridine hydrochloride with agueous
potassium carbonate (K,CO3; >99.5%, Sigma-Aldrich). Potassium phenolate was
obtained by reaction of phenol with potassium tert-butoxide (Aldrich, reagent
grade, 95%) in THF (Sigma-Aldrich, anhydrous, >99.9%, inhibitor-free). A baffled
glass reactor was loaded with DMA (15 mL), potassium phenolate (9 mmol), and
18-crown-6 (ca. 0.01 equiv. with respect to phenolate) as appropriate. The mixture
was stirred at 45 °C until complete dissolution occurred, where after 4-
chloropyridine (6 mmol) was added. The solution was treated with an appropriate
amount of catalyst (10 mol% with respect to 4-chloropyridine). The resulting slurry
was heated in a microwave device (Milestones Multimode Microwave, type
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ETHOS 2450 MHz, 2.5 kW) (130-140 °C for 120 min). Bulk temperatures during
the reaction were measured using a fiber-optic probe and an infrared sensor. All
reactions were carried out under argon. The yield of 4-phenoxypyridine was
determined by measuring the 'H-NMR spectra of reaction aliquots against
unreacted material. The *H-NMR spectroscopic data were compared with the
literature, as were additional qualitative GC-MS measurements.

Analytical methods. *H-NMR data were collected on a Varian 400 Magnet NMR
spectrometer (400 MHz). Spectra were obtained at 27 °C and chemical shifts were
internally referenced to tetradecane (Ci4Hszp) and calculated relative to TMS.
Chemical shifts are expressed in 6 ppm. GC-MS measurements were carried out in
a Shimadzu QP 5000, zebron column ZB35 (all the obtained *H-NMR spectra and
GC-MS analysis can be found in the Supporting Information part of references [1-
2]). The *H-NMR assignments for 4-phenoxypyridine are: & 8.48 (d, 2H), 7.44 (t,
2H), 7.29-7.25 (m, 1H), 7.11 (d, 2H) and 6.85 (d, 2H). The *H-NMR assignments
for 4-chloropyridine are: & 8.59 (d, 2H) and 7.34 (d, 2H). The 'H-NMR
assignments for potassium phenolate are: 6 7.18 (t, 2H), 6.88 (d, 2H) and 6.79 (t,
1H). The *H-NMR assignments for phenol (in CDCls) are: § 7.24 (t, 2H), 6.93 (t,
1H), 6.84 (t, 2H) and 5.34 (s, 1H).

3.2.2 The Cu-catalyzed cyclopropanation towards ethyl-2-phenylcyclopropane-1-

carboxylate

Reagents and materials. Toluene (anhydrous, 99.8%, Sigma-Aldrich), styrene (>
99%, Aldrich), ethyl diazoacetate (EDA, <10% dichloromethane, Fluka) were
purchased and used as received without any further purification. Copper
nanoparticles were synthesized as described above. In addition, also commercial
CuZn (60/40) nanopowder (nanopowder, 70 = 39 nm particle size (in-house TEM
analysis), 56-60% Cu basis, 37-41% Zn basis, Aldrich) and micron-size copper
(powder, 3 + 1.7 um particle size (in-house SEM analysis), 99.999% trace metals
basis, Aldrich) were used as a reference case study.

Activity study for the Cu-catalyzed cyclopropanation reaction. A suspension
containing the corresponding Cu catalyst (5 mol% with respect to EDA) was added
to a solution of styrene (1041 mg, 0.33 mol/L) and tetradecane (ca. 40 mg, 0.007
mol/L) in anhydrous degassed toluene (25 mL). This reaction mixture was heated
(with an oil-bath) to reaction temperature. EDA (114 mg, 0.033 mol/L) was diluted
with 5 mL toluene and drop-wise injected in the reaction mixture during one
minute. During the first ten minutes of the reaction, each single minute a sample
was taken. Afterwards, the sampling was done every five min. The reaction was
monitored by gas chromatography (GC-MS and GC-FID) and liquid-
chromatography (HPLC UV-Vis). After the reaction had finished the catalyst was
recovered by multiple centrifugations and washing steps in methanol.

Analytical methods. Conversion and chemo and regioselectivity were determined
using a Varian 430-GC in a CP-sil 8 CB (film thinkness 1 micron) column: 60 m x
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0.25 mm x 0.93 um (L x ID x OD). Oven temperature program: 100 °C (4 min), 10
°C/min to 120 °C (2 min), 30 °C/min to 240 °C (4 min) and for 5 min at 240 °C.
Prior to the GC-FID analysis, GC-MS (Shimadzu, QP2010) with a similar column
was used to identify the peaks. Retention times: ethyl diazoacetate, 4.08 min;
styrene, 4.48 min; n-tetradecane, 10.08 min; diethyl fumarate, 8.51 min; diethyl
maleate, 8.36 min; trans-ethyl-2-phenylcyclopropane-1-carboxylic acid, 10.51 min;
cis-ethyl-2-phenylcyclopropane-1-carboxylic acid, 10.79 min.

3.2.3 Preparation of the nanoparticulate catalysts

Monometallic copper nanoparticles. Cu-nanoparticles were synthesized by
dissolving 1 mmol of Cu(I)X (X = OAc’, SOs, CI) in 120 mL of
anhydrous ethylene glycol to which varying amounts of PVP (M, = 10,000;
40,000; 55, 000) had been added. The resulting mixture was heated to 80 °C and
stirred for 2 h. The solution was cooled to 0 °C and the pH adjusted to 9-11 (5 mL
1 M NaOH solution). After the addition of either 0.40 mL (2 mmol) of a 25%
aqueous solution of hydrazine hydrate, 212.0 mg (2 mmol) of sodium
hypophosphite monohydrate in 0.40 mL water or 378.3 mg (10 mmol) of sodium
borohydride in 1 mL water, the reaction was stirred for 1 h at 100 °C (N,H4-H,0,
NaBH,, NaH,PO,-H,0) or 140 °C (NaH,PO,-H,0) to yield a colloidal suspension.
Aliquots of nanoparticle product were purified for analysis by extracting 50 mL of
the suspension using excess acetone. After sedimentation, ca. 90% of the
supernatant was decanted and the remaining suspension was centrifuged for 5 min.
The acetone layer was removed and the colloidal precipitate re-suspended in DMA

(50 mL) for reaction.

Bimetallic copper nanoparticles. Copper(1l) sulfate pentahydrate (0.250 g, 1 mmol)
and 0.8 g poly(N-vinylpyrrolidone) (PVP, M(average) = 24,000) were added to 120
mL anhydrous ethylene glycol in a two-necked round bottom flask. The resulting
mixture was heated to 80 °C and stirred for 2 h. The resulting blue solution was
cooled to 0 °C. Solutions of zinc(Il) chloride (0.136 g, 1 mmol) or tin(ll) chloride
(0.261 g, 1 mmol) in 2 mL water (LC-MS grade, resistivity 18.2 MQ-cm at 25 °C;
purified by a Millipore® purification system with a combined Jetpore® ion-
exchange resin, activated carbon and UV irradiation at 185 and 254 nm) and a
solution of sodium hypophosphite monohydrate (0.213 g, 2 mmol) in 5 mL water
(LC-MS grade) were added promptly. After adjusting the pH value to 9-11 by
adding 5 mL of 1 M NaOH solution (LC-MS grade), the reaction was stirred for 1 h
at 120 °C to yield a yellowish-red colloidal suspension. Aliquots were purified by
extracting 50 mL suspensions using excess acetone (ca. 250 mL). After
sedimentation of the particles overnight, ca. 90% of the supernatant was decanted
and the remaining suspension centrifuged for 5 min. Upon removal of the acetone
layer, the colloidal precipitate was resuspended in 50 mL DMA.

3.2.4 Catalytic nanoparticles characterization

Transmission electron microscopy (TEM). Microscopic samples were prepared by
droplet coating of methanol suspensions on Ni grids (Agar Scientific, holey carbon
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film, 300 mesh) and examined using a JEOL JEM-3011 high-resolution
transmission electron microscope at nominal magnifications between 10 000 and
800 000. The electron optical parameters were Cs = 0.6 mm, Cc = 1.2 mm, electron
energy spread = 1.5 eV and beam divergence semi-angle = 1 mrad. From these
images, first indications of particle structure were obtained. Particle size
distributions were calculated by counting the diameters of 100 particles in the
lower magnification images, defining size intervals of 0.2 nm between dpi, < d <
dmax and counting the number of particles falling into these intervals. The exact
magnification was previously established using images of lattice fringes in large
(>10 nm) particles of colloidal gold. The mean particle size was calculated to be
9.6 £ 1.0 nm by counting the diameters of 100 particles in the lower magnification
images. Data processing/calculation of standard deviation used Origin Pro. 8.0.

Energy dispersive X-ray spectroscopy (EDX). Elemental compositions were
qualitatively elucidated by EDX spectroscopy (nominal beam width = 4 nm) using
a PGT prism Si/Li detector and an Avalon 2000 analytical system. Spectra revealed
substantial Ni Ka and Kf emission lines, these arising from scattered electrons
impinging on the bars of the nickel support grid. Some spectra also showed Fe Ka
and Co Ka emission lines due to parasitic scattering from the lens pole-piece, but a
previous study 1] had established that no appreciable Cu Ka emission could be
generated in this way if a nickel support grid was used.

Powder X-ray diffraction (PXRD). PXRD data were collected on a Rontgen
PW3040/60 XPert PRO powder X-ray diffractometer with a high resolution
PW3373/00 Cu LFF (unmonochromated) tube at A= 1.5404 A (Cu Ka). The
powder sample was prepared by solvent evaporation from the colloidal suspensions
deposited on the 0.5 mm deep ground area of a glass flatplate sample holder using
a microscope slide so that the powder sample was smooth, flat and flush with the
sample holder surface. The sample holder was inserted onto the sample stage
(PW3071/60 Bracket) such that the sample material was just free of the reference
plane of the sample stage.

3.3 Results and discussion

3.3.1 The original Cu-catalyzed slurry-type Ullmann etherification using
microwaves and Cu nanoparticles

Microwave heating in the Ullmann etherification. Rapid microwave heating is
attributed to the uniform volumetric heating effect, which cannot be attained by
surface heating in conventional heating methods. Consequently, microwave heating
offers much higher efficiencies with respect to energy consumption. Comparison of
the microwave and oil-bath heating profiles resulted in heating rates which
corresponded to an energy consumption of 14.1 kJ in 60 seconds using microwave
heating, while for an oil-bath setup this consumption was 1.4 MJ in 20 min both to
attain the reaction temperature in the Ullmann etherification. Figure 1a shows the
batch-setup used in the chemical reaction and Figure 1b the obtained heating
profiles.
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Mechanically stirred reactor heating profiles
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Figure 3.1. Batch setup (a) used to determine the heating profiles of microwave and oil-bath
heating (b). Temperature and power plot of the microwave experiment (b).

In the initial heating period, a maximum microwave power was applied until
140 °C was reached. The time needed in the case of microwave heating was 60
seconds at an average power of 221 Watt. Throughout the complete heating period
(70 min) 119 kJ was consumed at a much lower average power of only 27 Watt.
Thus, the energy consumed after the initial heating period counts for only 12% of
the total microwave energy supplied (see Figure 1c). In the case of oil-bath heating
the time needed to reach 140 °C was 1200 seconds at a maximum power of 2300
W, consuming 2.8 MJ. It should be mentioned that both devices have a certain grid-
to-applicator efficiency (around 50%), which is not exactly comparable for each
device. Calculations are based on a volume of 15 mL DMA heated in either a
multimode microwave apparatus or in a circulating oil bath. The very fast heating
resulting from microwaves is directly related to the medium-free volumetric
heating, while an oil-bath only heats the reactor wall. The internal heating profiles
are expected to be much more uniform in the case of microwave heating, while for
oil-bath heating these profiles are typically accompanied by temperature gradients
from the wall to the center of the reactor. However, it should be noted that the use
of multimode microwave cavities are also characterized by a highly non-uniform
microwave distribution.

Catalyst activity using various Cu catalysts. As explained in the experimental
section, 4-phenoxypyridine was synthesized from a solution of 4-chloropyridine
hydrochloride (1 equiv.), phenol (1.5 equiv.) and Cs,CO3 (3 equiv.) in DMA (15
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mL) which was treated with the corresponding amounts of catalyst using a baffled
glass reactor in either an oil-bath or microwave apparatus. The obtained product
yield and reactants conversion were determined by proton signals of 4-
chloropyridine and 4-phenoxypyridine in the *H-NMR spectrum of the reaction
mixture sample (see Figures 2a and 2b). Due to the *H-NMR signal overlap of the
reactants and product at chemical shift from 6.5 to 7.5 ppm, the yield was
determined based on the ortho-proton of 4-chloropyridine at 8.4-8.6 ppm (signal D
in Figure 2a).
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Figure 3.2. 'H-NMR spectra (400 MHz, CDCls; 8.4-8.6 ppm) of the reactants (a) and
product (b) at the start and end of the reaction. Assignments of the product peaks: 6 8.48 (d, J
= 4.0 Hz, 2H), 7.44 (t, J = 8.0 Hz, 2H), 7.29-7.25 (m, 1H), 7.11 (d, J = 8.0 Hz, 2H), 6.85 (d,
J =8.0 Hz, 2H).

Metallic Cu and Cu(l) and Cu(ll) chlorides used in these experiments were
obtained commercially, while the Cu wires and the Cu nanoparticles were prepared.
The Cu nanoparticles were synthesized (following the optimal synthesis route as
described in our work [3]), using poly(N-vinylpyrrolidone) polymer [40.000 M/]
in ethylene glycol as capping agent, Cu(ll) sulfate as catalyst precursor and sodium
hypophosphite as co-reductant. This procedure resulted, after purification of the
crude suspension, in particles with a mean diameter of 9.6 £ 1.0 nm as concluded
from high-resolution transmission electron miscroscopy (HRTEM) and zero-valent
Cu nanoparticles as concluded from energy dispersive X-ray spectroscopy (EDX)
and powder X-ray diffractometry (PXRD) as shown in Figure 3.

The use of copper nanoparticles as catalyst in the Ullmann C-O coupling
reaction could only be done efficiently by developing stable, zero-valent copper
nanoparticles that exhibit long-term oxidation stability (vide infra). The results
indicate a feasible and reproducible route to the large-scale application of Ullmann-
type chemistry with previously unachievable yields and excellent selectivity. Only
after reaction times of more than 5 h, 1-(pyridin-4-yl)pyridin-4(1H)-one as a by-
product upon neutralization of the product solution could be detected by mass
spectrometry. The results also suggest large-scale reusability of the catalyst in a
multimode microwave setup.
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Figure 3.3. Cu nanoparticles: representative HRTEM images (a, b), EDX data (4 nm beam
width; C, O and Ti lines from carrier grid material) (c), PXRD data (d). (See also Supporting
Information in reference [3])

The obtained yields using various Cu-based catalysts are summarized in Table 1
(for detailed information see Supporting Information in reference [1]).

Table 3.1. Cu-catalyzed formation of 4-phenoxypyridine using various Cu-based catalysts

Entry Cu-source® (PSrth];de Size 1 (°C) Heating method® Time (min) Yield (%)
1 Metallic Cu 75 120 MW 90 trace
2 Metallic Cu 45 120 MW 90 3
3 Metallic Cu 3 120 MW 90 20
4 Nano-Cu* 9.6-10° 140 MW 120 63
5 Nano-Cu* 9.6:10°° 140 MW 240 80
6 Cu(hClI - 120 MW 40 5
7 Cu(INCl, - 120 MW 40 4
8 Cu(hClI - 120 O.B. 90 11
9 Cu(InCl, - 120 0.B. 90 trace
10 Cu-wire 50 140 MW 90 trace
11 Cu-wire 20 140 MW 90 trace
12 Cu-wire 50 140 O.B. 90 55
13 Cu-wire 20 140 O.B. 90 90

10 mol%

PMicrowave (MW) or oil-bath (O.B.)
“Protected by polv(N-vinylpyrrolidone).

Entries 1-3 (Table 1) reveal that, for metallic Cu, decreasing the particle size (by a
factor of 25) enhances the vyield of 4-phenoxypyridine, underlining surface
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area/turnover relationships for the heterogeneous copper catalysts in solid-liquid
type reactions. However, although experiments were performed under an argon
atmosphere, the observation that the solid catalyst changed color from brown to
green suggested copper oxidation to CuCl, in the case of micron-sized catalysts
(entries 1-3). Further, a trial to recover copper by filtration and washing resulted in
only ca. 30% recovery, confirming dissolution of the Cu catalyst in the form of
CuCl, salts.

In contrast, nanoparticles, sterically protected by PVP as a coordinative
capping agent, proved very stable to oxidation (entries 4-5), giving excellent yields
of 4-phenoxypyridine after 240 min, with 72% catalyst recovery. Importantly, the
PVP-coating on the surface provided long-term stability, not only against
nanoparticle agglomeration, but also against oxidation (vide infra). It is noteworthy
that, after 30 days, EDS and HRTEM confirmed no change in either particle size or
oxidation state ! It has been previously noted that the use of N,O-chelating
ligands, such as amides, exhibit a “promotional effect” on Cu(l) catalysts by
inhibiting oxidation to Cu(11) ¥2. However, similar effects also were also reported
in studies on the stabilization of nanoparticulate Cu(0) against cuprite formation
431 Therefore, complex formation between heterogeneous Cu® nanoparticles and
the keto-functions in this poly(N-vinylpyrrolidone) polymer apparently stabilizes
the nano-catalysts with respect to oxidation. More evidence is reported by
Gedanken et al., who in the case of unprotected 50-70 nm particles, noted rapid
oxidation to Cu(l) in the Ullmann coupling reaction of iodobenzene 3.

Furthermore, the synthesis of Cu,O-coated Cu nanoparticles for Ullmann-
type chloroheterocyclic aromatic substitutions revealed excellent catalytic
performance of the uncapped particles, with the protecting oxide layer apparently
preventing further oxidation 2. Of course, the same protecting property of both
Cu,0O and PVP has the drawback that it limits the accessibility of the catalyst
surface for the reagents, incurring a diffusion limited reaction rate. Nevertheless,
whereas for Cu,O-coated catalysts, reaction times of 18 h were necessary for
completed Ullmann-type substitutions, the currently presented PVP-coated nano-
catalysts delivered good-to-excellent yields in only 4 h. The necessity of using
zerovalent Cu as catalyst is shown in Table 1, where data clearly reveals that for
this type of Ullmann coupling, the least active copper species were Cu(l) and
Cu(ll) (entries 6-9) for both oil-bath and microwave-heated systems. In addition,
the work presented here also shows that the Ullmann C-O coupling reaction can be
performed rather efficiently using relatively inexpensive Cu(0), which has been
reported ™, mainly, with the use of catalytic amounts of noble metals.

Catalyst leaching. Loss of copper over time was examined using copper wires fixed
to the mechanical stirrer (Figure 1a). The mass of the wire was determined for each
run after washing and drying. Interestingly, oil-bath experiments gave good-to-
excellent yields (entries 12-13) with weight losses of <20%. Moreover, the impact
of increased surface area on the yield was clearly demonstrated by using 20 micron
wire (entry 13). These data are consistent with earlier observations using Cu-
particles (entries 1-3). However, the same procedure was ineffective in microwave
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experiments, with the wires being undetectable as copper. Instead, black foams
were noted, which, based on previous work with Zn and Mg wires and Fe particles
4] \were attributed to Cu-carbide or carbonaceous species “®1. The origin of their
formation will be further highlighted in chapter 5, though it seems probable that the
wires act as antennae in the microwave field, carrying high electric loads. When
discharges occur, plasma temperatures destroy the wire surface, giving carbide
(carbonaceous) coated copper due to solvent combustion. This process is similar to
the concept of electric discharge machining (EDM), by which method metals can
be etched using electric discharges 3 471,

Oxidative stability of Cu nanoparticles. When CuSO,4-5H,0 was employed in
conjunction with NaH,PO,-H,0O and PVP (M,, 40 000), it proved possible to form
a nano-sol that showed no traces of particle surface oxidation, even after three
months. This was initially revealed by PXRD measurements (Figure 4a), with
confirmation coming from XPS analysis (Figure 4b).
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Figure 3.4. PXRD (a) and XPS (b) spectra of samples of CuSO4¢5H,0 using (1) NaBH, (2)
N,Hz*H,O and (3) NaH,PO,*H,O (3 months after preparation). (XPS: Cu 2pi (1-3) and
2ps12 (3) peaks with envelope curves (Cu(0) red, Cu(l) green)).

Hence, PXRD measurements on samples that were prepared using NaBH, (1) and
NoH4-H,O (2), respectively, revealed significant levels of CuO and other
contaminants (including CuS and Cu,SO,). In contrast, the deployment of sodium
hypophosphite as a co-reducing additive was successful, revealing both an
excellent level of purity and an fcc (face-centered cubic) copper phase
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with PXRD analysis (sample (3) in Figure 4a). After a period of three months, the
PXRD signals demonstrated the long-term oxidative stability of the colloids
prepared with sodium hypophosphite as a co-reducing agent.

In addition, XPS analyses confirmed that the use of either NaBH, or N,H,4 to
reduce CuSO,4-5H,0 also afforded contaminated (mainly CuS and Cu,SQO,4) nano-
colloids that contained traces of Cu(l), which are primarily found at the particle
surface 8. Moreover, reducing the copper substrate by NaH,PO,-H,0O and using
PVP (M,, 40000) demonstrated peaks in the XPS spectrum (Cu 2py, at 952.2 eV
and 2pg, at 932.0 eV in spectrum (3) of Figure 4b) confirming Cu(0) at the surface
and, consequently, demonstrating significant oxidative stability.

During the nanoparticles synthesis, the rapid formation of black colloids was
observed when the stronger reducing agents hydrazine or sodium borohydride were
deployed. In contrast, the use of hypophosphite reductant resulted in the formation
of a dark-blue solution of Cu(OH), that changed to yellow at around 100 °C. Most
probably this color change is due to the formation of intermediate Cu-PVP
complexes [*°1. Consequently, a green colloid developed and, at 140 °C, finally the
formation of a dark-red nano-sol was observed. Accordingly, the
slow reduction kinetics accompanied with the hypophosphite reductant (instead
of hydrazine or borohydride) initiated the formation of specific copper oxide
intermediates through re-oxidation by water (see Scheme 4). These specific oxides
might well determine the subsequent formation of a surface crystallographic
structure that avoids further particle oxidation after reduction with hypophosphite
(due to the formation of dihydrogen phosphate product) ®°.

2+
Cu m +HO ‘h/\];

+ —»<Cu--__ N —> (HO),Cu.__ N

PVP Om *Om dark-blue solution
+ H,PO, +N,H, +§ SEfH“
-H,O - NZ 2 +
2 -H,0,H" -H0,H
oo TTh Y Y
l - H,PO5

Scheme 3.4. Schematic overview of proposed reaction mechanisms for the formation of
PVP-protected Cu nanoparticles.

Additionally, the steric density with which PVP covers the particle surface can also
be considered to inhibit surface oxidation processes, because samples showed the
formation of oxide shells dependent on the PVP chain lengths Y. The use of
hypophosphite as reductant, however, also revealed traces of phosphorus in the
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EDX spectra of the nanoparticles after work-up, indicating still the presence of
impurities from the reduction-step.

This investigation on the oxidative stability of PVP-protected Cu
nanoparticles provides an additional powerful tool to the currently developed
synthetic procedures via modulated nanoparticle synthesis in order to stepwise
manipulate particle formation (e.g. injection rate of reducing agent or metal
precursor solution, injection sequence and pH value). In contrast, previously
reported syntheses have used the stepwise injection of metal precursor without the
addition of NaOH 2. In such cases, cation concentrations are likely to remain
below the critical super-saturation level, which is necessary during the particle
growth step. Hence, polydisperse particle distributions and often reported
oxide coverage of synthesized Cu-nanoparticles are observed. The present addition
of NaOH should provide a metal ion concentration that is supercritical until the
particle precursor is fully reacted.

Mechanistically, the use of hypophosphite offers the advantage to control the
reduction kinetics directly through the adjustment of pH. Thus, in an alkaline
medium the reaction of the copper cations with hypophosphite demonstrated
clearly acceleration in the reduction process and decrease in the particle mean size.
Moreover, the particle mean sizes appeared to be severely influenced by the
PVP : metal mass ratios. A decrease from a PVP : metal mass ratios of 12.6 to 1.6
revealed a drastic increase in mean particle sizes and, in addition, the formation
cuboctahedral, instead of spherical, particles (see Figure 5). This, again, confirms
the role of the polymer not only in the oxidative stability, but also in the overall
particle growth.

50 nm
T —

b)
Figure 3.5. Cu nanoparticles obtained from a PVP : metal mass ratio of 12.6 (a) and 1.6 (b).

The small nanoparticles displayed mainly a spherical shape with both (111) and
(100) facets, where for larger nanoparticles also a cubic morphology was observed.
This could indicate a preferential coordination of the polymer to the (100) face of
the fcc metal, leading to accelerated growth on the (111) facets and their
consequent disappearance. Previously, it was found that the oxidative stability
of copper depends on the surface stress exhibited by (111) Ilattice planes
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331 suggesting that increased compression in the particle may stabilize the
nanoparticles again oxidation. Indeed, in some cases HRTEM images demonstrated
considerable lattice compression as compared to the corresponding value of 3.61 A
for bulk copper 4. However, (111) spacings appeared to be lower when less P\/P
was used (Figure 5b). In comparing the different PVP : metal ratios, therefore, the
remarkable stability at an increased PVP fraction must partially be contributed to
the additional protective effect of PP, likely through electron donation from N,O
lone pairs into Cu sp-hybrid orbitals B,

3.3.2 Activity measurements of the Cu-catalyzed liquid-type Ullmann etherification

The preparation of oxidative stable P\VP-capped Cu nanoparticles from Cu"'SO, has
been introduced in the previous section, where similar method has also been
applied for bimetallic CuM nano-colloids. Accordingly, a mixture of copper(ll)
sulfate pentahydrate and PVP in ethylene glycol was treated with either zinc(l1)
chloride or tin(ll) chloride and, thereafter, with sodium hypophosphite
monohydrate at 0 °C and the pH adjusted to 9-11. A colloidal suspension resulted
after 1 h at 120 °C confirming the reproducibility of the aforementioned synthethic
strategy. Figure 6 shows the obtained transmission electron microscopic graphs for
Cu, CuSn and CuZn nanoparticles, which reveal crystalline particles with similar
particle sizes as reported in section 2.3.1.

b)
Figure 3.6. HRTEM images of the nanoparticles (magnification in brackets). (a) Cu
(800.000), (b) Cusn (800.000), (c) Cuzn (100.000).

The energy dispersive X-ray spectroscopy on the monometallic and bimetallic
nanoparticles (taken from the TEM-regions in Figure 6) confirm the presence of the
Cu, Zn and Sn elements (see Figure 7).

As mentioned in the experimental part, the “liquid-type” Ullmann C-O
coupling makes the use of solid bases (in this reaction Cs,CO3) unnecessary by the
use of a potassium phenolate (as naked ion nucleophile) and a 4-chloropyridine
hydrogen chloride pre-treatment step. Moreover, the use of trace amounts of 18-
crown-6 increases the solubility of potassium phenolate by scavenging the
potassium ion, hence affording a dissolved reaction mixture at these reactants
concentrations.
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Figure 3.7. EDX analyses: Cu (a), Cuzn (b), CuSn (c). Line assignment (energies in keV): C
Kay: 0.28, O Kay: 0.52, Ti Koy: 4.51, KB1: 4.93, Ni Kay: 7.48, KB1: 8.26, Cu Ka: 8.03, Kp;:
8.91, Zn Kay: 8.64, KB1: 9.57, Sn Lau: 3.44, LB;: 3.66.

Using nano-structured Cu(0) and CuM (M = Zn, Sn) in the absence or presence of a
crown ether (vide infra), the etherification temperature can be lowered from 140 °C
to 130 °C (Scheme 2), whilst recording yields of up to 90% after 2 h. At
temperatures below 115 °C, the yields decreased considerably, leading to 130 °C as
the optimum operational temperature for these nano-alloys (see Table 2). The
yields were determined based on *H-NMR signals of the ortho-protons of the
electrophile 4-chloropyridine and monitored over time (see Figure 8).
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Figure 3.8. 'H-NMR spectra of pyridine (8.59 ppm) and 4-phenoxypyridine (8.48 ppm)
ortho-protons using nano-CuSn catalyst and 18-crown-6 as potassium phenolate solubilizer at
various times. Total peak areas have been normalized to calculate the yield.

Entries 1 and 2 (in Table 2) reveal that, in spite of the reduced reaction
temperatures, the use of nano-Cu in conjunction with phenol/Cs,CO3 gives an
inferior turnover in comparison to that obtained when instead potassium phenolate
was used as nucleophile. Taken together with the need to avoid the generation of
solid deposits (controlling solubility, mass-transfer and ion-exchange mechanisms),
this observation indicated the superior performance using base-free conditions.
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Table 3.2. Cu(M)-catalyzed formation of 4-phenoxypyridine

Entry Cu-source® FParticle  aqgiive  Tec)  TIM&  vield (%) TOF (s?)

size (nm) (min)
1°  Nano-Cu 9.6 Cs,CO; 140 120 63 0.02
2 Nano-Cu 9.6 - 130 120 75 0.04
3%  Nano-Cu 9.6 18-crown-6 130 120 85 0.05
4% Nano-CuSn 8.2 - 130 120 82 0.11
59 Nano-CuSn 8.2 18-crown-6 130 120 87 0.12
6°  Nano-Cuzn 9.3 - 130 120 87 0.10
79 Nano-CuZn 9.3 18-crown-6 130 120 90 0.06

#0.015 equiv. w.r.t. 4-chloropyridine

® phenol used as nucleophile, see reference [1]

® by 'H-NMR spectroscopy

4 potassium phenolate used as nucleophile, see reference [2].

Since the role of Cs,CO3; was to deprotonate the phenol, affording a naked ion as a
nucleophilic substituent in the subsequent SN reaction, it follows that omission of
the base requires the deployment of an activated phenol. In this context, the use of
potassium phenolate led to an improvement in yield from 63% (reached after 2 h,
entry 1) to 75% (entry 2 in Table 2 and Figure 9a) at reduced temperature. Under
the same conditions, hetero-bimetallic nano-catalysts showed higher conversions.
Hence, 4-phenoxypyridine was formed in 82% yield using nano-CuSn and in 87%
yield using nano-CuZn (entries 4 and 6 in Table 2).

1 1
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Figure 3.9. Conversion versus time in the liquid-type Ullmann C-O coupling, using Cu, CuSn
and CuZn nanoparticles (NPs), both in the absence (a) and the presence (b) of 18-crown-6.

Noting that equilibrium was reached after 2 h (Figure 9a), K was hypothesized to
deactivate the catalyst over time. This could occur through complexation by the
capping agent, altering the conformation of the polymer and rendering the catalyst
surface inaccessible to substrate. Alternatively, it is possible that KCI formed
during the reaction could not be retained in the solvent phase. To exclude these
effects, crown ether was added as a solubilizing agent for both potassium phenolate
as reactant and KCI as product. When nano-Cu was tested in the presence of 18-
crown-6 (0.01-0.014 equiv. relative to phenolate) as a kinetic promoter, the yield of
4-phenoxypyridine improved from 75% to 85% (entry 3 in Table 2 and Figure 9b).
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Similar enhancements were noted for the use of nano-CuSn (yield increased to
87%, entry 5) and nano-CuZn (yield increased to 90%, entry 7). The performance
maximum noted for CuZn can be attributed to a combination of particle ligand-
shell effects and intermetallic effects, stemming from interaction of the alloying
metals, eventually leading to an increased stability of zero-valent copper. Hence,
the coordinative strength of the capping agent (which is dependent on ligand
characteristics and particle surface structure) is known to influence the substrate
access through variations in polymer density (e.g. for Pd colloids ®°).

However, whilst intermetallic effects may be important, it should be noted
that the alloy phase effect, discussed in the previous sections, is also known to
result in segregation of the metals during the reaction, ultimately leading to catalyst
deactivation ). This is consistent with our preliminary observations for both
bimetallic systems, which, in contrast to monometallic copper, rapidly lost their
activity. It seems likely that in either case, the alloying metal underwent sacrificial
oxidation with segregation, finally leading to the formation of a zinc/tin oxide shell,
as has been noted elsewhere for nano-brass . Detailed studies that seek to
compare pre- and post-reaction catalyst surface structures by X-ray spectroscopy
(XPS and XAS) are presented in chapter 4.

3.3.3 Activity measurements of the Cu-catalyzed cyclopropanation

In the previous section, the development and utility of various Cu nanoparticles as
catalyst in the Ullmann-type C-O coupling reaction for the coupling of aromatic
moieties towards a fine-chemical precursor, such as 4-phenoxypyridine, were
extensively explored 2. In the next chapter heterogenization of such Cu-based
catalyst unto various titania supports will be discussed to establish a sustainable
catalyst system for flow chemistry. This section will deal with the CuZn-catalyzed
cyclopropanation as a means to prove that the highly active catalyst system is
applicable for a wider range of chemical reactions.

C-0O coupling reactions are relatively slow as compared to carbene insertion
reactions and are accompanied with mild reaction conditions. Therefore, the
exploration of the cyclopropanation as an alternative Cu-catalyzed reaction for fine-
chemicals synthesis adds the importance of controlled heat release and safe
operations of the hazardous diazo-compound. In this study, cyclopropanation of
styrene  with ethyl diazoacetate (EDA) to cis- and trans-ethyl-2-
phenylcyclopropane-1-carboxylate was used as a model reaction for Drospirenone
(see Schemes 3 and 5). According to Long et al., the mechanism behind the
original Simmons-Smith cyclopropanation reaction involves CuzZn and CH,l, as
reactants, where Zn is consumed by the formation of the reactive Zn(CH,l), B In
another report, Fang et al. demonstrate via density functional theory investigation
that Zn is required to form 1ZnCH,l as reactive species for the carbene insertion
step. For the reaction described in this section, however, the carbene insertion
reaction involves a highly active diazo-compoud, which does not require Zn as
activator of the carbene-adduct, but solely catalytic Cu instead. As discussed in the
previous chapter, the mechanism of the cyclopropanation using a diazo-compound
follows a different pathway as compared to a carbene insertion using
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dihalomethanes. Buhl and coworkers reported an extended study, based on
experimental evidence and DFT (density functional theory) investigations, on the
possible catalytic mechanism of cyclopropane formation from diazo-acetates 7.
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Scheme 3.5. Postulated mechanisms of the Cu-catalyzed cyclopropanation, involving two
possible reaction pathways: Cu-insertion of either the diazo-compound or the olefine.

Aligned with their findings, we propose three mechanistic pathways (Scheme 5),
where Cu either undergoes interaction with the ethyl diazo-acetate (steps A;-Ay) or
with the styrene (B1-Bs). In a subsequent step, the cyclopropane ring is formed via
a copper-centered addition of either of the two reactants (step C1), which, via a
rearrangement and desorption step, yields the cyclopropane functionality.

Following our previous results (Tables 1 and 2), the use of the CuZn-
catalyst showed a clear outperformance with respect to the Cu catalyst.
Therefore, experiments were intially carried out using a commercially purchased
mixture of micron- and nano-powders of Cu and Zn. Figure 10a clearly shows a
drastic increase in performance using a nano-powder Cu-Zn (60:40 wt% Cu:Zn
with TEM-measured particle sizes of 70 £ 39 nm) over a micron-powder Cu
catalyst (3 micron, similar to entry 3 in Table 1). Quantitative yields were
attained in less then 10 min at 90 °C with selectivities up to 95%, which, to the
best of our knowledge, has not yet been reported employing this type of nano-
catalysts. Comparable to the Ullmann C-O coupling, the high reactivity of CuZn
nano-colloids is primarily due to the increased surface area of the nanoparticles,
but also the oxidative stability of Cu by Zn as preferential oxidizer (see chapter
4 for detailed information) played an important role. In addition, the use of
synthesized CuZn nanoparticles in the range of ca. 10 nm demonstrated a
negative effect at increased Zn-loadings in the CuZn catalyst (see Figure 10b).
This effect could be rationalized, based on previous results in the Ullmann-type
C-O coupling, by the formation of a ZnO-shell on the Cu-core nanoparticles,
which finally limited access of reactants to the Cu surface, thus leading to a
decreased catalyst performance.
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Figure 3.10. The use of nano-powder (70 nm) CuZn, demonstrating a 10-fold performance
increase as compared to the use of micron-powder (3 um) CuZn after 5 min (a). At smaller
nanoparticle sizes, an increased zinc fraction appears to deactivate the catalyst due to ZnO
formation (b). Cepa= 0.03 M, Ciyrene= 0.3 M, Ccy=1.5mM and T = 90 °C.

This observation was not made in the case of the 70 nm Cu-Zn nano-alloys since
the Cu and Zn particles are present as separated particles. The formed ZnO-
particles remain separated from the Cu particles, thus retaining accessibility of
the reactants towards the Cu surface.

3.4 Conclusions

In summary, nanoscopic Cu-based catalysts have been used to achieve good-to-
excellent yields in the microwave-assisted Ullmann ether synthesis of 4-
phenoxypyridine. These yields could be achieved by the use of oxidation-resistant
nanoparticle catalysts, stabilized by a protective anti-agglomerant coating of PVP.
Moreover, micron-wires have proved excellent yields using oil-bath heated
systems. However, their application in microwave-assisted reactions appeared to be
impossible due to arcing and, consequently, coke-formation onto the active surface.

In this study, a novel colloid synthesis-route in alcohol using various co-
reducing agents was demonstrated. While syntheses using reducing agents, such as
NoH4-H,O and NaBHy, provided only limited success, the deployment of
NaH,PO,-H,0 in the presence of PVP (M,, 40,000) demonstrated that it is possible
to achieve pure Cu(0) nanoparticles. The obtained nanoparticles showed a mean
size distribution of 9.6 + 1.0 nm, which could exhibit oxidative stability (according
to PXRD and XPS studies) for several months. The investigation in the field of
microwave-assisted etherification with nano-structured Cu(0) was extended by
applying copper-based nano-alloys, such as CuSn and CuZn and was based on
previous surveys 8. The development of a liquid-type Ullmann reaction has
allowed reductions in both reaction time and temperature with respect to the use of
slurry-type Ullmann-type etherifications, using either commercial Cu(0) or stable
Cu nanoparticles ™. Similarly, excellent yields were maintained while improving
on previously reported yields for the multimode microwave-assisted synthesis of 4-
phenoxypyridine 2.
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Targeting the fabrication of continuous-flow devices as a means of
overcoming limits of scale traditionally associated with microwave-assisted
transformations, the use of heterogeneous Cs,CO;3; was successfully eliminated
without depleting the catalyst efficiency. This step, whilst it introduces the need for
using alkali-metal phenolate reagents, avoids the use of a base that otherwise
represents an additional cost and source of processing difficulties. Notably, kinetic
enhancement of the reaction was demonstrated through the application of 18-
crown-6 as an alkali-metal scavenger. In addition, only 1.5 mol% of nano-
structured copper catalyst was needed to obtain yields of up to 90%, whereas
previous experiments required the use of as much as 10 mol% of commercial
COpper or copper wires.

These achievements will be combined with previous reports on the
fabrication of nano-catalyst supported on fused silica capillary microreactors P!
and presented in the next chapters to develop the reusability of nano-CuM systems
in continuous-flow milli-reactors. Although the use of Cu-based nano-catalysts also
demonstrated a drastic performance increase in the Cu-catalyzed cyclopropanation,
contrary to the Cu-catalyzed C-O coupling, the addition of Zn as co-metal
demonstrated a negative effect on the formation of cyclopropanes. This effect is
most probably due to ZnO-shell formation in the atomically mixed CuZn
nanoparticles, which limited the accessibility of the reactants to the active Cu-core.
This effect was not observed in the case of the 70 nm Cu-Zn nano-alloys since the
Cu and Zn particles were present as separated particles and, therefore, the
formation of ZnO particles would not affect the remaining Cu particles, thus
retaining the Cu accessibility for reaction.
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Abstract

Novel routes for the preparation of highly active TiO, supported Cu and CuZn
catalysts have been developed for C-O coupling reactions. Slurries of a titania
precursor were dip-coated onto glass beads to obtain either structured mesoporous
or non-porous titania thin films. The Cu and CuZn nanoparticles, synthesized using
a reduction by solvent method, were deposited onto calcined films to obtain a Cu-
loading of 2 wt%. The catalysts were characterized by inductively coupled plasma
(ICP) spectroscopy, temperature-programmed oxidation/reduction (TPO/TPR)
techniques, %Cu nuclear magnetic resonance (NMR) spectroscopy, X-ray
diffraction (XRD), scanning and transmission electron microscopy (STEM-EDX)
and X-ray photo-electron spectroscopy (XPS). A study based on synchrotron X-ray
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absorption spectroscopy (XAS), using various Cu,Zny/TiO, catalysts provided
more detailed information on the Cu and Zn interactions. The fresh and spent
catalysts were analyzed in hydrogen from 25 °C to 375 °C for 12 h and, then, after
reoxidation in an air-flow at 140 °C using a micro-reactor cell. In this way, the role
of Zn as “oxide-scavenger” and, consequently, the retention of the Cu® oxidation
state were studied. The activity and stability of the catalysts obtained have been
studied in the C-O Ullmann coupling of 4-chloropyridine and potassium phenolate.
The titania supported catalysts retained catalyst activity for up to 12 h. However,
catalyst deactivation was observed for longer operation times due to oxidation of
the Cu nanoparticles. The oxidation rate could be significantly reduced over the
CuZn/TiO, catalytic films due to the presence of Zn. The 4-phenoxypyridine yield
was 64% on Cu/nonporous TiO, at 120 °C. The highest product yield of 84% was
obtained on Cu/mesoporous TiO, at 140 °C, corresponding to an initial reaction
rate of 104 mmol/g/s. The apparent activation energy using the Cu/mesoporous
TiO, catalyst was found to be 144 £5 kJ/mol, close to that for unsupported CuZn
nanoparticles (123 +3 kJ/mol) and almost twice the value observed for the catalysts
deposited onto the non-porous TiO, support (75 2 kJ/mol). Moreover, the turnover
frequencies provided a clear “Volcano plot” as function of the Cu,/Zny ratio of the
mesoporous T10, supported catalyst with a maximum found at CugpsZngs. X-ray
absorption near-edge structure spectra (XANES) were used to examine the
oxidation state and from extended X-ray absorption fine-structure spectroscopy
(EXAFS) analysis the interatomic distances and coordination in the catalyst were
studied during operation. These results demonstrated additional evidence of a
sacrificial anode effect of Zn-promoted Cu catalysis in the C-O coupling reaction.

4.1 Introduction

Nano-structured metal catalysts in C-O and C-C coupling reactions. The
employment of nano-structured metal catalysts for fine-chemicals synthesis has
been the subject of increasing research efforts during the past decade ©I. The ultra-
high surface area available is a major contributor to the increased reactivity in the
particle size range of 5-10 nm. However for nanocluster sizes < 50 nm, these
effects are accompanied by a tunable electron band structure . The exploitation of
such properties promises the applicability of metals and polymetallic nanoparticles
where particle lattice strain ! and surface energy ' lead to an entirely changed
metal-substrate interaction for both mono- and poly-metallic clusters in comparison
to bulk systems L. In this vein, we have recently published a novel liquid-type
synthetic route to obtain chemically stable Cu® nanocatalysts 1. We have shown
that both monometallic Cu and bimetallic CuSn or CuZn catalysts demonstrate
excellent yields of up to 90% in 120 min in the C-O cross-coupling of phenoxide
and 4-chloropyridine (see Scheme 1)

K c1 Cu, CuSn, CuZn o
© o N nanoparticles _ | N
N _~ 2 h, 100-140 °C _N
90%
Scheme 4.1. The Cu-catalyzed Ullmann ether synthesis towards phenoxypyridine.
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Commonly, substantially more expensive bromo- and iodo-substituted aromatics
have hitherto been required for efficient coupling to take place %!,

The synthesis of diphenyl ether from phenol and bromobenzene using a
copper catalyst was mainly developed by Ullmann ™! while Goldberg presented
initial work on catalytic arylamination using bromobenzene/2-aminobenzoic acid
and amidation using bromobenzene/2-phenolamide (see Scheme 2) 12,

OH Br cat. Cu, K O
—_— Ullmann, 1905
2-2.5h,210°C
909
NH, %
Br cat. Cu, K2C03
OH + Goldberg, 1906
3h,210 0C Ph-NO,
(0] 99 %
OH
Br cat Cu, NaOAc
Goldberg, 1906
3 h, 210 °C Ph-NO,
56 %

Scheme 4.2. Examples of the Ullmann ether synthesis, Ullmann-Goldberg amination, and
Goldberg amidation #%2°],

Advances in the field of Ullmann and Goldberg chemistry provided various
industrial applications, e.g. the production of intermediates in pharmaceuticals,
agrochemicals, fine-chemicals and polymers 3. Other industrially interesting
applications are the arylation reactions of amines and alcohols under relatively mild
reaction conditions, which conventionally were performed in batch-type
processes . Coupling reactions in organic chemistry are typically performed
using a palladium-based catalyst and since their discovery during the 1970s have
received intense attention ™*°!, which led to the Nobel Prize award in 2010.

Nevertheless, the cost related to palladium has driven research towards
copper(ll) acetate catalyzed coupling reactions involving organometals such as Pb
[16] 5 1171 gn 1281 byt also organoborons and iodonium salts as arylating agents [,
The very high specific surface area, uniform nano-pore size distribution, chemical
stability and precisely adjusted pore morphology, make mesoporous materials very
useful as support matrices for metal and metal oxide nanoparticles (NPs) [2°]
Moreover, the strong interactions between nano-structured titania and metal NPs,
such as Au, Ag and Pt, demonstrated to prevent aggregation and improve the
dispersion of NPs 211,

Cu-catalyzed Ullmann coupling reactions. Copper catalysis in organic reactions is
mostly known from Ullmann-type homo- and cross-coupling reactions of aromatic
compounds. However, hardly any progress has yet been made in terms of rendering
these heterogeneous catalysts sustainable in a continuous process. Only a few
examples were reported in the literature where Cu nanoparticles have been
employed as catalysts in Ullmann reactions. In 2007, Kidwai et al. reported the use
of Cu® nanoparticles in the coupling of phenol and iodobenzene at 50-60 °C 2.
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Following the achievement of a 95% yield in the first run (4 h) catalyst recycling
by centrifugation allowed yields of up to 65% to be maintained in the 4th run (12
h), with highest reaction rates being observed for a mean particle size of 20 = 2 nm.
However, inefficient catalyst recycling limited the applicability of this method
since a significant drop in catalyst performance was reported after four
experimental cycles. Kim et al. studied a Cu,O nanocube catalyst with a mean cube
size of 45 + 3 nm %], Catalyst recovery by centrifugation resulted in excellent-to-
quantitative yields after 4 runs, with particle morphology remaining largely
unchanged. However, the potential of this method was restricted due to high
temperatures (T >150 °C) requiring high boiling point solvents, expensive bases,
such as Cs,COg3, and complications related to catalyst recovery. To circumvent
catalyst separation obstacles, Cu nanoparticles can be deposited either onto a
magnetic carrier or a structured support.

Investigations of the Ullmann syntheses of diazodiarylethers on structured
supports have been reported by Knepper et al., who used triazene-functionalized
poly(styrene) resins to couple various substituted phenols with yields of up to 95%

4" However, deposition of the active metals onto inorganic supports with a
relatively low specific surface area is maintained at low metal loadings to minimize
particle sintering. Additionally, loss of active metal due to leaching may occur
during operation of the catalytic reactor.

Development of CuZn-based catalyst in chemical synthesis. The methanol synthesis
has undoubtedly been pioneering research where a Cu catalyst was supported onto
ZnO because of its stabilizing and even activating effects !, Since the first
commercially operated process in 1923 (BASF) and the Cu-based -catalyst
establishment by ICI (Imperial Chemical Industries) in the 1960s, the Cu-ZnO
based catalyst systems have been intensively investigated in the form of a bulk ZnO
support 8 However, the understanding on how nano-confinement of catalyst in
the support could be used to influence the catalytic reactivity, is still at the start. In
the earlier literature, the ZnO component appeared to act as an effective electronic
modifier of the Cu activity in steam reforming 1. The strong metal-support
interaction (SMSI) proved to be responsible for this electronic adaptation in CO
adsorption as reported by Naumann et al. 71 acting as a strong catalysis
promoter %81, The SMSI is mechanistically governed by adjustment of the
supporting oxide’s vacuum energy levels with respect to the supported metal °!,

The local charge redistribution, responsible for creating the energy barrier,
proved to be directly responsible for interfacial reactivity as demonstrated by
Brillson B%. Therefore, shifting the support bandgap through nanodimensional
confinement of the short axis, it is theoretically possible to control the realignment
of energy levels. Although it is currently well accepted that the methanol synthesis
reaction is mainly catalyzed by species of metallic copper supported on a defected
ZnO phase 2" 231 3150 a Cu-C species dissolved in, or supported on, the ZnO
phase has been reported as the active site % 32 Reports on Cu/SiO,
demonstrated catalyst activity, being orders of magnitude lower as compared to
generally reported activities over Cu/ZnO catalysts 2% *31 It was interpreted that
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the zinc component is essential to stabilize the copper oxidation state, retaining its
catalytic activity not only in the methanol synthesis, but also for liquid-phase
Ullmann-type C-O coupling reactions ™ 13?1 The inseparable and vital interaction
of Cu and ZnO as active metal and support oxide, respectively, led to extensive
interest in the atomic interface between Cu and ZnO. As a result, nanoparticles are
applied as heterogeneous catalysts in the methanol synthesis to acquire atomic
structural information of Cu-Zn and Cu-ZnO particles.

Hambrock et al. synthesized Cu-Zn (so called ‘“nanobrass”) colloidal
nanoparticles by a thermal decomposition method from [Cu(OCH(Me)CH,-
NMe,),] and Et,Zn in hexadecylamine ®*. Various catalyst characterization
techniques have shown that the presence of Cu and Zn at the surface of
nanoparticles differs significantly from the chemical precursor’s ratio. Also, it was
shown that the nanoparticle mean sizes and shapes appear to be strongly dependent
on the loading of both Cu and Zn and the Cu to Zn ratio, respectively. Selected
Area Electron Diffraction (SAED) measurements provided evidence on the
oxidative stability of Cu at already low concentrations of Zn (5% with respect to
Cu). At an increased Zn-fraction (Cug7Zng3), it was observed that a Cu-Zn alloy
shell is formed around a Cu-core. More recently, it was reported that red-violet Cu-
Zn nano-alloys could be synthesized by co-hydrogenolysis of CpCu(PMe3) and
Cp*Zn dissolved in mesitylene, which was previously reported only for the
synthesis of Cu-Al colloids ®¥°. Using a combination of TEM, EDX, SAED,
EXAFS, powder XRD, and UV-vis spectroscopy, various colloidal nanoparticle
structures could be distinguished and characterized. All bimetallic CuyZn,
compositions showed preferential oxidation of the Zn atoms while maintaining
copper at its metallic state. However, simultaneous formation of core-shell particles
(consisting of a ZnO-shell surrounding a gradually Zn-depleting Cu/Zn-core)
limited access of the reactants to the active Cu-core atoms.

In this chapter, novel synthesis protocols to obtain supported Cu and CuZn
bimetallic catalysts on structured titania supports coated onto glass beads are
described. The catalytic activity and stability of the Cu and bimetallic CuZn
catalysts supported onto mesoporous and non-porous TiO, are compared for the
Ullmann-type C-O coupling of potassium phenolate and 4-chloropyridine to give 4-
phenoxypyridine. Catalyst activity measurements and catalyst characterization
using *Cu-NMR, (S)TEM, XRD, XPS and XAS techniques are discussed, aimed at
establishing the role of zinc and an optimal Cu-Zn ratio in relation to the oxidative
stability of copper and at understanding the Cu and Zn atomic interaction. In
particular, in-situ X-ray absorption spectroscopy (XAS) was used to understand the
Cu and Zn atomic interaction. The Zn atoms could serve as oxide-scavengers,
maintaining the activity of copper '3 in line with previous results in the Cu/ZnO-
catalyzed methanol synthesis 7).
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4.2 Experimental

4.2.1 Catalyst preparation

Synthesis of catalyst nanoparticles. A polyvinylpyrrolidone (My/(average) =
40,000) stabilized suspension of Cu° and CuZn (2.5 mgc,/mL) nanoparticles was
prepared as described in chapter 3 [**°],

Synthesis of non-porous titania support. A total of 20 g of glass beads (E&R
Chemicals & Equipment B.V., sieved diameter 200-300 um) was cleaned using
acetone and dispersed in 200 mL of dry isopropanol in a rotary evaporator in a
nitrogen atmosphere. The dry beads were stirred overnight in aqueous sulfuric acid
(2.5 M, Sigma-Aldrich) prior to support coating. A total amount of 0.75 g of
titanium(lV) tetra-ethoxide (Ti(OEt)s, 99.99 wt%, Sigma-Aldrich) mixed with an
agueous HNOg solution (65 wt%, Fluka) in isopropanol was added to the dry glass
beads and vigorously stirred for 1 h. The isopropanol was then removed under
reduced pressure at 60 °C. The resulting coated beads were dried overnight in a
stove at 80 °C and subsequently calcined at 600 °C for 8 h (10 °C/min).

Mesoporous titania support synthesis. Glass bead preparation was done similarly to
that described for the non-porous titania support. A titania-precursor sol with a
composition of 1 Ti(OEt), : 0.006 Pluronic : 40 ethanol : 1.3 H,O : 0.1
trifluoroacetic acid was prepared as described elsewhere 8. Pluronic F127,
(EO100POesEO100, EO = ethylene oxide, PO = propylene oxide, BASF) was used as
surfactant. After dissolution of the surfactant in ethanol, followed by the addition of
water and trifluoroacetic acid, the titanium(IV) tetraisopropoxide (Ti(O'Pr)g,
99.99%, Fluka) was added dropwise while stirring. The resulting mixture was left
to age for 24 h after a stirring period of 8 h at room temperature. A desired amount
of the solution was slowly added to a glass-filter vessel filled with an observable
single layer of glass beads. The solution withdrawal rate was set at 2 mm/min using
a flow controlled dip-coater. The resulting films were maintained in a glove box at
a relative humidity of 80% for 30 h before the residual surfactant was removed by
burning at 250 °C for 4 h. Finally the films were calcined at 380 °C (heating rate of
1 °C/min) and a residual pressure of 10 mbar for 8 h.

Catalyst impregnation onto titania support. The titania films were impregnated
with a colloidal suspension (metal concentration: 0.25 mg/mL) of Cu or CuZn
nanoparticles. The impregnated films were dried at 80 °C. This procedure was
repeated twice. Subsequently, the coated beads were calcined for 2 h at 450 °C
(unless otherwise mentioned) after a heating rate of 1 °C/min firstly at a residual
pressure of 10 mbar and later at atmospheric pressure to remove residual organic
compounds. Finally, the catalyst was reduced for 6 h under a hydrogen flow of 1
mL/min (4 vol.% H; in N,) at 350 °C (10 °C/min).
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4.2.2 Catalyst characterization

X-ray diffraction measurements (XRD). XRD spectra of PVP-protected copper NPs
were recorded on a Rontgen PW3040/60 XPert PRO powder X-ray diffractometer
with a high resolution PW3373/00 CuLFF (unmonochromated) tube at A=1.5404 A
(CuKoa) in the range 20 = 5-80° and with scanning speed of 0.23°/min (CuZn) and
0.09°/min (Cu). The powder samples were prepared by solvent evaporation from
the colloidal suspensions deposited on a glass plate (PW3071/60Bracket).

X-ray photoelectron spectroscopy (XPS). XPS data were obtained with a Kratos
AXIS Ultra spectrometer equipped with a monochromatic Al Ko X-ray source and
a delay-line detector (DLD). Spectra were obtained using an aluminium anode (Al
Ko = 1486.6 ¢V) operating at 150 W. For survey and region scans, constant pass
energies of 160 eV and 40 eV were used, respectively. The background pressure
was 2 x 10° mbar. Samples were prepared in a glovebox (< 10 ppm O,) and
transported in a closed sample holder for oxygen-free XPS analysis.

High-resolution transmission electron microscopy (HR-TEM). HR-TEM images
were recorded using a FEI Tecnai G2 Sphera transmission electron microscope at
an acceleration voltage of 200 kV. For TEM analyses, 250 mg of the solid catalyst
was pulverized and suspended in ethanol. A volume of 30 pL of the suspension
was dip-coated onto a 200 mesh molybdenum grid (carbon holey film) and
subsequently dried at ambient temperature and pressure. Support surface
morphology was analyzed on a FEI Quanta series FEG 3D G2 SEM using an
acceleration voltage of 5 kV and magnifications of between 5,000x and 100,000x,
providing a maximum lateral resolution of 50 nm?. Catalyst elemental compositions
were elucidated by EDX analysis at a spot size of 50 nm? at an interaction-volume
of 100 pm.

%3Cu nuclear magnetic resonance spectroscopy (NMR). Magic-angle-spinning
(MAS) ®Cu-NMR spectra were recorded at room temperature on a Bruker
DMX500 spectrometer, operating at a frequency of 132.57 MHz. A 4-mm MAS
probe head was used with a sample rotation rate of 6 kHz. To suppress baseline
artifacts resulting from probe ringing, ©Cu-NMR spectra were recorded by use of a
three-pulse pulse sequence 0. y - 0.+4-1- 0, - d1 with short pulses of 1-us pulse
length (corresponding to an excitation angle of 18°), an interpulse delay of 0.1 ms
and an interscan delay of 100 ms. Typically 8192 scans were recorded. The radio-
frequency carrier position was chosen close to the resonance frequency of
microcrystalline copper(l) chloride powder. Following the convention in several
solid-state ®*%Cu-NMR studies B%, solid CuCI was also used as external reference
for the chemical shift 0 ppm. The ®*Cu-NMR spectrum of the NMR coil alone
(without sample) consisted of a single 90-ppm wide signal (at half height) without
MAS sidebands, and was subtracted from the MAS NMR spectra of the catalysts as
background correction. The fact that the MAS NMR signal of Cu® in the fresh
catalyst was narrower and had spinning sidebands, made an unambiguous
subtraction possible.
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Inductively coupled plasma spectroscopy (ICP). The metal loading was determined
by ICP-OES on a SPECTRO CIROS®““P spectrometer.

Temperature programmed reduction/oxidation (TPR/O). For temperature-
programmed oxidation a quartz glass tube (outer diameter: 6 mm, inner diameter: 3
mm) was filled with a known amount of supported catalyst, sealed and pre-treated
in a convection oven under hydrogen flow for 6 h at 350 °C. After cooling, an
oxygen flow (4 vol% in He) was applied at a flow rate of 8 mL/min and heated to
300 °C at a rate of 1 °C/min. During the temperature desorption step, a hydrogen
flow (4 vol% in N,) was passed over the catalyst bed from RT to 400 °C at a rate of
10 °C/min. A commercial copper catalyst (BTS-catalyst 30wt% CuQO/SiO,, 125-250
um, R3-11, lot nr. 0849, BASF) was used as reference standard.

Extended X-ray absorption fine-structure (EXAFS) spectroscopy experiments. X-
ray absorption data were collected on beamline DUBBLE (BM26A) at the
European Synchrotron Radiation Facility (ESRF, Grenoble, France), using an
operating beam of 6 GeV, 200 mA, 2 X 1/3 filling mode. A Si (111) double-crystal
monochromator supplemented with a focusing Si mirror to filter off higher
harmonics was applied (see Figure 1).
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in-situ experiments

Monochromator 2
Si(111)

ESRF BM 26
Synchrotron
radiation

_______ Monochromator 1
Si(111)

|_____'__ — 2 hard X-ray beam
CuZn/TiO, fixed-bed catalyst

Figure 4.1. XAS cell setup for in-situ and ex-situ measurements over the CuzZn/TiO, catalyst.

XAS signals could only be measured in the fluorescence mode due to the low Cu
and Zn-loadings (with respect to Ti) at 8978 eV and 9658 eV for the Cu K-edge
and Zn K-edge, respectively. A copper film (Aldrich, Cu foil thickness 1.0 mm,
99.999% trace metals basis) and a zinc film (Aldrich, Zn foil, thickness 1.0 mm,
99.99% trace metals basis) were used as reference samples. The ionization
chambers were filled with an Ar/He gas mixture. XANES data was continuously
recorded during the reduction (6 vol% H; in N,) and oxidation (2 vol% O, in He)
experiments, whereas the EXAFS spectra were recorded only for the fresh catalyst
and after treatment. For the spent catalyst samples of the Ullmann reaction, both
XANES and EXAFS spectra were recorded. The Cu and Zn K-edges were
collected separately, maintaining the reactor cell under inert conditions (sealed and
stored in a N, box). XANES acquisition times of both Cu and Zn were kept at 40
min whereas EXAFS measurements were done for 120 min at an acquisition
frequency of 5 to 25 s/measurement.
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The XAS data was initially collected and processed using a VIPER software
package 1. Pre-edge background was subtracted and normalized by fitting a linear
polynomial to the pre-edge section and square-spline functions to the post-edge
section of the acquired XAS spectrum. Further spectral alterations were done in the
EXCURVE package, using Hedin-Lundqvist potentials for phase shifts and
backscattering factors by k® weighting in the range of 2 to 13 A™. The refined data
was consecutively fitted in IFEFFIT (Athena, Arthemis and Hephaestus) to further
obtain the quantitative fitting parameters. XAS measurements were performed in a
temperature-controlled micro-reactor cell. The appropriate catalyst amount was
mixed, grinded and packed with boron nitride in rectangular pellets (2x4 cm)
before being placed in a sample holder. For the XAS oxidation experiments, the
reactor cell was heated from 25 °C to 300 °C and for the reduction experiments,
from 25 °C to 400 °C, in accordance to the TPO/R-experiments). Further XAS
samples were done in a CAPTON sealed cell (for detailed information see
reference [2]).

4.2.3 Catalytic activity measurements

Potassium phenolate and 4-chloropyridine were separately prepared as described in
chapter 3 3?1 A mixture containing an accurate amount of 4-chloropyridine (0.75
mol), potassium phenolate (0.90 mol) and 18-crown-6 ether as appropriate (ca. 0.01
mol equiv. with respect to phenolate), was stirred in a baffled glass reactor (75 mL)
loaded with DMA (15-25 mL) at 45 °C until dissolution was complete. After
heating the reaction mixture to the desired temperature, an appropriate amount of
catalyst was added to the reactor which was mechanically stirred at 500 or 1500
rpm. The procedure was carried out in an argon atmosphere and the resulting slurry
was heated. Due to the different synthetic protocols different copper loadings
resulted. Therefore the amount of catalyst in the reactor was adjusted for each
catalyst type to provide similar Cu metal loadings. The solvent temperature during
the reaction was measured using a thermocouple. The yield of 4-phenoxypyridine
was determined by recording *H-NMR spectra of reaction aliquots. The peaks data
were compared with literature data and with previously acquired, qualitative GC-
MS measurements. Catalyst surface area, pore sizes and metal dispersion were
determined by physisorption and chemisorption techniques (see Supporting
Information in reference [1]).

The catalytic activity is presented in terms of amount of the reaction product
obtained per unit time per catalyst weight (not accounting for the weight of glass
beads). The initial reaction rate was determined from the product concentration
after a reaction time of 5 min (Equation 1).

CAIP ><VL -
Mt =———— Equation 4.1
At X Wcat

C*p is the concentration of 4-phenoxypyridine after reaction time of 5 min, V_ is
the solvent volume, At is the time interval (5 min), and w is the catalyst weight. The
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catalytic activity was measured for the three catalyst types, e.g. the unsupported
CuZn nanoparticles (CuZn NPs), Cu supported on non-porous titania (Cu/np-TiO,)
and Cu supported on structured mesoporous titania (Cu/meso-TiO,). The catalyst
deactivation was studied in a fixed-bed reactor at different processing times.

Catalyst pre-treatment. Prior to experiments, the catalysts were pretreated in a flow
of N,N-dimethylacetamide (5 mL/min) for 4, 8 or 12 h (the same duration as the
subsequent experiment). In catalyst stability experiments, potassium phenolate was
dissolved in the solvent. In the oxidation stability experiments, 4-chloropyridine
was added to the solvent at 140 °C. Details on the experimental setup are provided
in the Supporting Information of reference [1].

Derivation of kinetic model. Experiments were carried out over the temperature
range 110-140 °C using metallic copper (99%, Aldrich) as described in chapter 2.
The catalyst loading (1-10 mol% with respect to 4-chloropyridine), initial reactant
concentrations (potassium phenoxide 0.3-0.75 mol/L and 4-chloropyridine 0.2-0.5
mol/L), initial product concentrations (4-phenoxypyridine 0.05-0.25 mol/L) and the
crown ether concentration (18-crown-6 ether, 1-10 mol% with respect to potassium
phenoxide) were varied. The mole ratios of potassium phenoxide and 4-
chloropyridne were varied from 0.5 to 4 B4,

4.3 Results and discussion

4.3.1 Catalyst activity

In this chapter, various highly active Cu-based heterogeneous catalysts, as
replacements for common homogeneous catalysts that use expensive ligands for
C-O coupling reactions, are discussed. Previous studies utilizing bimetallic Cu®-
based catalysts showed vyields, much higher than those obtained using
monometallic catalysts 3. A list of catalysts, metal loadings and experimental
conditions is given in Table 1. Prior to the experiments reported, catalysts were pre-
conditioned in a solvent flow for 12 h.

Table 4.1. Metal loadings for different supported systems determined by ICP-OES.

Cu- Amount Overall Cu- Support
Catalyst Conditions loading support loading pore size
wte)™  (wi%)™ (wt%6)'™ (nm)
Cu/ meso-TiO, Pre-conditioned 2.0 2.8 0.60 24 + 4
Spent!® 1.8 2.1 0.04
Cu/ np-TiO; Pre-conditioned 11.5 0.21 0.02 49+0.8
Spent!® 2.0 0.03 0.00
CugsZnas/ meso-TiO,  Pre-conditioned 3.8 2.0 0.08" 26+5

[a] 12-h flow experiment as described in the experimental section,

[b] with respect to Ti after pre-conditioning with the reaction mixture,
[c] weight percentage of films on glass beads,

[d] total Cu/bead ratio,

[e] total copper content.



4. Cu-based catalysts supported on TiO, films for C-O coupling reactions 83

4.3.2 Cu/mesoporous TiO,

The synthesis of 4-phenoxypyridine starting from potassium phenoxide and
4-chloropyridine (see reaction scheme in Figure 2) using the Cu/meso-TiO, catalyst
(0.2 mol% Cu with respect to 4-chloropyridine) demonstrated increased yields as
compared to previously published results **1. A considerable amount of product
(60%) was present in the reaction mixture, already after 5 min reaction time at 140
°C. However, the maximum vyield was similar to that recently observed for CuZn
NPs. It appears that strong product adsorption on the catalyst surface severely
limits the reaction rate at longer reaction times. The Cu-oxidation state was
determined by solid-state ®*Cu-NMR spectroscopy. However, the amounts of Cu®
and Cu'* could not be calculated due to a considerable contribution from the
background. Nevertheless, a qualitative signal subtraction was made utilizing
additional spinning side band signals from the catalyst sample.

Cu/TiO
©/OK . | 9 Cu nanplartzicles _ ©/ © | A
N _~ 90 min, 100-140 °C A
DMA
100 re A 500 rpm
ro A 1500 rpm ¢ 140°C
80 + ° "]
: o] oo O 130°C
s 60 —;.'D -
L & 0
% 20§ o o 120°C
> -0 o ° N & 1100°C
20 1 o® R A
[ o .
A Cu/meso-TiO
o MaA L IO
0 30 60 90
time (min)

Figure 4.2. The Ullmann C-O coupling as carried out using a heterogeneous Cu/meso-TiO,
catalyst. Yields obtained from Cu/meso-TiO, using Cc=0.2 mol% Cu with respect to
4-chloropyridine at different temperatures and stirring rates. Initial concentrations of
potassium phenolate and 4-chloropyridine were 0.36 and 0.3 mol/L, respectively.

Figure 3 shows the magic-angle-spinning (MAS) **Cu-NMR spectra of fresh
and spent catalyst together with the spectra of solid copper(l) chloride, metallic
copper (from the NMR coil), and solid sodium sulfate, for comparison. Copper has
two NMR-active isotopes **Cu and ®Cu. ®3Cu-NMR was chosen because of the
higher natural abundance of ®*Cu, and, therefore, higher NMR sensitivity. Like
%Cu, ®*Cu nuclei have spin 3/2 and interact strongly with local electric field
gradients at the positions of the nuclei arising from their asymmetric coordination
in copper(l) compounds. The latter can cause large quadrupolar line broadening,
which cannot be averaged out by MAS. This is the reason why there are relatively
few solid-state *®°Cu-NMR studies and most of these have been carried out
without sample rotation B9,
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Figure 4.3. MAS ®*Cu-NMR spectra of spent and fresh Cu/meso-TiO,, respectively, before
and after the reaction, as well as the the spectra of solid CuCl and Na,SO, and the
background spectrum of metallic copper in the NMR coil, for comparison. Except the latter,
all spectra are background corrected. Na and **Cu-NMR frequencies differ by only 2 x 10°
ppm, which permits *Na and ®*Cu-NMR signals to be recorded in a combined manner.

In contrast to many copper(l) compounds, the MAS **Cu-NMR signal of Cu°
in metallic copper is relatively narrow, as a result of the absence of electric field
gradients at the copper-atom positions in the fcc crystal structure. In the present
study we have, therefore, applied magic-angle-spinning ®3Cu-NMR as a facile tool
to monitor the fate of metallic copper in the catalyst particles. The spectrum of the
fresh catalyst contains a single signal at the same position as the background signal
of copper in the NMR coil at 2334 ppm downfield with respect to the NMR
frequency of CuCl (Figure 3). This large chemical shift is a so-called Knight shift
caused by the interaction with the conduction electrons in copper metal. In the
%3Cu-NMR spectrum of the spent catalyst Cu/meso-TiO,, no metallic copper signal
is visible. Since elemental analysis indicates that the spent catalyst still contains
copper (see Table 1), Cu® has apparently been converted into Cu'* or Cu®* during a
4-h experimental run. Copper(l1) compounds are paramagnetic and, hence, ®3®°Cu-
iIs NMR invisible.

In principle, copper(l) compounds are NMR visible, but their usually large
guadrupolar linewidth generally prevents straightforward detection by use of MAS
NMR. The spent Cu/meso-TiO, does show a single signal at -2081 ppm. This is
actually the ®Na-NMR signal of a sodium containing impurity “?. The observed
2Na-NMR signal position is -13 ppm with respect to solid NaCl, and coincides
with that of solid Na,SO, (Figure 3). The latter is used as a drying agent in the
synthesis of 4-chloropyridine (see Experimental Section of reference ™)), one of
the reactants in the catalytic test reaction. Figures 4a and 4b show a porous titania
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structure from SEM analysis before and after copper nanoparticle deposition,
respectively. Importantly, the porous titania structure remained essentially
unaffected, even after a second calcination step subsequent to catalyst deposition.

Figure 4.4. SEM image of silica beads coated with mesoporous titania (Cu/meso-TiO,) a)
before and b) after catalyst deposition (magnification 150,000).

EDX spectra were taken from the regions shown in Figures 4a and 4b. Data
confirmed the abundant coverage of copper upon catalyst deposition. The increased
copper loading on mesoporous titania was concluded to be the case based on the
integral ratio of the Cu KB1 and Ti KB1 emission lines, which were 0.42 and 0.25
for mesoporous (2.1 wt%) and non-porous titania supports (0.2 wt%), respectively
(see Supporting Information of reference [1] and Table 1). Figure 5a clearly reveals
a highly porous titania matrix with observed pore sizes of 5-50 nm proving a
mesoporous support structure for this catalyst. The average pore size was
determined to be 24+4 nm for ca. 60% of the cross-sectional surface area by
HRTEM, whereon the Cu and CuZn nanoparticles were deposited (see Figure 5b).
The average particle size, based on a count of 200 particles, was found to be 7.0
+0.6 nm and the distribution is shown in Figure 5c. The presence of Cu, Zn and Ti
in the area shown in the above HRTEM images is confirmed by EDX analysis. The
Cu/Zn molar ratio is 2.0. From the analysis of five spectra, over a surface of 500
nm? the Cu/Ti molar ratio was 2.7 + 0.2, which is close to the ratio of 2.5 found
from a scan over a larger 250 pm? area, confirming a uniform catalyst loading on
the support (see Table 1).
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Figure 4.5. HR-TEM images of a) mesoporous structured titania showing the support and b)
the deposited CuZn nanoparticles in fresh CuzZn/meso-TiO,. c¢) Particle size distribution
generated by measuring 200 particles (see Supporting Information of reference [1]).
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4.3.3 Unsupported CuZn nanoparticles

Recently, higher product yields were reported for bimetallic CuZn NPs as
compared to monometallic Cu NPs in the Ullmann etherification reaction .
Therefore, the bimetallic CuZn NPs were selected for further investigation in
this study. Figure 6a shows 4-phenoxypyridine yield in the temperature range of
110-140 °C and for varying stirring rates for a catalyst concentration of 1.2
mol% with respect to 4-chloropyridine. Yields of 6% and 38% were observed
after 300 s for this catalyst at 120 °C and 140 °C, respectively.
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Figure 4.6. Yields of 4-phenoxypyridine using unsupported bimetallic CuZn nanoparticles at
different temperatures and stirring rates using Ccx=1.2 mol% with respect to 4-chloropyridine
(@) and the predicted vyields based on a Langmuir-Hinshelwood rate model. Initial
concentrations of 0.36 mol/L potassium phenolate and 0.3 mol/L 4-chloropyridine were used.

As described in section 2.4, the experimental results can be accurately described by
a Langmuir-Hinshelwood type equation with product inhibition:

_ chatCN CE

"~ (@+K,.C, +K.C, +K,C,)?

Equation 4.2

Table 4.2. The kinetic parameters of the Cu-catalyzed Ullmann C-O coupling according to
a Langmuir-Hinshelwood type rate equation.

k (L%g mol-s) Ky, (L/mol)®® Ke, (L/mol)™ Ke (L/mol)

2.87-10° 1.26 2.87-10* 9.57

[a] N = nucleophile or potassium phenolate.
[b] E = electrophile or 4-chloropyridine.

Subscripts N, E and P in Equation 2 refer to the nucleophile (potassium
phenolate), electrophile (4-chloropyridine) and product (4-phenoxypyridine),
respectively. The kinetic parameters are listed in Table 2 and the rate-model fit
is shown in Figure 6b for different catalyst concentrations.
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Figure 4.7. XRD spectra of nano-Cu (top) and nano-CuZn (bottom) prior to
heterogenization.

At low conversion, a rather constant reaction rate was observed and as a result the
product yield was a linear function of the reaction time and the reaction rate,
independent of the reactants and product concentration. However, when a
substantial amount of 4-phenoxypyridine was formed the adsorption onto the active
metal severely limited the reaction rate. Figure 7 shows the XRD spectra of
unsupported Cu and CuZn catalysts. The [111], [200] and [220] refractions
characteristic of a face-centered cubic metal lattice were observed at 43°, 50.5° and
74.5° B4 The oxide phases Cu,O and ZnO were observed only in the bimetallic
catalyst 3. Comparison with our previous results ® underlined the stability of Cu
nanoparticles, while in the case of CuZn nanoparticles, initial alloy formation was
followed by the oxidation driven segregation of the elements. This observation is in
agreement with DFT and microscopic studies of the alloy system by Greely and
Hansen, respectively 4. This segregation is likely to have been enhanced by the
particles’ exposure to air in the course of an XRD measurement time of about 5.5 h.

4.3.4 Cu/non-porous TiO,
The 4-phenoxypyridine yield using the Cu/np-TiO, film (0.004 mol% Cu with

respect to 4-chloropyridine) was 25% higher at 120 °C as compared to that of using
CuZn NPs (Figure 8) and similar to that at 140 °C.
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Figure 4.8. Yields obtained from Cu/np-TiO; using Cc: = 0.004 mol% Cu with respect to
4-chloropyridine at different temperatures and stirring rates. Initial concentrations of
potassium phenolate and 4-chloropyridine were 0.36 and 0.3 mol/L, respectively.

A low magnification SEM image of np-TiO, films on glass beads is shown in
Figure 9a. A smooth surface of np-TiO, with a few cracks is seen after calcination
at 600 °C in the larger magnification image of Figure 9b. The formation of cracks
during calcination demonstrates that adhesion of the titania film to the substrate is
rather strong.

Figure 4.9. SEM images of the single layer TiO,-coated beads before (a and b) and after
copper deposition (c) for Cu/np-TiO,.

A SEM image of the Cu/np-TiO, catalyst after calcination at 400 °C is shown in
Figure 9c. One notable feature is that the mean size of Cu NPs in the calcined films
(14.3 £ 2.0 nm) was slightly increased as compared to that of the unsupported
nanoparticles (9.6 = 1.0 nm) 1. However, as was observed from TEM imaging and
chemisorption analysis, the catalyst dispersion was maintained unchanged. The
thickness of the titania film was estimated between 200 and 500 nm. The supported
catalysts showed higher initial rates and product yields than those of the
unsupported catalysts (see Figure 2, 6 and 8) and the Cu/np-TiO, catalyst
demonstrated higher activity at low reaction temperatures. However, the influence
of catalyst loading on the reaction rates was most strongly observed for the
unsupported CuZn NPs. At a four-fold increase in metal loading, the reaction rate
doubled using unsupported CuZn NPs, and this could be attributed to the large
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adsorption constant of the product on the copper. Overall, the highest reaction rates
were found for the Cu/np-TiO, catalyst.

Comparable to recently published results by Engels et al., the lowest reaction
rate was found for unsupported CuZn NPs (1.4 s), being almost one order of
magnitude lower than that for Cu/meso-TiO, (22.2 s*) %P1 The catalyst activities
and apparent activation energies for the different catalysts are shown in Table 3.

Table 4.3. Reaction rates and apparent activation energies for different Cu-based catalysts.

Temperature Cu-loading Initial rate EA*  TON Pr OI%UCt
Catalyst yie
(°C) (Wt%)  (mol%)™  (molegeyes™)  (kI/mol)  (Molyegemolees™) (%)
. 120 12.10"  0.002 123+3 0.1 41.9
Cuzn NPs™ .
140 12.10" 0.011 0.6 80.3
Cu/ meso- 120 2.10°  0.014 144+5 0.9 47.6
. 1.8
TIO; 140 2.10°  0.104 6.6 83.8
120 4.10° 1715 75+2 109 63.7
Cu/ np-TiO; 5
140 20  4.10° 455 289 81.7

[a] Relative to 4-chloropyridine.

[b] For experimental data on monometallic CuZn nanoparticles see Engels et al. [**!

The Arrhenius plot (Figure 10) revealed that, at 110 and 140 °C, different stirring
rates (of 500 and 1500) appeared to have no effect on the reaction constants for the
different catalyst systems. Activation energies were determined from the reaction
rate data taken at a reaction time of 120 s, such that the highest conversion was
below 8%. The apparent activation energies were found to be 75 + 2 kJ/mol, 123 +
3 kJ/mol and 144 £ 5 kJ/mol for Cu/np-TiO,, CuZn NPs and Cu/meso-TiO,,
respectively. The doubled observed activation energy for meso-porous titania
provides evidence for internal diffusion limitations using non-porous titania support
in the case of the Cu-catalyzed Ullmann-type C-O coupling reaction.

1 E = 144 Ki/mol
Eac = 123 kd/mol
0T = Eaq = 75 kd/mol
1 é RSN
= IS RSN
= QT
= TN Tl
24 NN A
- an.
-3 {0 Cu/meso-TiO,
- o Unsupported CuZn NPS ‘*‘\\E
4 A (.:U/n.p'T.IOZ . : . . . . : L
0.0024 0.0025 0.0026
UT (K1)

Figure 4.10. Arrhenius plots at a temperature range from 110 to 140 °C using different Cu-
based catalysts and stirring rates between 110 and 140 °C.
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The Ullmann coupling catalyzed by the porous catalyst obeyed intrinsic kinetics,
i.e. constants for mass transfer were much smaller than the time constants for
reaction. As shown in Figures 2, 6 and 8, decreasing the stirring rate from 1500 to
500 rpm had no effect on the catalyst activity. This confirmed the absence of
external mass-transfer limitations, as would be expected in a liquid-solid reaction in
which the reactants are completely dissolved in the solvent. The higher product
yields achieved over the Cu/meso-TiO, are due to an increased surface area,
facilitating a higher catalyst loading. The spent Cu/meso-TiO; and Cu/np-TiO,
films were analyzed using SEM-EDX after experiments at 140 °C (Figure 11a and
11b, respectively).

Figure 4.11. SEM image of silica beads coated with mesoporous titania (Cu/meso-TiO,) a)
before and b) after catalyst deposition (magnification 150,000).

The Ti signal remained unchanged which confirmed a good adhesion of the
mesoporous titania film. A 10% lower signal for Cu was observed in the spent
meso-TiO, which indicated only minor Cu losses due to leaching.

4.3.5 Catalyst deactivation and stability study

The catalyst activity experiments demonstrated that the best catalyst support was
the mesoporous titania (Cu/meso-TiO,). For this reason, the following deactivation
and stability study was mostly focused on Cu oxidation and Cu/meso-TiO, leaching
from the glass beads. XPS measurements were performed on unsupported Cu and
CuZn NPs, Cu/meso-TiO, and CuZn/meso-TiO,. The supported catalysts were
tested for different processing times in a N,N-dimethylacetamide (DMA) flow of 5
mL/min. The liquid viscosity was increased by dissolving potassium phenolate,
while maintaining the temperature at 140 °C. Of particular note, preliminary flow
experiments established that the mesoporous titania coating on the glass support
appeared to be stable against leaching for 12 h under flow operation. However, ICP
measurements demonstrated a 19% titania loss for the non-porous titania film in 4
h. Moreover, when Cu/meso-TiO, was tested, copper losses appeared to be £17%
during the first 4 h, while the titania was relatively unaffected. As a result of a
relatively stable catalyst support system, activity of the Cu/meso-TiO, catalyst
could be maintained at tolerably high level for three runs of 4 h each.
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X-ray photoelectron spectroscopy. The results of the XPS measurements are shown
in Figure 12. Peaks at binding energies of 1021.4 eV (Zn 2p), 932.9 eV (Cu 2p) and
458.7 as well as 465.2 eV (Ti 2p) were observed.
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Figure 4.12. XPS analysis of mesoporous titania coated with Cu and CuZn nanoparticles at
different reaction times (glass beads loaded into a fixed-bed reactor).

The Cu 2p3/2 peak at 932.9 eV indicated the presence of metallic copper in the
bimetallic CuZn catalyst. The appearance of a second Cu 2p3/2 component at
934 eV accompanied by strong shake-up signal between 938 and 945 eV
indicates the formation of copper (IlI) oxide. Comparison of monometallic
copper and the bimetallic CuZn catalysts indicated that copper was stabilized
against oxidation by the presence of zinc, probably due to alloy formation. The
monometallic copper nanoparticles were already partially oxidized after
impregnation onto the titania support and were completely oxidized after
reaction as was also confirmed by the ®3Cu-NMR spectrum. In the presence of
zinc, copper remained in the metallic state after impregnation, even after 4 h on-
stream. However, no Cu® was observed after 12 h reaction time.

For the origins of this effect, both electronic and kinetic mechanisms can
be considered ¥, While in the first case, Zn is likely to act as a sacrificial anode
through its oxidation to ZnO, the formation of core/shell particles and their
consequences for oxygen diffusion also needs to be considered. XPS results for
the unsupported CuZn nanoparticles showed the presence of metallic copper,
likely through the formation of alloy phases and/or a solid solution. In the
course of the catalytic reaction, Zn is likely to segregate to the Cu particle
surface. This phenomenon leads to a Cu/ZnO core/shell system by subsequent
oxidation of Zn and, eventually, to deactivation. The formation of such a ZnO-
shell may lead to a considerable diffusion barrier to oxygen reaching the Cu
surface. Consequently, oxidation of copper is inhibited, yet at the same time as
the accessibility of the reactants to the active copper surface also decreases,
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which is reflected in the conversion plateau. On the other hand, the subsequent
complete separation of the shell from the core will lead to the formation of
morphologically undefined ZnO agglomerates, distinct from the former Cu-core,
which may remain largely intact as a new Cu nanoparticle that is prone to oxide
formation. The resulting decrease in the specific surface area of Zn due to the
ZnO particle growth and the accompanying decrease in surface-to-volume ratio
may then be the cause for the observed reduction in the Zn 2p peak intensity.

However, carbon deposition during the reaction represented a more likely
reason for the simultaneous depletion of Cu, Zn and Ti signals. This is best seen
from a quantitative XPS analysis based on a constant oxygen content in the
carbon holey film substrate (see Experimental Section and Supporting
Information of reference [1]). Sodium and nitrogen impurities in the XPS data
are attributed to artefact residuals from the copper nanoparticle synthesis.

Temperature-programmed oxidation/reduction (TPO/R). TPO/R experiments were
carried out to determine the amount of oxygen and hydrogen uptake by Cu and the
temperature at which a spontaneous surface uptake of these gases occurred. This, in
turn, allowed the oxidation state and the reduction temperature for the regeneration
of spent catalyst to be determined. Figure 13 shows the results for both the
temperature-programmed oxidation (dashed lines) and reduction (black lines) of the
Cu/meso-TiO, and Cu/np-TiO, catalysts. Since the first step in these experiments
consisted of an oxidative treatment at varying temperatures from 350 to 450 °C, the
dashed lines provided an indication of the original oxidation state of the copper.
The oxygen uptake on Cu/meso-TiO, showed that copper was predominantly
present as Cu’, consistent with the XPS and ®*Cu-NMR spectra. In contrast, Cu in
the Cu/np-TiO, catalyst appeared to be predominantly in the +2 state, since no
oxidation feature appeared in the TPO experiment.
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Figure 4.13. TPO signals (dashed line) and TPR signals (solid line) for copper on
mesoporous (Cu/meso-TiO,) and non-porous (Cu/np-TiO,) titania.
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The two peaks in the TPO curve for Cu/meso-TiO, signified the occurrence of two
separate oxidation steps and provided temperatures at which they occur. The first
oxidation peak to CuO occurred at 230-250 °C and was followed by a second peak
at 280-290 °C. These data were in good agreement with experiments using a
commercial CuO/SiO, catalyst (see Supporting Information of reference [1]).
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Figure 4.14. TPR results for the determination of copper loading using integrated values of
the hydrogen-uptake.

The reduction cycle for Cu in the Cu/meso-TiO, catalyst revealed features in three
temperature ranges. At 225 °C , all the copper present at the exterior surface of the
film was reduced to Cu®. This was followed by two subsequent reductions in the
temperature range 310-370 °C, corresponding to the reduction of CuO species at
the interior surface of the porous film. Due to the particle size distribution and
dispersion throughout the mesoporous titania film, different reduction processes
occurred.

Indeed, it has been postulated “®! that the wide temperature range over which
reduction occurred is due to the high dispersion of copper nanoparticles in the
mesoporous titania film. The combined results of BET-surface measurements by
physisorption and TEM imaging showed a high dispersion of the copper
nanoparticles in the mesoporous titania matrix. These findings are supported by the
fact that in the case of Cu/np-TiO,, a single copper reduction peak appeared at a
temperature interval around 350 °C 71 In this latter case, copper was uniformly
distributed over the titania film thickness which also explains the low accessibility
of A(\:opper and, therefore, the considerable mass-transfer limitations and decreased
EA"PP.

The Cu-loadings of the Cu/np-TiO, and Cu/meso-TiO, were determined by
measuring the total amount of hydrogen consumed after complete oxidation to
CuO. The graphical uptake of hydrogen, used to determine the Cu-loadings, is
depicted in Figure 14 and is summarized in Table 4. A fresh sample of Cu/meso-
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TiO, showed a single reduction peak at 321 °C due to the abundant presence of
copper inside the porous film, whereas the spent catalyst revealed several reduction
peaks, probably due to copper migration to the outer film surface. For Cu/np-TiO,,
a broad reduction peak was observed at (higher) temperatures ranging from 435 °C
to 600 °C. For CuZn/meso-TiO,, two peaks appeared at 352 °C and 671 °C. The
first peak clearly originates from the formation of zero-valent copper, while the
latter can be attributed to the partial reduction of the zinc oxide species 8!,

This latter conclusion is consistent with the observation of sintering of the
catalyst due to the melting of metallic Zn at 419.5 °C. As compared to the metal
loadings found from ICP-OES measurements (shown in Table 1), these TPR data
(Table 4) afforded corresponding results. The catalyst stability was studied at a
reaction time, sufficient for production of 0.1 kg 4-phenoxypyridine. Experiments
were carried in a packed-bed reactor at a DMA flow of 5 mL/min in multiple runs
of 12 h at 140 °C. A Cu-loading of 2 wt% was observed in both spent Cu/np-TiO,
and Cu/meso-TiO, catalysts, which correspond to active metal losses due to
leaching of 82% and 10%, respectively (see Table 1).

Table 4.4. Integrated H,-uptake values from a TPR study providing the copper loading for the
Cu-based heterogeneous catalysts.

Catalyst type Temperature (°C) Metal loading (wt%)
Oxidation to Reduction to Fresh Spent
cu cu® cu’ zn° Cu Zn Cu

Cu/meso-TiO, 224 282 321 0.31 0.22

Cu/np-TiO,™ - - 435 0.38 0.26

CuZn/meso-TiO,™ 227 - 352 671" 0.12 0.29

[a] A single oxidation peak was observed.
[b] Although the reverse process (i.e. zinc hydrolysis) requires high temperatures (1900 °C), melting of the
catalyst was observed, indicating Zn° formation.

The Ti/Si ratio was reduced by 25% in the spent Cu/meso-TiO, catalysts, which
confirms a rather good adhesion of mesoporous titania films to the glass surface as
compared to that of Cu/np-TiO, (80% Ti loss). The low Cu/Ti ratio, measured in
the spent Cu/np-TiO, catalyst after 12 h on-stream, suggests that most of Cu was
located uniformly on the film and leached simultaneously with the TiO, film.

4.3.6 X-ray absorption spectroscopy to determine the influence of catalyst
composition on its activity: a “Volcano-plot”

Activity measurements. Based on the aforementioned results, various Cu:Zn
ratios have been supported onto mesoporous titania and applied in the Ullmann-
type C-O coupling reaction. The turnover frequencies of the various catalysts
were measured and are displayed as function of the Cu and Zn fractions in
Figure 15.
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Figure 4.15. Catalyst activity (in TOF) as function of various Cu/Zn ratios.

A clear trend in catalyst activity, as function of the Cu:Zn ratio, was observed
over a wide temperature range, demonstrating, in accordance with previous
results, that the catalyst activity of various CuZn catalyst composition in the
Ullmann-type C-O coupling reaction displays a “Volcano-plot” as described by
the Sabatier-principle ). The highest catalyst performance appeared to be
attained for a CugsZngs catalyst. However, the optimum catalyst would in this
case be interpreted as an optimum between the Cu-oxidation state and the
accessibility of the active Cu®. When pure Cu catalyst would be used, the
oxidative instability of the active sites would limit the reactivity. Oppositely, at
too high Zn-loadings the ZnO-shell on the Cu-core would limit the accessibility
of the reactants to the active Cu-sites.

X-ray absorption near-edge spectroscopy (XANES) measurements. The
abovementioned conclusions were strengthened by synchrotron X-ray absorption
spectroscopy at the near Cu K-edge using various CuyZn,/TiO, (x and y in
wt%) catalysts. Freshly prepared and spent catalysts were analyzed in a reducing
flow (H,-flow) from 25 °C to 300 °C for 12 h and then re-oxidized in an
oxidizing flow (O,-flow) at the reaction temperature 140 °C, using a micro-
reactor cell. In this way, the role of Zn as “oxide-scavenger” and, consequently,
retention of the Cu®-oxidation state were studied. X-ray absorption near-edge
structure spectra (XANES) were used to examine the oxidation state (Figures
16a and 16b). Figure 16a shows a decrease in the absorption edge after
reduction, which provided the absorption features of both Cu?* and Cu? [0 501
The spent catalyst used in the coupling reaction at 140 'C (consisting of Cu,
Cu7,Znyg and CugsZngs) were analyzed by XANES (Figure 16b). The corrected
edge-absorption intensity demonstrated clearly an increased fraction of Cu® for
high Zn-loadings in the CuxZny catalyst Y. These results demonstrate a clear
evidence of a sacrificial anode effect of Zn-promoted Cu-catalysis in liquid-type
coupling reactions.
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Figure 4.16. In-operando micro-reactor XAS experiments, demonstrating a decreased
absorption edge during reduction (a) and Cu’-oxidation stability at increased Zn fraction after
reaction (b).

In another experiment three oxidized catalysts (CugswisZNoswioe,
CUo.3swieZNoeswie and CuiwieeZNiwiegs) have been subjected to a reducing flow (6
vol% H; in N;) and simultaneously analyzed for XANES measurements
(Figure 17).
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Figure 4.17. In-operando XAS analyses of REDOX cycles using (a) CuoswioeZNoswiw, (D)
CUo sswinZNo.sswize and (€) CuiwtesZNiwte, Catalysts. A clear decrease of the pre-edge height can
be observed for the Cug sswieZNo.s5wioe, Whereas addition of Zn also leads to particle growth

Figure 17 shows the absorbance spectra at the Cu K-edge for two different catalyst
compositions and loadings at various temperatures, where the difference in height
between the signal from the edge of copper and the signal at higher energies
signified the degree of catalyst oxidation 2. Comparing Figure 17a with 17b
demonstrates that the difference in absorbance decreases clearly with an increased
Zn fraction (17b). Already at 100 °C the oxidation fraction for Cug35Znges clearly
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decreased as compared to CugsZngs at a total metal loading of 1 wt% (sum of Cu
and Zn). However, the typical pre-edge peak formation for CugsZngs indicated the
re-formation of the Cu® nanoparticles, which was only limitedly observed for the
Cup 35Zng g5 Nanoparticles. This observation demonstrated that formation of larger
particles occurs with increased Zn concentration in the nanoparticles, which could
be caused by a ZnO-shell growth on the Cu nanoparticles, as reported by
Grunwaldt et al.®®™ Increasing the overall metal loading to 2 wt% showed for the
CuimwnZninte catalyst (Figure 17c¢) similar behavior of the oxidation state.
However, the appearance of the pre-edge appeared already at 200 °C indicating that
the size of the CuZn nanoparticles could be maintained without either sintering of
the particles or ZnO coverage onto the Cu nanoparticles.

X-ray absorption fine-structure spectroscopy (EXAFS) measurements. Figure 18
shows the EXAFS spectra obtained from the fresh, spent and reduced (regenerated)
CUoswieZNo swioe Catalyst and regenerated CuywoeZNiwee Catalyst (similar catalyst as
shown for XANES in Figure 17a and 17c).
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Figure 4.18. EXAFS measurements on the CugswieZNoswios Catalyst, demonstrating the
quantitative regeneration of Cu® catalyst using equimolar Cuzn.

The fresh CugswisZnoswe Shows a typical CuO fine-structure, with two Cu-O
shells at 1.95 and 2.83 A, and the Cu-Cu shell at 3.03 A, indicating that the Cu is
predominately present in an oxide state. In the spent Cug swisZNoswiee also metallic
Cu-Cu coordination was found for the obtained fine-structure at 2.54 A. However,
also clear Cu-O shells were obtained in the range from 1.85 to 1.95 A, which could
be fitted to the 1% shells of Cu-O in Cu,O and CuO structures at 1.847 and 1.952 A,
respectively. Based on the fit obtained at a low coordination number of the Cu-O at
1.852 A, it was concluded that only a negligible amount of Cu,-O was present. The
reduced CugswisZNoswe could be fitted with two Cu-Cu shells at 2.54 and 3.58 A
in the fine-structure, in agreement with coordination in the 1% shell and the 2" shell
of metallic Cu, respectively, indicating majorly the presence of metallic Cu.
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Surprisingly, at increased catalyst loading CuiwisZNiwte, OF the reduced catalyst the
fine-structure indicated predominately presence of CuO. No apparent signal of Cu-
Cu shells could be traced, indicating that the preservation of Cu® catalyst is not only
dominated by the catalyst composition, yet more severely by the catalyst loading.
This indication confirmed that control of the catalyst loading is as important, to
avoid sintering of the nanoparticles 1360 37. 500, 51b. 522, 53]

Figure 19 demonstrates the EXAFS spectra and the fitting parameters (i.e. N
as Cu coordination number, R as bond distance (in A), o as mean square
displacement and Eq as energy reference shift) obtained for different CuxZny

catalysts.
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Figure 4.19. EXAFS data and the fitting parameters obtained for various CuZn catalysts.

Clearly, the Cu (Figure 19a) and Cu;,Zn,g (Figure 19b) catalysts demonstrate the
least fit for the coordinated Cu-Cu species as compared to CusgZns; (Figure 19c)
and CussZngs (Figure 19d). Remarkably, the large differences in Cu-Cu
coordination number of 2.33 + 0.12 and 0.91 + 0.27 for the bimetallic CussZngs and
CugeZns;, respectively, are not accompanied by large changes in Cu-Cu distances
(i.e. 2.89 + 0.04 and 2.90 + 0.03 A, respectively). However, compared to the mono-
metallic Cu, a significantly changed coordination number of 0.49 + 0.22,
consequently, also led to a considerable decrease of the Cu-Cu bond distance (2.57
+ 0.02 A). This observation can be explained by the fact that the Cu-Cu distance in
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a Cu-Zn nano-alloy are expected to change as compared to the Cu-Cu distance in a
monometallic Cu nano-cluster B4,

Following these EXAFS data, Zn in the nanoparticles is predominantly
present as a nano-alloy without significant presence of bulk alloying due to the
large influence of Zn on the Cu-Cu distance. No major difference in the Cu-Cu
coordination at a Cu/Zn-ratio of 35:65 and 49:51 was observed. However, Cu-O
coordination was observed at a Cu/Zn-ratio of 72:28. In addition, it should be
mentioned that, especially for the CussZngs and Cuz,Zn,g catalysts, the fits could
only accurately be described up to a bond length of 2.5-3 A, corresponding to
neighbouring atoms from the central atom.

4.4 Conclusions

Two novel heterogeneous copper-based, nano-structured catalysts have been
synthesized using non-porous TiO, and mesoporous TiO, films deposited on glass
beads as structuring substrate. The catalytic activity of these films, after
impregnation with Cu or CuZn nanoparticles, have been studied in the copper-
catalyzed Ullmann C-O coupling reaction of 4-chloropyridine and potassium
phenolate in a batch-wise operated stirred tank reactor.

The highest product yield of 84% was obtained in 90 min, using catalysts
comprising 2 wt% Cu/meso-TiO, films with mean pore sizes of 24 £ 4 nm. After
12 h pre-conditioning, the Cu-loading of 1.8 wt% demonstrated that leaching of Cu
does not plays a significant role in the case of mesoporous titania support systems.
Bimetallic CuZn nanoparticles with a Cu/Zn molar ratio of 2 and a mean size of 4
nm were also deposited onto mesoporous TiO, films. The Cu’-state could be
preserved in these catalysts while for the monometallic Cu/meso-TiO, films
oxidation of Cu was observed. The presence of Zn appeared to be crucial for the
stabilization of metallic Cu. Accordingly, XPS, %Cu-NMR spectroscopy and
TPO/TPR data showed the formation of Cu®" in the spent titania-supported
catalysts which is in line with the results of Newton and Lai . This finding
represents the main source of catalyst deactivation in the Cu/meso-TiO, films.

Support leaching was found to be the main reason for catalyst deactivation in
the case of the non-porous TiO, films. Based on the Cu-EXAFS study, the Cu
coordination could be fitted up to inter-atomic distances of 3 A. Moreover, the
supported CuZn nanoparticles clearly showed that the presence of Cu and Zn atoms
are predominately present as a nano-alloy without significant presence of bulk
alloying. A maximum in activity as function of Zn fraction was found in a
“Volcano-plot” for the CugsZngs/TiO, catalyst. This observation could be
explained by the retardation of Cu oxidation due to the sacrificial oxidation of Zn.
After catalyst reduction, the CuZn nanoparticles could be reversible regenerated
without significant changes in the coordination number of Cu.

This observation, however, underlines the significant potential for further
catalyst developments, exploiting tailored metal-support interactions between
copper and the nanoscopic oxide after improving adhesion of the TiO, support to a
structured substrate.
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Chapter

Microwave-heating effects in Cu-
catalyzed Ullmann synthesis using
a continuous-flow milli-plant

This chapter has been submitted as:

F. Benaskar, N.G. Patil, V. Engels, E.V. Rebrov, J. Meuldijk, L.A. Hulshof, V.
Hessel, A.E.H. Wheatley, J.C. Schouten, (2012). Microwave-assisted Cu-catalyzed
Ullmann synthesis in a continuous-flow milli-plant. Chem. Eng. J., DOI:
10.1016/j.cej.2012.06.147. [1]

Abstract

The combination of milli-scale process technology and microwave heating has
been investigated for a liquid-solid Ullmann-type coupling reaction as an example
in fine-chemicals synthesis, leading to an improved catalytic activity and selective
catalyst heating. Continuous wall-coated and fixed-bed milli-reactors were
designed and applied in the Cu-catalyzed Ullmann-type C-O coupling of potassium
phenolate and 4-chloropyridine. The added value of using microwaves as a heat
source for heterogeneously catalyzed Ullmann synthesis was demonstrated in a
batch reactor. The results show clearly increased yields for the microwave-heated
process at low microwave powers, whereas at high powers and catalyst loadings
arcing reduced the benefits of microwave heating. Activity measurements of the Cu
catalyst were undertaken, using a Cu wall-coated (ZnO support) and a Cu fixed-bed
(TiO, support) tubular reactor, showing somewhat higher yields for the wall-coated
reactor. Catalyst deactivation was mainly caused by Cu-oxidation and coke
formation. At longer process times, however, significant leaching occurred, which
caused permanent deactivation. Catalyst activity could partially be recovered by
removal of by-product that had deposited onto the catalyst surface by means of
calcination. After 6 h on-stream, the volumetric reactor productivities were found
to be 28.3 and 55.1 kgpmd/(mR?’-h) for the fresh Cu/ZnO wall-coated and Cu/TiO,

105



5. MW-heating in Cu-catalyzed Ullmann synthesis using a flow milli-plant 106

fixed-bed reactor, respectively. After catalyst regeneration, productivities of 20.1
and 55.1 Kgprod/(Mr>h) were obtained. Comparison of single- and multimode
microwave heating showed a three-fold yield increase when single-mode
microwaves with high field density were used instead of multimode microwaves.
However, the catalyst stability appeared to be more important and provided a two-
fold yield increase for the CuZn/TiO, catalyst as compared to the Cu/TiO, catalyst.
This was primarily due to the stability of copper against oxidation by virtue of the
preferential oxidation of zinc. In the case of the highly stable CuzZn/TiO, catalyst, a
three-fold yield increase was observed using a single-mode microwave cavity
which, to the best of our knowledge, led to a not yet reported productivity of 172
kgpmd/(mR3-h) for the microwave-heated Ullmann C-O coupling under flow
conditions.

5.1 Introduction

Microwave and micro processing in flow systems. Flow chemistry in organic
synthesis using micro processing is now well-established as a technology for
continuous production of complex organic molecules ?. Pd and Cu-catalyzed C-C,
C-N, C-S and C-O coupling reactions and Cu-catalyzed Simmons-Smith
cyclopropanation reactions have been widely developed and applied in flow
processes . Moreover, combining milli-reactor operation and microwave-heating,
as an alternative energy source, allows the accurate control of residence times as
compared to large-scale batch processes and temperatures regarding the microwave
penetration depth. This consequently enhances the control of reactor performance
in terms of conversion and product selectivity . In particular, regarding the twelve
principles of green chemistry, process intensification and novel process windows
provide many options by which to meet sustainable processing criteria ®!. The
concept of combining microwave and flow chemistry to conduct novel process
operations in organic synthesis has recently attracted interest from a wide spectrum
of research disciplines in both industry and academia ™!,

Kappe and co-workers reported work on combined microwaves and flow
systems using meso-scale reactors and microwave heating . The authors
employed the concepts of “Novel Process Windows”, as introduced by Hessel et
al., and discussed the multiple opportunities for operating and controlling organic
reactions at elevated temperatures and pressures . Organ and co-workers also
contributed to state-of-art microwave-assisted capillary-type flow reactors for
metal-catalyzed organic reactions 1. Many examples of dedicated flow systems,
being used in combination with microwave heating for large-scale synthesis and
industrial applications, have been reported % AstraZeneca studied various
examples of microwave-assisted flow synthesis for pharmaceuticals, leading to
rather high productivities ™Y. Earlier, Moseley et al. developed automated
microwave “stop-flow” reactors that provided competitive productivities as
compared to typical batch-scale reactions 2.

The current successes in combining microwave heating and flow systems,
however, have mainly been achieved using multimode microwave cavities. These
suffer from a non-uniform microwave field and a limited microwave penetration
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depth, resulting in an inhomogeneous temperature distribution. The use of single-
mode microwave cavities in flow chemistry, which provide a highly uniform
microwave field, is currently an emerging field of investigation for efficient
reaction operation 3. Since for most organic solvents the penetration depth of
microwaves is of the order of centimeters, the optimum microwave-assisted reactor
for organic reactions is characterized by reactors with the same or smaller
dimensions 41,

At these reactor sizes microwaves, acting as a volumetric heating source, do
not suffer from heat-transfer resistance and, combined with a proper reaction
medium, provide opportunities to heat the reaction mixture rapidly and efficiently
(Figure 1a). Meanwhile, micro- and milli-reactors themselves are characterized by
their low resistance to heat transfer. Taken together, these observations suggest the
potential for highly efficient microwave-assisted reactions using combined
microwave milli-reactors that are optimized with respect to heat supply and release
(Figure 1b).

Surface versus microwave heating Milli-reactors versus microwave heating
Temperature Temperature
Surface Microwave Microreactors ; Microwave
heating heating “heat release” “heat input”
T Te g L
7 MW penetration ¢
2 depth ~5-10 cm -
Reactor wall Reactor radius (~mm) Reactor radius (~mm)
~um
a) (~pm) b)

Figure 5.1. Temperature profiles for conventional (surface) and microwave (volumetric)
heating (a), showing major benefits at mm-to-cm scale reactors. Nevertheless, an important
balance must be struck between fast energy supply by the microwaves and fast heat release
owing to the micro- and milli-reactor dimensions (b). Ty, Tc is hot and cold temperature, resp.

Recently, Patil et al. have demonstrated the effect of shape and dimensions of a
milli-reactor setup on controlled and efficient microwave heating in a single-mode
cavity %! The results provided experimental evidence of a complete microwave
penetration in a milli-sized tubular reactor in the direction perpendicular to the fluid
flow. This resulted in rapid and controlled heating without the development of
significant radial temperature gradients in the milli-sized flow reactors used.

Nevertheless, applications in industrial practice still hamper unresolved
drawbacks, such as (a) limited microwave penetration depth, (b) high equipment
costs, (c) difficult temperature measurement and control and (d) restriction to the
use of polar solvents/reactants specific to each process. The penetration depth
limitations and the restriction to the use of only polar solvents can be circumvented
in metal-catalyzed reactions where microwave heating occurs via interaction of the
electric/magnetic components of microwaves with metals. This resultant selective
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metal heating provides a unique opportunity to address these limitations in
microwave-heated reactors 5.

Cu-catalyzed coupling reactions in flow processing. In 2010 the Nobel Prize for
Chemistry was awarded to the pioneers of Pd-catalyzed cross-coupling reactions
that have been key to organic synthesis during the last half century . However,
the Cu-catalyzed Ullmann-type couplin(]J reaction provides significant advantages
regarding the cost aspects (Scheme 1) [

KO a_~_ Cu-catalyzed O
\O + \@ Q/ \© Ullmann-type C-O coupling
N N~

Scheme 5.1. The Cu-catalyzed Ullmann-type coupling reaction towards 4-phenoxypyridine.

The Ullmann-type C-C, C-O and C-N coupling reactions, discovered more than a
century ago by Ullmann and Goldberg, have recently encountered a renaissance,
mainly as a result of the exploitation of highly efficient copper-based catalysts 8.
However, these Ullmann-type coupling reactions still suffer from the need for
harsh reaction conditions, the use of high levels of catalyst (50-100 mol%) and also
the need to use relatively reactive and expensive aryl halides. Reaction
intensification, improvement of selectivity and development of more stable
catalysts represent the current challenges, and catalytic milli-reactors promise to
address these challenges. In flow processing, the major issue is to avoid the use of
catalyst slurries by supporting catalysts on the reactor wall or by employing micro-
structured fixed-beds **1. Moreover, stable catalyst performance in terms of activity
and selectivity in a heterogeneously catalyzed flow process brings a major cost
benefit in comparison to the use of homogeneous or slurry catalysts, which require
expensive catalyst recovery procedures 7/,

When providing a catalyst for reaction, it is also necessary to consider how
energy is supplied to the catalyst surface, in particular because the efficiency of this
process is governed by classical heat-transfer limitations. However, metal catalysts
are known to absorb energy rapidly under microwave irradiation and, as a result, to
couple the microwave energy selectively to the catalyst particles, leaving the
surrounding environment less or even unheated % In this way, microwaves
selectively heat the reaction system at the locus of the reaction and so enhance
efficiency as well as activity and conversion. A fast rise in the temperature of the
nano-catalyst combined with a relatively low solvent bulk temperature, leads to
highly advantageous reaction conditions. This is especially true when the active
copper catalyst, e.g. in an Ullmann coupling, is supported by a non-magnetic
matrix, such as TiO,, SiO, or ZnO, as described by Walton et al. 211 In metals with
magnetic character, rapid microwave absorption results from so-called eddy
currents and magnetic reversal loss mechanisms when micron-sized particles are
present [?2].
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In addition, the strong coupling of these metals with the microwave field has
been reported, providing very fast heating but, dependent on particle size,
unfortunately also arcing ¥* %! As a result, it is of importance, not only for
sustainable use of the catalyst, but also for selective microwave absorption, to
synthesize active copper particles of the desired nano-size and with a uniform size
distribution. We have recently reported on the development of monometallic and
bimetallic Cu-based nanoparticles with a narrow size-distribution and a high
resistance to oxidation during Ullmann-type reaction 4. Additionally, the use of
microwave energy in this type of reaction was reported for these nano-catalysts %!
These results have now been developed in terms of flow chemistry.

In this chapter, an integrated system is proposed, synergizing the benefits of
microwave systems (as a novel heating technology) and milli-processing (as a
novel reactor technology) in flow synthesis. A tubular milli-reactor was designed,
where the catalyst and support were coated either onto the reactor wall or onto a
packing material composed of spherical glass beads, leading to a wall-coated or a
fixed-bed milli-reactor, respectively. More important, however, was the use of
heterogeneous copper which, as a “metallic microwave-absorber”, permitted
selective heating of the catalyst surface and thus provided improved activity.

5.2 Experimental

5.2.1 Chemical protocol of flow process

Ullmann C-O coupling reactions. 4-Chloropyridine and potassium phenolate were
prepared from 4-chloropyridine HCI salt and phenol as described in chapter 3. For
the activity experiments 20 g (0.15 mol) of potassium phenolate and 0.40 g (0.0015
mol) of 18-crown-6 ether (Aldrich > 99.0%) were dissolved in 80 mL N,N-
dimethylacetamide (DMA, Sigma-Aldrich, CHROMASOLV® Plus, for HPLC,
>99.9%) in a continuously stirred vessel at 50-60 °C. After a solution was obtained,
11.4 g (0.1 mol) of 4-chloropyridine and 1.9 g (0.01 mol) of tetradecane as internal
standard (Fluka, analytical standard) were mixed separately with 20 mL DMA and
slowly fed to the storage vessel. The reactants were pumped into the flow-through
reactor (see Supporting Information in reference [1]). For batch experiments, the
reactants were mechanically mixed at 500 rpm in the abovementioned
concentrations, heated until the reaction temperature was reached and then the
copper powder (99 wt%, Aldrich) was added as the catalyst (10 mol% with respect
to 4-chloropyridine).

5.2.2 Catalyst synthesis

Copper nanoparticles. Cu nanoparticles were synthesized as previously reported
from copper(Il) sulfate pentahydrate, sodium hypophosphite monohydrate and PVP
(M(average) = 40,000) ?*?% The synthesis of bimetallic CuzZn nanoparticles was
based on the use of copper sulphate pentahydrate and zinc(ll) chloride following
our previous work "8 (More detailed protocol see chapter 3)
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TiO, based fixed-bed catalyst. Support synthesis employed titanium(IV) ethoxide
(99.99%), isopropanol (anhydrous, 99.5%), hexamethylenetetramine (HMTA,
puriss. p.a., >99.5%). 250 + 12 pum spherical SiO,-beads (E&R Chemicals &
Equipment B.V.) were used as support carriers ?®!. These beads were first coated
with TiO, by dip-coating, after which the Cu nanoparticles were coated by wet
impregnation. A total of 0.75 g (3.29 mmol) titanium(1V) ethoxide (Ti(OEt)4,) was
added to 20 g of glass beads, followed by vacuum solvent removal at 60 °C,
overnight drying at 80 °C and calcination at 120-350 °C for 12 h (heating/cooling
rate: 10 °C/min). See Supporting Information in reference [1].

ZnO based wall-coated catalyst. For the growth of ZnO-nanowires on the internal
reactor wall, a seed layer of ZnO nanoparticles (mean size ~100 nm) was deposited
by circulation of a nanoparticle suspension in 'PrOH for 48h (flow speed 1.5
mL/min). Subsequently, the system was flushed with pure 'PrOH for 30 min. After
drying, an equimolar aqueous solution of HMTA and Zn(NOs), (0.025 M) was pre-
heated to 90 °C and circulated through the system for 5 h, followed by flushing
with 'PrOH for 1 h (0.5 mL/min). The tube was pre-dried and heated in a muffle
furnace (80 °C) for 1 h. The reactor was coated with copper nanoparticles by
flowing 50 mL of a Cu nanoparticle suspension in anhydrous methanol (metal mass
concentration: 0.25 mg/mL) through the reactor tube at a flow speed of 1 mL/min.
After solvent evaporation, the reactor was calcined at 350 °C for 12 h
(heating/cooling rate: 10 °C/min).

5.2.3 Wall-coated and fixed-bed tubular reactors in oil-bath and microwave heating

experiments
Quartz-glass tubular milli-reactors (L = 1.2-1.5 m, dj; = 1-3 mm and dg=5 mm)
were either packed with catalyst coated glass beads or wall-coated with the catalyst.

TiO, Cu-NPs Packing of Cu/

coating on coating on SiO; beads
lass beads TiO, film tubular reactor .
Glass t?eads gass beacs,, e > Flow-reactor testing
packing i
—>
Flow in d d N d J J J\IFIOW out

ZnO-seeding ZnO-

on reactor nanowire Cu- I;Psocoatﬁd
Tubular wall growth on £nO wa
_—
reactor

Cu/ZnO waII cated reactor Cu/TiOz fixed-bed reactor

Figure 5.2. The catalyst coating procedure for fixed-bed and wall-coated catalytic reactors.
Cu nanoparticles (Cu-NPs) were deposited on a ZnO nanowire support in a wall-coated
reactor, and on a TiO; support in a fixed-bed reactor.

Figure 2 shows the design procedure for both (wall-coated and fixed) reactor
configurations. Reactor inlet and outlet were extended to enable an easy connection
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and disconnection to the pump head, sampler and outlet valve. The flowrate was
varied (Fv = 5-80 mL/h) to obtain desired residence times. Fixed-bed systems were
prepared by packing the coated beads into the tube (Vigar = 10.10 mL) to mimic a
micro fixed-bed reactor with a bead interstitial spacing in the range 10-50 um. The
resulting bed void provided an experimentally determined liquid volume of Viq =
3.34 mL with a catalyst loading of 2.5 mg/mL,;q, Which was comparable to a batch
reactor catalyst loading of 2.7 mg/mL i,

As shown in Figure 3, the reactor was placed either vertically in an oil-bath
(Lauda Ecoline Staredition 012, type E312, 2.3 kW with a half-synthetic oil
medium) or horizontally in a multimode microwave cavity (Milestone Multimode
Microwave, type ETHOS 2.45 GHz, 2.5 kW). The pre-mixed (mechanical) and
pre-heated (50 °C) reactant solution was fed into the reactor through a syringe
pump (1000D; Teledyne ISCO Inc., Lincoln, NE/USA), which could be operated at
pressures from 1 to 40 bar (see Figure 2, left). An argon injector was placed in the
supply vessel to maintain inert atmosphere. At the reactor outlet, a T-splitter (T-
junction, Swagelok, 1/8 in.) was connected to the sampler.

recycle

50°C

ISCO/HPLC-pump reactor
A

4

potassium phenolate

18-crown-6 -m —> analysis
4-Cl-pyridine =

tetradecane R

(in DMA) controller Treactor

Multimode microwave setup Oil-bath setup

Figure 5.3. A schematic process flow diagram of the oil-bath heated and multimode heated
microwave setups.

For the oil-bath reactions, temperatures were measured using K-type
thermocouples (Voltcraft K204 data logger) placed inside the oil-bath and at the
outlet of the catalyst bed. For the microwave experiments, a fiber-optic probe
(ATC-FO sensor, Milestones) was inserted at the inlet and outlet of the reactor
inside the microwave oven. To avoid bead floating, the catalyst (coated glass
beads) bed was fixed to the lower reactor part by glass filters. Constant pressure
was maintained in the reactor using a syringe valve to avoid solvent boiling and
bubble formation in the catalyst bed. The inlet and outlet of the quartz-glass reactor
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were connected using Swagelok Ultra-Torr (stainless steel, SS 316; inner diameter
1.6 mm) connections with chemically resistant sealing rings.

For the single-mode microwave experiments, a microwave (Fricke und
Mallah GmbH) setup consisting of a single-mode microwave cavity and operating
at a frequency of 2.45 GHz with adjustable power settings up to 2 kW was utilized.
Maximum microwave absorption was assured through focusing the resonant
microwaves in the cavity by using stub-tuners and short-circuits. The reflected
power was measured, using a detector diode over the isolator. A LABVIEW
interface program was used to control the temperature and power input in the
reactor, using OPSENS fiber-optic sensors in the center of the fixed-bed. The
reference case batch experiments were carried out in a mechanically stirred (500
rpm) 100-mL jacketed batch reactor. Identical setups were used for the batch
experiments with oil-bath and microwave heating (see Supporting Information in
reference [1]). All reactions were carried out in an argon atmosphere.

5.2.4 Product analysis and catalyst characterization

Product yield analyses. Samples were taken at the outlet of the reactor and diluted
with dimethyl sulfoxide-d® (DMSO-d®, Cambridge Isotope Laboratories Inc., D
99.9%) for *H-NMR spectroscopic analyses. *H-NMR data were collected using a
Varian 400 NMR spectrometer (400 MHz). The chemical shifts (in 6 ppm) were
based on TMS (tetramethylsilane) at 27 °C as internal reference and peak
integrations were converted to concentrations by using tetradecane (Ci4H3zo) as
internal standard. The productivity and product yield were obtained by comparing
the reactants (phenoxide and 4-chloropyridine) and the product (4-
phenoxypyridine) signals corrected for the internal standard. The *H-NMR of the
spectra (CDCls; 8.4-8.6 ppm) of the reactants and product after full conversion are
shown in the Supporting Information in reference [1]. The *H-NMR assignments
for the product in 6 (ppm, CDClIs) are: 8.48 (d, J = 4.0 Hz, 2H), 7.44 (t, J = 8.0 Hz,
2H), 7.29-7.25 (m, 1H), 7.11 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 8.0 Hz, 2H). The *H-
NMR data was additionally compared with GC-MS data to confirm product
formation.

Inductively coupled plasma (ICP) measurements. The losses of catalyst and support
were analyzed using inductively coupled plasma measurements, combined with
optical emission spectroscopy. A Spectro Ciros““P spectrometer was used to
determine the amounts of copper catalyst and titania and zinc-oxide supports at
1400 W. Sample injection used a nebulizer in a double-pass spray chamber with a
sample uptake frequency of 2 mL/min. For the fixed-bed reactor, the catalyst
packing was used as sample material and for the wall-coated reactor, the reactor
was dried and ca. 2 mm of the reactor was cut off for analysis. The samples were
treated in H,SO, (5 M) for 24 h before being taken for analysis. In addition,
reactions were sampled by collecting an accurate amount of reaction mixture and
dissolving it in H,SO4 (10 mL, 5 M). The resulting aqueous layer was diluted with
10 mL milli-pore water and separated off by milli-extraction. To avoid an
abundance of protonated amide signals, the sample was diluted using an additional
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20 mL volume of milli-pore water. Calibration lines were freshly prepared and
inserted prior to the catalyst samples.

X-Ray Photoelectron Spectroscopy (XPS) analyses. XPS was used to analyze the
catalyst surface and establish the oxidation state of the copper. Various XPS
samples were analyzed either using known amounts (in mg) of the wall-coated
tubular reactor or by measuring exact quantities of catalyst beads deposited on a
carbon holey film in a glove-box (< 10 ppm O,). The samples were transported in a
closed holder for oxygen-free analysis. XPS data was obtained with a Kratos AXIS
Ultra spectrometer equipped with a monochromatic Al Ko X-ray source (1486.6 eV
at 150 W) using a delay-line detector (DLD). Constant pass energies of 160 eV and
40 eV were applied for survey and region scans, respectively, at a background
pressure of 2 x 10”° mbar. Based on the spectral intensities of Cu, conclusions were
drawn with respect to losses observed by ICP analysis and the drops in activity.

Scanning Electron Microscopy (SEM) analyses. SEM images were obtained using a
FEI Quanta series (FEG 3D G2 SEM) with an acceleration voltage of 5 kV and
magnifications in the range 5-100 x 10°. The images were used to determine the
surface morphology and coating thickness of the wall-coating and the catalyst
support beads at a lateral resolution of 50 nm?. Simultaneously, surface elemental
composition analysis was carried out using Energy-Dispersive X-ray (EDX)
spectroscopy at an image spot size of 50 nm? and an interaction-volume of 100 pm
(all EDX spectra are provided in the Supporting Information in reference [1]).
Leaching of the catalytic layer was surveyed by comparing the coating thickness
and the Cu, Ti and Zn signals in the EDX spectra. Both the fresh and spent
catalysts were analyzed using SEM. The surface structure of spent samples was
also investigated to probe the effects of microwave irradiation. The same samples
as used for XPS analyses were surveyed and the acquired SEM-EDX results were
then compared with the XPS data. In particular, the presence of an oxidized or
graphitized surface-covering upper layer was compared to either oxidation or
deposition of carbon due to degradation of the solvent as a result of arcing.

High Resolution Transmission Electron Microscopy (HR-TEM). HR-TEM images,
obtained with a FEI Tecnai G2 Sphera electron microscope operating at 200 kV
acceleration voltage, were used to examine the particle size and structure of the pre-
synthesized Cu nanoparticles. Nanoparticles supported on the reactor wall and the
glass beads were also examined. Samples of fresh and spent catalysts were
analyzed. The samples were prepared by scratching the catalyst coating from the
reactor wall or by crushing glass beads, respectively, and by suspending the
resulting powders in 2 mL ethanol before coating and drying the solvent onto a 200
mesh molybdenum grid (30 pL of the suspension). The obtained images provided
information on the dispersion of particles on the supports.
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5.3 Results and discussion

In this study, two catalytic flow reactors were investigated, i.e. a fixed-bed reactor
based on a TiO, coating as copper catalyst support and a wall-coated reactor where
ZnO was used as copper catalyst support. Initially, both reactors were tested in a
conventionally heated (i.e. oil-bath) setup, wherein the catalyst stability and activity
were optimized. At process times of up to 12 h by-product coverage of the surface,
oxidation of the catalyst and particle agglomeration were found to be the main
causes for catalyst deactivation. The catalyst could partially be regenerated by
thermal treatment. At higher on-stream times, leaching played a major role, in
leading to permanent deactivation of the catalyst.

5.3.1 Catalyst design and stability measurements for flow chemistry

Zinc-oxide wall-coating as Cu-support. Figure 4 shows selected SEM images of as-
grown ZnO-nanowires on the glass reactor surface. Figures 4a and 4b show
monodisperse, rod-like crystals (I, = 500 nm, d,, = 20 nm) with a high surface
dispersion. However, after 12 h on-stream (Figure 4c) the catalytic wall appeared to
be covered with a substance, which, after EDX analysis, was confirmed to be KCI
formed as by-product during the reaction.

s

Figure 5.4. ZnO-nanowires grown on the SiO, reactor wall, showing a highly disperse
nanowire film in SEM-images at low (a) and high (b) magnification. The reactor wall
become covered with by-product KCI (c), which could be partially removed (d) by thermal
treatment and reduction with hydrogen.

Treatment with DMA, drying, calcination (at 350 °C) and reduction with a
hydrogen flow at 200 °C removed most of this salt from the surface, as can be seen
in Figure 4d (EDX spectra are provided in the Supporting Information in reference
[1]). At higher processing times (> 24 h), ICP analysis confirmed a considerable
decrease in the levels of both Cu catalyst and ZnO support due to irreversible
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leaching. ZnO-nanowires, grown on the internal wall of a tubular glass reactor,
provided catalyst loadings similar to those for TiO, on the glass-bead packing, i.e.
1.26 and 1.38 mgcy/MLyeactor fOr the wall-coated and the fixed-bed reactors,
respectively. Although for the wall-coated reactor the overall available reaction
surface was much lower than for the fixed-bed reactor, similar Cu-loadings on ZnO
and TiO, were achieved during catalyst deposition onto the supports.

Titania bead-coating as Cu-support. Relatively low absolute amounts of both
support (TiO,) and catalyst (Cu nanoparticles) were deposited on the titania-coated
glass beads (dp ~ 250 um). As described in Section 5.2.2, the catalyst was prepared
using a TiO, support matrix and the metallic nanoparticles were impregnated after
the support was deposited onto silica beads. In this way, the catalyst loading (1.38
+ 0.15 mgcu/mLeactor) Could be accurately controlled in order to obtain a loading
that approximated to that of the wall-coated reactor. Figures 5a, 5b and 5c¢ show the
coated beads before and after reaction. The effect of by-product formation, i.e
surface coverage by KCI, is clearly visible, also in this case. SEM-EDX analysis
further confirmed the abundant presence of KCl-salt crystals.

Figure 5.5. SEM images of the fresh (a) and spent (b) Cu/TiO,-coated glass beads,
demonstrating considerable deposition of KCI by-product. Catalyst deposition (c) also shows
relatively low catalyst density for the Cu/TiO, when compared to that of the Cu/ZnO system.

Copper nanoparticle deposition and stability. In Figure 6, representative TEM
Images of the nanoparticles are shown for both the fresh and spent Cu catalysts.
Figures 6a and 6¢ show the fresh and spent catalyst of the fixed-bed Cu/TiO,
system, respectively. The fresh catalyst clearly demonstrates uniformly dispersed
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Cu nanoparticles in the titania matrix. The particle size was found to be 7.6 £ 0.8
nm based on measurements for 200 particles in various TEM images.

d)

Figure 5.6. Representative TEM images of fresh (a) and spent (c) catalysts used in the
Cu/TiO, fixed-bed reactor and the fresh (b) and spent (d) catalyst used in the Cu/ZnO wall-
coated reactor.

However, after 12 h on-stream in the fixed-bed reactor, the catalyst particles have
significantly agglomerated. Figures 6b and 6d show TEM images of the fresh and
spent wall-coated Cu/ZnO catalyst. Clearly, the fresh Cu/ZnO wall-coated coated
catalyst demonstrated a much higher particle density than the fresh Cu/TiO,
catalyst (Figure 6a and 6b) did. The higher copper loading in the wall-coated
reactor was prepared in order to compensate for the lower macroscopic reaction
surface in that system. Figure 6b shows, however, partial nanoparticle
agglomeration, already occurring in the fresh catalyst. After 12 h on-stream the
Cu/ZnO wall-coated catalyst showed higher nanoparticle agglomerates up to sizes
of ca. 150 nm (see Figure 6d).

Catalyst and support leaching. The catalyst and support losses are shown in Figure
7. ICP measurements provided the amounts of Cu, Zn (from ZnO) and Ti (from
TiO,) for samples taken during the total process time. For the ICP analyses,
multiple catalyst samples were taken from the fixed-bed reactor or from the wall-
coated reactor, as described in Section 5.2.4. Neither Cu/TiO, nor Cu/ZnO catalysts
leached more than 10% after a run of 12 h. Figure 7a shows a significant drop of
ca. 30 wt% of the Cu signal in the Cu/TiO, system after only 24 h on-stream,
whereas ca. 10 wt% of the TiO, support was lost. After 48 h on-stream, however,
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roughly 60 wt% of the copper was lost while only 20 wt% of the Ti had leached.
After 72 h on-stream, both catalyst and support had completely leached from the
glass beads. Generally, however, for the TiO,-based fixed-bed reactor, the Cu

nanoparticles appeared to leach prior to the TiO, support.
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Figure 5.7. Losses of Cu catalyst and TiO, support for the fixed-bed reactor (a) and of Cu
catalyst and ZnO support for the wall-coated reactor (b) during time-on processing.

The opposite was observed for the ZnO-supported system (Figure 7b), where after
48 h ca. 60 wt% of the ZnO-nanowires were removed while only 40 wt% of the Cu
nano-catalyst was lost. This observation could only be explained by the fact that,
although the ZnO layer was uniformly distributed, the Cu nanoparticles formed
islands which stabilized the ZnO-glass interface. As a result, a much higher ZnO
fraction leached. After 72 h, about 22 wt% of ZnO and 36 wt% of Cu remained,
showing that much less shearing occurred in the wall-coated reactor as compared to
the fixed-bed reactor. Overall, at longer process times, adhesion appears to be weak
at the Cu/Ti0,-glass interface for the fixed-bed catalyst system and at the ZnO-
glass surface for the wall-coated catalyst system. As a result, the subsequent
activity experiments were only done using processing times shorter than 12 h, after
which a fresh batch of catalyst was used.

5.3.2 Activity experiments

Initially, the effect of multimode microwave heating and conventional oil-bath
heating on the catalyst productivity was compared, using a continuously stirred
batch reactor and a commercial copper catalyst. In the next step, activity
measurements on a supported Cu catalyst were done in an oil-bath using a fixed-
bed reactor and a wall-coated reactor as examples of flow-type reactors based on
titania and zinc-oxide support materials, respectively. Finally, microwave flow-
experiments were carried out in both a multimode and a single-mode microwave
cavity.

Batch experiments using conventional and microwave heating. The effects of
microwave heating and conductive heating were investigated at three different
reaction temperatures. Figure 8 shows the results of experiments conducted at 110,
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120 and 140 °C for both heating methods, where a clear trend can be observed in
yields with respect to time. Figure 8a demonstrates that the use of microwave
irradiation instead of oil-bath heating gives an average yield increase of 20% at 110
°C. At 120 °C (Figure 8b), the difference in yield between microwave and oil-bath
heating is far less than at 110 °C, and disappears completely at 140 °C (Figure 8c).
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Figure 5.8. Yield versus time plots for batch-type experiments using microwave heating and
oil-bath heating at (a) 110 °C, (b) 120 °C and (c) 140 °C. At lower microwave powers,
microwaves have the benefit of selectively heating the metal catalyst. At higher powers,
microwave absorption by the solvent eliminates this advantage.

The difference in vyield between microwave and conductive heating
experiments can be attributed to the differential absorption of energy by the catalyst
and liquid reaction mixture 2%, Thus, better yields are recorded for the microwave-
heated experiments because higher temperatures are obtained at the locus of the
reaction (i.e. catalyst surface) due to selective heating of the catalyst 2t ¢ 22& 271,
This effect vanishes at higher reaction temperature, probably on account of a low
temperature difference between the catalyst surface and the bulk liquid 8. Figure
9a shows the temperature-time histories for a microwave power of 120 W and
various Cu catalyst loadings in a batch reactor. The initial heating rates (in °C/min)
obtained from microwave irradiation appeared to be strongly dependent on the
amount of copper catalyst used in a 30-mL batch reactor, demonstrating an
optimum heating rate for low amounts of metallic copper. The decay in heating rate
at increased Cu-loadings, shown in Figure 9b, is mostly due to arcing effects.

Although it is difficult, if not impossible, to quantify the energy absorption
by copper, the heating rates of the liquid in the presence and absence of the catalyst
provide an insight into the thermal contribution of microwave absorption by the
metal !, Based on the heating profiles, the microwave-heating efficiency ! has
been determined according to the work of Stankiewicz et al Y. For these
experiments a jacketed and insulated mechanically stirred batch reactor was used
(see Supporting Information in reference [1]), allowing energy losses to the
environment to be neglected. Additionally, the microwave-heating calculations
were based on a cavity-to-reactor power input that ignored losses from the grid to
the magnetron.
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Figure 5.9. Temperature profiles (a) and initial heating rates/arcing frequencies (b) at various
powdered Cu-loadings, demonstrating increased initial heating rates (for one minute) at low
Cu-levels. Decay in heating rates is mainly due to arcing effects at increased Cu-loadings.

Figure 9b shows the heating rate as a function of the amount of catalyst in the
reactor and indicates that the use of 20 mg Cu catalyst increased the heating rate
from 67 to 87 °C/min relative to the heating rate obtained in the absence of catalyst.
However, the heating rate stabilizes at higher catalyst loadings, reaching ca. 71
°C/min for 100 mg catalyst. While the heating efficiency decayed, an almost linear
increase in the frequency of arcing was observed, indicating a breakdown in
microwave-energy accumulation in the catalyst particles, but not necessarily an
increase in thermal energy or conversion . This also explains why in Figure 8
better yields were observed for microwave heating at lower powers than for oil-
bath heating. Obviously, microwave energy heated the catalyst surface at lower
powers (without arcing), leading to higher yields than expected from the measured
temperatures in the bulk liquid.

Batch versus continuous reactors with oil-bath heating. Heterogeneously catalyzed
flow reactors have been developed with the intention both of increasing process
productivity and ease of catalyst regeneration in comparison to what is achievable
with conventional batch-type reactors. For this reason, different flow parameters
have received special attention in this study. Firstly, the performance of the catalyst
carrier (ZnO wall coating versus TiO, fixed-bed coating) in a tubular reactor was
investigated to improve the productivity per unit catalyst mass as compared to
traditional batch reactors for fine-chemical operations. Secondly, the influence of
mixing was investigated by comparing a fixed-bed (disturbed-flow) with a wall-
coated (laminar-flow) continuous reactor. The results for these continuous systems
were also compared with those obtained using a mechanically stirred and jacket-
heated batch reactor, as described in the previous section. Figure 10 shows the
product yields as a function of residence time at 130 °C for a continuous fixed-bed,
wall-coated and slurry-type continuous reactor in comparison with those of a
slurry-type batch reactor, containing metallic copper powder as catalyst.
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Figure 5.10. Performance as a function of residence time for continuous fixed-bed (0), wall-
coated (A) and slurry-type continuous reactors (©) shown with reference to the slurry-type
batch reactor (0). The 4-chloropyridine and potassium phenolate concentrations were kept at
1.0 and 1.5 mol/L at 130 °C for all experiments. For batch operation, the catalyst loading was
2.5 mg/mLeactor and the stirring rate was 500 rpm. For continuous operations, a catalyst
loading of 1.2 mg/mL esctor and a flow rate of 10-40 mL/h were applied.

Compared to 58% vyield obtained after 30 min using the batch reactor, the yield
stagnated at ca. 18% after 10 min (at flowrates of 5-80 mL/h) for both the fixed-
bed and the wall-coated batch-loop flow reactors. In these cases, the highest
turnovers were achieved in the first two cycles, while further recycling of the
reaction mixture did not lead to a significant yield increase. This flattening of the
yield, after only the second cycle, was clearly caused by catalyst deactivation due
to oxidation and coke deposition. For these reactor types, catalyst deactivation and
regeneration were evaluated through variation of the pre-treatment and post-
treatment methods.

Fixed-bed and wall-coated continuous reactors with oil-bath heating.

Cu/TiO, fixed-bed flow reactor. In most heterogeneous catalyst systems, the
conversion drops noticeably when the catalyst surface is subjected to a fluid flow
that leads to catalyst oxidation or deactivation due to coke deposition. Catalyst
leaching also results from the high shear forces applied to the catalyst surface by
the flow. Moreover, catalyst deactivation by surface oxidation occurs when the
chemical components possess oxidative properties. This causes physicochemical
changes to the active metal and leads to Cu' or Cu'" species which have an
increased solubility in the amide-containing solvent, facilitating catalyst leaching
from the support. To avoid leaching, catalyst regeneration is usually performed by
slow heating (to >200 °C) until all surface contaminants have been removed
through evaporation and, finally, by combustion of adsorbed organic compounds.
Parameters, such as calcinations temperature and time, have to be optimized for
regeneration of the deactivated catalyst. The effect of a calcination procedure (at
350 °C for 12 h) on the product yield was investigated for a fresh-catalyst with
reference to a non-calcined fresh catalyst sample. Figure 11 shows enhanced yields
and the necessity of catalyst calcination at 350 °C, following that procedure.
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Figure 5.11. Cu/TiO; fixed-bed catalytic performance for a fresh catalyst (non-calcined (o)
and calcined (0) at 350 °C for 12 h).

These results show clearly that catalyst stability was improved by an optimized
calcination during catalyst synthesis. Enhanced catalyst activity was found to result
in a yield increase of roughly 10% after 30 min on-stream (see Figure 11). Lastly,
spent catalyst (on-stream for ca. 8 h) was regenerated at 350 °C and its performance
was compared with that of fresh catalyst calcined at 350 °C (Figure 12).
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Figure 5.12. Catalytic performance of fresh Cu/TiO, fixed-bed catalyst calcined at 350 °C
(o) and regenerated catalyst calcined at 350 °C (0) for 12 h.

The regenerated catalyst now showed a yield drop of ca. 8% in comparison with
the fresh catalyst. This shows that the high-temperature calcination was necessary
to retain catalyst activity in the flow-through reactor. However, at longer reaction
times catalyst regeneration by calcination permitted only the partial retention of
activity. Therefore, the main limitation in processing this fixed-bed reactor would
be catalyst deactivation and leaching.

Cu/ZnO wall-coated flow reactor. Yields obtained using the ZnO wall-coated
reactor were comparable to those observed with the fixed-bed type reactor up to 60-
min operation (Figure 13). More importantly, the ZnO-supported catalyst appeared
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to retain its activity for operation times longer than those for the TiO,-supported
fixed-bed systems, leading to yields up to 40% (£ 2%) after ca. 90 min on-stream.

1

o Fresh calcined at 350 °C for 12 h
¢ Spent calcined at 350 °C for 12 h
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Figure 5.13. Performance of the Cu/ZnO wall-coated reactor after calcination of fresh
catalyst (0) and regeneration of spent catalyst (0) at 350 °C for 12 h. Calcination of fresh
catalyst for 24 h at 350 °C showed an impressive yield increase to 61% (A) and regeneration
of spent catalyst under similar conditions provided a yield of 57% (o), demonstrating the
importance of the calcination time.

Similar to the fixed-bed system (Figure 12), the regenerated wall-coated catalyst
demonstrated a slight drop in activity comparable to the analogous fresh catalyst. A
steady state product yield of 30% (x 3%) instead of 39% (£ 2%) was maintained
until 124 min (Figure 13). Catalyst regeneration could also be improved by
extending the 350 °C calcination step to 24 h. This led to a yield of 61% (x 1%)
after 71 min using a fresh catalyst (Figure 13, A) and of 57% (£1%) after a further
71 min if the spent catalyst was regenerated by calcination at 350 °C for 24 h
(Figure 13, o). These values represent yield increases of ca. 50% with respect to
those obtained when fresh and spent catalysts were calcined for only 12 h. Table 1
compares the productivities of fresh and regenerated catalysts for both reactors.

Table 5.1. Reactor productivity for catalysts calcined at 350 °C for 12 h.

Average productivity (kgprod/(mlf-h))b

Cu/ZnO wall-coated reactor Cu/TiO, fixed-bed reactor
Fresh? 28.3+19 55.1+2.4
Regenerated® 20.1+22 37.3+1.2

a) 6 h time-on-process for both fresh and regenerated catalyst.
b) Mg refers to the volume of empty tubes for both reactors.

Although the yields obtained from the Cu/ZnO wall-coated catalyst were slightly
higher than those of the Cu/TiO, fixed-bed catalyst, the reactor productivities,
however, showed a better performance for the latter. While the catalyst loading per
volume reactor was comparable for both reactors, unequal liquid to reactor volume
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fractions (V. /VR) led to different overall reactor productivities. However, a
productivity decrease around 30% was observed for both reactors during a total
time on process of 12 h. Calcination of both the Cu/TiO; fixed-bed and the Cu/ZnO
wall-coated reactors at 200 °C resulted in an obvious drop in yield, although a 24-h
calcination treatment at 200 °C led to stable catalyst activities for four consecutive
runs with a residence time of 70 min. However, Figure 14 shows higher yields for
the latter.

1
A Wall-coated reactor calcined at 200 °C for 24 h
08 4° Fixed-bed reactor calcined at 200 °C for 24 h
220.6
o A
[3) A
=04 - 4 s
0.2 - °© 0 o o
T=71 min/run
O T T T T
0 1 2 3 4

run
Figure 5.14. Catalytic performance of the Cu/TiO; fixed-bed (o) and the Cu/ZnO wall-
coated (A) reactors for four consecutive runs with a residence time ([J) of 71 min
(calcination: 24 h, 200 °C).

Figures 12, 13 and 14 show that the sustainability of both Cu/ZnO and Cu/TiO,
catalysts are mainly governed by the duration of the process, rather than the
temperature of the calcination procedure. The first part of the regeneration process
(80 °C, 10 mbar) was mainly done to evaporate all components of the reaction
mixture. In a second step, residual coke was burned (at 350 °C) in an air-flow (22%
O, in Ny). In the final step, a stable catalyst-support matrix was achieved by a slow
cooling trajectory (for details see Supporting Information of reference [1]).

5.3.3 Effect of Cu-loading

Although the Cu/ZnO-based wall-coated reactor showed a better catalyst
performance in terms of yields, its application in microwave heating may still be
limited due to large temperature gradients between the center of the reactor and the
wall. In such a case, a fixed-bed reactor would provide a more uniform heating
profile due to internal mixing and the presence of highly dispersed copper
microwave absorber. Therefore, a fixed-bed reactor was tested in both a single-
mode and in a multimode cavity microwave-heated flow system. The reactor inlet
and outlet were slightly modified to fit the microwave cavity dimensions. Figure
15a shows the temperature-time and power-time histories for the use of multimode
microwave cavity. In Figure 15b, the temperature-time and power-time histories for
the single-mode microwave cavity setup are given.
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Figure 5.15. Reactor designs for microwave-assisted flow chemistry. A coiled fixed-bed
reactor was used in a multimode microwave system (a) and a tubular fixed-bed reactor was
applied in a single-mode microwave system (b). Input powers are given in green and
temperature profiles inside the catalyst beds are in red.

The microwave power requirements for a multimode microwave experiment were
found to be 10 times more (300 W) due to the non-uniform and low-density
microwave irradiation in comparison to the single-mode microwave experiment (30
W). Although the single-mode microwaves showed slightly larger temperature and
power fluctuations, these equated to less than 5 °C.

Figure 16a shows that for the Cu/TiO,/SiO, fixed-bed catalyst a three-fold
yield increase resulted when single-mode microwave irradiation was utilized. This
could be explained by the fact that in a multimode cavity the microwaves are non-
uniformly distributed, leading to reduced production rates due to the existence of
strong axial temperature gradients and cold-spots, especially in the absence of
forced mixing 2. The use of lower powers in the case of multimode microwaves
could not attain the desired reaction temperatures, whilst at higher powers (> 300
W) arcing was observed. This arcing effect resulted in a decreased product yield
due to burning of the catalyst. Also clearly visible is the yield flattening at around
35% yield, which, as discussed in section 5.3.2, was mainly due to oxidation and
poisoning of the catalyst. Previously, it has been reported that the Cu catalyst could
be protected against oxidation and that leaching could be minimized by adding
50 wt% of Zn to the catalyst as a sacrificial reducing agent 1 *3. Consistent with
this view, Figure 16b shows that a considerable yield increase was achieved when a
CuZn-based heterogeneous catalyst was used in the fixed-bed reactor.
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Figure 5.16. A comparison of single-mode and multimode microwave cavities for a
conventional Cu/TiO, fixed-bed catalyst (a), showing almost a three-fold yield increase for
the single-mode microwave cavity due the high and uniform field density achieved. However,
these yields were almost doubled (b) using a CuZn catalyst.

Although for low residence times (< 60 min) no major improvement was
obtained, at longer residence times two-fold yield increases were achieved for
both single-mode and multimode systems. Comparing Figure 16b with Figure 11
signifies that the main reason for this improvement is indeed that, regardless of
the heating method, catalyst deactivation is retarded when a CuZn catalyst is
used. Figure 15 demonstrates that the energy efficiency achieved using the
single-mode microwave cavity of the Fricke-Mallah instrument reached 82% (+
4%) with an average power input of 16 W, while the multimode cavity system
could at best be operated with an energy efficiency of only 8.2% (+ 0.8%)
(following notes [30] and [31]). Use of the single-mode microwave cavity for a
Cu-based heterogeneous catalyst gave a yield of 33% (+ 1%) for a residence
time of ca. 120 min with a productivity of 130 kgpmd/(mR .h). Only 37
kgprod/(mR .h) was obtained in the case of using the multimode cavity system
However, a highest yield of 62% (+ 3%) and a productivity of 172 kgprod/(mR .h)
could be achieved using a CuZn-based catalyst in combination with single-mode
microwave heating. These high space-time yields have, to the best of our
knowledge, not yet been reported for Ullmann-type coupling reactions using
flow processing.

5.4 Conclusions

In this chapter, two flow milli-reactors for a microwave-assisted Ullmann-type C-O
coupling reaction were discussed. A wall-coated (ZnO support) and a fixed-bed
(TiO, support) milli-reactor were developed and impregnated with Cu
nanoparticles as active catalyst. Copper catalysts leaching from both reactors
appeared to be only significant after 24 h on-stream, whcih could partially be
avoided by thermal treatment of the reactor after each cycle. Using the Cu/ZnO
wall-coated reactor for two consecutive runs, up to 60% yield could be obtained
without a significant activity drop if a thermal pre-treatment of the reactor (350 °C
for 24 h) was undertaken prior to testing. The Cu/TiO, fixed-bed reactor showed
lower yields due to catalyst leaching. However, reactor productivities of up to 55
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Kgproa/(Mg>+h) suggested a better performance than that of the Cu/ZnO wall-coated
reactor.

Microwaves as an alternative energy source for liquid and selective catalyst
heating were, therefore, applied for the Cu/TiO, fixed-bed reactor. The use of high-
density single-mode microwaves showed a three-fold yield increase of the C-O
coupling product in the Cu/TiO, fixed-bed reactor as compared to multimode
microwaves. Furthermore, the use of metallic copper in the microwave cavities
appeared to be only advantageous at low microwave powers and catalyst loadings,
since at higher powers and catalyst loadings arcing was observed. This arcing led to
rapid catalyst deactivation and inefficient heating. A linear relation between the
arcing frequency and the catalyst loading was found. It was demonstrated that
yields obtained using microwave heating at 140 W were almost 30% higher than
those achieved using oil-bath heating, whereas no significant yield increase was
observed at 300 W. More important was the use of a CuZn/TiO, based catalyst,
where Zn acted as a sacrificial anode against Cu-oxidation. In this case, a three-fold
yield increase could be demonstrated in a highly dense single-mode microwave
cavity which, to the best of our knowledge, resulted into a not yet reported
productivity of up to 172 kgprod/(mR3~h) for the microwave-assisted flow synthesis
of the Ullmann C-O coupling product.
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Hulshof, V. Hessel, J.C. Schouten (2012). Micro/milli-flow processing combined
with selective catalyst microwave heating in the Cu-catalyzed Ullmann
etherification reactions: a u>-process, ChemSusChem, submitted [1].

Abstract

A so-called p®-process of the Ullmann-type C-O coupling of potassium phenolate
and 4-chloropyridine was successfully performed in a combined microwave (MW)
and micro-flow process. Selective MW-absorption in a micro fixed-bed reactor (u-
FBR) using a supported Cu nanoparticle catalyst resulted in a catalyst activity
increase up to two orders of magnitude (23 gpmd-mzcat-h'l) as compared to that of a
conventionally heated process (0.18 gpmd-mzcat-h'l). Yields up to 80 % were attained
in 75 min using a multi-segmented u-FBR without significant catalyst deactivation
for 12 h. The u-FBR, packed with beads coated with Cu/TiO, and CuZn/TiO,, was
used for the catalyst activity study. Temperature measurements along axial
positions of the reactor were done using a fiber-optic probe in the catalyst bed.
Applying simultaneously MW-power and temperature sensors resulted in an
isothermal reactor and a MW-power as low as 20 W. Temperature fluctuations
along the axial position of the reactor were controlled at a set temperature of 140 +
2 °C. Initially, only solvent was used to adjust the MW-field density in the cavity
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and to optimize the power utility in an empty milli-reactor. Subsequently, the
reaction mixture was added to ensure a maximum MW-power transfer by adjusting
the waveguide stub tuners to steady-state operations. This was mainly done to
account for the changed reaction mixture composition and, as a result, for changed
dielectric properties. Finally, the beneficial effect of the Cu/TiO, and CuZn/TiO,
coated glass beads (200 um) on the MW-absorption, due to an additional absorbing
effect of the metallic Cu nanoparticles, was optimized in a fine-tuning step. For the
catalyst synthesis various sol-gel, deposition and impregnation methods provided
Cu catalyst loadings around 1 wt%. Addition of Zn to the Cu-nanocatalyst, which
fulfilled as promoter the role of a preferential oxidizer according to X-ray
absorption spectroscopy, revealed an increased catalyst activity, due to a stable Cu-
oxidation state. The effect of in-line mixing in the milli-reactor on the productivity
was studied, demonstrating that sufficient multi-laminar mixing rather than
instantaneous contact mixing in either a T- or Y-mixer was needed as a result of a
large difference in fluid viscosities. To the best of our knowledge, the study
described in this chapter presents the first extended experimental survey of decisive
parameters associated with combining micro process and single-mode MW
technologies (a so-called p2-process), culminating in concepts for novel process
windows in organic syntheses.

6.1 Introduction

Copper-catalyzed Ullmann-type C-O coupling reactions for fine-chemicals
synthesis. The Cu-catalyzed coupling of nucleophiles and halo-aromates is
extensively applied in the production of active molecules since it was discovered
by Ullmann et al. more than a century ago .. As a result, a variety of industrial
applications were reported in pharma-active compounds such as antivirals,
herbicides and antibiotics (e.g. antibiotic Vancomycin), and also in the synthesis of
functional polymers and herbicides B! This type of coupling reactions usually
required harsh and inefficient reaction conditions for realistic implementation in
process chemistry, such as high reaction temperatures (up to 250 °C), activated aryl
halides and excesses of copper catalyst . It was already proven in the 1960s that
the effect of solvent impurities increased the copper activity and reaction rate [/,
only later the role of these organic “additives” demonstrated an increase in copper
solubility and stability using specific solvents !,

It took almost half a century (i.e. in 2001) before a copper/ligand system was
introduced as an efficient catalyst where sub-stoichiometric catalyst loadings and
acceptable temperatures could be applied.[’? This innovation intensified the
progress in the field of copper catalysis for coupling reactions considerably,
resulting in a remarkable renaissance of copper catalyzed Ullmann coupling
reactions ®. An increasing number, particularly of homogeneous copper complexes
as catalysts, provided opportunities to study the reaction mechanism. However, this
research field still suffers from many uncertainties related to the active Cu-
oxidation state which takes part in the C-O coupling reaction > 9. Consequently,
homogeneous copper-catalyzed coupling processes have been studied intensively
and many novel copper/ligand systems with activities comparable to Pd-catalysts
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were reported % yet very little is done to explore supported heterogeneous
catalysts ). Despite all these successes with the development of homogeneous Cu
catalysts in the last decade, sustainable catalysis can only be achieved using
supported heterogeneous catalysts, thus avoiding expensive catalyst separation
techniques and unsatisfactory catalyst recovery. Therefore, continuously operated
processes can only be realized efficiently when the catalyst is supported on a solid
substrate, e.g. either as a wall-coating or as a fixed-bed in a flow reactor.

Many examples of catalyst supports exist for various noble metals, such as
Pt2 Au™®! and Pdi**. However, hardly any examples of heterogenized Cu onto a
ceramic support (e.g. SiO,, Al,O; or TiO,;) can be found in the literature.
Especially due to a limited catalyst activity and oxidative instability, copper
catalysts in organic synthesis have not been extensively applied when compared to
Pt and Pd based catalysts. Nevertheless, the low cost and abundant availability
make copper an attractive replacement for traditional and expensive noble metals
(151 Coupling reactions in organic chemistry are traditionally achieved with
palladium catalysts and have received intense attention since their discovery in the
1970s1®! which even led to a Nobel Prize in 2010. However, driven by high cost
and scarcity of palladium, research initiatives were directed towards copper(ll)
acetate catalyzed coupling reactions, involving highly active organometallic
reagents, such as Pb,1T Sl snl¥1 a5 well as organoboron reagents,
organocuprates ? and iodonium salts as arylating agents 2.

Supported copper catalysts for sustainable catalysis. There are only few reports on
the use of Cu nanoparticles as catalyst in the Ullmann reactions. In 2007, Kidwai
et al. reported on the use of Cu® nanoparticles in the coupling of phenol with
iodobenzene at moderate temperatures (50-60 °C) %21, Yields up to 95% could be
attained in a 4-h run which after four consecutive catalyst recycles dropped to 65%
due to catalyst losses. Another example of Cu,O colloidal nanocube catalysts was
reported by Kim et al. who studied the same cross-coupling reaction using cubic
nanoparticles of 45 + 3 nm 1. Although excellent catalyst recovery yields were
attained after recycling by centrifugation, high temperatures and the use of highly
reactive iodobenzenes would not necessarily show a productivity drop due to
catalyst losses. Additionally, the use of solid bases for nucleophile deprotonation
(e.g. Cs,CO3) complicates the catalyst recovery process, rendering limited prospect
for the applications beyond the lab-scale. Therefore, applying heterogeneous
nanoparticle catalysts would only be cost-feasible if the necessity of catalyst
recovery is avoided by using a catalyst support.

A major drawback, however, for flow-through catalytic reactors with
supported catalysts is the loss of active metal due to leaching. Therefore, catalyst
synthetic procedures and support deposition methods require a clear understanding
of the metal to support interactions. Analytical techniques, such as ®Cu-NMR,
XAS, XPS, XRD and TPO/TPR, are crucial and have shown to cope with most of
these phenomena ®4. With very high specific surface area, chemical stability,
uniform pore size distribution and pore morphology, the mesoporous materials are
promising catalyst support matrices for colloidal nanoparticles 2 % %1 Moreover,
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due to chemical interactions with metal nanoparticles, such as Au, Ag and Pt, nano-
structured titania has long been considered as a supporting matrix to avoid colloidal
aggregation which stabilizes the dispersity of nanoparticles 5.

Microwave-assisted metal-catalyzed organic syntheses. Besides catalyzing a
reaction, the energy supply towards the catalyst surface is of crucial importance
which in classical chemical reactors is governed by conduction and convection
limitations. Therefore, the use of microwaves as a replacement of conventional
heating in organic reactions attracted a broad spectrum of disciplines in the current
academic and industrial research laboratories *°!. Not being limited by thermal
barriers like those existing in conventionally heated systems (as a result of energy
transport from the heat source, through the reactor wall and, finally, through
convection), microwaves render the unique characteristics of direct heating via
molecular rotations without any classical heating medium [2%& - 271 patj| et al.
recently showed that microwaves can be used in rapid and very controlled heating
with negligible heat losses in capillary-type flow reactors 28, Consequently,
reduced heating times, negligible inner gradients and increased energy efficiencies
are often reported in microwave-assisted processes %!,

However, unresolved drawbacks, such as (1) MW-penetration depths
limitations, (2) relatively capital-intensive investments, (3) complex temperature
measurements and MW-power control, (4) risk of operation and (5) the restriction
to use only polar solvent/reactants, still hinder significant applications of this
technology in the chemical industry B%. The latter drawback can sometimes be
circumvented or even used for heat integration/extraction, e.g. when solvents with
different dielectric properties are applied 8. In this case, microwaves selectively
couple with the absorbing (reactive) components, leaving other substances
unheated and allowing selective energy input and bulk quenching, hence increased
conversion and selectivity. Multimode type MW-cavities (operating at 2.45 GHz)
are typically used for laboratory applications, whereas for more dedicated processes
single-mode cavities are applied, thus enabling a focused MW-field and optimal
utilization efficiency at uniform energy densities on the load (reactor) FL.

The use of MW-energy in Ullmann-type reactions has recently been an
intensive topic of research 2. Utilizing MW-energy by amide-containing organic
solvents is very attractive in combination with copper catalysis due to the strong
MW-absorption and the chemical interaction of copper and the amide, respectively
31 Moreover, local heating of the metallic copper catalyst!®!, as used in the
original Ullmann reaction, provides an additional benefit as a “metallic MW-
absorber” 3. Buchelnikov et al. studied the heating mechanisms of various
metallic powders using a 2.45-GHz multimode MW-cavity 2®1. They showed that
ferromagnetic materials (e.g. Fe) resulted in rapid MW-absorption via eddy-
currents and magnetic-reversal loss mechanisms. In this study, the authors also
demonstrated that diamagnetic metals (Sn and Cu) demonstrated significant MW-
absorption (contrary to paramagnetic metals, such as Ti and Au), which resulted in
a thermal energy supply to the metal surfaces "\, Further investigations on micron-
size powdered catalysts showed a strong coupling of these metals with the MW-
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field providing very fast heating and, depending on their particle size B8, even
electric discharges %, The effect of direct heating of a metal deposited onto a
MW-transparent support could be used efficiently to heat the catalyst at the nano-
scale while maintaining the bulk of the reaction mixture unheated °. The high
energy density at the surface of magnetic nanoparticles, in combination with a
thermal energy barrier of a MW-transparent support, leads to an increased catalyst
activity and selectivity as a consequence of direct reaction . This benefit of
selective catalyst heating is enhanced when also the bulk fluid of the reaction
mixture has limited or no MW-absorption [*2],

Milli and micro process technology as a means to perform process intensification.
Micro process technology is currently recognized as a well-established and
advanced technology in fine-chemicals synthesis ™. The advances in micro
process technology have led to novel routes with intensified process windows to
replace conventional batch processes by continuous flow processing, both at lab
and industrial scales ™¥. Metal-catalyzed liquid-phase organic reactions in fine
chemicals synthesis require different operational windows in micro process
technology as compared to gas-phase reactions. A major issue in liquid type
reactions is the presence of solids (e.g. base and catalyst suspensions), which could
be prevented by adding pre-treatment steps “®! or depositing catalysts onto
structured supports, e.g. by dip-coating or employing milli/micro-reactors 1“6

Milli and micro processing facilitates operation at high pressures and
temperatures due to the small internal volumes ™/ allowing safer operation in
regimes that are otherwise risky or difficult without a high degree of technical
investment. Moreover, micro processing & and green process technologies “°!
provide the options to produce chemicals at flexible scales and for local production
to directly meet consumer’s demands. In this chapter, a process-intensification
strategy based on the so-called “Novel Process Window” approach®® is presented
by combining selective energy supply and miniaturized structured reactors, i.e.
MW-energy and micro fixed-bed reactors, respectively.

Combined microwave and flow chemistry technologies for industrial applications.
The combination of MW-heating and flow chemistry has recently emerged as a
highly attractive opportunity in novel processing 2/ 28 316 51 'Kappe and co-
workers have recently presented an overview on the “Microwave-to-Flow”
paradigm, where they demonstrated extremely high temperature and pressure
windows to conduct organic reactions, enabled by the combination of meso-scale
reactors and MWe-irradiation ©'* 52 |eadbeater et al. have demonstrated new
temperature monitoring techniques which facilitate highly reliable and reproducible
results for synthetic and mechanistic studies /. Recent work from Organ and co-
workers has considerably contributed to the current developments in microwave-
assisted capillary-type flow reactors for metal-catalyzed organic reactions ¢ 5
1. More examples on dedicated flow systems in combination with MW-heating
have been reported for large-scale synthesis and industrial applications 27,
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AstraZeneca studied various examples of microwave-assisted organic reactions for
flow synthesis of pharmaceuticals, yielding productivities up to 6 L/h B3 Earlier,
Moseley et al. developed automated microwave stop-flow reactors which provided
competitive productivities as compared to batch-scale reactions ®®1. However, the
current successes in combining microwave and flow systems have mainly been
achieved in multimode MW-cavities which generally suffer from MW-field non-
homogeneities and non-uniform temperature distributions due to a limited MW-
penetration depth. In this chapter, the first process integration of single-mode MW-
technology (as an alternative energy source) and micro process technology (as an
alternative method for a pilot-type setup using a numbering-up concept) for the
heterogeneously Cu-catalyzed Ullmann-type coupling reaction will be discussed
(see Scheme 1).
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Scheme 6.1. Cu-catalyzed Ullmann etherification towards 4-phenoxypyridine in N,N-
dimethylacetamide (DMA) from a 4-chloropyridine (B) and potassium phenolate (A) flow.

A design has been proposed where catalytic reactors are irradiated with highly
focused single-mode microwaves for selective MW-absorption by a metallic copper
catalyst. The combination resulted in an intensively heated catalytic flow reactor at
MW-powers as low as 20 W which gave comparable if not better catalyst activities
as compared to previously reported batch-reactor results ™°. Selective MW-
absorption by segmenting the catalyst over the entire reactor volume in catalytic
parts (consisting of CuZn/TiO,/SiO,) and inert parts (consisting of glass beads) and
by measuring the temperature at different parts in the axial direction of the reactor
was demonstrated. Figure 1 shows the inlet probe at Z, (inlet cat-bed) whereas the
outlet probe was moved along the cat-bed (outlet cat-bed) from Z,.
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Figure 6.1. MW-setup for determining axial heating profiles.

Finally, a highly efficient CuzZn/TiO, catalyst which was coated onto 200 pum
spherical beads and packed in a cylindrical milli-reactor was synthesized. Due to
the void between the particles, the interstitial volumes provided a catalytic micro-
structured reactor. The small quantities and the size of the nanoparticulate catalyst,
employed in this system, prevented the formation of electric discharges or arcing
which avoided hazardous conditions.
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6.2 Experimental

In the following section the experimental setups and chemical protocols are
addressed. Also the different analytical and catalyst characterization techniques are
described in detail.

6.2.1 Microwave and reactor setup

A single-mode MW-generator manufactured by Fricke und Mallah GmbH
operating at a frequency of 2.45 GHz (A = 12.24 cm) has been applied. The MW-
setup consisted of one main waveguide coaxially coupled with four MW-cavity
applicators (see Figure 2).
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Figure 6.2. Multi-cavity single-mode MW:-setup using four cavities in parallel. The reactor
is placed at the center of the waveguide to ensure maximal energy density.

The MW-power input in each separate cavity was optimized by tuning both the
MW- input (from the main waveguide) and MW-release (to dead load and water
flow). The position of the microwaves from the magnetron was tuned in the main
waveguide, using a main short-circuit and stub-tuners. In this way, the maxima of
the standing waves could be located at the center of the applicator cavities in the
main waveguide. After obtaining a resonant wave in the main waveguide, a
subsequent fine-tuning (using the applicator short-circuits and stub-tuners) was
done to position the wave maxima at the center of the applicator, where the reactor
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was placed. The wave tuning of both the main waveguide and the applicators was
based on a minimum loss of MW-energy to the dead load and water flow and on a
maximum field density at the reactor. As a result, optimum use of magnetron power
could be attained, assuring maximum field density at the desired locations of the
applicators.

MW-power - temperature calibration. After tuning the waves in the main
waveguide and the applicators, the data of the cavity power input and output and
temperature was collected. This data was converted by an analog data acquisition
system and digitalized using Labview®© software. In this way, the MW-radiation,
prior to experimental applications, was calibrated from 10 to 1000 Watt, which was
satisfactory for accurate efficiency measurements. To ensure isothermal operations,
the power input was used as a main input parameter. Due to unstable start-up
conditions, the power response sensitivity was also varied until a steady-state
temperature was attained. Therefore, the PID-controlling (proportional-integral-
derivative controller) system consisted of two sensitivity levels, i.e. at dynamic
power input and at steady-state power input. The PID-controller was designed to
attain desired steady-state temperatures at the first 5 mm of the flow reactor by
setting the temperature output and power input as boundary conditions. Initially,
the temperature/power calibrations were carried out using only a solvent flow and,
subsequently, the chemical components were added to include the perturbation of
changing chemical composition on the power response factor.

For the calibration experiments an empty tubular reactor with an inner
diameter of 7 mm was placed in the applicator and the solvent was pumped in
cycles (HPLC-pump Gilson Model 305, F,™ ~100 mL/min). To avoid
precipitation of salts, a conditioned (LaudaM3 water bath at 50.0 £ 0.2 °C) and
insulated vessel of 50 mL was applied during the calibration of the reaction mixture
flow. Calibration was done in a glass tube (L = 165 mm, ID = 7 mm) packed with
Cu/Ti0,/SiO,-beads and placed in the MW-cavity (see Supporting Information in
reference [1]). Temperature control inside the MW-cavity was done using fiber-
optic probes, placed in a thin (di; = 1 mm, do, = 1.5 mm) protection tube (quartz
glass) both at the inlet and outlet of the reactor, as shown in Figures 1 and 3.
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4-chloropyridine

Potassium
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Figure 6.3. Recycle loop reactor setup for a stable flow system and MW-field.
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Process setup for the determination of the axial temperature profiles. Axial
temperature profiles were obtained using the setup shown in Figure 3, both for the
milli-reactor and the micro fixed-bed reactor. The temperature probe holder was
designed in such a way that the sensor could be moved freely along the entire axial
direction of the reactor. Two probes could be placed simultaneously, one as a
controlling probe and the other to measure the axial temperature profiles in the
reactor. The probe holder length assured that the fiber-optic tip could cover the
complete axial length of the reactor, thus allowing measurements of the
longitudinal reactor temperature. The power-controlling sensor was placed at T,
(the inlet of the reactor positioned at Cy = 11.4 mm) whereas the second sensor (T,)
was manually moved along the catalyst bed at discrete distances of 2.5 mm from
the outlet (position Dy = 45.5 mm) using an aligned ruler (see Figure 6 in section
6.3.1for the exact positions). In this way, the axial temperatures along the axis of
the reactor could be screened.

Process setup for MW-heating without in-line mixing. The reaction mixture
composition for the Ullmann C-O coupling reaction has been prepared as reported
below. In a recycle loop system the mixture of potassium phenolate (1.25 M) and
18-crown-6 ether (in DMA) was circulated in the tubular reactor at a flowrate of 20
mL/min under an argon atmosphere. After acquiring a stable liquid flow system, a
constant microwave-power input was obtained (via PID controlled power input),
thus providing a steady reaction temperature (see also in Figure 11 in section
6.3.2). At constant reaction temperatures an appropriate mixture of 4-
chloropyridine (1 M) and tetradecane (in DMA) was injected in the buffer vessel
using an HPLC pump at similar flowrates as the main stream (see Figure 3).
Modification of the flowrate (> 10%) required a manual adjustment of the PID
parameters and MW-power input.

Process setup for MW-heating with premixing. In this setup, two separate flows,
pre-mixed in buffer vessels were supplied to the reactor using micro-mixers.
Storage vessel A contained a pre-stirred mixture of potassium phenolate and crown
ether and storage vessel B contained a mixture of 4-chloropyridine and tetradecane,
both purged with argon in DMA (see procedure below). A micro-quencher (IMM
cross-flow micro-structured heat exchanger, CRMH; see Supporting Information in
reference [1]) was integrated at the outlet of the reactor. The heat-exchange unit
was used to quench the reaction mixture and to supply heat to the buffer vessel A
(containing salts in an organic solvent) and to the micro-mixer as shown in Figure 4
(see also Supporting Information in reference [1]). Buffer vessel A was conditioned
to avoid precipitation of the salts in the vessel and clogging in the tubes and process
units (pumps, mixer, reactor and quencher). A minimum temperature of 40 °C was
required to avoid precipitation of the potassium phenolate. At the following micro-
mixing step the temperature was maintained between 45 and 60 °C to avoid
precipitation and reaction in the mixer. At the outlet of the reactor, a cross-flow
water stream absorbed the heat in the micro heat-exchanger and was fed primarily
to the storage vessel A.
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Figure 6.4. Process flow setup for the MW-heated Ullmann reaction using a micro fixed-bed
reactor. Oil-bath heating was used to optimize the process conditions, which was the basis of
a microwave heat-integrated micro process.

To ensure sufficient energy transfer from the source to the sinks, the coolant
flowrate was adjusted to the reactor flowrate.

Process setup for oil-bath heating. As a reference case for MW-heated Ullmann
C-0O coupling reactions, an oil-bath heated setup (Lauda E100) was used. A copper
wall-coated capillary (ID 1.05 mm) reactor with a total volume of 1 mL was used.
Both reactants streams were separately pumped from the mechanically stirred
buffer vessels A and B (similar to the MW-setup) to the wall-coated capillary
reactor, using HPLC-pumps (Gilson Model 305) This setup was used as a reference
case, but also to provide preliminary data, which operation-wise would be too
complex and a risky start using the MW-setup (see Supporting Information in
reference [1]).

Dielectric property measurements. A high temperature dielectric probe kit
(85070D, Agilent) and a network analyzer (NWA E5062A, Agilent) were used for
the measurements of the dielectric constant (¢-) and the dielectric loss (¢’’) of

ethylene glycol at a frequency of 2.45 GHz. The measurements were repeatedly
done in a batch sample at different temperatures and averaged over three runs. An
oil-bath was used to maintain the temperature.

6.2.2 Chemicals and procedure
Materials

Potassium phenolate was prepared from phenol and potassium tert-butoxide
(purum, >97.0%, Aldrich) as described in chapter 4. 4-Chloropyridine
hydrochloride salt (99%, Aldrich) was used to synthesize 4-chloropyridine. Copper
powder (99%, Aldrich) was used as the catalyst and 18-crown-6 (99%, Sigma-
Aldrich) as a potassium ion scavenger. Concentrations were determined using
tetradecane (purum. p.a., >99.5% (GC), Fluka) and 18-crown-6 ether as internal
standards for *H-NMR analysis.
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Preparation of the chemicals

4-Chloropyridine. 4-Chloropyridine hydrochloride was pre-treated with potassium
carbonate (K,CO3 >99.5%, Sigma-Aldrich) to obtain 4-chloropyridine as liquid.
The preparation was done in four steps (see Supporting Information in reference
[1]). A calculated amount of potassium carbonate solution was prepared under
argon in an Erlenmeyer. A calculated amount of 4-chloropyridine hydrochloride
(0.9 mol equiv. with respect to the base) was slowly added. An aqueous layer on
top and a heavier organic layer were formed. Extraction was done with diethyl
ether. A yellowish organic phase was obtained containing 93% 4-chloropyridine
(*H-NMR) in an overall extraction efficiency of 75%. The organic phase was dried
with sodium sulphate. After filtration, diethyl ether was removed in a rotary
evaporator (200 mbar, RT) affording 4-chloropyridine in 72% yield at 98% purity.

Potassium phenolate. Deprotonation of phenol required a strong base and was done
in four steps (see Supporting Information in reference [1]). A known amount of
potassium tert-butoxide was dissolved in tetrahydrofuran (THF) under vigorous
stirring. A calculated amount of phenol (1.1 mol equiv. to potassium tert-butoxide)
was slowly added to the reaction mixture resulting in a gel. THF was removed by
evaporation (200 mbar, 40 °C) giving a reddish powder. The powder was dried
under vacuum (residual pressure ca. 10 mbar) at 120 °C to remove excess phenol.

Procedure. The buffer vessels were loaded with the reactants dissolved in N,N-
dimethylacetamide (DMA). Vessel A was loaded with potassium phenolate (0.25
mol, Cyhenolate = 1.25 M) and crown ether (0.0025 mol) in DMA (0.2 L). Vessel B
contained 4-chloropyridine (0.20 mol, Cpyrigine = 1.0 M) and tetradecane (0.02 mol)
dissolved in DMA (0.2 L). Vessel A was maintained at 45 °C using a coiled heat-
exchanger heated by a hot water flow from the micro heat-exchanger. The buffer
vessels were mechanically stirred at 500 rpm and a continuous argon flow ensured
oxygen-free reaction conditions. The flowrate of both reactant streams could be
regulated separately using HPLC pumps and were fed to a multi-laminar micro
mixer. At the outlet of the mixer, samples were taken to analyse the mixing
performance using crown ether and tetradecane as tracers in flows A and B,
respectively. Temperatures outside and inside the MW-heated section were
measured using thermocouples and fiber-optic probes, respectively. The yield of 4-
phenoxypyridine was determined by sampling at the outlet of the reactor and
recording *H-NMR spectra of the samples in DMSO-d® (dimethyl sulfoxide-ds,
Cambridge Isotope Laboratories). Data was compared with literature and
previously acquired GC-MS measurements.

6.2.3 Catalyst preparation

Synthesis of Cu and CuZn nanoparticulate catalysts. The monometallic Cu and
bimetallic CuZn nanoparticles were prepared according to previously reported
routes 2> *°1, For the bimetallic colloids, copper(I1) sulfate pentahydrate (1 mmol)
and zinc(l) chloride (1 mmol) were mixed with poly[N-vinylpyrrolidone] (PVP, 0.8
g, Mw = 24,000 g/mol) in anhydrous ethylene glycol (120 mL). After ageing,
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sodium hypophosphite monohydrate (2 mmol in 5 mL millipore water) was added
promptly as reductant. Purification was done by extraction using excess of acetone.
After sedimentation, decantation and centrifugation the catalyst nanoparticles were
re-suspended in ethanol (50 mL).

Synthesis of non-porous powdered titania support. A known amount of
titanium(lV) tetra-ethoxide (Ti(OEt)4, 99.99 wt%, Sigma-Aldrich) was mixed for 1
h with agueous HNOj; (65 wt%, Fluka) in isopropanol. After evaporation of
isopropanol, the obtained powder was dried using a stove at 80 °C for 12 h and,
subsequently, calcined at 600 °C for 8 h at a heating rate of 10 °C/min.

Synthesis of glass beads coated with a non-porous titania support. Glass beads
(E&R Chemicals & Equipment B.V., sieved diameter 200-300 pum) were pre-
treated with acetone and isopropanol in an inert atmosphere and overnight stirred in
aqueous sulfuric acid (2.5 M, Sigma-Aldrich) before the coating procedure. The
titania precursor slurry (as described above) was added to the glass beads and
stirred for 1 h. The obtained slurry was dried and calcined, similar to the procedure
for powdered titania.

Synthesis of a mesoporous titania support. A titania-precursor sol, consisting of
Ti(OEt)4, Pluronic F127, ethanol, H,O and trifluoroacetic acid, was prepared as
described previously 7. Ti(OEt), was added dropwise to a clear solution
containing a mixture of Pluronic surfactant in ethanol and trifluoroacetic acid in
water. After stirring for 8 h and ageing for 24 h at room temperature, the resulting
slurry was maintained for 30 h in a glove box at a humidity of 80%. The residual
surfactant was removed by evaporation at 250 °C for 4 h (heating rate of 5 °C/min
at 10 mbar) and, subsequently, calcined at 380 °C (heating rate of 1 °C/min at 1000
mbar) for 8 h to afford white powdered mesoporous titania. For the glass-bead
coated titania support a known amount of the titania-precursor solution was slowly
added to a filter filled with a single layer of glass beads. The solution withdrawal
was monitored using a flow-controlled dip-coater. Similarly, the ageing, drying and
calcination steps were performed as described in the procedure for the powdered
mesoporous titania.

Deposition of Cu and CuZn catalyst on non-porous titania support. The deposition
of the Cu and CuZn catalyst onto the titania support was done by addition of a
known amount of pre-synthesized metal nanoparticles in ethanol to the support
followed by overnight stirring. The ethanol was evaporated under nitrogen
atmosphere at 80 °C prior to calcination at 450 °C for 8 h.

In-situ preparation of mesoporous titania supported Cu and CuZn catalysts.
Pluronic F127 (PEOggPPOgPEOge, BASF) was dissolved in ethanol under vigorous
stirring and under an argon atmosphere for 1 h CuZn nanoparticles (in EtOH) were
added under stirring for 30 min. Nitric acid (HNO3, 65%) was added dropwise until
a pH of 1-1.5 of the resulting mixture was attained. Then, Ti(OEt), (99.99 wt%,
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Sigma-Aldrich) was added until a transparent mixture was acquired. The resulting
mixture was stirred for 25 h at 25 °C and aged at a relative humidity of 80% for
48 h. An excess of Pluronic F127 was used to ensure that micelles were formed
before the reaction initiated, which afterwards could easily be removed at 80 °C
using a vacuum stove at 10 mbar. After removal of the major fraction of free
Pluronic F127, the mesoporous titania structure could be obtained by combusting
reacted Pluronic F127 in an air stove at 600 °C for 8 h (at a heating rate of 10
°C/min). In this way, Cu/TiO,, CU35ZH65/Ti02 and Cu512n49/Ti02 were obtained
with Cu and Zn loadings of 1 £ 0.07 wt% and 1-1.3 + 0.09 wt%, respectively,
determined by ICP analysis.

Drying and calcinations methodology. Removal of trace amounts of excess
Pluronic F127 required moderate temperatures and vacuum conditions, whereas
reacted Pluronic F127 was removed by combustion at high temperatures and in an
oxygen-rich environment. Five steps were required in the calcination procedure, i.e.
(1) evaporative removal of excess Pluronic F127 in a vacuum oven at 90-110 °C,
(2) combustion of reacted Pluronic F127 in air at high temperatures, (3) the “after-
burning” of deposited coke using an oxygen flow (10% O, in He), (4) controlled
cooling to avoid collapse of the mesoporous structure, and (5) reduction at 300 °C
(6% H, in Ng)

6.2.4 Catalyst analysis

X-ray diffraction spectroscopy. Supported copper nanocatalysts were measured by
powder X-ray diffraction (PXRD). Diffractograms were recorded on a Rontgen
PW3040/60 XPert PRO powder X-ray diffractometer with a high resolution
PW3373/00 Cu LFF (unmonochromated) tube at A = 1.5404 A (Cu Ka) in the range
5° < O < 80° and scanning rates of 0.23 °/min (CuZn) and 0.09 °/min (Cu). The
powder samples were prepared by solvent evaporation from the colloidal
suspensions deposited on a glass plate sample holder. Powder X-ray diffraction
spectroscopy was mainly used to identify crystal phases of the titania support
whereon the Cu nanoparticles were deposited. Since the total metal loading of
copper on titania was around 2 wt%, simultaneous detection and measurement of
the element-specific copper and titanium peaks were not possible due to the large
difference in concentration. Therefore, the nanoparticles were measured separately,
dispersed in ethanol (Supporting Information in reference [1]).

X-ray photoelectron spectroscopy (XPS). XPS was used to analyze the catalyst
surface and detect the metals, their oxidation state and the dispersion of one metal
phase over another. XPS signal sensitivity proved highly dependent on the metal
dispersion and for supported catalyst the obtained signal for the supported catalyst
also depended on the surface dispersion and the metal/support signal ratio. XPS
samples were analyzed for several CuZn catalysts with emphasis on the Cu/Zn ratio
in the fresh and spent catalyst. XPS data was obtained with a Kratos AXIS Ultra
spectrometer equipped with a monochromatic Al Ko X-ray source and a delay-line
detector (DLD). Spectra were obtained from an aluminium anode (Al Ka = 1486.6
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eV) operating at 150 W. For survey and region scans, constant pass energies of 160
eV and 40 eV were used, respectively. The background pressure was 2 x 10 mbar
(the XPS spectra can be seen in the Supporting Information of reference [1]). The
spectral intensities of the Cu and Zn signals demonstrated good correspondence
with the ICP data and confirmed quantitative deposition of the CuZn nanoparticles.
However, after a run of 48 h the signals of the catalyst (CuzZn) and the support
clearly dropped, indicating significant leaching from the glass beads. This was also
the case for the best CusoZnso/TiO, catalyst (see Supporting Information in
reference [1]).

Scanning electron microscopy. SEM images were recorded to determine the size
and morphology of the catalyst. A FEI Quanta series FEG 3D G2 SEM with an
acceleration voltage of 5 kV and magnifications between 5,000 and 100,000 were
used, providing a lateral resolution of 50 nm? Surface elemental composition
analysis was done by energy-dispersive X-ray spectroscopy at a spot size of 50
nm?. Both the fresh and spent catalysts were analyzed using SEM. At higher
magnification, the film coating appeared to consist of nanosize particles which
formed the porous structure of the support. The spent catalyst surface appeared to
be affected by MWe-irradiation leading to surface cracking and a highly
inhomogeneous catalyst film (see Supporting Information in reference [1]).
However, the porous character of the support at nano-scale was still intact.

High resolution transmission electron microscopy (HR-TEM). HR-TEM images
were made using a FEI Tecnai G2 Sphera transmission electron microscope at 200
kV acceleration voltage. The solid catalyst (250 mg) was crushed in ethanol (2 mL)
and coated onto a 200 mesh molybdenum grid (30 pL of the suspension) and dried
at atmospheric pressure. The images provided the presence of a mesoporous matrix
wherein the nanoparticles were impregnated (see reference [1]). The average
particle size for 250 particles and 10 images was found to be 6.0 £ 1.2 nm.

6.2.5 Analytical techniques and methods

Nuclear magnetic resonance spectroscopy.’H-NMR data was collected on a Varian
400 Magnet NMR spectrometer (400 MHz). Spectra were obtained at 27 °C and
the chemical shifts (in 6 ppm) were internally referenced to tetramethylsilane and
peak integration externally referenced by tetradecane (CisHso). The 'H-NMR
spectra (CDCls; 8.4-8.6 ppm) of the reactants and product after full conversion are
shown in the Supporting Information of reference [1]. The *H-NMR assignments
for 4-phenoxypyridine are: 6 8.48 (d, J = 4.0 Hz, 2H), 7.44 (t, J = 8.0 Hz, 2H),
7.29-7.25 (m, 1H), 7.11 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 8.0 Hz, 2H).

High performance liquid chromatography (HPLC). A Grace Smart™ RP-18 5 pm
apolar column with an internal diameter of 4.6 mm and a length of 150 mm was
used. A mixture of methanol and water (40:60 vol%) as a polar solvent was used. A
pH-buffer agent was used to maintain the pH-value (0.1% phosphoric acid, HzPOy,)
at the desired level and to protonate phenolate before entering the column. A
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gradient eluent of methanol-water provided optimum separation, starting with
10:90 (v/v) and linearly increasing to 70:30 during seven minutes. Two UV-VIS
absorption wavelengths (for aromatic systems) were simultaneously applied as an
in-line detection method at 210 nm and 245 nm respectively. All four compounds
(potassium phenolate, 4-chloropyridine, DMA and 4-phenoxypyridine) were
calibrated using methanol and injected with a volume of 10 ul at a flowrate of 1
mL/min, at 47.3 bar column pressure and at 25 °C. The UV-detection range has
been set at the typical absorption wavelengths (205-265 nm).

Inductive coupled plasma measurements and optical emission spectroscopy (ICP-
OES). ICP-OES was used for the determination of copper, zinc and titanium
loadings on the glass beads. A SPECTRO CIROS““P spectrometer was used at
1400 W. The sample injection was performed by a cross-flow nebulizer using a
double-pass spray chamber and a sample uptake at a rate of 2 mL/min. Known
amounts of various catalyst samples (Cu(Zn)/TiO,/SiO;) were dissolved in H,SO4
(5 M) and stirred overnight. Calibration lines were freshly prepared and measured
prior to the catalyst samples.

6.3 Results and discussion

Prior to the MW-experiments and activity measurements in the catalytic micro
fixed-bed reactor (u-FBR), the temperature profiles have been determined along the
length of the catalyst bed. Besides the temperature profiles in the p-FBR with the
catalyst coating, also a u-FBR with inert beads was used to determine temperature
profiles applying different solvents and flowrates. As shown in Figure 5 and
demonstrated in the experimental section, two temperature sensors (fiber-optics)
were placed in a thin quartz glass protection holder, which was fixed in the
cylindrical axis of the reactor, using spacers (see Figure 5).
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Figure 6.5. Reactor and microwave design (a) with a cross section view of the microporous
channels (b).
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6.3.1 Axial temperature profiles in a micro fixed-bed milli-reactor

The temperature controller T; was used in an auto-controlling (PID) mode at the
outlet section of the reactor (position Dy-Ds in Figure 6) while the T, sensor was
moved axially along the inlet section of the reactor (30% of the reactor length) at
discrete distances of 2.5 mm from the inlet of the reactor (position Cy-Cs in Figure
6). The temperature graphs (according to the setup in Figure 6) obtained at a
flowrate of 5 mL/min in the p-FBR (with inert beads), using only DMA as the
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reaction solvent, are shown in Figure 7 at a constant temperature (~140 °C) and
variable powers (with Py = 80 W).
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Figure 6.6. Schematic overview of measurements points in the u-FBR for determination of
the axial heating profiles along the length of the reactor.

Figure 7a shows that ca. 10 sec was required to reach the set temperature at Dg
starting from ambient temperatures, consecutively reaching the desired steady state
temperature. Although the temperature over 12.5 mm of the inlet section of the
catalyst bed (position: C;-Cs) shows hardly any axial gradient, a temperature
difference between outlet and inlet of ca. 25 °C was still observed (see Figure 7b).
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Figure 6.7. a) Temperature profiles obtained at various axial positions in the micro fixed-bed
reactor. b) Temperature profiles at various positions at the reactor inlet (solvent: DMA,
flowrate: 5mL/min, Ppax: 65 W).

Similar experiments were carried out using a temperature sensor at the inlet (Co) of
the catalyst coated pu-FBR, using a fixed MW power input of 65 W. Figure 8a
shows the temperature profiles at the inlet section of the catalyst bed which
demonstrate much higher axial gradients and a strong overshoot at the initial
heating rate. At the outlet (Figure 8b) the axial temperature gradients dropped, but
the temperature fluctuations increased.

However, at the outlet (Figure 8b) the overshoot appeared to decrease along
the length of the catalyst bed due to higher temperatures at the outlet. From these
experiments, it can be concluded that controlling the power input by a set
temperature condition leads effectively to much more stable conditions and
negligible temperature overshoot at the start-up conditions (Figure 7a).
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Figure 6.8. Temperature profiles at the inlet section of the reactor (a) and at the outlet
section (b) of the reactor at 65 W and a flowrate of 5 mL/min.

Nevertheless, by adjusting the MW-power input to the reactants flowrate, using a
PID-control system, the temperature gradients over the length of the reactor could
be minimized.

6.3.2 Temperature and microwave-power control in a continuous chemical process
In a consecutive step, the reactants (potassium phenolate, 4-chloropyridine and 18-
crown-6 ether) were added to the solvent DMA to envisage their influence on MW-
absorption and temperature patterns during flow operations. Figure 9 displays
strong temperature fluctuations at the inlet (blue) and outlet (red) of the reactor and
regularly safety shut downs of the process. The presence of the reactants
demonstrated highly fluctuating temperature conditions.

200

Pawy = 200 W
Fy =20mL/min reactor outlet

L0 °C

temperature (°C)
'_\
o
o

A <«
safety shut-down

reactor inlet

0 300 600 900 1200 1500 1800 2100 2400 2700
time (sec)
Figure 6.9. Temperature-time histories at the reactor inlet (blue) and outlet (red)
demonstrate strong temperature fluctuations up to 10 °C at constant MW-power input as a
result of the reactants in the reaction mixture.

The presence of KCI salt, formed as by-product in the reaction of potassium
phenolate and 4-chloropyridine, clearly increased the complexity of the
temperature control and the PI1D-response on the power input. Figure 10 depicts the
temperature profiles obtained in a batch-loop reactor with auto-PID control for the
MW-power input based on the set temperature (T,) at the outlet of the reactor.
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The flowrate was maintained constant at 20 mL/min and the temperature was
measured at the outlet of the reactor, showing very stable temperatures in Figure
10a. As a result of the changing reaction composition (increasing KCI production)
and the related varying dielectric properties, the temperature fluctuations and
required power increased during the scope of the reaction process (Figure 10b). The
loss tangent (tan d) is the characteristic parameter to determine the capacity of a
substance to convert electromagnetic energy into thermal energy. High absorbing
solvents (e.g. ethylene glycol, ethanol) typically possess a tan 6 value around 0.9,
whereas low absorbing solvents have a value below 0.1 (e.g toluene, hexane,
xylene).

Figure 10c shows the measured tan 6 values at the reaction temperature
range for the reaction mixture in various compositions (a mixture of solvents,
recatnts and product (o), a mixture of DMA and potassium phenolate (A), a mixture
of DMA and 4-chloropyridine (¢) and a mixture of DMA and KCI (o). Clearly,
these measurements proved that the major contributor to the increase of tan J in the
reaction mixture arose from potassium phenolate 8. Conversely, KCI appeared to
have a negative effect on tan 3. This observation was confirmed when the change in
tan ¢ during reaction was monitored (see Figure 10d), demonstrating a clear, yet
moderate, decay as the reaction proceeded. From previous work, it was concluded
that under MW-irradiation the KCI by-product would deposit onto the catalyst
surface, instead of contributing to ionic heating in DMA 8,

This observation reveals an additional and crucial parameter to be
considered in controlling MW-energy for changing chemical and dielectric
compositions of the flow. An auto-PID control system was programmed to account
for the change in reaction mixture composition using both the MW-power supply
and additional dead-load as controlling parameters, releasing excessive MW-energy
to a water-flow. As a result, the overall magnetron efficiency decreased as more
than 80% of the energy was released to the dead-load. However, the cavity
efficiency arose far above 90% due to very precise energy input.
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Figure 6.10. Stable temperatures using auto-PID power input at the beginning of the reaction
(a). At higher reaction times increased temperature and power fluctuations were observed due
to changing reaction mixture compositions in the batch-loop process (b). This effect is shown
in (c), showing the major heating effect from potassium phenolate and its consumption (d),
leading to drastically changed dielectric properties and loss tangent (tan &) of the chemical
system. It should be noted that < 10% of the supplied MW-power was utilized in the cavity,
the remaining part was released to a water flow as a dead-load. In this way, the power inlet to
the applicator cavity could be controlled very precisely.

As a result, this approach with a very efficient response of the absorbed MW-power
demonstrated highly stable reactor inlet and outlet temperatures, even at 5 mL/min.
Also, energy efficiencies (from cavity to reactor) above 90% were achieved with a
MW-energy supply of only 10 £ 3 W to the reactor. Figure 11 depicts the
temperature-power graphs obtained for the process during 1 h on stream.
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Figure 6.11. Temperature-time history using a MW-power of 65 W resulting in a cavity
power of 10 W at a flowrate of 5 mL/min. Highly stable operations could be achieved using
adjusted auto-PID control.

6.3.3 Activity experiments using “in-line mixing” in a Cu-capillary flow system

Initial flow experiments have been done using an oil-bath heated Cu-capillary
reactor (inner diameter 1.05 mm, see Experimental section) to survey the
optimal process conditions and to emphasize only on the in-line mixing
properties. In the capillary-based milli-reactor two type of mixing were applied,
e.g. (1) a “Y-mixer” (250 um, 316 SS, Valco Instruments Co. Inc.), generating
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laminar flow and relatively short contact times, and (2) a “split-and-recombine”
mixer (250 um, DIARC® coated 316 SS channels), generating micron-scale
structured mixing and increased contact times, both resulting in enhanced
mixing properties (see Figure 12). In the split-and-recombine mixer, multi-
lamination was obtained, which created very thin layers by splitting the main
streams into many sub-streams, providing an increased contact time and area of
the two inlet flows %, The main difference between both mixing techniques
was the contact times of the fluids and the mixing structure, which was strongly
influenced by viscosity differences between both fluids .

/ Inlet flow 1: outlet flow:
I 1 i /KO C rl]—ie + :(L)E\SN crown [ l: O_ E. O r_]—> KO-CgHs + 18-crown-6 +
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e (in DMA) Top view . .

| (dissolved in DMA)

Inlet flow 2:
CI-CsHuN + Cy4H3o
. (inDMA) é‘?’é@é@é@

~ ®  Bottom view

Mixing mechanism

Figure 6.12. Structured mixing by the split-and-recombine mixer showing a schematic view
of the mixer and mixing mechanism as described by Zuidhof et al. !

The residence time was regulated using separate HPLC pumps for each reactant
flow. Due to the risk of leakage the flowrates in the split-and-recombine mixer
could not exceed 0.2 mL/min which led to mixing times of around 30-60
seconds. To avoid precipitation of potassium phenolate, the mixer was
conditioned at 50 °C to maintain a homogeneous solution. Under these
conditions, reaction could not occur in the absence of catalyst. The mixer was
integrated with a micro heat-exchanger to simultaneously quench the reactor
outlet flow (see Supporting Information in reference [1]). Figure 13 depicts the
results, comparing the chemical productivities of the Y-mixer (a) and the split-
and-recombine mixer (b). The productivity has been defined as the global hourly

production term of 4-phenoxypyridine per unit surface catalyst equivalent to the
inner capillary surface.
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Figure 6.13. The effect of flowrate on productivity using a Y-mixer (a) and the split-and-
recombine mixer (b). Yields are shown as a function of residence time in the capillary reactor.
Concentration-histories measured at the outlet of both the Y-mixer (c) and split-and-
recombine mixer (d). These experiments have been carried out using oil-bath heating.

Although the range of operating flowrates differed for both mixers, a drop in
chemical productivity from 0.13 to 0.07 gprog-m “carh™ Was observed in the Y-mixer
at increasing flowrates from 10 to 20 pl/min (Figure 13a). At flowrates above 100
ul/min, no product was formed even at increased residence times, using a recycle
loop reactor in the process. After comparing the reactants composition at the outlet
of the Y-mixer, the fluid consisted mostly of potassium phenolate, whereas
4-chloropyridine appeared to be sub-proportional (see Figure 13c). Based on the
concentration-time plots, the Y-mixer demonstrated that flow 1 (i.e. potassium
phenolate) clearly suppressed flow 2 (i.e. 4-chloropyridine) due to the large
viscosity difference of both flows. The split-and-recombine mixer provided a
constant productivity (Figure 13b) as a function of flowrate and, based on the outlet
concentration (Figure 13d), also the desired reactant ratio (ca. 2:1). From these
results, it was clear that a two-flow system with different viscosities and densities
required multi-lamination mixing which is applied in the subsequent sections.

6.3.4 Activity experiments in the micro fixed-bed reactor using single-mode MW-
heating

Based on the results obtained to determine the axial bed temperature, the fixed-bed
setup was applied for single-mode microwave operations in a CuZn/TiO, based

catalytic u-FBR (see Figure 14). The packing of the catalyst in the tubular reactor is
described in the experimental section.

During these experiments, the temperature was controlled using two fiber-
optic probes inside the catalyst bed as depicted in Figure 6 (vide supra). The micro-
cooling / micro-mixing units and connecting tubes were similar to those used in the
capillary-based setup (as shown in Figure 4 in the experimental section). However,
for the MW-setup a micro fixed-bed was used, aimed at supplying an equivalent
amount of catalyst surface and reactor volume and at mimicking micro-channelled
hydrodynamics.
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Figure 6.14. Schematic view of the single-mode MW-design (a) and the micro fixed-bed

reactor (u-FBR) design (b).

Influence of catalyst composition. Based on our previous catalyst composition and
activity findings ™®, the silica beads were coated with various Cu and Zn loadings
(onto titania). These silica beads were then packed in the milli-reactor tube to
obtain a micro fixed-bed of CuxZn,/TiO,/SiO, (x and y in wt%) catalyst. In this
way, various Cu and Zn loadings and ratios were examined to propose the most
active catalyst composition for maximum productivity (Figure 15).
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Figure 6.15. Influence of catalyst composition on productivity and yield using different
catalyst compositions. Cu/TiO; (a) Cug3Zng7/TiO; (b) and CugsZny s/TiO; (c).
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Compared to the oil-bath heated Cu-capillary reactor (Figure 13b), the MW-heated
Cu/TiO,/SiO;, catalyst (Figure 15a) showed almost a two-fold yield increase and a
three-fold yield increase to 26% for the CupsZngs/TiO, catalyst (Figure 15c).
However, the Cug3Zng7/TiO, catalyst showed the lowest yields (around 11%) for
residence times around 1 h (Figure 15b), which were found to be even lower than
those of the oil-bath heated Cu-capillary reactor. This yield drop could be explained
using our previous synchrotron X-ray data for the bimetallic CuZn nano-catalyst
where various CuZn compositions were examined as fresh, spent and in-situ
operated catalysts . From these experiments, it was clear that an excessive use of
Zn in a bimetallic supported nano-catalyst led to the formation of a ZnO-shell, thus
making the Cu surface less accessible for reactants. Nevertheless, the Zn-promoted
catalysts provided generally much higher activities resulting in productivities up to
an order of magnitude higher as compared to the pure monometallic Cu catalyst.

Catalyst segmentation for selective and beneficial catalyst MW-absorption. In
the previous experiments, the catalyst bed was placed at the center of the reactor
and MW-cavity. However, using this way of catalyst packing, the reaction
mixture flow would be subjected to high catalyst temperatures, which would
lead to local overheating and consequently coke formation and catalyst
deactivation. By dividing the fixed-bed, alternatively, in a catalyst segment and
an inert segment, the liquid flow would be repetitively exposed to “heating” and
“cooling” zones over the entire length of the MW-cavity. In this way, equal
amounts of catalyst would be spread over the whole irradiation section which
provided equal residence times of the reactants in the catalyst bed. Moreover,
this catalyst configuration could also provide advantages due to local and
controlled heating by segmentation, resulting from selective MW-absorption of
the catalyst. The obtained yields and productivities of a two-fold, three-fold and
four-fold segmented catalyst bed are shown in Figure 16a, 16b and 16c
respectively.
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Figure 6.16. Yields and productivities obtained from the two- (a), three- (b) and four-fold (c)
segmented catalyst bed. The same catalyst bed was segmented over the entire MW-irradiation
section using a CugsZngs/TiO, catalyst.

Figure 16 also shows the catalyst segmentation structures for all three different
reactors, using a CugsZngs/TiO, catalyst. These experiments showed a linear
relation between the number of catalyst segments and the yield increase, i.e. up
to 75% vyield for the four-fold and 57% and 40% vyield for the three-fold and
two-fold catalyst bed, respectively. These high yields have not yet been reported
previously using microwave-assisted flow chemistry in Cu-catalyzed Ullmann
C-O coupling reactions.

Furthermore, in the multi-segmented catalyst bed the productivity (as
function of the flowrate) increased with an order of magnitude (Figure 16c) as
compared to that of the single-segmented catalyst bed (Figure 15c). At best, a
productivity of 21 gprod/mzcat/h could be achieved using a four-fold segmented
catalyst bed at a total flowrate of 0.5 mL/min. The fact that the Cu-coated
segments do not only catalyze the reaction, but also provide thermal energy to
the process, demonstrated that temperature control in metal-catalyzed processes
is as important as the actual catalyst activity.

6.3.5 Temperature inside the Cu catalyst bed

The reason behind the increased productivities in a multi-segmented catalyst bed
can be attributed to the optimal utilization of the MW-energy by selective catalyst
absorption. The Cu nanoparticles played a role as a selective MW-absorbing
material and essentially increased the thermal energy “at the spot”. This was proved
by measuring the temperatures in the single-segmented fixed-bed reactor at the Cu-
coated catalyst part and at the MW-inert SiO, section for various flowrates, using
MW-absorbing (DMA) and non-absorbing (toluene) solvents. Figure 17a shows
the experimental setup with the annotated points (a-k) which resulted in an axial
temperature gradient, shown in Figure 17b.
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Since the solvent DMA absorbs microwaves during the measurements, the
temperature gradient in the catalyst segment were measured also for toluene, i.e. a
MW-transparent liquid (Figure 17c). Figure 17 showed that the temperature rise is
highest at the catalyst segments (points f, g, h and i), compared to non catalytic
segments but rapidly drops outside the catalyst segment (points a - e and j - k). This
temperature rise was observed to be proportional at different flowrates of the
solvent indicating the selective MW-absorption by catalyst bed. Moreover, using
microwave-transparent solvent (i.e. toluene) in the fixed-bed reactor resulted in
similar temperature profiles albeit at lower overall temperatures, which further
confirmed the selective Cu absorption of microwaves.

Also for the multi-segmented reactor (shown in Figure 18a), the axial
temperature measurements have been carried out using p-xylene as solvent,
which has a similar degree of MW-transparency but a higher boiling point than
toluene. Figure 18a shows the reactor setup with the catalyst segments and the
measurements points.
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Figure 6.18. Temperature profiles obtained at various axial positions from the multi-
segmented Cu/TiO,/SiO; micro fixed-bed reactor (using p-xylene).

The obtained axial temperature profile is given in Figure 18b, which clearly
demonstrates higher temperature gradients at the catalyst segments and more or
less stagnant temperature profiles at the inert segments. Figure 18 showed the
applicability of MW-heating even for MW-transparent solvents, when a MW-
absorbing metal is used, either as catalyst or simply as MW-absorber. However
in this study, both characteristics have been utilized and successfully
implemented in a MW-heated catalytic flow reactor.

6.4 Conclusions

Very efficient and precise temperature control was achieved in a single-mode MW-
cavity, using a power-temperature PID control system. This setup was successfully
applied in the Ullmann-type C-O coupling reaction in various fixed-bed catalytic
reactors as a means to conduct flow chemistry. It was found that in the case of an
empty milli-reactor the axial temperature gradient at the inlet could be maintained
lower than 10 °C at low flowrates. However, large temperature gradients appeared
at flowrates higher than 10 mL/min. The gradients at the outlet section of the
reactor appeared to be minimal and could be maintained below 4 °C. In the case of
a micro fixed-bed reactor, it was found that mainly the inlet section was subjected
to large temperature gradients and overshooting.

The reactor performance was improved by integrating a temperature
conditioned pre-mixer, based on multi-lamination mixing in a split-and-recombine
mixer. The mixer unit could be heated by integrating a micro heat-exchanger and
utilizing the hot product stream. The mixing performance was demonstrated by
measuring the reactants concentration at the outlet of the mixer and the productivity
at the outlet of the reactor. The Y-mixer demonstrated very poor mixing, resulting
in decreased productivities as function of flowrate. The multi-lamination split-and-
recombine mixer, conversely, showed the desired reactants concentration at the
mixer outlet which consequently afforded stable productivities.

The temperature fluctuations were minimized to 2 °C with cavity
efficiencies above 80% for a flowrate of 10 mL/min by adding a dead-load as
variable to control MW-energy into the reactor cavity. This could only be done
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when the changing chemical compositions of the flow were taken into account,
since liquid heating of the reaction mixture appeared to be predominantly affected
by the gradual consumption of the superior MW-absorbing component, i.e.
potassium phenolate. A yield of 19% in 1 h was achieved in the Ullmann coupling
reaction when a Cu/TiO; catalyst was used in the fixed-bed reactor applying single-
mode MW-heating. This was ca. 10% higher as compared to the yield obtained in
an oil-bath heated Cu-capillary reactor.

By changing the composition of the catalyst, while adding Zn as co-
promoter, a highest yield of 26% was attained in 80 min, using a CugsZng 5 catalyst.
However, increasing the amount of Zn demonstrated a yield drop due to a reduced
accessibility of the active Cu-surface. This observation confirms our previous
findings, where an optimum composition in Cu:Zn ratio led to much higher
activities due to the oxidative stability of Cu 6 1,

Lastly, catalyst bed segmentation in the MW-field was used to control the
liquid temperature by introducing “heating” and “cooling” zones in the fixed-bed
reactor. Increasing the number of catalyst segments resulted in enhanced product
yields, up to 75% in 80 min for a four-fold segmented catalyst bed. The overall
productivity also increased with a factor 5, using a multi-segmented catalyst bed as
compared to a single-segmented catalyst bed. An hourly production rate of 22.5
gprod/mzcat/h was achieved using a four-fold segmented catalyst bed at a flowrate 0.5
mL/min, corresponding to a kgyrs/day pilot plant.

Finally, this study also demonstrated that heterogeneously catalyzed
processes, involving MW-transparent solvents (e.g. toluene and p-xylene) and
utilizing selective absorption of microwaves by a catalyst, can be successfully
performed as a novel approach for microwave-heated flow chemistry.
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Chapter

Techno-economic assessment of an
Integrated microwave and micro
process plant for novel processing

This chapter has been published as:

F. Benaskar, A. Ben-Abdelmoumen, N.G. Patil, E.V. Rebrov, J. Meuldijk,
V. Hessel, L.A. Hulshof, U. Krtschil, J.C. Schouten (2012). Cost analysis on a
continuously operated fine chemicals production plant at 10 kg/day using a
combination of micro processing and microwave heating, J. Flow Chem., 1(2), 74-
89. [1]

Abstract

An extended cost study consisting of 14 process scenarios was carried out to
envisage the cost-impact of micro processing and microwaves separately or in
combination for two liquid-phase model reactions in fine-chemicals synthesis: (I)
the Ullmann C-O cross-coupling reaction and (11) the Aspirin synthesis. The former
Cu-catalyzed reaction was based on an experimental investigation, whereas the
latter, a non-catalyzed aromatic esterification, was based on literature data. The
costs of the production of 4-phenoxypyridine, a pharmaceutical intermediate in the
synthesis of Vancomycine or Vancocin, were compared with those of the Aspirin
synthesis, a key example of a large-scale fine-chemicals production plant. The
operating costs in the Ullmann synthesis were found to be a material-based process
(reactant excess, pretreatment and catalyst synthesis), whereas the Aspirin synthesis
appeared to be a downstream-based process (work-up, waste-treatment). The
Impact of an integrated microwave heating and micro processing system on
profitability was demonstrated with respect to overall costs and productivity.
Different modes of microwave heating and catalyst supply were studied and
compared with conventional oil-bath heated systems in batch and continuous
processes. The overall costs, including profitability breakthrough for a competitive
market price of product, were obtained from various combinations of heating and
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processing. In the case of the Ullmann synthesis the CAPEX (capital expenditure)
was negligible compared to the OPEX (operational expenditure), whereas in the
Aspirin synthesis the CAPEX was found to be around 40%, both at a production
scale of 1 kg/day. The source of the catalyst strongly determined the profitability of
a continuously operated Ullmann process due to its effect on the chemical
performance. Higher energy efficiencies could be attained using single-mode
microwave irradiation. However, the energy contribution to the overall costs was
found to be negligible. Different scenarios provided a costs-feasible and profitable
process. Nevertheless, integrated microwave-heating and micro-flow processing
lead to a cost-efficient system using a micro packed-bed reactor in comparison to a
wall-coated micro-reactor, showing a profit margin of 20%.

7.1. Introduction

Microwave-assisted flow chemistry. Currently, microwave irradiation is mostly
applied to small-scale synthesis of complex molecules for pharmaceutical purposes.
Nevertheless, microwave-process applications at larger scales are presently gaining
more interest in the synthesis of fine-chemical intermediates ®. Upscaling
microwave technology to higher production scales from multi-gram to kilogram
scale has become a major topic for industrial chemists . As one of the few
industrial examples, Novartis designed and built a microwave work station that is
equipped with four single-mode microwave reactors, capping and decapping
stations, robotic arm, transport and rack storage system, pipetting robot and feed
stations, and drying and gassing stations. Process control is made via an ethernet
connection and the throughput is maximized by parallel multi-tasking ™. In another
study, Novartis reports about their scaling attempts and procedures from a 15-mL
scale which end with a microwave-assisted batch reactor in their kilo lab, having a
reaction volume of approximately 1.1 L. Several reactions were carried out
successfully on a 50-g to 100-g scale B,

Presently, the challenge in this area is to establish a reliable and safe process
design, where typical scale-up issues, such as the limited penetration depth, energy
efficiency and temperature control are addressed P . Conventional lab-scale
organic syntheses, typically below volumes of 100 mL, are conducted in classical
batch processes where commercial microwave cavities are designed for these
limited volumes. However, due to the limited penetration depth of the microwave
field, uniform heating at larger-scales cannot be achieved without internal mixing.
Depending on the dielectric properties of the liquid reaction mixture the penetration
depth is in the order of 102 - 10° m and, therefore, heating is dominated by
convective heat-transfer at larger liquid volumes. The maximum size of a batch
reactor that can be heated homogeneously using microwave irradiation in standard
ovens, thus, is limited to approximately 1 L 7.

As a result, effective and fast heating can only be achieved in combination
with a high power input and vigorous mixing, making the use of microwave
heating energy-inefficient. Although the power-to-reactor volume ratio can be
scaled linearly for most microwave reactors, fast heating and cooling profiles
cannot be achieved as effectively as for small-scale reactors. In order to overcome
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these problems, stop-flow and continuous-flow reactors ! have been developed to
maintain the productivity in terms of space-time-yield and retain efficient heating
by properly fitting the reactor size to the penetration depth ©!.

Continuous processing for fine-chemicals synthesis. Similar to most of the
continuous operations at micro- and millimeter channel diameter scales, process
incompatibilities, such as solids precipitation and capillary clogging accompanied
with heterogeneous mixtures, are a major drawback for these microwave systems,
especially when heterogeneous catalysts are required. The use of microwave-
transparent thin-film coated reactors or packed-bed reactors provides options to
conduct continuous chemical processes for heterogeneous systems as described by
Organ et al.’® The change from batch towards continuous processing requires
dedicated modifications in the process conditions. These modifications also explain
the limited number of publications which describe continuous processing exceeding
kg-volumes for fine-chemicals. Benaskar et al. used glass and Teflon-coiled flow
cells which were placed into a multimode microwave cavity to investigate the
Kolbe-Schmidt carboxylation reaction as precursors for the Aspirin synthesis ™. A
Suzuki coupling was investigated by Wilson et al. on 10-g scale . However,
product crystallization and formation of solid particles resulted in tube-clogging
and limited its usability. Similar obstacles were found when Leadbeater et al.
aimed to scale a series of organic reactions from gram to multi-gram scale using a
commercially available continuous-flow microwave reactor 2. Further studies
using stop-flow microwave reactors also revealed the same limitation of clogging
and optimal operations could only be attained when converting homogeneous
solutions in a batch-loop system 1,

Therefore, the chemical composition of a flow mixture in continuous
processes often requires modifications, such as increasing the reactants solubility
and use of supported catalyst. Engels et al. published the modified Ullmann C-O
coupling reaction, substituting a solid base containing reaction mixture by a
homogeneous reaction mixture for continuous processing in homo- and cross-
coupling reactions 4. This development, however, has shown that the first step
towards continuous processing in slurry systems requires several modifications to
the chemistry. lllg et al. provided additional examples in organic reactions,
showing the benefits of micro processing where guidelines with requirements and
restrictions of milli- and micro-structured reactors are proposed regarding safety
and energy consumption in process intensification °!. Similarly, studies on scale-
up and multifunctional micro-reactors in real-case applications have been reported,
underlining the scale-up strategy for industrial implementation 81, An increasing
number of reviews and reports on the chemical and technological feasibility of
micro processing and microwave heating have been published, also by companies
such as Merck ™ and Lonza, highlighting the scope and limitations of both novel
technologies at small scales 8. Krtschil et al. demonstrated that generally the cost
division of process-intensified production plants at 1 kg-scale using micro
processing can be visualized as shown in Figure 1. The proposed scenarios were
based on an existing process for the production of 4-cyanophenylboronic acid at
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AzurChem GmbH, providing general aﬁJpIicabiIity of the best scenario for non-
catalyzed single-phase liquid systems €],
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Figure 7.1. Overall cost division in a micro process plant in a non-metal catalyzed
homogeneous system.

Although first insights in cost-environmental analysis have been reported 18 a
thorough cost-technological evaluation on an integrated concept of micro
processing and microwave heating has not yet been reported and will be explored
in this study in a so-called “techno-enviro-economic” analysis. The costs and
technological feasibility of implementing microwave heating and micro processing
in fine-chemicals processing at 1-kg production scale will be demonstrated. The
main aspects, highlighted in this study, concern the costs share of capital
investment and operational costs. Microwave equipment and conventional heating
systems were compared in both batch and continuous processes. Additionally, a
sensitivity analysis for larger production scales was carried out.

7.2. Experimental and methodological approach

The presented cost analysis is based on a fine-chemicals plant for different liquid-
phase flow syntheses at a production scale varying from 1 to 10 kg/day. In this
case, the plant has been designed for two pharmaceutically relevant processes, i.e.
heterogeneously Cu-catalyzed homo- and cross-coupling reactions and the
homogeneously acid-catalyzed Aspirin synthesis. Wall-coated, micro-packed bed
and nano-slurry reactors, operated either in a batch or continuous mode, are
compared for the Ullmann-type C-O cross-coupling reaction. The reaction rate
constants using the Cu catalyst in this coupling reaction of phenol and 4-
chloropyridine-HCI and those of the liquid-phase Aspirin synthesis from salicylic
acid and acetic anhydride were taken from the literature (*¥ and !, respectively).

7.2.1. Chemistry

In this case study the heterogeneous reaction was based on the liquid-phase
Ullmann-type C-O coupling of phenol and 4-chloropyridine-HCI as shown in
Scheme 1.
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Scheme 7.1. Liquid-phase Cu-catalyzed Ullmann C-O coupling. Starting material was
subjected to separate pre-treatment steps to avoid solids in the downstream chemistry.
Different Cu-based catalysts were applied in this study.

Since the original Ullmann reaction requires an excess of carbonate to deprotonate
phenol and neutralize 4-chloropyridine-HCI, a novel chemical protocol was
developed, allowing safe and sustainable continuous processing whilst increasing
the productivity ™. The acid-catalyzed liquid-phase Aspirin synthesis from
salicylic acid and acetic anhydride (see Scheme 2) differs from the Ullmann
reaction since instead of pre-treatment and catalyst synthesis, a more demanding
product workup and waste-treatment are required due to an acidic waste stream.
The well-studied chemical protocol has previously been carried out in a
microwave-assisted continuous process, allowing reliable use of kinetic data 2.

Core reaction Post-treatment Waste treatment
O

oH )I\
CoH 9 H,S0, (conc.) ¢ cout o
+ *OJ\ —_— > o+ H )I\
H,0, Argon (¢}
(1 equiv.) (4 equiv.)

Scheme 7.2. The Aspirin synthesis from salicylic acid and acetic anhydride under highly
acidic conditions.

7.2.2. Design criteria and methodology
The studied process scenarios were designed according to process criteria as
annotated below:
e A maximum capacity of the production plant of 10 kg/day of isolated
Aspirin and 4-phenoxypyridine.
e Production capacity was fixed at 80% of the maximum capacity.
e The microwave-assisted Aspirin synthesis has been proposed for single-
mode microwave cavities due to the higher energy efficiency.
e Market prices of products and raw materials were based on existing sources
of large-scale suppliers (See Supporting Information of reference [1]).
e The price of raw materials was based on purchases for 50-100 kg product
and storage in designated buffer vessels. Purchase at smaller volumes led to
unprofitable raw materials prices (Supporting Information of reference [1]).
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e Capital investments were based on existing suppliers of equipment or
estimated using existing software. Allocated costs related to equipment
installations were fixed at 400% (Supporting Information of reference [1]).

e Energy and waste costs were taken from the literature 28],

e Lifetime, depreciation time and investment rate of return were typically
fixed and calculated at 12, 8 and 2 years, respectively 8,

e Operational load was covered by one man-power at one shift/day, while the
production capacity was set at 2000 working hours/year for 8 h/shift.

7.2.3. Process flow diagram

For a consistent approach, a structured design of the overall process has been
proposed, comprising of essentially four sections where the equipment was mainly
characterized by the size of operations and degree of utilization, being:

1) reactant storage for 100-kg production scale,

2) pre- and post-treatments at 25-kg scale,

3) production site at 10-kg/day scale and

4) catalyst preparation at 1-kg scale.
Sections 1 and 3 are continuously operated at a utilization degree of 100%, whereas
sections 2 and 4 are based on a batch-wise production with a utilization degree of
20% (i.e. 1 day/week). Therefore, these sections can be utilized by various on-site
processes. Scheme 3 provides the areal division of an on-site production plant for
fine-chemicals starting from raw material storage to product purification and waste
treatment. The Supporting Information of reference [1] provides a more detailed
process flow diagram of the site whereupon the various scenarios and the required
equipment and utilities are based. It will be clarified throughout this chapter that
the capital investment can be minimized by combining several utilities in each
section.

Pre-treatment
Reactant A
Reactant Production site | Post-
storage Micro-process & Microwave || treatment
Pre-treatment
Reactant B
Catalygt Catalyst Waste Product storage
preparation storage treatment

Scheme 7.3. Container-concept of a production plant for the synthesis of fine-chemicals using
micro processing and microwave equipment.

The storage (grey), pre-treatment and post-treatment (product work-up and waste
treatment) units (blue) are essentially the same for all subsequently presented
scenarios and can be utilized in a synchronized manner, whereas the catalyst
preparation and the production sites are varied for each scenario. The latter units
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also strongly influence the productivity and operational cost and, hence, have the
highest impact on cost effectiveness. Therefore, the catalyst and production
sections are of major importance and have been explored in much more detail to
reveal the most economically feasible scenario for the production of fine-chemicals
using either micro processing, microwave heating or a combination thereof.

7.2.4. Scenario studies

In this section, several scenarios are proposed to investigate the economic
feasibility of a process-intensified production plant from a combination of
various catalysts, heating methods and process operations applied for the
Ullmann C-O coupling and the Aspirin synthesis. Figure 2 shows a schematic
overview of these combinations resulting in 14 different scenarios, each
highlighting a different system for fine-chemicals synthesis. Scenarios 1-12 deal
with the Ullmann C-O coupling reaction, whereas the Aspirin synthesis is
covered in scenarios 13 and 14. In the Aspirin synthesis, single-mode
microwave heating, being highly energy efficient, was compared with oil-bath
heating ??!. In this section the separate process units will be explored in more
detail.

|Heating techniques|

Single-mode

Microwave
Multimode

Oil-bath

Continuous

Batch

Continuous

| Continuous | Batch

| Process operation |

[ III ] l_l_l III [ III ] l_l_l

Fixed  Nano Wall No Fixed Nano Micro  Nano  Fixed Nano  Wall No

Micro  Nano
| CataIySt Supply bed slurry  coated  Catalyst bed slurry slurry  slurry bed  slurry coated Catalyst slurry slurry

i) | L L L | L) | LLL)

Scenario
12

Scenario
11

Scenario
3

Scenario
2

Scenario
1

Scenario | | Scenario| [Scenario| |Scenario| [Scenariof{Scenariof|Scenario
4 5 6 7 8 9 10

Ullmann C-O coupling

Aspirin synthesis

Scenario Scenario
13 14

Figure 7.2. Schematic overview of the scenarios divided over various sections applied for
the Cu-catalyzed Ullmann C-O coupling and the non-metal catalyzed Aspirin synthesis.

7.2.5. Heating techniques

During this study three types of heating techniques have been applied, i.e. oil-bath,
multimode microwave and single-mode microwave heating as shown in Figure 3.
The oil-bath size was chosen to provide enough capacity for both fine-chemical
processes and the related productivity requirements were provided using a LAUDA
Proline P 50 C thermostat. For multimode microwave heating two different cavities
were considered with a maximum power output of 1 kW, i.e. a batch operated
Milestones BatchSynth system and a continuously operated Milestones FlowSynth
system. These multimode cavities provide enough power capacity for the
productivity criteria. The single-mode microwave system consists of four cavities.
It was designed and built by Fricke und Mallah GmbH and TU/e. Due to
application of single-mode cavities the power output in each cavity was fully
utilized without internal losses, thus providing the highest energy efficiency.
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a)

Figure 7.3. Three different heating methods: a) oil-bath setup for batch and continuous
processing; b) multimode microwave cavity for batch processes; ¢) multimode microwave
cavity for continuous processes; d) single-mode microwave cavity for continuous processing.

7.2.6. Processes and equipment for chemical syntheses

In view of micro processing and process intensification, all continuously operated
systems have been explored in detail after the chemistry was developed in batch
systems. The batch reactors were designed and manufactured for 100-mL liquid
volumes and could easily be scaled to 1-L processing. The continuously stirred
batch reactors were heated using a jacket-heating via either an oil-bath or direct
insertion in the microwave cavity. Different tubular reactors (dj = 1-5 mm) were
made to fit the microwave cavity dimensions and the catalyst loading techniques
for the continuous processes. For the oil-bath and multimode microwave systems, a
tubular glass reactor was coiled to fit the vessel/cavity size, whereas a straight
tubular reactor was used in the single-mode microwave cavity (Figure 4).

7.2.7. Cu catalysts used in the Ullmann C-O coupling reaction

Different Cu-based supported and unsupported catalysts were developed for the
Ulimann C-O coupling reactions 4.

Micro-slurry catalysts (scenarios 6 and 11). Initially, the Ullmann reaction has
been carried out using metallic Cu powder of 30-50 um and excessive use of solid
bases (cesium carbonate) and has, therefore, been referred to the micro-slurry
catalyst cases. Obviously, scenarios 6 and 11 could not be carried out in a
continuous process due to clogging in the tubular milli-reactors and the pump parts
and have, therefore, been considered only in the batch processes.

Nano-slurry catalysts (scenarios 2, 5, 7, and 9). Once the modified Ullmann C-O
coupling and the synthesis of copper nano-particles were developed, the difficulties
with large solid particles were overcome through the introduction of the nano-
slurry catalyst. This catalyst supply method, however, was subjected to highly
expensive and inefficient catalyst separation and recovery and was, therefore, the
least suitable for continuous operations.
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Structured catalytic films (scenarios 1, 3, 4, 8 and 10). The fixed-bed system was
further developed to provide titania or zinc-oxide thin film supported Cu catalysts.
The films were dip-coated on 200 um glass beads as shown in Figure 4a and 4b.
The wall-coated catalytic films were synthesized using the same protocol as that for
the glass beads or via direct impregnation of the wall by a copper precursor !

Figure 7.4. Two types of continuously operated tubular reactors were used; a) a coiled
tubular reactor for the multimode microwave cavity and b) a straight tubular reactor for the
single-mode microwave cavity.

7.2.8. Reaction processing

Since both the unsupported and supported catalysts were studied, a different
approach in reaction processing was required for the unsupported catalysts
resulting in two additional case studies. In the cases of the micro-slurry Ullmann
C-O coupling a one-pot synthesis was performed without separate pre-treatment
requirement, but needed an excessive use of 3 molar equivalents of a highly
expensive base. Alternatively, separate pre-treatment steps were performed where
both reactants were individually treated using less expensive materials, prior to
reaction over supported catalysts in a continuous synthesis.

7.2.9. Aspirin synthesis (scenarios 13 and 14)

The Aspirin synthesis did not require a metal catalyst. The pre-mixed reactant
mixture was heated using either oil-bath or single-mode microwave heating,
representing two alternative scenarios.

7.3. Results and discussion

This cost study has been divided in four major process units which will be
presented in this section as a reagents treatment unit, a catalyst preparation unit, a
chemical reaction unit and a product work-up unit. Firstly, the capital and operating
cost of each unit will be determined reflecting the overall production costs and,
secondly, the profitability will be calculated based on the current market price of
the target products.

7.3.1. Capital expenditure (CAPEX)

Based on the process flow diagram (see Supporting Information of reference
[1]), the required equipment units in each system have been used to determine
the CAPEX figures for each scenario as given in Figure 2. Table 1 summarizes
the facility- and equipment-related expenses in the CAPEX calculations.
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Table 7.1. Fixed-cost assumptions and characteristics related to process equipment and
facility.

Capital costs

Lifetime core process 10 a

Annual output of the product 250 kg/a

Depreciation period core process 8 a

Depreciation period catalyst process 8 a

Annual depreciation linear equipment costs/depreciation period

Equipment related fixed-cost 3.8 factor of equipment cost

Facility costs annual total costs building, including
heating, lighting, etc.

Specific facility costs 300 EUR/(m? a)

Storage 300 EUR/(m? a)

Floor space required 10 m?

Storage 15 m?

Maintenance costs 1,000 EUR/a

Annual facility costs 3,000 EUR/ a

Storage 4,500 EUR/ a

Total 8,500 EUR/ a

The above given facility- and equipment-related fixed costs are equal for each
scenario study and are based on realistic values for container-concept production
plants 81, The equipment costs related to the production site is given in Figure 5.
Cost contributions from chemical processing, catalyst synthesis, heating technique
and processing technique are shown separately as proposed for the different
scenarios. The process-related units are referred to setup housing, safety sensors,
software-related equipment and additional analysis-related equipment (See
Supporting Information of reference [1]).

In the chemicals processing part, the catalyst preparation was divided in
different catalyst preparation techniques according to the previously presented
scenario proposals while the remaining part of the process was left unchanged in
each scenario. Figure 5 shows a clear influence of the choice of catalyst and heating
technique where especially the production costs of the supported catalyst and the
use of multimode microwave heating appeared to be dominant (see Supporting
Information of reference [1]). In this section the equipment costs of different
heating techniques and catalyst systems are combined with either continuous micro
processing or batch processing to obtain the overall equipment costs for a fine-
chemicals production site.
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Figure 7.5. Total costs based on the major process units for chemicals processing, catalyst
synthesis, heating and reactor design.

It was concluded that when microwaves were applied a realistic cost-
competitive process could be attained using single-mode microwave heating in
combination with a fixed-bed catalyst. The costs related to micro processing were
found to be slightly higher than those of the conventional batch systems where a
profitable micro process plant scenario could, however, only be reached at
moderate benefits in the operational costs. Figure 6 shows the equipment-related
CAPEX for each operation unit using different catalyst supply methods and heating
techniques. The dominating costs using a fixed-bed catalyst are shown once more
for all heating methods (orange) with respect to the wall-coated and slurry catalysts
scenarios. However, comparison of the CAPEX contributions from the different
heating techniques reveals that the multimode microwave cavity for flow systems is
more expensive than all other heating techniques. Both the wall-coated continuous
and the micro-slurry batch systems appear to be very attractive regarding the
equipment-related CAPEX costs. However as will be concluded later, this catalyst
does not provide satisfying chemical conversions and results in a non-profitable
scenario.

Obviously, for the non-metal catalyzed Aspirin process the catalyst-related
costs vanish completely and are, therefore, 33% lower than those of the fixed-bed
scenario. In the following sections, case studies of the different scenarios will be
discussed, where both the CAPEX and OPEX costs are screened on profitability
and cost-feasibility for implementation in a real process. A cost-feasible scenario is
defined as a scenario where the profitability (i.e. sales price minus production
costs) exceeds 5% of the production costs and retains 5% margin with respect to
the competitor’s sales price. Simultaneously, this criterion must also hold for a
CAPEX-ROR (rate of return) of less than two years.
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Figure 7.6. Overall cost and the contributions for all different heating systems, reactors and
catalyst options. SM-MW and MM-MW correspond to single-mode and multimode
microwaves, respectively.

7.3.2. Operating expenditure (OPEX)

In this study the operating costs have been mainly divided in raw and waste
materials, energy and personnel (operator) which will be discussed separately in the
subsequent section.

Raw materials costs. The raw materials costs are calculated for three different
chemical systems, i.e. the slurry-type Ullmann C-O coupling reaction (scenarios 6
and 11), the liquid-type Ullmann C-O coupling reaction (scenarios 1-5, 7-10 and
12) and the Aspirin synthesis (scenarios 13 and 14). The raw materials costs can be
divided in reagents, solvents and catalysts costs and have been explored as such. As
shown in Scheme 1, in the Ullmann reaction halopyridines and phenol were applied
as so-called electrophiles and nucleophile, respectively. The reactivity of the
halopyridines strongly depends on the halogen used, i.e. 4-bromopyridine or 4-
iodopyridine show approximately 1.3 and 1.6 times faster reaction kinetics than 4-
chloropyridine Y. However, regarding the atom efficiency, iodo- and
bromopyridine are much heavier than chloropyridine (and end up as waste) and
regarding storage, iodo- and bromopyridine are relatively unstable. Figure 7



7. Techno-economic analysis of integrated microwave and micro process plant 173

demonstrates the overall reagents costs for both liquid-type (blue) and slurry-type
(red) Ullmann C-O coupling reactions using different halopyridines.

10 m Slurry-type Ullmann C-O coupling

® | iquid-type Ullmann C-O coupling
g4 €7,600

k€/kg product

4-iodopyridine 4-bromopyridine 4-chloropyridine
Figure 7.7. Reagents expenses in €/kg product in the traditional slurry-type and the
modified liquid-type Ullmann C-O coupling reaction using chloro-, bromo-, or iodopyridine
as key reactants.

In general, it can be seen that the reagent expenses for the liquid-type Ullmann C-O
coupling are a factor two lower than those of the slurry-type reaction. The two main
reasons for this difference can be attributed to the additional costs of raw materials
in the one-pot synthesis applied in the slurry-type reaction and, secondly, to the
poor chemical performance of this system due to the rate-limiting in-situ
deprotonation of phenol and neutralization step of the 4-halopyridine salts.
Consequently, it was concluded that the use of 4-bromo- or 4-iodopyridine would
not lead to profitable production processes and both were, therefore, not considered
as potential reactants in this study.

Figure 8 provides an overview and comparison of the chemicals expenses
related to the different catalysts used in this study.
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catalyst
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catalyst
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Batch slurry ~ Continuous Supported Wall-coated
slurry catalyst catalyst catalyst

Figure 7.8. Catalyst expenses for the slurry-type Ullmann C-O coupling reaction (micro-
slurry catalyst) and three liquid-type Ullmann C-O couplings (wall-coated, nano-slurry and
fixed-bed catalyst).
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The straightforward way of synthesizing Cu coatings onto the reactor wall results
in the lowest manufacture costs related to this catalyst system. Alternatively, the
relatively complex fixed-bed system, impregnated with Cu nanoparticles onto a
thin-film support %!, led to the highest catalyst expenses and appeared, therefore,
economically the least attractive. However, compared to the reagents expenses the
catalyst costs are relatively low but still have a strong influence on the effective use
of chemicals and on the cost price due to an enhanced conversion. Consequently,
the type of applied catalyst is not related to the catalyst expenses, but to the
resulting conversion performance.

Figure 9 shows a comparison diagram of chemicals expenses related to the
overall raw materials cost of the five different processes.

Catalyst m Solvents ® Reactants
10006 4 1280 /Koo 1530 €/KQpog 1480 €/kQprog 3330 €/Kgpog 40 €/KQyog
75% A
50% -
25% -

0%
Fixed-bed Nano-catalyst [Thin-film catalyst| Micro-catalyst Non-metal
catalyst catalyzed

Liquid-type Liquid-type Liquid-type Slurry-type | Asprin synthesis

Ullmann Ullmann Ullmann Ullmann
Figure 7.9. Source of the chemicals expenses based on the raw materials cost of the five
different chemical systems.

Figure 9 clearly demonstrates a major difference in overall raw materials costd for
the non-metal catalyzed Aspirin synthesis and the Cu-catalyzed Ullmann C-O
coupling reactions due to the price of raw materials and the origin of solvents, i.e.
organic versus aqueous conditions. It will be clarified that this difference causes a
process to be either OPEX- or CAPEX-dominated and, consequently, determines
the sales price and profitability of the target fine-chemical product.

Personnel and disposal costs. As explained in the introductory part, the proposed
production plant is operated at a one-shift/day and, therefore, requires a single
operator cost-load. It has been assumed that the pre- and post-treatments, stock
loading and catalyst preparation can be done simultaneously in a fully automated
production plant. However, the time spend based on five shifts/week, at which all
different processes are spread, differs for each process unit.
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e Pre-/post-treatment 2 times ¥ shifts/week, i.e. 1 shift/week
e Catalyst synthesis 1 times 1 shift/week, i.e. 1 shift/week

e Production plant 5 times Y shift/week, i.e. 1% shift/week
e Monthly storage 1 times %5 shift/week, i.e. Y5 shift/week
[ J

Reporting and office work 5 times 1/; shift/week, i.e. 1 shift/week

The disposal costs depend on the waste source and have been divided in 2
categories for this study, e.g. organic (halogen-rich) for the Ullmann reaction and
aqueous (acidic) for the Aspirin synthesis. Figure 10 shows the general costs
division for both chemical systems where microwave heating has been applied as
heating technique. It is shown that for the catalyzed systems the operational costs
are clearly dominated by the raw materials share, whereas in the case of the
non-metal catalyzed Aspirin synthesis the personnel costs determine the
profitability in operational costs. More interestingly is the fact that energy hardly
affects the costs in both cases and, therefore, the heating technique does not
influence the operational costs.
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1500 - = Energy
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= = Personell
=<
% 1000 A
&
[%2]
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@)

500 I

0 T |
Fixed-bed Nano-slurry Wall-coated non-metal catalyzed
Ullmann reaction | Ullmann reaction | Ullmann reaction | Aspirin synthesis

Figure 7.10. Source of the chemicals expenses based on the raw materials cost of the five
different chemical systems.

Energy costs. Generally, energy consumption is considered to be of less importance
in the synthesis of fine chemicals at the kg-scale production . However,
comparing conventional with microwave heating techniques the most important
operational costs parameter is energy. The energy efficiency of both technologies
will be elucidated in this section, although at the chosen scale its contribution is
only 6%. The energy conversion efficiencies in microwave systems are mainly
dependent on the internal microwave generator and cavity losses, whereas for
electric heating the losses are dominated by losses of the medium to the
environment as found in earlier studies ?”\. In this section, the energy required to
heat the reaction medium was based on the Ullmann reaction conditions and are
described in Table 2.
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Table 7.2. Energy balance based on the process conditions
Process requirements

Mgm = M = energy absorbin
m mpdeuct =1 kg/day fl RMd solvent gy g
solvent — C+dvl:/Ct Eqg. 1 ul
B Coroauet = 0.75 moly/Lsor | Cpam = Cp sotvent

MWproauet = 0.172 kg/mol | Solvent: dimethylacetamide

m

Microwave energy balance

Qreq = Mgy CP,RM * (TR _TEnv)

EQ. 2 | psowvenr =0.93  kg/L Tr= reaction temperature

Msotvent = 0.25  0/s Teny = €NVironment temperature
QMW :Qloss +Qabs Eq- 3 Cp,solvent =2° kJ/kg/OC QMW: microwave energy
Tr =140 °C Qreq = energy for fluid heating
loss = ggb Eq. 4 | Tew =25 °C Qioss = reflected microwaves
Qeq =58 w Qups = absorbed microwaves
Q. = Qg Eq. 5 Ngen  =55-60 % ngen= efficiency MW generator
abs ™ Thapp T M =35-90 % Napp= €fficiency MW heating
Oil-bath energy balance
Qem =Queg =VemCopu (e =Te,)  EQ. 6 Vey =110 L Qma = energy for heating
medium
Qi =Vim Cr (Tr=Tew) Eq. 7 | Vam =4Vgu L Vum = volume heating medium

Cp,um  =1.48° kJ/kg/°C | Vim= volume reaction mixture

_ Qrv — VemCpam
napp " Qv VamCroim Eq.8

Nap =30 % napp = €fficiency oil-bath heating

Figure 11 shows the energy flow diagrams of a single-mode microwave system
with four cavities, a multimode microwave system and an oil-bath system with the
given energy conversion efficiencies for each 1% 2% The thermal efficiency using
electrical heating depending on the energy boundaries can be assumed to be 100%.
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Figure 7.11. Energy flow-diagrams for three heating systems studied, i.e. single-mode (left),
multimode (middle) microwaves and oil-bath (right) heating.

However, commercially available electric heaters using a liquid medium for this
production scale are equipped with internal pumping devices which require roughly
10% of the electric energy ® . Electric heating requires a higher heating medium
volume than the reaction mixture which leads to an additional loss in the overall
energy efficiency in addition to heat losses to the environment 2! . Although a fair
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comparison of microwave heating with oil-bath heating is not straightforward and
can even lead to contradicting results B% it is mandatory to assign the energy
boundaries for deducing the overall energy efficiency and consumption B, Similar
to comparing the oil-bath and microwave heating efficiencies, the microwaves
modes, single-mode or multimode, require a thorough energy comparison study as
given by Nuchter et al. and for upscaled microwave-heated processes by Strauss et
al.'® %2 However, the given efficiencies clearly show 50% reduction in energy
consumption for single-mode microwave systems 3. Only a fraction of the overall
process energy originates from reactor heating in fine-chemical synthesis as shown
in Figure 12.
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Figure 7.12. Energy consumption in the overall process, showing a major consumption in the
catalyst synthesis part with heating as a minor contributor.

Figure 13 shows the cost share related to the overall process energy for the
catalyzed and non-catalyzed systems using all different heating techniques. It is
clearly shown that a significant cost contribution originates from the catalyst
synthesis section for the metal-catalyzed systems. Most studies that refer to energy
efficiency in microwave applications are mainly targeting non-catalyzed or
homogeneously catalyzed processes where rapid heating is required B4. Therefore,
beneficially applying microwave heating in large-scale continuous processing
could only be achieved at relatively short residence times.

In the case of longer residence times, the benefits of microwave heating
could be maintained using a loop-reactor with short microwave irradiation
times ). For catalyzed systems, the preparation and regeneration of the catalyst
require energy-intensive processes (vacuum-processing, calcination, centrifugation,
etc.) and for the overall-energy consumption these contributions are most
dominating (see Supporting Information of reference [1]).
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synthesis and the Cu-catalyzed Ullmann C-O coupling using various heating techniques.

7.4. Case studies

In this part the overall costs of the different scenarios as proposed in Figure 2 will
be clarified and compared. Finally, an overall evaluation on profitability of each
scenario is given providing information on cost-feasible implementation in practice
(Supporting Information of reference [1] provides a detailed data-sheet whereupon
the scenario studies were based).

Costs effects of the chemical systems. Most interestingly for this study is the type of
chemistry performed according to an integrated microwave heating and micro
processing concept. Figure 14 shows the overall costs related to the
heterogeneously Cu-catalyzed Ullmann C-O coupling and the non-metal catalyzed
Aspirin synthesis using the same setup.

Scenario 1 Scenario 13
Catalyst type: fixed-bed Catalyst type: non-catalyzed tubular flow reactor
Operational mode: continuous Operational mode: continuous
Heating mode: single-mode microwave Heating mode: single-mode microwave
Disposal
Energy \
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15.6%

Personnel

65.0%

i Allocated
Chemicals
61.0% 11.6%
Chemicals
4.2% CAPEX
CAPEX .
4110T g}lil 630 €/Kg,roq Total ~ Dishosal Pl 400 €/kgrog
1qe] .
Jprod 1180 €/KQprog o O

Figure 7.14. Comparison of two chemical systems, i.e. the Cu-catalyzed Ullmann C-O
coupling (scenario 1) and the non-metal catalyzed Aspirin synthesis (scenario 13).
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The main cost-aspects for cost-feasibility in a microwave-assisted catalyzed and
non-metal catalyzed system are highlighted from a process and heating point of
view. Figure 14 shows that in the case of the Aspirin process the personnel costs
become OPEX dominating, whereas the CAPEX/OPEX ratio increases
considerably compared to that of the Ullmann process.

However, the comparable cheap synthesis of Aspirin is strongly reflected in
the final sales price and, therefore, the profitability (vide infra). For this study it can
be concluded that the costs effect between scenarios 1 and 13 are governed to a
large extent by the prices of the raw materials. At these scales, the Ullmann process
can be defined as a raw materials-priced process, whereas the Aspirin process can
be defined as an equipment-priced process. For the former process it should also be
noted that, as a result of these much smaller production scales combined with micro
process technology, the variable costs, consisting of raw chemicals and energy, are
much higher than those in the case of conventional scale fine-chemicals production
plants where usually the fixed-to-variable cost ratios is found to be 1.5 (60%
CAPEX and 40% OPEX) ®. Moreover, the sales price of 4-phenoxypyridine was
compared with that of Tokyo Chemical Industry (TCI-America), a commercial
producer, being 4500 €/kg in 2011 B,

Costs effects of the catalyst system. As concluded from the earlier CAPEX study in
section 7.3.1., a large difference in equipment costs would result when different
catalyst synthesis options would be used (see Figure 15). This can be explained by
the costs evaluated for the site utilities related to the catalyst preparation, which
were found to be much higher than those of any other unit in the production site.
The effect on the operational costs due to the catalyst precursors was negligible
since the amounts used in the chemical process were at trace level.

Scenario 1 Scenario 2 Scenario 3
Catalyst type: fixed-bed Catalyst type: nano-slurry Catalyst type: wall-coated
Operational mode: continuous Operational mode: continuous Operational mode: continuous
Heating mode: single-mode microwave Heating mode: single-mode microwave
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Figure 7.15. Cost comparison of scenarios 1, 2 and 3 of the different supported catalyst
systems in the Ullmann C-O coupling, i.e. fixed-bed, nano-slurry and wall-coated catalyst.

However, the catalyst preparation section contributed significantly to the overall
energy consumption (Figure 12, supported catalyst ca. 60% as 21.5 kWh, over
36.1 kWhyy), though the overall energy consumption played a minor role in the
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operational costs. Figure 15 shows the CAPEX and OPEX contributions to the
overall costs related to the different catalyst systems. Major contributions from the
CAPEX side are given again for the fixed-bed catalysts system (scenario 1) as
compared to the nano-slurry and wall-coated catalysts (scenarios 2 and 3).
Regarding the overall costs given per kg product, the wall-coated catalyst appeared
to be the least attractive due to a low chemical conversion and, therefore, high
operational costs, whereas the fixed-bed and nano-slurry catalysts showed much
lower costs. Additionally, it was already shown in Figure 9 that the large difference
in chemical costs between nano-catalysts and micro-slurry catalyst resulted from an
enhanced chemical performance when using the nano-slurry catalysts.

Costs effects of the operational mode. The costs effects of employing a
continuously operated process or a batch operated process are shown in Figure 16,
where a micro process plant is compared with a 1-L scale stirred batch reactor in a
microwave cavity.

Scenario 2 Scenario 7

Catalyst type: nano-slurry Catalyst type: nano-slurry

Operational mode: continuous Operational mode: batch

Heating mode: single-mode microwave Heating mode: multimode microwave
Energy __ Disposal Energy Disposal
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Figure 7.16. Comparison of scenarios 2 and 7, emphasizing the cost-benefits of the
continuous processing mode.

To keep reactor dimensions at these space-time-yields within reasonable limits a
single-mode cavity was applied in micro processing, while for the batch process a
multimode cavity was used. This comparison is justifiable since energy contributes
only moderately to the costs and, therefore, the large difference in energy efficiency
for the two microwave modes would not be reflected significantly in the overall
costs.

Microwave costs effect. Figure 17 shows the overall costs related to the micro-
slurry catalyst case using microwave (scenario 6) and oil-bath (scenario 11)
heating. It was previously B8 shown that the use of a slurry reaction mixture
enhances the heating efficiency and reaction rate due to the presence of salts and
their rapid heating effect in combination with microwaves. For this reason, a
microwave-assisted process finally turned out to be cheaper and favourable when
compared to oil-bath heated systems.
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Figure 7.17. Comparison of scenarios 6 and 11, demonstrating the cost-benefits of using
microwaves.

Costs effect of single- and multimode microwave cavities. In the previous section it
was shown that the use of microwaves provided a beneficial cost-effect compared
to oil-bath heating. In this section, two different microwave modes are screened
and compared,; i.e. single-mode and multimode microwaves.

Scenario 1 Scenario 4

Catalyst type: fixed-bed Catalyst type: fixed-bed

Operational mode: continuous Operational mode: continuous Energy
Heating mode: single-mode microwave Heating mode: multimode microwave 0.2%
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Figure 7.18. Comparison of scenarios 4 and 1, providing the benefits of using single-mode
compared to multimode microwave cavities.

Figure 18 shows the costs diagrams related to both multimode (scenario 4) and
single-mode microwave cavities (scenario 1) for a fixed-bed micro process system.
The total costs of the multimode microwave technique appear to be 30% higher
than those in the case of single-mode microwaves applications. However, the costs
related to the energy consumption are hardly reflected in the operational costs, even
at higher energy efficiencies from the single-mode microwave cavities.
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7.5. Sensitivity analysis of scale and catalyst costs contributions

In this section the previously presented case studies will be discussed in more detail
using a one-parameter-at-the-time sensitivity analysis. Based on the total
permanent investments (Ctp)) and the total capital investments (Crc)) of the
processes, three parameters on the rate of return (ROR) and the payback period
(PBP), both as major indicator of the venture profit (VP), were considered, i.e. an
increased catalyst activity in terms of turnover frequency and number, an increased
chemical process intensification and process scale. Figure 19 shows schematically
their influence on techno-economic feasibility, related to the costs and profits of the
studied scenarios (see for more details Supporting Information of reference [1]).
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Figure 7.19. Profitability for each scenario proposed in this study. The profitable, potentially
profitable and non-profitable scenarios are shown in green, orange and red, respectively.

Based on these results, a sensitivity analysis was carried out to envisage the
potential of bringing unprofitable scenarios to profitability by expanding the
process window.

Sensitivity of increasing the catalyst activity. The influence and the effects of
increased catalysts activity on the overall cost price, the profitability and,
eventually, the ROR and PBP have been investigated by comparing increased TOF
and TON of the catalysts with the current catalyst activities.
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Figure 7.20. Influence of the catalyst activity on the rate on return (a) and payback period (b).
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Figure 20 shows the ROR for the different scenarios and the related PBP for
different catalyst activities. Most noticeably for the catalyzed systems, the ROR
showed the linear dependency on catalyst activity, while a more asymptotic
dependence was observed in the case of the PBP (see Figure 20b). The highest
impact of an activity increase on the PBP was observed for scenario 5 (nano-slurry
catalyzed, multimode microwave setup) due to a relatively low ROR for the current
catalyst activities. Moreover, scenarios 3 and 4 (wall-coated, single-mode
microwave and fixed-bed, multimode microwave setup) can even reach a positive
ROR and feasible PBP by only 50% increase in catalyst activity. Therefore, for
these scenarios both microwaves and micro-reactors are clearly not the cost drivers.
Scenarios 3 and 4 rather appear to be governed by the catalyst activity.

Sensitivity of chemical process intensification. In addition to an increased catalyst
activity, the reactant concentrations in the chemical process could also lead to
decreased solvent costs and increased productivity in terms of space-time yield.
However, increasing the reactant concentrations might consequently lead to an
increased reaction mixture viscosity, risk of crystallization and modified liquid
polarity and, accordingly, microwave absorption properties. The pressure drop
profiles based on the Ergun equation as a function of increased viscosities are
supplied in the Supporting Information of reference [1]. A sensitivity analysis of
process intensification by increasing reactant concentrations is required to
justifiably assess its effect on both the ROR and PBP. Figure 21a shows the ROR
for all the scenarios at doubled and tripled reactant concentrations with respect to
the current experimental conditions. In contrast to the linear effect of the catalyst
activity on the ROR, the effect of the reactant concentrations appears in most cases
to behave logarithmic. This means that an optimum can already be attained by
doubled concentrations, whereas a three-fold increase demonstrates less benefit.
Besides the benefits of increasing the catalyst activity, the wall-coated micro-
reactor in a single-mode microwave system would be economically even more
favourable at increased reactant concentrations, resulting in a PBP of even less than
two years (see Figure 21b).
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Figure 7.21. Influence of the reactant concentrations on the ROR (a) and PBP (b).
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Sensitivity of process-scale: numbering up or numbering out? The scale-up of the
given processes has also been surveyed as a method to monitor the profitability
window for the different scenarios. The current process was based on 10 kg/day
production scale and, as can be expected, expansion of the production capacity will
lead to decreased operating costs and, therefore, a decreased PBP for all scenarios.
Figure 22a shows the effect of 10, 100 and 500-fold process scale-up on the PBP
which demonstrates only a minor decrease in the PBP at 10-fold upscale factor.
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Figure 7.22. Influence of operating scale on PBP (a) and the optimal upscale factor for
minimizing the PBP (b).

However, a 100-fold process upscale demonstrated a much larger decrease in the
PBP, resulting in a decrease of 58% at best case for the wall-coated micro-reactor
in a single-mode microwave cavity. Figure 22 (right) shows that at much larger
upscale factor the cost benefits, with respect to decrease in the PBP, reduce and
provide no added value. It also shows that the optimal upscale factor of this process
is found to be around 50-fold upscale in capacity. However, for higher production
capacities it becomes more beneficial to have a number of delocalized production
plants at an optimal capacity of 500 kg/day (i.e. 10 times 50 kg/day; equivalent to a
50-fold scaled plant) production plant. In this way of scaling by “numbering out”
an optimized production facility provides an efficient way for a capacity to 5
tons/day at ten delocalized sites of 500 kg/day (equivalent to a total of 50-fold with
respect to the base case) and would lead to an economically more efficient
production plant.

7.6. Conclusions

In this study, the impact of various chemical process parameters (such as type of
catalyst, heating mode, processing mode and scale) on the overall production costs
has been investigated when implementing each of them in a microwave-assisted
micro process plant for the synthesis of fine-chemicals. Two existing production
lines were considered, i.e. 4-phenoxypyridine, a precursor in the production of the
antibiotic Vancocin, and for Aspirin. The sales price of these products has been
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derived on a 10 kg/day scale, based on recent market values of 4-phenoxypyridine
and Aspirin B9,

Figure 19 showed that the use of single-mode microwave heating combined
with micro processing, as a replacement for conventional heating and processing,
can be beneficially done in a heterogeneously catalyzed process when using a
micro-fixed reactor (scenario 1). This combination resulted in an operating profit of
385 €/kg for 4-phenoxypyridine and exceeded the techno-economic benefits for
supported systems among all microwave-related scenarios. An alternative method
to carry out catalytic reactions can be achieved profitably using catalyst nano-
slurries (scenarios 2 and 9). However, due to the large technical risk and catalyst-
recovery costs these profit margins are most probably insufficient, making these
processes difficult to commercialize.

For non-metal catalyzed homogeneous liquid systems, the use of microwave
heating in a micro process plant (scenario 13) can be carried out feasibly in all
cases as compared to conventional heating (scenario 14), resulting in a highly
profitable process. The use of wall-coated reactors (scenario 3) can provide a
profitable scenario. However, this can only be achieved if the chemical
performance could be improved, e.g. by increasing the catalyst surface either by
using small (reactor) channel diameters (<50 um) or highly porous wall material.
This conclusion was confirmed by the performed sensitivity analysis, where the
catalyst activity appeared to be more influential on the rate of return and the
payback period than the effect of chemical process intensification on the space-time
yield. However, the most influential parameter on the profitability (in terms of
ROR and PBP) appeared to be the production scale, at an optimal capacity of 500
kg/day. Larger production scales could generate even more profitability at
decentralized production sites by means of “numbering-out”, thus providing the
added-value of flexible and transportable production of fine-chemicals.

7.7. Remarks

The results obtained for the Ullmann ether synthesis allow to derive some general
conclusions regarding the profitability of fine-chemical processes when carried out
in flow (as compared to batch technology), and regarding the dominating and
decisive role of selecting the right choice of heating and catalyst concept. In
general, micro processing and microwave-related equipment costs consist of given
cost shares comparable to other fixed costs of the selected scenario and are by no
means dominant over the alternative, more classical, processing (e.g. stirred batch
reactors) and heating (e.g. electric heating). An economic benefit from these novel
technologies is reflected in the operating costs caused by various factors, such as an
increased reaction rate, product selectivity, p-T window and improved residence
time control, rather than by costs related to the equipment purchase. Thus, when
referring to new, innovative, but yet unfamiliar type of processing, the equipment
costs are only apparent cost drivers and this processing type requires justified
scaling to generate process technological benefits and overall profitability.
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Both micro processing and microwave heating change most importantly the process
protocol and thus their secondary effects, as derived from a modified protocol, such
as for example changes in catalyst supply (microwave-transparent support, such as
titania), in reaction mixture homogeneity (addition of solubilizing agents, such as
crown ethers) and in a controlled heat input (presence of a metal catalyst in a
microwave field). These modifications are much more relevant and are in fact the
actual cost drivers when compared to existing fine-chemical technology based on
the traditional reactor and related heat input.

The most relevant message from this chapter is that the process design needs
to be taken into account in a holistic manner rather than focusing only on the fine-
chemical reaction. In deduction, it can be concluded that micro-reactor technology
(i.e. channel-coated) typically combines preferably with oil-bath heating (compare
scenarios 3 and 10), whereas flow chemistry in fixed-bed milli-reactors can also be
combined with microwave technology (compare scenarios 8 and 1). This is simply
the result of surface heating versus volumetric heating, respectively. In addition,
micro processing was found to be most advantageous for non-catalyzed systems,
due to the catalyst preparation costs. Catalyzed operations in micro-systems
increase the process complexity as most of the technical investments shift to
catalyst design rather than to reactor design. Finally, the type of chemistry might
well be of major importance in view of the costs as compared to technological
issues.
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Chapter

Conclusions and Recommendations

Conclusions

As described in this thesis, novel routes to synergistically combine microwave
technology and flow processing have been investigated and proposed. Both
technologies exist for many years and have established a mature position in
academia and more and more in industry. To achieve a successful combination of
microwave heating and flow technology, it appeared to be of paramount
importance to firstly investigate the scope and more important also their limitations
with respect to chemical applications. To the best of my knowledge and as
concluded in this study, this would mean to search for suitable chemistry which can
realistically be adapted for these technologies. Therefore, an important message is
to start with a thorough development of the chemistry and catalysis, prior to any
judgment on the technical feasibility and potential of microwave heating, flow-
process technology and a combination thereof.

Inspired by the “Factory of the Future concept” the aim was to start thinking
out of scratch and to search for solutions on a higher systemic level, knowing that
such development is deeply holistic and needing inventions on all individual levels
such as the catalyst, the reactor, the heating, and finally the processing system. It
was moreover clear that there is an interplay between these innovations which
finally would demand a multi-cascaded and multi-criteria decision platform.
Although this level of complexity was not aimed for during the early stages of this
topic, interactions between innovations appeared to dominate, i.e. between the
catalyst formulation and its coating ability in a micro-reactor or on a micro-bead
and its heating efficiency when entering a microwave field.

Reaction kinetcis and mechanism. Following the abovementioned strategy, this
work was instigated with a parametric study to address all the factors that influence
the Ullmann-type C-O bond formation and to elucidate the mechanism by which
copper mediates the Ullmann-type SyAr reaction of 4-chloropyridine with

189
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potassium phenolate. Since the project aim was driven by application in flow
processing, the use of the conventionally applied solid base Cs,COs; could
successfully be eliminated without depleting process efficiency. Therefore,
potassium phenolate and liquid-phase 4-chloropyridine were successfully
introduced as reactants, avoiding additional chemicals cost as well as processing
difficulties. Furthermore, rate enhancement of the reaction through the application
of 18-crown-6 as an alkali metal scavenger was demonstrated. Process parameters
and chemical conditions, such as temperature, reactant concentrations, catalyst
type, catalyst concentration and amounts of solubilizing additives were varied to
obtain key kinetic parameters, fit for use in flow systems. It was found that the
nucleophile concentration played a more important role than the electrophile
concentration. Consequently, increasing the 18-crown-6 ether cation solubilizer
concentration demonstrated to be most important at low potassium phenolate
conversions. However, at high conversion the excessive by-product potassium
chloride limited its functionality. The obtained kinetic data provided an activation
energy of 55.4 kJ/mol over a Cu® catalyst and could be best described by a
Langmuir-Hinshelwood kinetics model with a strong adsorption of 4-
phenoxypyridine on copper.

Nano-based catalyst development. Subsequently, these advances were extended
by using a nano-Cu(0) catalyst, which eventually led to more efficient copper-
based nanoalloys CuSn and CuZn. These nano-alloys allowed reductions in both
reaction time and reaction temperature in the copper-catalyzed Ullmann-type
etherification reaction as compared to the performance of either commercial Cu(0)
or the monometallic Cu(0) nanoparticles. Only 1.5 mol% of nanostructured CuZn
catalyst was needed to obtain yields of up to 90%, whereas previous experiments
required the use of as much as 10 mol% of commercial copper or copper-wires.
The synthesis of these nanoparticles was based on the improvement of the chemical
reduction method of the Cu-precursor by adding NaH,PO,-H,O, which led to
improved particle morphologies and mean particle sizes and distributions. This
alcohol-based procedure, in the presence of N-poly(vinylpyrrolidone) (PVP,
Mw,, 40,000), showed superior results with respect to the procedure of using the
conventional N,H4-H,O and NaBH, reductants. In this way, oxidative stable
Cu nanoparticles were obtained with a mean particle size of 9.6 £ 1.0 nm. These
catalysts showed a considerable improvement in the batch-type Ullmann-type
etherification and, in conjunction with DFT (Density Functional Theory) and
Monte Carlo modeling of copper-support interactions, long-term stability studies
were done to immobilize stable nano-copper catalysts and copper-based bimetallic
colloids on titania based supports.

Heterogeneous catalyst for flow processing. These findings were utilized to
develop two novel heterogeneous copper-based nanostructured catalysts, using
non-porous TiO, and mesoporous TiO, films, deposited on glass beads as
substrates for a fixed bed flow reactor. The catalytic films, after impregnation with
Cu or CuZn nanoparticles, were used to study the catalytic activity in the same
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copper-catalyzed Ullmann C-O coupling reaction towards 4-phenoxypyridine in a
batch-wise operated stirred tank reactor. A highest product yield of 84% was
obtained in 90 min by using catalysts with 2 wt% Cu onto mesoporous TiO; films
with mean pore sizes of 24 £ 4 nm. After 12h preconditioning, the observation of a
Cu loading of 1.8 wt% demonstrated that leaching of Cu does not play a significant
role for these mesoporous titania support systems. Moreover, bimetallic CuzZns
nanoparticles (deposited onto mesoporous TiO; films) with a mean size of 4 nm
showed a significant preservation of the Cu(0) oxidation state. The presence of Zn
appeared to be crucial for the stabilization of metallic Cu, especially in the case of a
mesoporous titania support. Conversely, the main reason for catalyst deactivation
in the case of the non-porous TiO, films was found to be support leaching, more
profoundly than the Cu catalyst losses. This observation underlines the significance
of metal-support interactions between copper and the nanoscopic support oxide,
especially in the mesoporous TiO; support.

The effect of microwave heating in flow processing. Further employment of
these findings was carried out in two flow milli-reactors for microwave-assisted
Ullmann-type C-O coupling reaction. Both a tubular wall-coated (ZnO support) and
a fixed bed (TiO, support) milli-reactor were designed and loaded with the
aforementioned Cu nanoparticles. Copper catalyst deactivation for both reactors
appeared to be only significant after 24 h on-stream and this deactivation could
partially be avoided by thermal treatment of the reactor after each cycle. Up to 60%
yield was attained using the Cu/ZnO wall-coated reactor for two consecutive runs.
No significant activity drop was observed if a thermal pre-treatment of the reactor
(350 °C for 24 h) was undertaken prior to each run. The Cu/TiO, fixed bed reactor
revealed lower yields due to catalyst leaching. However, reactor productivities of
up to 55 kgpmd/(mRs.h) suggested a better performance than those of using the
Cu/ZnO wall-coated reactor. Therefore, experiments were further applied in the
Cu/TiO, fixed bed reactor using microwaves as an alternative energy source for
selective catalyst heating. The use of high-density single-mode microwaves showed
a three-fold yield increase in the Cu/TiO, fixed bed reactor when compared to the
application of multimode microwaves. Nevertheless, the use of metallic copper in
the microwave cavities appeared to be only advantageous at low microwave powers
and catalyst loadings. At higher powers and catalyst loadings arcing led to rapid
catalyst deactivation. A linear relation between the arcing frequency and the
catalyst loading was found. It was demonstrated that yields obtained using
microwave heating at 140 W were almost 30% higher than those achieved with oil-
bath heating, whereas no significant yield increase was observed for microwave
powers above 300 W. In the case of a CuZn/TiO, catalyst, a three-fold yield
increase could be demonstrated in a highly dense single-mode microwave cavity
which, to the best of our knowledge, resulted to a not yet reported productivity of
up to 172 kgpmd/(ng-h) for microwave-assisted flow synthesis in the Ullmann C-O
coupling.
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Structured fixed bed flow-reactor for microwave heating. Clearly, a single-
mode microwave cavity would provide more efficient and precise temperature
control as compared to multimode microwave ovens. Therefore, a single-mode
microwave cavity was applied in the Ullmann-type C-O coupling reaction in
various fixed bed catalytic reactors as a means to perform flow chemistry. In
addition, using a multi-lamination split-and-recombine mixer showed the desired
reactant concentrations at the mixer outlet which consequently afforded stable
productivities. The temperature fluctuations were minimized to 2 °C with cavity
energy efficiencies above 80% for a flowrate of 10 ml/min by adding a dead-load
as variable to control the microwave energy into the reactor cavity. This step was
crucial to account for changing dielectric properties of the reaction mixture
composition after reaction. A yield of 19% in 1 h was achieved in the C-O coupling
reaction when a Cu/TiO, catalyst was used in the fixed bed reactor combined with
single-mode microwave heating. This yield was ca. 10% higher as compared to that
an oil-bath heated Cu-capillary reactor. By changing the composition of the catalyst
and adding Zn as co-promoter, a highest yield of 26% was attained over a CusoZnsg
catalyst in 80 min. However, increasing the amount of Zn demonstrated a yield
drop due to a reduced accessibility of the active Cu surface. More importantly,
catalyst bed segmentation in the microwave field was used to control the liquid
temperature by introducing “heating” and “cooling” zones in the fixed bed reactor.
Increasing the number of catalyst segments resulted in remarkable yield
enhancements, up to 75% after 80 min for a four-fold segmented catalyst bed.
Finally in this study, a novel approach to conduct heterogeneously catalyzed
microwave chemistry, involving microwave-transparent solvents (e.g. toluene)
using selective absorption of microwaves by the catalyst, was demonstrated

Techno-economic evaluation of combined microwave and micro processing. In
the final part of this thesis, the impact of various chemical process parameters on
the overall production costs has been reported when implementing them in a
microwave-assisted micro-process plant for the synthesis of fine-chemicals. Two
chemical production models were considered, i.e. 2-acetoxybenzoic acid as Aspirin
and 4-phenoxypyridine as antibiotic precursor in Vancocin production. Single-
mode microwave heating and micro processing as replacements for conventional
heating and processing can only be beneficially for a heterogeneously catalyzed
process when a micro fixed-reactor is used. This combination resulted in an
acceptable operating profit and provided the largest techno-economic benefits in all
microwave-related scenarios. An alternative method to carry out catalytic reactions
can be achieved profitably by using catalyst nano-slurries. However, due to
insufficient profit margins balanced over the large technical risk and catalyst
recovery limitations, these processes are not advisable. For non-metal catalyzed
homogeneous liquid systems, the use of microwave heating in a micro-process as
compared to conventional heating plant can generally be carried out feasibly,
resulting in profitable scenarios. The use of wall-coated reactors can provide a
favorable scenario, but only if the chemical performance could be improved, e.g.
by increasing the catalyst surface either by using small (reactor) channel diameters
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(<50 pm) or highly porous wall materials. This conclusion was confirmed by the
sensitivity analysis performed, where the catalyst activity appeared to be more
influential on the ROI (rate on investment) and on the PBP (payback period) as
compared chemistry intensification. However, far most influential parameter on
profitability (in terms of ROI and PBP) appeared to be the production scale, at an
optimum capacity of 500 kg/day. Larger production scales could generate even
more profitability at decentralized production sites by means of “numbering-out”
and by providing the added-value of flexible and transportable production sites.

Recommendations

Our efforts to combine microwave heating with flow processing in micro-
structured fixed bed and wall-coated milli-reactors provided various economically
feasible strategies to proceed with. However, as discussed in the conclusions
summarized in this thesis the type of chemistry and the related need for
heterogeneous catalysts appeared to be much larger game-players for establishing
cost-competitive processes. Therefore, it is of vital importance to primarily
evaluate and separately develop suitable chemistry before considering
combinations of novel technologies, such as microwave heating and micro
processing, at all.

This evaluation must initially proceed by ensuring that the chemistry can be
feasibly operated in a continuous micro- or milli-reactors. At this stage, the reaction
kinetics must be investigated in a CSTR (continuously stirred tank reactor) or
differentially operated tubular reactor to determine not only the influence of
stoichiometry of the reactants and the catalyst loading, but also to foresee the
presence of an induction period or catalyst pre-activation. Undoubtedly, also the
presence of insoluble components (such as salts and bases) should be avoided to
prevent clogging, e.g. using liquid bases or different solvents. These results provide
the major input to establish the feasibility of a continuous process and to finally
correlate reaction kinetics between batch-chemistry and continuous processing.

Simultaneously, batch-type experiments need to be performed to investigate
the presence or absence of rate enhancement effects of microwave heating with
respect to conventional heating methods. In this step, the influence of microwave
heating on chemical transformations must be determined accurately and correctly
by investigating the effect of mixing, presence of salts and metallic particles, but,
most importantly, adequate conversion of microwave energy into thermal energy
by accurate temperature measurements. To meet this latter requirement, it is highly
recommended to measure temperatures at various points in the reactor using
various probes simultaneously.

Special attention must be paid when microwaves are concurrently applied
with metallic particles as their interaction would lead to much faster and usually
undetectable heating effects. Metals (and more pronounced magnetic particles) lead
to much higher surface temperatures than those measured at the probe and often
provide higher “observed” reaction rates which could easily trick the chemist.
Many examples in the literature exist where such effects were ignored and results
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were wrongly interpreted due to incorrect temperature measurements, especially
when a coated (read insulated) probe and inert N, or Ar flows (also functioning as
coolant) were applied. Therefore, understanding and distinction of very fast
microwave-metal interactions and rather slow microwave-liquid interactions must
be established by preliminarily investigating the effect of metals in non-absorbing
solvents.

If (and only if) a clear understanding of the effect of microwaves on the
chemical reaction has been established and correlated to conventional heating, the
next step can be taken by combining microwave heating with flow-processes.
However, during this step it should be realized that microwave energy is supplied
statically while liquid flow is dynamic over the reactor length. Especially in single-
mode microwave cavities, the microwave density is equal over the entire length of
the reactor, leading to thermal energy accumulation in the reaction mixture.
Consequently, the effect of temperature rise on the degree of microwave absorption
must be included, noting that microwave absorption might increase at higher
temperatures. In addition, increasing product and decreasing reactant
concentrations might change the overall dielectric properties which sometimes, but
not necessarily, may lead to decreased microwave absorption.

Finally, also the optimum production scale for beneficial use of single-mode
microwaves needs to be assessed carefully, especially in view of the equipment
cost which enables the highly structured microwave patterns in single-mode
cavities. By numbering-up parallel cavities production scale-up can be established,
however the cost-competiveness limit is reached much faster as compared to the
scale-up in multimode microwaves. This disadvantage of single-mode microwaves
can simply be attributed to the non-linear CAPEX increase when the maximum
magnetron capacity is exceeded. Cavity size limitations are of less importance in
multimode microwaves as, dependent on the magnetron capacity, the dimensions of
the cavity do not influence their random microwave distribution significantly.
Nevertheless, the drawbacks of multimode microwaves will still be of main
concern when uniform microwave distribution and temperature control are required
such as for near-bulk-scale and smart-scale-flow applications. Therefore, a
thorough consideration of CAPEX and product quality becomes important in
deciding for the most suitable mode of microwaves when scale-up issues are
addressed.

Undoubtedly, the abovementioned recommendations are crucial to combine
both microwave technology and micro processing for a techno-economically
feasible process. However, it should be emphasized that the steps to combine these
technologies should not be investigated in series. On the contrary, most of the steps
recommended above must be performed as parallel steps as the major hurdles are
mainly accompanied by marrying the chemistry and each novel technology
separately. Keeping this in mind, the investigator will be provided with a “go” or
“no-go” scenario, already at a very early stage, which results in efficient use of
research resources, but, most importantly, sufficient confidence to combine those
technologies.
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