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The atom economy concept is one of the earliest recognition for green and sustainable aspects of organic synthesis.
Over the years, novel technologies emerged that made this important feature of reactions into practice. Continuous-
flow devices increased the efficiency of the chemical transformations with novel process windows (high T, high p and
heterogeneous packed catalysts etc.) and increased safety which turned the attention to reexamine old, industrial
processes. Oxidation can be performed under flow catalytic conditions with molecular oxygen; alcohols can be
oxidized to carbonyl compounds with high atom economy (AE=87 %). Using O2 and 1 % Au/TiO2, alcohol oxidation
in flow was achieved with complete conversion and >90 % yield. N-alkylation is another good example for achieving
high atom economy. Under flow catalytic conditions (Raney Ni), amines were successfully reacted with alcohols
directly (AE=91 %) with >90 % conversion and selectivity. In both examples, the effective residence time was less
than 1 min. These two examples demonstrate the significant contribution of flow technology to the realization of key
principles in green and sustainable chemistry.
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1. Introduction

Routine organic chemistry and apparatus uses only a portion
of the available parameter space [1], which limits the potential
to find more novel and efficient chemistry pathways. Catalysts
readily accelerate the transformations by lowering the activation
energy allowing reactions to be carried out at lower temper-
atures. Furthermore, transition metal catalysis in continuous
flow at high temperature and pressure opens the gateway to
novel, highly efficient, and economical transformations includ-
ing the realization of simple and basic processes with high atom
economy not feasible under conventional batch regime.
Prof. Barry Trost described the concept of atom economy

20 years ago [2]. Atom economy is a ratio of comparing the
mass of product relative to the mass of reaction byproducts. His
novel look at chemical reactions contributed to the development
of green and sustainable chemistry, and his concept became one
of the cornerstones of this new era of synthesis. Later, this
concept was extended by Sheldon in accounting for stoichio-
metric excess, solvent usage, and catalyst recycling, providing
green chemistry metrics such as environmental impact factor
and reaction mass efficiency [3]. To achieve high atom econ-
omy for a reaction became one of the major drivers of novel
synthetic transformations in the last 15 years [4].
There are several industrial processes where the transforma-

tion requires the introduction of a proper functional group (e.g.,
leaving group) which enables the high yield conversion. For
example, alcohols are rather unreactive towards amines, while
alkyl-halide precursors readily react with amines and this pro-
cedure is commonly used in industrial N-alkylation. Such acti-
vating groups leave behind one molecule by-product to be
treated often as a dangerous waste, for example conventional
N-alkylation produces halides as either acids or more com-
monly salts by the addition of a base to trap the acid. Another
direction in the progress of improving the atom economy is to
replace complex reagents with elemental gases in order to
convert one functional group into another one. Oxidation is a
typical process and using molecular oxygen as an oxidizing

agent was prevented by the unavailability of proper catalysts
as well as safe instrumentation.
Continuous-flow microreactors open new avenues in syn-

thetic chemistry with many of their advantages including (i)
the ability to extend the parameter space of chemical reactions
significantly (up to 400 °C and 200 bars); (ii) to prevent by-
product formation by moving the reagents away from the reac-
tion zone right after they form the desired product; (iii) to
increase reaction rates via enhanced heat/mass transfer [5].
The recognition of such primary advantages encouraged many
laboratories to revisit some of the centuries old transformations
in continuous flow and investigations started to replace the
waste-generating functional groups and reagents with alterna-
tive green solutions that lead to higher overall atom economy
[6]. In the present account, we describe very efficient heteroge-
neous catalytic flow procedures of direct N-alkylation with
alcohols as well as oxidation with elementary oxygen. In both
cases, the only by-product is water and the catalysts can be
reused without filtration because they are contained in a closed
cartridge, reducing the work-up and purification burden.

2. Results and Discussion

2.1. Case Study 1: Oxidation with Elemental Oxygen in
Flow. In the first case study gas–liquid phase heterogeneous
catalytic reactions (particularly oxidations) are discussed with
a simple added gas component. Employing traceless gaseous
reagents over chemicals allows the ability to develop greener
processes by reducing the waste from purification because
excess gas is easily removed from a reaction. Applying hetero-
geneous catalytic flow technology gives further advantages:
very efficient gas–liquid–solid interaction can occur in the large
interfacial area and the small reaction volume reduces the
potential for explosions, so dangerous gases can be applied in
a safe and sustainable way. While hydrogenation is extensively
used in continuous-flow processes due to the availability of safe
in situ generation of this gas in a flow reactor [7], oxidations
with molecular oxygen are not fully exploited due to the strict
technological requirements for safe operation. In a novel fixed-
bed continuous-flow reactor, various external gas components
can be safely applied including O2, CO, or other similarly
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dangerous gases. We investigated various oxidation reactions
with elementary oxygen (including aromatization, conversion of
primary and secondary alcohols to aldehydes vs. ketones) at high
temperature (150 °C) and pressure (50 bar) demonstrating the
various novel opportunities in continuous flow. The reactor car-
tridges can be pre-packed with various types of heterogeneous or
immobilized catalysts which avoid leakage and allow the reuse of
the catalyst. The highly controlled gas insertion, even at high gas
flow rates, allows transformations at high concentrations leading
to higher throughput.
Oxidation reactions are very important processes in organic

synthesis within the pharmaceutical, agrochemical, and fine-
chemical industry. There have been a huge number of methods
including their variations for oxidation of alcohols; a Reaxys
search resulted in more than 150 procedures with higher than
95% yield. Most of the applied procedures utilized oxidizing
agents in stoichiometric amount: metal species— permanganates,
chromates including pyridinium chlorochromate— PCC (shown
as illustration to the low atom economy), hypervalent iodine
reagents, N-oxyl radicals, peroxides with additives as well as
alkoxysulfonium intermediates etc. (a comprehensive list is given
in Ref. [8]).
Much attention has been paid to develop catalytic reactions

in place of classical methods using stoichiometric quantities of
inorganic oxidants, which are highly toxic and cause pollution
in the environment [9].
Among various types of oxidative transformations, the oxi-

dation of alcohols to carbonyl compounds plays an important
role [10]. In recent years, substantial effort has been made to
replace stoichiometric oxidants with catalytic methodologies as
well as the use of “green” oxidants to improve the atom econ-
omy of the process.
The use of molecular oxygen minimizes chemical waste

producing water as the sole final by-product, and the process
has very high atom-economy.

Comparison of with pyridinium chlorochromate — PCC
(Mwt.: 215.56)

Atom economy (process1): 35%
Atom economy (process2): 87%

Investigations started on heterogeneous catalysts, but they
usually suffered from low catalytic activity relative to their
homogeneous counterparts [11]. In order to overcome the diffi-
culties as well as reducing the environmental burden, there
should be easy separation and reuse of the catalysts involved.
Low-valent ruthenium species are found to be excellent cata-
lysts with wide variations [12] for the dehydrogenation of
alcohols.
In our study, we investigated the selective oxidation of pri-

mary and secondary alcohols in flow reactors that apply closed
cartridges [13] filled with commercially available catalysts to
deliver a practical synthesis of aldehydes and ketones that meets
several criteria of green chemistry. As shown, the significant
improvement of atom economy with elemental oxygen is an
important green factor. Although ruthenium represents excellent
selectivity as well as wide substrate scope, gold catalysts have
recently been recognized as a promising metal for the aerobic
oxidation of alcohols [14] considering the activities and effi-
ciency. In our study below, we systematically investigated the
catalysts of choice regarding efficiency and selectivity in alco-
hol oxidation as well as aromatization.
2.1.1. Oxidative Aromatization. First, we investigated oxida-

tive aromatization in flow which was successfully performed in
batch using an activated carbon-molecular oxygen system [15].
We have chosen the 5-nitro-indoline to 5-nitro-indole trans-

formation as a model reaction:
H-Cube Pro™ was applied with and without the novel Gas

Module. The GasModule allows using further 13 gases (including
air, Ar, ethylene, ethane, methane, H2, N2, CO, NO, N2O, He, O2,
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Table 1. Optimization of the oxidative aromatization of indoline with molecular oxygen

Entry Oxidizing agent Solvent Catalyst T/°C p/bar Conversion/%a Isolated yield/%

1 MnO2 Acetone MnO 60 20 82 N/A
2 H2O2 Acetone–H2O2 (4:1) Au/TiO2 70 20 68 (78)b N/A
3 H2O2 Acetone–H2O2 (4:1) Au/TiO2 100 30 68 (98)b N/A
4 O2 (10 mL/min) Acetone Au/TiO2 75 11 8 N/A
5 O2 (10 mL/min) Acetone Au/TiO2 150 11 95 83 %
6 O2 (50 mL/min) Acetone Au/TiO2 150 20 >98 95 %

a LC–MS results.
b Improved yields are indicated in commas after 2 runs.

Scheme 1. Comparison of the atom economy values of an oxidation process with a typical oxidating agent and oxidation with molecular oxygen
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synthesis gas etc.) from external sources up to 100 bar using the
same touch screen controls [16]. The following reaction agents and
parameters were tested:

– Oxidizing agents: MnO2, hydrogen-peroxide (H2O2),
and oxygen (using the Gas Module);

– Catalyst: 1 % Au/TiO2 (cartridge: 70 mm, THS 01639);
– Solvent: acetone;
– Temperature 60–150 °C, pressure 10–50 bar, liquid

flow rate 0.5 mL/min, gas flow rate: 10–50 mL/min,
concentration: 0.05 M,

As a result of the parameter scanning, we found that application
of oxygen at 50 mL/min gas flow rate and Au/TiO2 as catalyst, at
150 °C temperature and 20 bar pressure, 5-nitro-indole was

obtained in >98 % yield (Table 1). We also tried MnO2 loaded
in cartridges, but it was not suitable for the application in flow
because it repeatedly caused blockages during the experiments.
2.1.2. Oxidation of Alcohols.We have chosen as a benchmark

reaction the oxidation of 1-phenylethanol to acetophenone.
2.1.2.1. Catalyst Screening. First, we tested 3 different cata-

lysts (1 % Au/TiO2, 1 % Au/Fe2O3, 5 % Ru/Al2O3) with
increasing pressure and temperature. The results are shown in
Table 2. 1 % Au/TiO2 at 100 bar and 140 °C provided the best
results with complete conversion and 93 % selectivity based on
gas chromatography–mass spectrometry (GC–MS) (Entry 12,
Table 2.)
General conditions applied for catalyst screening. H-Cube

Pro™withGasModule, 50mL/min oxygen gas, 1mL/min liquid
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Table 2. Catalyst screening for oxidation of 1-phenylethanol

Entry p/bar T/°C CatCart Conversion/%a Selectivity/%a

1 40 25 1 % Au/TiO2 0 –
2 40 65 1 % Au/TiO2 6.5 >85
3 40 25 1 % Au/Fe2O3 0 –
4 40 65 1 % Au/Fe2O3 12.7 0
5 40 25 5 % Ru/Al2O3 2.8 ~100
6 40 65 5 % Ru/Al2O3 3.6 ~100
7 100 65 5 % Ru/Al2O3 2.7 ~100
8 100 100 5 % Ru/Al2O3 8.5 ~100
9 100 140 5 % Ru/Al2O3 15.5 ~100
10 100 65 1 % Au/TiO2 5.6 84
11 100 100 1 % Au/TiO2 47.2 93
12 100 140 1 % Au/TiO2 ~100 93
13 100 65 1 % Au/Fe2O3 4 0
14 100 100 1 % Au/Fe2O3 31 7

aDetermined by GC–MS, Selectivity=100 × (Area% of desired product in GC–MS)/(100 – Area% of reactant in GC–MS).

Table 3. Substrate screen of alcohol oxidation with molecular oxygen

Entry Reactant Solvent Product Conversion/% Selectivity/%a Isolated yield/%

1 acetone full 89b,c N/A

2 acetone full 88b,c 85 %

3 acetone full 95b,c N/A

4 acetone full 84b,c 80 %

5 5 cyclopentyl methyl etherd 6 58 ~100 N/A
6 7 cyclopentyl methyl etherd 8 full ~100 92 %
7 9 cyclopentyl methyl etherd 10 76 96 N/A
8 11 cyclopentyl methyl etherd 12 59 ~100 N/A
9 11 t-butanol 12 full ~100 90 %

a Selectivity=100 × (Area% of desired product in GC–MS)/(100 – Area% of reactant in GC–MS).
bMain side-products are originated from the solvent itself.
c Separation is difficult.
d Peroxide strip showed no presence of peroxides in reaction mixture.

Scheme 2. Aromatization of indoline with molecular oxygen
Scheme 3. Oxidation of 1-phenylethanol with molecular oxygen
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flow rate (0.05 M in acetone, 20 mL sample volume), CatCart:
70 mm., 1 % Au/TiO2 (cartridge: 70 mm, THS 01639), residence
time: ~0.5 min if the void volume is 0.575 mL.
The reported batch procedure [17] for this alcohol oxidation

applied oxygen; perruthenate modified mesoporous silicate
MCM-41 in toluene (T=80 °C; 24 h).
2.1.2.2. Substrate “Scanning”. Based on the catalyst screen-

ing, 1% Au/TiO2 was applied in oxidation reactions of various
alcohols including branched/unbranched aliphatic, or alicyclic
primary and secondary alcohols (Table 3).

General conditions applied for substrate scanning. H-Cube
Pro with Gas Module, 100 bar, 140 °C, 50 mL/min oxygen gas,
1 mL/min liquid flow rate (0.05 M, 10 mL sample volume),
CatCart: Au/TiO2, 70 mm. Void volume: 0.575 mL, Catalyst
loading: 0.0295 mmol/CatCart. Estimated residence time:
0.575 mL/1 mL/min=0.575 min.
2.1.2.3. Optimization of the Solvents. During the substrate

screening, we found that oxidation of o-nitro-benzylalcohol gave
rather poor results using acetone and cyclopentyl methyl ether
as solvents. In order to get a wider picture about the solvent de-
pendency and to improve the yield of the oxidation of o-nitro-
benzylalcohol, we carried out a solvent “scanning.” This reaction
was also reported in the referred batch procedure [17] as an easy
transformation applying oxygen; perruthenate modified mesopo-
rous silicate MCM-41 in toluene (T=80 °C; 3 h).

General conditions applied for solvent screening. H-Cube
Pro™ with Gas Module, 100 bar, 140 °C, 50 mL/min oxygen
gas, 1 mL/min liquid flow rate (0.05 M, 10 mL sample volume),
CatCart™: Au/TiO2, 70 mm.
The above solvent screen confirmed that toluene is in fact the

best solvent for this reaction even in flow. This rapid study
underlines one of the important advantages of flow chemistry
that any parameter optimization can be done in real time and
with minimal material consumption helping the organic chemist
to choose the most appropriate condition.
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Table 4. Solvent screen for oxidation leading to 14

Entry Solvent Conversion/% Selectivity/%a

1 acetone 22 30b,c

2 cyclopentyl methyl ether 6 ~100
3 t-butanol 7 ~100
4 toluene 63 73b

5 THF 14 88
6 ethyl acetate 8.5 ~100
7 DMF 0.5 not determined

a Selectivity=100 × (Area% of desired product in GC–MS)/(100 – Area
% of reactant in GC–MS).

bMain side-products are originated from the solvent itself.
c Separation is difficult.

Table 5. Catalyst screening of N-alkylation with alcohols

Entrya Catalyst 15/%b 16/%b 17/%b 19/%b

1 Au/TiO2 17 33 41 9
2 Activated Nickel 11 0 89 0
3 Fibrecat 1001 8 0 12 79
4 Pd(PPh3)4 2 2 71 24

aReactions were performed in the X-Cube™ under the following con-
ditions: 0.15 M in toluene, 180 °C, 0.5 mL/min, 100 bar, 70 mm CatCart™.

bDetermined by GC–MS.

Table 6. Ni catalysts used in refined catalyst screening

Entrya Catalyst type 17/%b

1 Raney Nickel 2800 81.9
2 Raney Nickel 3202 94.7
3 Raney Nickel 4200 98.1
4 Activated Nickel 96.2

aReaction conditions: 0.15 M in toluene, 190 °C, 1.0 mL/min, 100 bar,
70 mm CatCart™. The solution was pumped through the equipment twice.

bDetermined by LC–MS.

Scheme 4. Oxidation of orthonitro benzylalcohol with molecular
oxygen

Scheme 5. Comparison of the atom economy values of a typical N-alkylation process with alkyl halides and direct alkylation with alcohols

Scheme 6. The process of N-alkylation with alcohols
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In summary, in the first case study, molecular oxygen was used
as an oxidation reagent. Both oxidative aromatization and alco-
hol oxidation were carried out in good conversion and selectivity
with 1 % Au/TiO2 as it was found to be the best in catalysts
screening. This catalyst proved to be robust and could be applied
successfully with many substrates concluded from the substrate
scanning. The residence time of the oxidation reactions was less
than a minute indicating the efficiency of the reaction.
2.2. Case Study 2: N-Alkylation with Alcohols in Flow.

The N-alkylation of primary amines to secondary amines is an
important process in organic and medicinal chemistry [18]. The
most general method for N-alkylation is the reaction of amines
with alkyl halides in the presence of bases to trap the emerging
acid side product. This procedure has several disadvantages,
such as over-alkylation, the use of often toxic starting materials,
and the waste needed to be treated. The desirable green alter-
native could be the N-alkylation of amines directly with alco-
hols through catalytic hydrogenation transfer reaction, which is
also described as hydrogen-borrowing process. The greenness
of N-alkylation with alcohols lies in the high atom efficiency
and the generation of water as a side product.
Atom economy comparison of conventional and direct proc-

ess is as follows:

Atom economy (process1): 83%
Atom economy (process2): 91%

Atom economy does not consider the waste directly, but
it is obvious that if the atom economy is higher less waste
is generated. Plus the only waste generated is water.

As recognition of the above attractive features, many groups
initiated to investigate this direct process and test several poten-
tial transfer hydrogenation catalysts of this reaction in homoge-
neous and heterogeneous systems.
Although homogeneous systems are not practical, since the

reusability of the catalytic systems is limited, and require exten-
sive purification, several attempts are reported and homogene-
ous Rh, Ru, and Ir catalysts proved to be the most effective.
In an early example, pyrrolidine was N-alkylated using a

rhodium hydrido (PEt3)3 complex and the alkylated product
was obtained in 97 % yield [19]. Later di-substituted beta-amino
alcohols were synthesized in high yield between 100 and 120 °C
by selective amination of ethylene glycol and l,3-propanediol
catalyzed by ruthenium (e.g., RuCl2(PPh3)3) or iridium complexes.
Within 2–6 h reaction time, 100 % conversion and 80–90 %
selectivity were achieved [20].
Air-stable Ir and Ru complexes of a chelating pyrimidine-

functionalized N-heterocyclic carbene were synthesized [21]
and found to be catalytically active for transfer hydrogenation,
and N-alkylation of amines with primary alcohols. The Ir com-
plexes were found to catalyze the N-alkylation of amines using
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Scheme 8. Attempts to direct N-alkylation of pyrrole with pentanolScheme 7. N-alkylation of pyrrolidine with pentanol

Table 7. Substrate screening of N-alkylation with alcohols

Entry Amine Alcohol Main product Conditions Reaction mixture composition/%a Isolated yield/% Referenceb

Amine Alkylated amine Aromatized amine Other

1 aniline n-butanol Method A 1.4 86.8 _ 11.8 51 % ref. 33

2 aniline i-butanol Method A 3.6 91.2 _ 5.2 60 % ref. 33

3 aniline t-amyl alcohol Method A >95.0 0 _ <5.0 0 %

4 aniline n-pentanol Method A 0.5 92.7 _ 6.8 54 % ref. 34

5 piperidin n-propanol Method B 1 95.0 _ 4 55 % ref. 35

6a pyrrolidine n-pentanol Method C 0 94.3 0 5.7 64 % ref. 36

6b pyrrolidine n-pentanol Method D 0 0 85 15 47 % ref. 37

7 pyrrole n-pentanol Method D >95.0 - 0 <5.0 0 %

aDetermined by GC–MS, the applied alcohol was not integrated.
b Literature reference for NMR spectra. Obtained spectra correspond to literature data.

G. Sipos et al.



a mild base (NaHCO3), but the process required a very long
reaction time (45 h) at 110 °C. Triruthenium dodecacarbonyl
complexes were also employed in N-alkylation of secondary
amines [22] in t-amyl alcohol, and the corresponding tertiary
amines were obtained in high yield under 24 h at 120 °C.
Many N-alkylations fit the typical sequence of the so-called

“borrowing hydrogen” step where the catalyst oxidizes an alco-
hol to an active carbonyl moiety, which condenses with the
amine to form an imine, and finally, the process is completed
with the reduction of the imine to amine. The catalysts transfer
H2 from the alcohol to the imine via hydride intermediates.
Using 0.5 mol% [Ru(p-cymene)Cl2]2 with bidentate phos-
phines as catalyst, primary amines were converted to secondary
amines, or secondary amines to tertiary amines in high yield and
selectivity. N-heterocyclization reactions of primary amines
have also been achieved with glycols refluxing the reactants
in toluene for 24 h in the presence of 0.1 eq. base [23]. The
same group repeated the above reaction applying microwave
(MW) heating, and significant acceleration was achieved
(90 min) at 125 °C [24].
Alternatively, heterogeneous catalysts are much more pre-

ferred in terms of safety, recyclability, and easy separation.
The above “borrowing hydrogen” strategy was also applied
with inexpensive supported ruthenium hydroxide catalyst Ru
(OH)x/TiO2 [25]. N-alkylation of ammonia and amines with
alcohols, including primary and secondary alcohols, was carried
out. Other transition metal catalysts were also investigated
under heterogeneous conditions. In the late 90s, Raney nickel
W-2 was tested for the alkylation of anilines with various
alcohols in sealed tubes (102 °C, 24 h) and the corresponding
secondary amines were isolated in high yield. They repeated the
same reaction under MW condition, and the products were
obtained in comparable yield with 30–60 min [26]. Similarly,
palladium catalyst immobilized on iron oxide was used for the
N-alkylation of amines with alcohols under base and organic
ligand free conditions [27] at 140–160 °C reaching up to 99 %
isolated yields. The reaction time was between 12 and 24 h.
Very recently, a ligand-free Cu-catalyzed N-alkylation method
under mild aerobic conditions for various amides and amines
with alcohols [28] were reported.
According to recent studies, gold nanoparticles (NPs) sup-

ported on titanium oxide (Au/TiO2–VS=very small Au NPs ca.
1.8 nm) were proved highly active in transfer hydrogenation of
carbonyl compounds with 2-propanol [29]. Based on these
preliminary findings, supported Au catalysts (1 mol%) were
investigated for one-pot N-alkylation of amines using alcohols
as alkylating agents. The reaction proceeded smoothly without
any additives and/or cocatalysts and applying equimolar
amounts of starting materials which can be considered as a
highly green process [30]. Benzyl alcohols with electron-donat-
ing groups reacted smoothly with anilines, while substitution of
electron-withdrawing group on the benzene ring decreased the
reactivity. Relatively harsh conditions were employed: 120–
180 °C and 5 atm under N2. The conversion and the selectivity
reached were >95 %, although imines always contaminated the
product that was difficult to remove. The reaction time was
between 14 and 96 h.
In order to accelerate the above extremely slow process,

commercially-available Au/TiO2 was used for highly selective
direct alkylation of amines by alcohols in a continuous-flow
reactor (X-Cube™). The origin of selectivity is attributed to the
accessibility of high temperature and short residence time.
Adopting nearly equimolar equivalents of the reactants at a
higher concentration and lower catalytic loading (0.9 mol%),
the reaction proceeded smoothly to completion with very high
selectivity for the formation of the secondary amine [31]. A
mixture of amine (aniline) and alcohol (benzyl alcohol) in

toluene (10 mL) was circulated through a heated cartridge
containing 1.5 wt.% Au/TiO2, at a flow rate of 1.5 mL/min
(residence time=27 s) at 50 bar pressure and 180 °C. After 3-h
circulation, the reaction was completed.
For less activated substrates, good conversions can be

obtained by increasing the temperature to 200 °C and the
circulation time to 7–24 h. Another advantage of the flow
process was that rigorous exclusion of air and/or moisture was
not necessary.
Although the above technologies and the applied catalysts

had attractive features, the reaction time even in the flow
process is very long. Furthermore, some of the applied catalysts
are particularly expensive, which is why we set objectives to
increase the reaction rate and finding alternative cheap catalysts
for this important transformation.
We started to investigate this reaction in the hope that we will

find greener and cheaper alternative conditions while keeping
the high yield and selectivity. In our studies, we used X-Cube™
and H-Cube Pro™, and in the final stage of the investigation,
we applied the new Phoenix Module, which was already avail-
able by that time.
Aniline alkylation with benzyl alcohol was selected as a

benchmark reaction for reaction optimization.
Using the initial parameters in the X-Cube™ flow reactor

with Au/TiO2 CatCart (180 °C, 100 bar, 0.5 mL/min), 17 was
obtained in 41 % (GC–MS) yield without recirculation. (The
estimated residence (“contact”) time is approx. 1 min (!), if the
estimated void volume is: 0.575 mL, catalyst loading: 0.62 g).
We started to investigate other commercial catalysts in the

CatCart™ [32] system (the entire list is provided in the Supple-
mentary Material). Based on literature references, 14 catalysts
were screened including 4–6 conditions for each CatCart™.
The best conversions were achieved with the following catalysts
(Table 1), and as a result, we have chosen “Activated Nickel,”
which is a generic version of the branded Raney Ni, for further
optimization.
Au/TiO2 (Strem), “Activated Nickel” (Aldrich), Fibrecat

1001=Palladium(II) Acetate–Triphenylphosphine polyethylene
fibres (Johnson Matthey), “Tetrakis”: Tetrakis(triphenylphos-
phine)palladium, polymer-bound (Aldrich).
In the next phase, we screened various activated nickel cata-

lysts from different sources (applied conditions: 190 °C,
130 bar, flow rate=1 mL/min). The solution was pumped
through the equipment twice. Based on this study, we have
selected Raney Ni 4200 (Aldrich).
2.2.1. Substrate Scanning. In the next phase of the inves-

tigation, we selected 3 amines (aromatic and 2 alicyclic amines
and 5 alcohols (with different lengths and steric hindrances) for
substrate scanning.
2.2.1.1. Results of the Substrate Scanning.Conditions: 200 °C,

0.5 mL/min, 2 cycles, 80 bar, c=1 M, Phoenix module, Raney
Ni 4200 (Aldrich) catalyst loading 1.75 g (wet). Void volume
0.225 cm3

Residence time=0.225 mL/0.5 mL/min * 2 (two cycles)=
0.9 min
During the N-alkylation of pyrrolidine with pentanol, we
observed aromatized side-products at 250 °C. Based on this
unexpected result, we raised the temperature to 350 °C to
investigate if higher temperatures would lead to more dehydro-
genated N-alkyl-pyrrole (23). In fact, we obtained directly the
aromatized product in 84 % yield instead of N-alkyl-pyrrolidine.
As a control reaction, we attempted to directly alkylate pyrrole
under analogous conditions but it failed to produce the desired
N-alkyl-pyrrole and it gave back mainly the starting material
pyrrole with a small amount of unidentifiable compounds. This
result was expected since pyrrole itself is rather unreactive to
alkylation while sensitive to air oxidation and light.

56

Efficient Oxidation and N-Alkylation Reactions



Such dehydrogenation is not unprecedented in the literature
[38]. In an early paper, representative compounds containing
pyrrolidines and piperidines dehydrogenated in benzene over a
nickel catalyst, leading to a pyrrole or pyridine derivatives. For
example, 1-cyclohexylpyrrolidine was heated at 350 °C for 5 h
and cyclohexylpyridine was obtained in 56 % yield.
In summary, our procedure provides N-alkylated amines with

very high efficiency and atom economy in a very short time
(approx. 1 min) with high selectivity/conversion and moderate
to good isolated yield. Since the alcohol component served as
a solvent, the amine component was applied in relatively high
concentration (1 M). Naturally, the isolation of the N-alkyl-
amines on a larger scale would technologically be more appro-
priate with the conventional acid-base extraction compared with
the present small-scale substrate scanning. Furthermore, at higher
temperature, it could directly lead to aromatized species in case
of pyrrolidine that are normally difficult or not possible to obtain
by direct alkylation.

3. Conclusion

In this account, we provided case studies to two common
types of reactions widely used in the pharmaceutical, agro-
chemical, and fine chemical industry. The realization of these
reactions with higher atom economy (which is a primary green
metric) was investigated in continuous-flow reactors. In the first
case study, molecular oxygen was used as an oxidation reagent
and aromatization reactions and alcohol oxidation were carried
out in good yield and selectivity with 1% Au/TiO2. This cata-
lyst proved to be a robust catalyst and could be applied success-
fully with many substrates. The residence time of the reaction
was less than a minute indicating the efficiency of the reaction.
In the second case study, direct N-alkylation of amines with
alcohols was carried out in high yield in less than a minute with
a cheap Raney Ni catalyst instead of the earlier reported gold
catalyst. In our study, the alcohol component served as a sol-
vent; thus, the amine component could be applied in relatively
high concentration (1 M). Elevating the temperature in certain
cases (pyrrolidine vs. pyrrole) meant aromatization followed
the N-alkylation leading to aromatic N-alkyl species that can
not be obtained by direct alkylation of the aromatic ring.
In summary, two case studies demonstrated that common

industrial reactions can be revisited in flow. Flow reactors can
vastly improve reaction times; furthermore, they allow using
more simple reaction routes as well as reagents that contribute
to the increase of the atom economy.

4. Experimental

4.1. Oxidation.
4.1.1. Instrument Applied: H-Cube Pro™. The H-Cube

Pro™ offers greater hydrogen production (up to 60 mL/min)
for higher throughput, wider temperature range (from 10 to
150 °C). Importantly, reactants can be hydrogenated at higher
concentrations with a 70-mm CatCart® that is uniformly
heated, regardless of flow rate. Users may vary the amount of
hydrogen produced at each pressure level between 0 and
60 mL/min offering greater reaction control.
The different size coils may be exchanged to vary the resi-

dence time or the throughput of the compound through the
reactor. The H-Cube Pro™ can be linked with Gas Module
[16]. Another application using molecular oxygen as oxidant
will be reported elsewhere [32].
4.1.2. General Procedure for Oxidation in Flow. H-Cube

Pro™was coupled with Gas Module and an oxygen cylinder. The
following reaction parameters were set before starting the experi-
ment using pure acetone: temperature: 150 °C; liquid flow rate:

0.5 mL/min; gas flow rate: 50 mL/min. Catalyst applied Au/TiO2

(length of catalyst cartridge: 70 mm, Order No. THS 01639),
system pressure: 10 bar. Reactant solution was prepared by dis-
solving 82 mg 5-nitroindoline (0.5 mmol) in 10 mL acetone.
When “stable” sign appeared in the status line of the H-Cube

Pro™, the inlet valve was switched from solvent to reactant and
the solution of 5-nitroindoline passed through the catalyst car-
tridge. Collection of the product was started at the “product”
outlet after switching the outlet valve to “product.” When all of
the 10 mL reactant solution was used up, the inlet valve was
switched back to solvent. Product collection was continued for
an additional 10 min in order to recover the total amount of
product from the catalyst cartridge. The product solution was
analyzed by GC–MS without any further dilution.
In batch oxidative aromatization using activated carbon-

molecular oxygen system was carried out in 63 % yield at
120 °C, within 9 h.

Void volume: 0.575 mL
Catalyst loading: 0.0295 mmol/CatCart
Catalyst in the cartridge: 0.62 g
Estimated residence time: 0.575 mL/1 mL/min=
0.575 min

4.1.3. Acetophenone (2). 1H NMR (300 MHz, DMSO-d6): δ
8.00–7.93 (m, 2H), 7.61–7.42 (m, 3H), 2.61 (s, 3H). MS (EI)
m/z 120 (M+, 27 %), 105 (100), 77 (75).

4.1.4. 3,4-Dimethoxybenzaldehyde (8). 1H NMR (300 MHz,
DMSO-d6): δ 9.85 (s, 1H), 7.49–7.38 (m, 2H), 6.97 (d, J=
8.1 Hz, 1H), 3.96 (s, 3H), 3.94 (s, 3H). MS (EI) m/z 166 (M+,
100 %), 165 (61), 95 (27).
4.2. N-Alkylation.
4.2.1. Instrument.
4.2.1.1. X-Cube™. The X-Cube™ allows catalysts or reac-

tions to be screened in a flow manner with reagent gases,
combining the use of temperatures and pressures up to 200 °C
(392 °F) and 150 bar (2176 psi), respectively, and catalyst/
reagent cartridge system (CatCart®). Gases can be utilized up
to a maximum of 100 bar (1450 psi) [32].
4.2.1.2. Phoenix Flow Reactor (PFR). The Phoenix Flow

Reactor (PFR) coupled with H-Cube Pro™ system is a novel
high temperature, high-pressure flow reactor. The system works
by using a high-performance liquid chromatography (HPLC)
pump to generate a continuous-flow of reaction mixture into an
exchangeable reaction coil or cartridge at flow rates of up to
3 mL/min. The reaction coil or cartridge could be heated and
pressurized up to 450 °C and 100 bar, respectively. The reaction
mixture is then cooled through a heat exchanger before eluting
into a collection vessel. Reaction coils and cartridges for solid
supported materials are available in various sizes [32].
4.2.2. General Procedure of N-Alkylation in Phoenix Reactor.
4.2.2.1. Method A. 1.0 M solution of the substrate (amine) in

the corresponding alcohol was pumped through twice the Phoe-
nix Flow Reactor coupled with H-Cube Pro™ under the fol-
lowing conditions: 200 °C, 80 bar, 0.5 mL/min, 70 mm long
CatCart filled with Raney Nickel 4200. The mixture was ana-
lyzed with GC–MS. HCl in dioxane was added to the solution,
and it was stirred for an hour. If crystallization occurred, the
crystals were filtered and washed with ether. In other cases, the
solvent was evaporated and the residue was extracted with
water and ether. 0.1 M NaOH was added to the aqueous layer
(pH was set to neutral), after that dichloromethane was used for
extraction. The organic layer was dried over magnesium-sul-
fate, and the solvent was evaporated.
4.2.2.2. Method B. We pumped through a 0.5-M solution

(50 mL) of piperidine in n-propanol on a 70-mm CatCart filled
with RaNi 4200 in the prototype of the Phoenix Flow

57

G. Sipos et al.



Reactor with a 1.5-mL/min flow rate at 300 °C, 130 bar, and
>99 % conversion, and 95 % selectivity was achieved. The
product was purified with distillation applying a Vigreux-type
fractionating column.
4.2.2.3. Method C. A: 0.5M solution of the substrate (amine) in

the corresponding alcohol was pumped through twice the Phoenix
Flow Reactor under the following conditions: 200 °C, 80 bar,
1.0 mL/min, 70 mm long CatCart filled with Raney Nickel 4200.
Themixturewas analyzedwithGC–MS.The product was purified
with distillation applying a Vigreux-type fractionating column.
4.2.2.4. Method D. A: 0.5M solution of the substrate (amine) in

the corresponding alcohol was pumped through twice the Phoenix
Flow Reactor under the following conditions: 300 °C, 80 bar,
1.0 mL/min, 70 mm long CatCart filled with Raney Nickel 4200.
Themixturewas analyzedwithGC–MS.The product was purified
with distillation applying a Vigreux-type fractionating column.
4.2.3. N-(Propan-2-yl)Aniline Hydrochloride (Table 7,

entry 2). (1:1). Yield: 60 %. 1H NMR (300 MHz, DMSO-d6):
δ 10.49 (bs, 2H), 7.52–7.28 (m, 5H), 3.08 (d, J=7.0 Hz, 2H), 2.11–
1.92 (m, 1H), 0.98 (d, J=6.6 Hz, 6H). 13C NMR (75 MHz, DMSO-
d6):δ138.35 (−), 129.55 (+), 126,77 (+), 121.50 (+), 56.90 (−), 25.33
(+), 20.08 (+). MS (APCI)m/z 149 (M-H)+

4.3. N-Pentyl-Aniline (Table 7, entry 4). Yield: 54 %. 1H
NMR (300 MHz, DMSO-d6): δ 7.04 (t, J=7.7 Hz, 2H), 6.57–6.44
(m, 3H), 5.47 (t, J=5.4 Hz, 1H), 2.96 (q, J=6.2, 12.9 Hz, 2H),
1.59–1.47 (m, 2H), 1.40–1.26 (m, 4H), 0.88 (t, J=6.7 Hz, 3H).
13C NMR (75 MHz, DMSO-d6): δ 148.95 (−), 128.70 (+),
115.13 (+), 111.70 (+), 42.66 (−), 28.82 (−), 28.31 (−), 21.90
(−), 13.87 (+). MS (APCI) m/z 164 (M-H)+. MS (EI) m/z 163
(M+, 15 %), 106 (100) 77 (12).

The NMR trace of the additional compounds is found in the
Supplementary Material.
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