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Abstract

Inductive heating has emerged as a new heating technique in the
laboratory, particularly when combined with miniaturized flow
reactor devices. Traditionally, inductive heating is found in
industrial applications like the heating of large metallic objects
such as in the bending of pipes, bonding and welding. New
fields of application are the preparation of nanotubes as well as
hyperthermia in the treatment of cancer. This account specifi-
cally addresses the use of heatable materials such as super-
paramagnetic iron oxide nanoparticles in many areas of organic
synthesis and how this enabling technology compares to
conventional as well as microwave heating.

� Introduction

Over the last decades inductive heating has developed into a
widely used method for various applications in chemistry,
manufacturing, and medicine. Compared to conventional or
microwave heating1 it provides several advantages. Technically,
the system is easy to set up consisting of an induction coil and an
alternating current generator (AC-generator). The material to be
heated is commonly located within the magnetic field and
therefore no contact to another surface is required. Due to the
creation of heat within the material less energy is lost by
convection or thermal radiation. Therefore, the energy transfer
is more effective at least compared to conventional heating
(Table 1).

This benefit of inductive heating allows very rapid heating
and cooling of the material saving time and making handling of
the workpiece easier.

So far, the technique has mostly been employed for the
heating of large metallic objects and workpieces. Inductive
heating is also applied for bending of pipes, bonding, welding,
sintering, and annealing of metals and alloys.3 Furthermore,
it is used for large-scale melting steel, glass, or silicon.4 More

recently, inductive heating has been also utilized for gluing,
heating rubber, forming plastic, or shrinking workpieces.5 In
general, the benefits of this technique are successfully utilized in
industrial applications.

� Theoretical Background of Electro-
magnetic Induction

Materials inside a magnetic field of strength H do influence
the magnetic flux density B. The magnetic induction is given by
eq 1:

B ¼ ®0ðH þMÞ ð1Þ
where ®0 is the permeability in vacuum and M the magnet-
ization of the material. In consideration of the relative perme-
ability ®r the magnetic flux density B is described by eq 2.

B ¼ ®0®rH ð2Þ
The relative permeability characterizes the influence of a

material on a magnetic field and depends on the specific
properties of the material. In relation to their properties in a
magnetic field, materials can be classified as follows: a)
Materials with ®r < 1 are diamagnetic. These materials like
copper, silver, or bismuth degrade the magnetic field. b)
Materials like aluminium or oxygen with ®r > 1 are para-
magnetic. Both materials display magnetism only in the
presence of an applied field. c) As opposed to paramagnetic
materials ferromagnetic materials such as crystal modifications
of iron, cobalt, and nickel, exhibit strong magnetism (®r º 1).
They preserve magnetization after being exposed to a magnetic
field (remanence). The relative permeability ®r is a function of
the magnetic flux density B (®r = f(B)) and the ferromagnetic
properties disappear after exceeding the Curie temperature TC
(Table 2).

The theoretical principles of inductive heating are based on
the effects of oscillating magnetic fields. Oscillating magnetic
fields are created if a conductor is connected to an AC-source.

Table 1. Power transmission of different heating processes2

Heating Power transmission/Wcm¹2

Convection 0.5
Irradiation 8
Heat conduction 20
Flame 1000
Inductive heating 30000

Table 2. Curie temperature for different substances6

Material Curie temperature TC/°C

Cobalt 1130
Iron 770
Iron oxide 622
Nickel 358
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Under these conditions, different effects are responsible that lead
to heating the material:

Joule’s heating: The first effect is caused by eddy currents.
If an electroconductive material is placed in an oscillating
magnetic field, a current will be induced in this conductor which
is called eddy current. This induced current leads to a resistor
heating called Joule’s heating Q where R is the resistor of the
electroconductive material (eq 3).

Q ¼ I2Rt ð3Þ

Pind ¼
uind

2

R
¼ ð2³f®HAÞ2

R
ð4Þ

The inductive power Pind which is an important factor in
inductive heating, determines the efficacy of the electric power
transformation and is inversely dependant to R (eq 4). f is
the frequency of the alternating magnetic field in [Hz] and A
the surface of the material. For nonmagnetic conductors like
copper or aluminum the Joule’s heating is the exclusive
mechanism of heating. Additionally, Lenz’s law says that the
induced current creates a magnetic field which acts in the
opposite direction of the inducing field and thus the induced
current. Consequently, this phenomenon results in an attenuation
of the magnetic field inside the material. It needs to be noted
that the eddy current flows on the surface and only this area is
heated.

The current density J in a conductor decreases exponentially
from its value at the surface Js according to the depth d from the
surface (eq 5).

J ¼ Js expðd=¤Þ ð5Þ

¤ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
μ

³®rf

r
ð6Þ

Here, ¤ is called skin depth and is given by eq 6 where μ is
the specific resistor of the conductor. This effect is called skin-
effect and occurs especially at high frequencies f (Figure 1).
Since the specific resistor and the permeability depend on the
temperature, the skin depth is not constant; it increases with
higher temperature.

Hysteresis: The second effect is caused by magnetic
properties of ferromagnetic materials in which magnetic dipoles
of the Weiss domains are randomly directed (Figure 2). When
placing the ferromagnetic material inside a magnetic field, more
and more Weiss domains are in line with the field the stronger
the external field is. When the oscillating magnetic field changes
direction, the dipoles in the ferromagnetic material are opposed
to the field. This results in a higher energy state. By inverting the
dipoles they fall back to the lower energy state and the energy
difference is converted into thermal energy. In ferromagnetic
materials there is no direct correlation between M and H and the
hysteresis loss is proportional to area A between the hysteresis
curves. It is given by

A ¼ f

Z
MdH ð7Þ

The eddy current loss increases with the square of the
frequency. Consequently, the hysteresis is insignificant at high
frequencies. However, hysteresis is of relevance below the Curie
temperature in ferromagnetic materials.

Brown and Néel relaxation: With decreasing particle size
of ferromagnetic materials the formation of multiple Weiss

domains becomes energetically unfavorable. Consequently,
below a critical volume domain walls do not exist anymore
and the nanoparticles are single domains with a single magnetic
moment. The anisotropy energy is smaller than the thermal
energy (KVm < kBT) and consequently thermal fluctuations
lead to relaxation phenomena. This phenomenon is called
superparamagnetism. It occurs with particle diameters below
350 nm, depending on the materials.8 Superparamagnetic
materials possess neither remanent magnetization nor hysteresis
(Figure 3).

However, the values of magnetic susceptibility are com-
parable to ferromagnetic materials.9 The heat dissipation in a
magnetic field is caused by the relaxation of the magnetic
moments. It is discriminated between Néel and Brown relaxa-
tion.10 With the Néel mechanism of relaxation the magnetic
moment rotates within the crystal. In contrast to the Brown
relaxation, the magnetic moment is locked to the crystal axis and
the particle rotates with the magnetic moment. The Néel
relaxation time ¸N depends on the anisotropic energy and the
thermal energy (eq 8).

¸N ¼ expðKVm=kBT Þ ð8Þ
K is the anisotropy constant, Vm the particle volume, and kB

the Boltzmann constant. The Brown relaxation time ¸B is given
by eq 9.

Figure 1. Skin depth as a function of the frequency.7

Figure 2. Electric displacement field of a ferromagnetic
material.
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¸B ¼ 3Vhyd

kBT
© ð9Þ

Here, © describes the viscosity and Vhyd the hydrodynamic
particle volume. From the equations above follows the effective
relaxation time ¸eff described in eq 10.

¸eff ¼
¸B¸N

¸B þ ¸N
ð10Þ

Which one of the two mechanisms dominates is governed
by the particle size, the particle composition, and the viscosity of
the medium.11 Also a dependency with the frequencies and
heating power was encountered.

Rosensweig calculated the power loss Pnano of nanoferrite
(nanoparticles of iron) as follows:12

Pnano ¼ ®0³»0H0
2 2³f¸eff

1þ ð2³f¸effÞ2
ð11Þ

»0 is the equilibrium susceptibility and is redundant with
the permeability. Thus the heating of the nanoparticles can be
controlled by the frequency (f) and amplitude (H) of the
external field. Among the composition of the particles the
heating behavior is dependent on the particle size and the degree
of polydispersion. Low polydispersity, which is governed by the
radius of the particles, shows the best heating behavior which12

renders rather complex heating behavior.

� Current Applications

The Production of Carbon Nanotubes.
An important example of a chemical application for

inductive heating is the production of carbon nanotubes.13 Since
the discovery of carbon nanotubes (CNTs) in 1991 various
methods of preparation have been developed.14 So far chemical
vapor deposition (CVD) or alternatively catalytic chemical
vapor deposition (CCVD) introduced by Li et al. in 1996 are the
most promising ones, because they allow fairly low energy con-
sumption.15,16 They are based on the decomposition of a gaseous
carbon source on the surface of a metallic catalyst forming
carbon nanotubes. In most cases, the catalyst is applied on an
inorganic carrier, the so called “suspector,” a term introduced by
Gennet et al.17 Various carrier materials such as TiO2, Fe, Si,

or Mo and even CaCO3, silica gel or zeolites have been
tested.13,18,19 It was shown that a porous surface is an excellent
support in catalytic nanotube production in terms of adherence,
thermal heat conductivity and CNT quality.20 Catalysts such as
Fe, Co, Pd, or Ni can be used elementally, as multilayers, salts or
as alloys. The catalyst-doped carrier is heated and a mixture
of acetylene or ethylene with nitrogen or hydrogen gas passes
along the catalyst to form the CNTs.

There are two common approaches for the CCVD method;
these are thermal heating and plasma-enhanced heating. One
main advantage of thermal heating is the opportunity to carefully
control the conditions for generating single- or multiwalled
CNTs with desired diameters. This method requires heating the
whole reactor and nondirected growth of the CNTs is commonly
observed. For plasma-enhanced CCVD lower temperatures are
needed and highly aligned CNTs are obtained but mostly
multiwalled CNTs are formed.18

A new approach in this field is CCVD assisted by
inductive heating.13 Inductive heating is clean, easy to set up,
and an inexpensive method. In contrast to conventional
heating high temperatures are generated within the carrier
material or catalyst instead by convection from outside.
Because of this reverse temperature gradient thinner carbon
nanotubes are created that grow faster than those thicker ones
commonly formed.21 For the rapid synthesis of carbon
nanotubes by inductive heating small silicon chips are used
that are electroplated with a nickel and chromium layer.22

Importantly, inductive heating allows reaching the required
temperature above 700 °C very rapidly. The heating method
allows control of the diameter, because higher temperatures
give thinner carbon nanotubes. The average diameter can be
controlled from 6.8 to 8.0 nm simply by lowering the power
input.

A large-scale approach was achieved by Lupu et al. using a
metal rod which was electrochemically oxidized to give a porous
surface on which the catalyst was dispersed. Different types of
CNTs were produced with different types of catalyst based on
Fe and/or Co. CNTs were prepared by inductive heating at
temperatures between 600 and 1000 °C.13

Inductive heating leads to much faster heating and cooling
and thus shorter overall reaction times. Furthermore, the
inductive-heating-assisted CCVD allows lowering of the energy
consumption by two to three times, because heating is restricted
to the area where the synthesis takes place.

Recently, ring-shaped, microstructured (between 600 to
1500¯m diameter) copper on silicon was employed for
inductive heating. The ring shape of the copper allowed
induction of Joule’s heating and rapid temperature rise occurs
in a very localized area. Several of these microstructures can
simultaneously be used with one inductor.18

Magnetic Fluid Hyperthermia in the Treatment of
Cancer.

The second most frequent cause of death worldwide after
cardiovascular disease is cancer. Due to a longer life probability
the cancer risk will increase in the future. In spite of great
medical and scientific efforts in the last decades many cancer
types still have a high mortality rate.23 Therefore, the develop-
ment of more efficient cancer therapies is still one of the most
predominant medical tasks in our civilization.

Figure 3. Illustration of superparamagnetic nanoparticles in a
magnetic field.
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In addition to standard treatment such as chemotherapy
and radiation therapy, resection hyperthermia has recently been
investigated as a new option in cancer therapy. Hyperthermia,
also called thermal therapy or thermotherapy, is a medical
application in which body tissue is exposed to high temper-
atures (4045 °C) by external physical action.24 Tumor tissue is
more sensitive to hyperthermia because of inferior blood
supply and a lower thermal resistance compared to healthy
tissue. In clinical studies it was shown that the increase of the
temperature in the cell leads to several physiological effects.
Temperatures above 42 °C have a direct cytotoxic effect in
the case of prolonged exposure. Furthermore, a temperature
between 4042 °C induces protein denaturation, which leads
to damage at cell membranes, in the mitotic S-phase and in
structural alterations of enzyme involved in DNA synthesis and
repair. An additional important clinical aspect of hyperthermia
is the increased expression of heat shock protein.25 Currently,
oncologists often use hyperthermia cancer treatment in combi-
nation with radiotherapy and chemotherapy. In addition to the
elimination of many cancerous cells, hyperthermia can make
resistant cells more vulnerable to other treatments.26 Three
technical concepts are commonly pursued: a) the whole-body
hyperthermia, b) the localized hyperthermia, and c) the
regional hyperthermia. Heating can be generated with radio
and microwave frequencies as well as with laser wavelengths.
An important parameter in this context is the specific
absorption rate (SAR) (eq 12).

SAR ¼ C
�T

�t

1

m
ð12Þ

It is a measure of the rate at which the energy is absorbed by
the body, where C is the specific heat of the material and m the
total weight of the material. These procedures have frequently
the disadvantage of an inhomogeneous heating in the target
tissue, because the specific heat is not homogeneous. The power
absorption depends on electronic properties of the tissue (e.g.,
bones and muscles). Also healthy tissue can be damaged by
dispersion. This is especially a problem for therapy of deep-
seated tumors. This limitation can be conquered by magnetic
fluid hyperthermia treatment (MFH). In this technique magnetic
nanoparticles, which are injected into the target region, are
selectively heated in an externally applied AC magnetic field.
The first systematic concept studies were performed in 1993 by
Jordan et al.27 and proved the safety and the effectiveness in
preclinical and clinical investigations.28 Inductive heating is a
contact-free heating method. The direct coupling of nano-
particles with the magnetic field and the knowledge on the
individual values for the specific heat C, inductive heating can
well be controlled in this context.

Jordan et al. utilized dispersions of superparamagnetic iron
oxide particles in water with an iron concentration of 112
mgmL¹1.29 The nanoparticles are composed of an iron oxide
core (magnetite) with an average diameter of 15 nm with an
aminosilane shell. This coating guarantees an improved bio-
compatibility and the residence time in the tumor cells. Due to
the great resistance to body tissues, the combination with other
treatments is possible. The heating occurs in a magnetic field
applicator (MFHμ 300F, MagForce) with a 100 kHz alternating
magnetic field and with a field amplitude of 215 kAm¹1

(corresponding to 1520mT).30 It was demonstrated, that 3mL

of the magnetic fluid in a 60mL tumor volume yields SAR
values of >500Wkg¹1. This power density is much higher
compared to external heating methods such as regional hyper-
thermia (3050Wkg¹1).

Prior to treatment the injected amount of ferrofluid was
analyzed by medical applications (MRT, ultrasonic) based on
the tumor volume. The administration of the nanoparticles was
carried out by direct, punctured injection and the nanoparticle
density was mapped using CT imaging. Because of the density,
the SAR of the nanoparticles, and the estimated perfusion
within the tumor area, the magnetic field strength was set
individually until the calculated temperature was reached. The
patients received 68 hyperthermia treatments over a period of
one hour. For the first session the temperature measurements
were conducted with a thermometry catheter deposited in the
tumor to precisely reach the calculated temperature. In phase-II
of treatment patients underwent a recurrent glioblastoma
multiform, a most aggressive malignant primary brain tumor.
The survival rate of patients was doubled from 6.2 to 13.4
months.31,32

Besides superparamagnetic iron oxide nanoparticles several
other magnetic nanomaterials such as ironpalladium and cobalt,
ferrimagnetic spinels, cobalt ferrite, MnZn and MnZnGd
ferrite particles, coppernickel, ferromagnetic perovskites
La1¹xSrxMnO3, Ni(1¹x)Crx, gadolinium-, calcium-, and lantha-
num complexes, and ferrimagnetic SrFe12O19/£-Fe2O3 compo-
sites were tested for hyperthermia applications.9,33,34

Recently, the development of multipurpose systems based
on hyperthermia have been discussed,35 e.g. by using the heat
to releases a drug in the target area. Also particles with an
antibody-modified targeting shell for the selective adhesion to
the tumor tissue were investigated.36 It needs to be pointed out
that administering sufficient amounts of particles inside the
tumor tissue is still one major problem. Often it is still too low
for an effective hyperthermia treatment.

� Inductive Heating in Organic Synthesis

General Considerations.
Despite the fact that inductive heating has been introduced

in domestic kitchens more than a decade ago, this enabling
heating technology has hardly reached the chemical laboratories
yet. Likewise, microwave heating had a similar sluggish move
into the world of chemistry two decades ago although we all had
used appropriate kitchenware much longer. Only in 2008, we
introduced the application of magnetic induction as a heating
technology in combination with flow devices in organic syn-
thesis.9

The Setup.
As described above, heating by electromagnetic induction

can rely on different physical effects. For example, heating can
be generated in superparamagnetic nanoparticles based on
Fe2O3/Fe3O4 that are coated with silica gel. In comparison with
other materials MagSilicaμ (Fe2O3/Fe3O4 core with SiO2 shell)
performed best in heating studies, when an oscillating electro-
magnetic field was employed externally (Figure 4).

As described above, heating by electromagnetic induction
can rely on different physical effects. Thus, heating can
be generated in superparamagnetic nanoparticles based on
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Fe2O3/Fe3O4 that are coated with silica gel. Likewise, con-
ductive materials, commonly these are metals such as steel or
copper, heat up in the presence of an externally applied
electromagnetic field. Ideally, these materials can serve as fixed
bed materials inside flow devices particularly in microreactors.

Likewise, conductive materials, commonly these are metals
such as steel or copper, heat up in the presence of an externally
applied oscillating electromagnetic field. Copper wire shows
conductive properties and the heating profile of copper
turnings/wire inside a PEEK or glass reactor clearly reveals
that solvents can be heated up to 200 °C at low power input
(Figure 5).37

Ideally, all these materials can serve as fixed bed materials
inside flow devices particularly in microreactors.38 Indeed,
continuous flow processes using miniaturized flow reactors have
seen great interest in the organic community for a bit more than
a decade.39 From established industrial processes it is well
established that continuous flow processes guarantee constant
reaction parameters (temperature, time, amount of reagents and
solvents, efficient mixing, etc.).40 With respect to thermal and
mass transfer, efficient mixing as well as mass transport can be
controlled much better compared to the corresponding batch
processes. Continuous flow reactors are generally smaller than
batch reactors. Still, even bench-sized reactors are capable of

producing more product in a given time than an analogous batch
reactor.41

In contrast to microwave irradiation that can interact with
a wide range of (reactor) materials as well as reactants and
solvents, inductive heating is very specific. Here, only con-
ductive or superparamagnetic materials are heated, which
simplifies the technical set up of a flow system to a great
extent. Thus, fewer parameters have to be considered and
temperature control is simplified.

Glass or high-performance polymers such as poly(ether
ether ketone) (PEEK) are suited as reactor material. For high-
temperature transformations where reactions are conducted
above the boiling point of the solvent also ceramic reactors
can be envisaged which in addition are equipped with an in line
back pressure regulator. The reactor filled with the inductively
heatable fixed bed material is encased by an inductor as shown
in Figure 6. A closed chamber as needed in microwave
applications is not required.

Comparison of Heating Modes.
The high-temperature sigmatropic Claisen rearrangement of

allyl aryl ether 2 to phenol 3 was used to compare the efficiency
of three heating concepts: a) conventional heating in an oil bath,
b) microwave heating, and c) inductive heating under batch
conditions. This reaction was chosen because it only proceeds
with moderate yield at high temperature in an oil bath
(Scheme 1). We regarded this to be a prerequisite for such a
study. Both heating methods, microwave as well as electro-
magnetic radiation, performed superior to conventional heating
and gave similar results concerning reaction times and degree of
transformation. Certainly, one cannot expect a special effect
exerted by electromagnetic irradiation. The inductive heating
simply provides a very rapid and efficient way of heating. The
major obstacle to properly compare the three techniques is the
difficulty to determine the exact temperature of superparamag-
netic nanoparticles when exposed to electromagnetic irradiation.
However, this is a general problem for “indirect” heating
techniques and has therefore also been discussed in the field of
microwave-irradiated reactions.42

Figure 4. Heating profile of MagSilicaμ, MnFe2O4,
Bayferroxμ, and iron powder.

Figure 5. Heating profile of copper wire, measured without
solvent, with degassed dodecane and with degassed DMF/water
(5:1) at a frequency of 15 kHz (PWM: output power in ppm).

inductor

silica coating

nanoparticle based on
Fe3O4/Fe2O3

10-40 nm

1

Figure 6. Schematic presentation (top right) and TEM micro-
graph (topright) of MagSilicaμ. Flow reactor filled with
magnetic nanoparticles (bottom left) and PEEK reactor encased
with an inductor (bottom right).
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� Synthetic Applications

Synthesis with Iron Oxide Nanoparticles.
A key issue when using coreshell iron oxide nanoparticles

as inductively heatable solids in organic synthesis is their
chemical stability (Scheme 2). How inert is the silica shell in the
presence of a wide range of conditions at very high temperatures
present at the interface between silica shell and reaction
mixtures? Particularly strongly aqueous acidic and basic con-
ditions as well as polar solvents such as water, DMSO, DMF, etc.
have to be considered as destructive toward the silica protection.

Another group of reactions studied are pericyclic reactions
such as decarboxylations, cycloadditions to cycloadducts 14 and
17 as well as the Alder-ene reaction yielding terpenoid 20
(Scheme 3, Entries 14). In the majority of cases the inductive
heating combined with flow turned out to be superior to
conventional batch type processes in the flask. Here, reaction
times and/or isolated yields were taken as criteria for comparison.

MagSilicaμ nanoparticles can also be employed under
conditions of Pd-catalysis. Intramolecular hydroamination of
alkyne 21 gave indol derivative 22 in significantly higher yield
than found under batch mode conditions (Scheme 4).

Oxidations with Inductively Heated Solid Metal
Oxides.

Oxidations are highly important processes, particularly in
the industrial context. It was shown, that solid-phase oxida-

tions43 can be performed by mixing different solid oxidants
like MagTrieve· (CrO2) or nickel peroxide (NiO2) with
MagSilicaμ. These mixed fixed beds remain solid as the
oxidation proceeds under inductive heating conditions. This
setup minimizes the issue of metal contamination. Several
oxidations were achieved including oxidations of alcohols 23
and 25 (Scheme 5, Entries 1 and 2), and anthracene 27
(Scheme 5, Entry 3).

Likewise, the combination of MagSilicaμ and nickel
peroxide allowed dehydration of coumarin 29 as well as the
oxidation of benzyl amine 31 to nitrile 32 (Scheme 6).

Inductive Heating with Conductive Metals.
As summarized in Section 2 also conductive materials such

as copper or steel heat up in an oscillating electromagnetic field.
The heating effect is created through eddy currents and
resistance in the material results in Joule’s heating.

O

NO2

2

MeO2C Claisen rearrangement

OH

NO2

3

MeO2C

oil bath μw heating inductive
heating

Conditions

Yield/%

25 kHz, 200 °C,
MagSilica,
toluene,
120 min

SiC, 200 °C,
toluene,
120 min

200 °C,
toluene,
120 min,

3817 39

Scheme 1. Comparison between conventional heating (exter-
nal oil bath), microwave irradiation and inductive heating under
batch conditions.

25 kHz, 70 °C,
0.05 mL min–1

EtOH, KOH

NH2

+

6 (67%)

O

Me

Br

O

Me

N

Br

Me

(batch: MagSilica® (1),
Δ, 4.5 h, 80%)

4 5

1(1)

25 kHz, 135 °C,
0.2 mL min–1

1

DBU (2 equiv), DMF
OH

NH2

Br
OEt

Me

O

+
N
H

O

O

Me

9 (82%)

Cl

7

Cl

(batch: 20 min, 135 °C, 93%)

8

(2)

Scheme 2. Continuous-flow synthesis of heterocycles.

25 kHz, 140 °C,
0.2 mL min–1

14 (75%; 86% brsm)

anisole/DMF

+ O

O

O

O

O

CHO

+ OnBu

25 kHz, 100 °C,
0.1 mL min–1

DMF

O

O

EtO2C CO2Et

O

+

20 kHz, 120 °C,
0.1 mL min–1

DMF

20 (52% using MagSilica® (1))
(64% using steel beads;

vide supra)

19
18

15
16

O

On Bu

O

O

O

CO2Et

HO
CO2Et

12

13
(batch: 20 min, 140 °C,
52%, 61% brsm)

(batch: 40 min, 120 °C, 40%)

O

O

O

On Bu

17a,b (82%, d.r. 2.4:1)
(batch: 40 min, 100 °C,
79%, d.r. 3.5:1)

+

1

1

(2)

(3)

(4)

HO

O

OH

O

OH

O

25 kHz, 140 °C,
0.2 mL min–1

11 (78%)

DMF

10

(batch: 1.5 h, 140 °C, 85%)

1(1)

(95:5)

Scheme 3. Pericyclic continuous flow reactions.

1

[Pd(MeCN)4](BF4)2, FeCl3·6H2O
(ClCH2)2/DMF (5:1)

1

21 25 kHz, 80 °C,
0.1 mL min–1

(batch: [Pd(MeCN)4](BF4)2, FeCl3·6H2O
(ClCH2)2/DMF (5:1), 80 °C, 1 h, 50%)

Ph

NH2

N
H

Ph

22 (70%)

Scheme 4. Palladium-catalyzed inductively heated hydroami-
nation of aryl alkyne 21.
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Steel beads (0.8mm diameter) have served as fixed bed
materials of flow reactors. Smaller steel beads (0.4mm) were
less efficiently heated or bigger ones (2.0mm) were too large
to create a large hot surface area inside the reactor. The
combination of inductive heating with steel beads and flow
chemistry was beneficially employed for conducting several
multicomponent reactions (MCR).44 Typical examples are the
asymmetric Mannich reaction at elevated temperature using L-
proline as catalyst affording ¢-amino ketone 36 (Scheme 7,
Entry 1), the Biginelli reaction furnishing tetrahydropyrimidine
40 (Entry 2) and the Petasis reaction, a variant of the Mannich
reaction that provides amines 44 and 47 (Entries 3 and 4) that all
proceeded with excellent yields.

Steel beads also served as a source of heat to conduct
the palladium-catalyzed two-step tandem reaction composed of
a SonogashiraHagihara reaction followed by a 5-endo dig
cyclization to yield benzofuran 50 (Scheme 8).

Also copper wire is efficiently heated in an oscillating
electromagnetic field. In this environment, copper heats up to
a point that it can also act as a catalyst in several trans-
formations. Thus, the Huisgin “click” cycloaddition becomes
possible after in situ formation of the alkyl azide yielding
triazoles like 53 (Scheme 9, Entry 1). High-temperature copper
also acts as catalyst in the decarboxylation of propargylic
carboxylic acid 54 under flow conditions to afford propargyl(2-
propynyl) alcohol 55 (Scheme 9, Entry 2). Third, copper-
mediated cyclization of aryl carboxylic acid 56 are possible
under flow conditions (Scheme 9, Entry 3).

As an extension, the multistep flow synthesis of vinyl azides
and their application in the synthesis of vinyltriazoles was
conducted.45 First, a polymer-bound equivalent of iodine azide
yielded a 2-iodoazide starting from alkene 58. The iodoazide

toluene

1 + CrO2
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was directly pumped into a second reactor loaded with polymer-
bound DBU, thus mediating an elimination step under flow
conditions. This two-step flow protocol yielded vinylazide 59
in very good yield. The third step involved the formation of
vinyltriazoles 61 by the copper-catalyzed Huisgen “click”
cycloaddition. Again, the required heat was generated by an
oscillating electromagnetic field that was exposed to copper
turnings (Scheme 10).

Synthesis with Functionalized Iron Oxide Nano-
particles.

The primary role of the silica shell in the coreshell particles
is to keep the iron oxide nanoparticles apart from each other.
Otherwise there is a tendency of clustering with subsequent loss
of the superparamagnetic properties. In addition, the silica shell
of MagSilicaμ can be modified and functionalized based on
known methods. For example, palladium nanoparticles were
immobilized on these coreshell particles and this doped
superparamagnetic material 62 was used as heatable and

catalytically active fixed bed material in flow reactors. In fact,
this catalytic system can be employed to carry out Suzuki and
Heck cross-coupling reactions to yield products of type 65 and
68, respectively (Scheme 11). In principal recyclability is an
advantage of such heatable heterogeneous catalysts. However,
the catalytic system lost its activity after three runs despite the
fact that leaching was low (Entry 1: 34 ppm for Pd; Entry 2:
100 ppm for Pd).

� Conclusion

The use of inductively heated iron oxide nanoparticles
has found first use in the treatment against solids tumors.
Only recently, the superparamagnetic properties of these nano-
particles has been exploited as a heating technology in organic
synthesis. As far as efficacy is concerned inductive heating
is comparable with microwave irradiation. However, many of
the safety issues associated with microwave irradiation do not
exist, making inductive heating an attractive new heating
method in organic synthesis. Ideally inductive heating can be
combined with microreactors creating powerful new synthetic
platforms.

From our experience, the technical setup is much simpler
than corresponding microwave devices when performing chem-
istry under flow conditions. Also leaching of metal species is
minimal and in-line scavengers can be applied if necessary.
Furthermore, the reactor concept is simple and can be adapted to
other flow systems too. In view of the dramatic increase of
interest in flow chemistry we believe that this new heating
technology has future prospects both in academia and in
industry.
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