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The third Thematic Series on flow chemistry published in the

Beilstein Journal of Organic Chemistry demonstrates the

emerging importance of transforming chemical synthesis in the

laboratory from a classical batch approach to continuous

processes by using micro- and miniaturized flow reactors. In the

past two decades this technology has seen a dramatic increase

of visibility. Considering an analyses of the accompanied devel-

opments in flow synthesis one has to acknowledge that the topic

has shifted among different disciplines with a variety of inten-

sities and focus.

In the late eighties and nineties, the idea of miniaturising

continuous chemical processes was mainly pursued by chem-

ical engineers. They were fully aware of the quest for an inten-

sification of the process and the advantages associated with

continuously operated chemical processes. The benefits of

miniaturizing flow systems are evident when considering the

excellent heat and mass transfer properties of these small tech-

nical devices. Chemical engineers developed beautifully

designed reactors, mixers and interfaces for the online moni-

toring of continuous processes. The major inspiration came

from the process and development units in the chemical

industry, where continuously operated pilot plants already

played a key role. Conceptually, highly modular microreaction

systems developed by Ehrfeld Mikrosystem BTS and by CPC

(Cellular Process Chemistry Systems) are marvelous examples

of these engineered driven achievements.

In the late nineties, organic chemists from both industry and

academia, which included our group, became involved in the

use of microreactors and provided a myriad of synthetic exam-

ples. The combined work of experts from engineering and

chemical synthesis was highly fruitful and is so until today.

This combination of expertise has catalyzed the development of

microreactor technology in the applied context of synthesis and

production.

Chemical engineers depend on input from chemists and syn-

thetic chemists will only advance the field of miniaturized flow

synthesis if they are aware of the technical and engineering

aspects. This includes the quest for developing analytical

devices for online monitoring and feedback loops for opti-

mising synthetic protocols.

Several of these aspects can be found in this third Thematic

Series on flow chemistry. I am thankful to all my colleagues

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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who contributed with their excellent research to this issue. The

Beilstein Team is acknowledged for the handling of the

manuscripts and referee reports in a very pleasant and profes-

sional manner.

Andreas Kirschning

Hannover, August 2013
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Abstract
We present a study in which the versatility of 3D-printing is combined with the processing advantages of flow chemistry for the

synthesis of organic compounds. Robust and inexpensive 3D-printed reactionware devices are easily connected using standard

fittings resulting in complex, custom-made flow systems, including multiple reactors in a series with in-line, real-time analysis

using an ATR-IR flow cell. As a proof of concept, we utilized two types of organic reactions, imine syntheses and imine reductions,

to show how different reactor configurations and substrates give different products.
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Introduction
The use of flow chemistry and 3D-printing technology is

expanding in the field of organic synthesis [1-5]. The applica-

tion of continuous-flow systems is frequently found in chem-

istry, and is beginning to have a significant impact on the way

molecules are made [1-3]; on the other hand the application of

3D-printing technology in synthetic chemistry still has many

aspects that can be investigated. The benefits resulting from

the utilization of 3D-printing techniques to create bespoke

reactionware for synthetic chemistry have recently been

reported [4,5].

3D printing consists of the fabrication of three-dimensional

physical objects from a digital model [6]. The 3D printer takes

the virtual design from computer-aided design (CAD) software

and reproduces it layer-by-layer until the physical definition of

the layers gives the designed object. The significant advantage

of this technique is that the architecture can be concisely

controlled. 3D printing allows chemists to build devices with

high precision, including complex geometries and intricate

internal structures such as channels with well-defined size

dimensions. Furthermore, understanding the kinetics of the

processes can allow the (re-)designing of the reactionware,

allowing us to combine additional kinetic knowledge with

reactor designs. Moreover, the additive manufacturing process

of the devices takes a short time and results in a cheap proce-

dure for the fabrication of fluidic devices [7]. All this is impor-
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Figure 1: Schematic representation of the 3D-printed reactionware devices employed in this work showing the internal channels. Both have two
inputs (A and B) and one output (C). The main difference consists in the length of the inlets/outlets: the dimension of the inlets/outlets in R1 is 3 mm
and in R2 it is 6 mm where the latter is designed to match the size of standard check-valves.

tant in chemistry, and in particular for the realization of micro-

and millifluidic devices.

Microfluidic devices compatible with a wide range of organic

solvents and reagents are usually made of silicon or glass,

which requires specialized manufacturing techniques and are

expensive to fabricate [8]. There is growing interest in the use

of polymers that can be employed to fabricate devices in a rapid

and inexpensive fashion [9]. One of the most commonly

employed polymers is poly(dimethylsiloxane) (PMDS), due to

its low cost and the possibility of rapid prototyping. Neverthe-

less, it is not suitable for carrying out organic reactions as it can

absorb the reactants and will swell in most nonaqueous solvents

[8]. 3D-printing technology offers the possibility of employing

polypropylene (PP), a thermopolymer that is inert in a range of

organic solvents and organic compounds, cheaper than PMDS,

and compatible with the available 3D printers.

Herein, we demonstrate the versatility and convenience of using

3D-printed reactors for the synthesis of organic compounds,

using flow techniques with an in-line ATR-IR flow cell to

monitor the reactions in real time. There are several examples of

different techniques used for real-time analyses in the literature,

such as UV–vis [4,5,10,11], IR [5,10,12-14], and even NMR

spectroscopy [15-17]. The use of in-line spectroscopy allows

for the monitoring of reaction steps that include unstable com-

pounds or hazardous species [18]. Further, the use of such tech-

niques may also be used to obtain quantitative information

about reaction progress and to rapidly optimize the reaction

conditions “on the fly”.

First, an in-house designed and 3D-printed reactionware device

was employed for the synthesis of imines from the reaction of a

range of aldehydes and primary amines. Secondly, two reactors

were connected in series to first perform an imine synthesis and

then subsequently an imine reduction, with this second setup

showing the potential for using the 3D-printed devices as reli-

able tools in multistep synthesis. This showed that the

simplicity of designing and building flow reactors employing

3D-printing techniques allows for an easy and convenient inte-

gration of devices in a flow setup. Therefore it represents a very

attractive way to design and build new continuous-flow rigs for

organic synthesis.

Results and Discussion
Experimental setup
The 3D-printed flow reactors used to carry out the organic

syntheses were designed by using a 3D CAD software package

(Autodesk123D®), which is freely distributed and produces

files that can be converted to the correct format read by the

3DTouchTM printer. This 3D printer heats a thermopolymer

through the extruder, depositing the material in a layer-by-layer

fashion, converting the design into the desired 3D reactionware.

The thermoplastic employed to fabricate the devices presented

herein is PP, selected to print robust, inexpensive and chemi-

cally inert devices. Comparing PP with other common and

accessible thermoplastics, which have been used in 3D printing

before, such as polylactic acid (PLA) and polyacrylates, in PP

we can find the required characteristics to perform a chemical

reaction: thermostability up to 150 °C, high chemical inertia,

and low cost. PLA is widely used in medicinal chemistry

because of its biocompatibility; however, from a chemical point

of view its use is limited to a few solvents and organic com-

pounds, and to preserve its integrity it can only be used up to

temperatures of 60–66 °C [19]. Polyacrylates consist of a vast

group of polymers with different physical and chemical prop-

erties; however their chemical compatibility is low. In fact they

are not generally recommended for exposure to alcohol, glycols,

alkalis, brake fluids, or to chlorinated or aromatic hydrocarbons

[20]. Therefore, PP was the plastic of choice for the device

fabrication.

The shape of the 3D-printed reactionware devices used herein

(Figure 1) was chosen in order to combine a short design and

print time with the robustness required for a flow system.
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Table 1: 3D-printed reactionware device characteristics.

Entry Characteristics R1 R2

1 printing time (min) 248 367
2 PP mass (g) 24.01 33.74
3 dimensions (mm) 30 × 80.2 × 10 70 × 30 × 15
4 internal diameter (mm) 1.5 1.5
5 theoretical volumea (mL) 0.54 0.51
6 reactor volume 0.4 0.35

aThe theoretical internal volumes of the devices are higher than the measured volumes. This is due to the printing process, where the internal channel
diameter is always slightly smaller than the designed one.

Each device has two inlets, followed by a mixing point, a length

of reactor to ensure a controlled residence time (which is given

by dividing the reactor volume by the total flow rate), and one

outlet. The approximate volume of the first reactor (R1, see

Figure 1, left) is ca. 0.4 mL and was employed in the imine

syntheses, while the second reactor (R2, see Figure 1, right) has

a volume of ca. 0.35 mL and was employed connected to

another R2 for the imine reduction processes. All the character-

istics of the devices are summarized in Table 1.

The 3D-printed devices were integrated in the flow systems

using 1.58 mm outer diameter (OD) polytetrafluoroethylene

(PTFE) tubing, with an internal diameter of 0.5 mm and stan-

dard connectors made of polyfluoroelastomer (FPM) and poly-

ether ether ketone (PEEK). PEEK is a harder plastic than PP

and, thus, allowed the screwing of the standard connectors into

the softer PP inlets/outlets of the devices, resulting in a tight

seal to the device. The screw connectors increase the chemical

tolerance of the 3D-printed reactor as well as its chemical

compatibility, compared to our previous devices [5]. The

connectors at the device inlets were equipped with check valves

(made of PEEK with a Chemraz® O-ring, which is compatible

with organic solvents and compounds) to prevent potential

backflow issues. The reactor inlets were connected to the

syringe pumps containing the starting material solutions, whilst

the outlets were connected to the in-line ATR-IR flow cell (see

Figure 2). These improvements are a considerable step forward

compared to our previous report on 3D printing fluidics [5], as

they facilitate the integration of the devices, increase the chem-

ical compatibility, improve the range of pressure that can be

handled by the system, and enable the easy configuration for the

use of ancillary equipment.

Device 1: Imine formation
Here we show the 3D-printed device as a millifluidic reactor for

the synthesis of imines under flow conditions. We monitored

the reaction progress with the help of an in-line ATR-IR flow

cell, which is a very useful technique for the monitoring of

Figure 2: Flow system setup, where a R1 is connected to the syringe
pumps and the ATR-IR flow cell with standard connectors.

organic reactions under flow conditions [10,21-26]. The flow

setup used for these syntheses consists of two syringe pumps,

each of them connected to one of the inlets of the 3D-printed

reactionware device R1. The syringe pumps were filled with the

starting materials with a carbonyl compound (1a–c) being
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placed in syringe pump no. 1 and with a primary amine (2a–d)

being placed in syringe pump no. 2 (Figure 3).

Figure 3: Carbonyl compounds and primary amines used in the
syntheses reported in this work. Carbonyl compounds: benzaldehyde
(1a); R-(−)-myrtenal (1b); 3-pentanone (1c). Aniline derivatives: aniline
(2a); 3-(trifluoromethyl)aniline (2b); 3-chloroaniline (2c); 3,5-dimethyl-
aniline (2d).

The experiments were conducted using 2 M methanolic solu-

tions of the different substrates. This is convenient from a

processing point of view, since high concentrations favor

increased reaction kinetics [26] whilst minimizing the amount

of waste generated during the downstream work-up [27]. The

reactor output was connected with a length of tubing with a

volume 0.1 mL to the IR flow cell. Hence, the total flow reactor

volume (VR) was 0.5 mL. The syntheses of the imines were

monitored by an in-line ATR-IR flow cell and were conducted

at a total flow rate of 0.25 mL min−1, where two equimolar

methanolic solutions of 1 and 2 were flowed into R1 at the same

flow rate. The residence time was calculated as the time taken

for the solutions to go from the mixing point inside the

3D-printed reactor to the analytical device, thus taking into

account the subsequent pieces of tubing employed, and resulted

to be 2 minutes. The choice of a short residence time is to allow

for a more reliable comparison of the imines synthesized and

also to avoid the formation of the Michael addition adduct [28]

(the thermodynamic compound) in the reaction between com-

pounds 1b and 2a.

For the first experiment, we studied the reaction of benzalde-

hyde (1a) with the aniline derivatives 2a–d (Figure 3), to

synthesize the N-benzylideneanilines 3a–d (see Table 2). The

different substituents on the amine compounds have an elec-

tronic effect on the reactive center, thus influencing the

observed conversion, i.e., an electron-donating group (EDG) in

the meta-position of the aniline ring gives a higher percentage

conversion than does an electron-withdrawing group (EWG)

[28]. In fact, Table 2 shows that the conversion of benzalde-

hyde (1a) to imine 3a (Table 2, entry 1; obtained by reacting 1a

with 2a), is higher than with the conversion of 1a to imine 3b

(Table 2, entry 2; obtained by reacting 1a with 2b). The conver-

sion of 1a to imine 3c (Table 2, entry 3; reaction of 1a

with 2c), is the same as the formation of 3a, whilst the

formation of 3d (reaction of 1a with 2d) has the highest conver-

sion %.

Table 2: Conversion of benzaldehyde (1a) into imines 3a–d.

Entry Product Conversion
(%)

1

3a

96

2

3b

85

3

3c

96

4

3d

99

Figure 4 shows the effect of the EWG and EDG substituents of

a phenyl ring through the IR spectra of compounds 3b (on the

left) and 3d (on the right). In both graphs the imine spectrum (in

red) is compared with the spectrum of the starting materials

(dash line): the aldehyde peak of benzaldehyde (1a) at

1704 cm−1 (in black) disappears when it reacts with compound

2d (Figure 4, on the left), while it is still present when

combined with compound 2b (Figure 4, on the right). 1H NMR

spectroscopy was used to confirm the conversion rate of 1a to

the N-benzylideneaniline derivatives 3a–d.

To calculate the conversion of the benzaldehyde (1a) into the

imines 3a–d when combined with the amines 2a–d, a calibra-

tion of the IR spectra of benzaldehyde at known concentrations

was obtained. The different concentrations of the substrates

used for the IR analysis do not significantly affect the intensity
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Figure 4: ATR-IR spectra of the synthesis of compounds 3b (on the left) and 3d (on the right). The spectrum on the left shows the reaction that does
not go to completion due to the EWG substituent on the meta-position of the primary amine 2b (see Supporting Information File 1).

Figure 5: (a) IR spectra of benzaldehyde at different concentrations. The solvent peak at 1022 cm−1 remains constant while the aldehyde peak at
1704 cm−1 increases with the concentration of benzaldehyde. (b) Calibration curve of the different molar concentrations of benzaldehyde is shown.
Equation 1: [benzaldehyde] = −0.432 + 21.56 × A1704 / (A1022 + A1704) and the R2 = 0.993.

of the area of the solvent band at 1022 cm−1 (A1022). Hence, it

is possible to use the solvent peaks to normalize the different

spectra, allowing for comparison of the results. From this data a

calibration curve can be obtained dividing the area of the

benzaldehyde band at 1704 cm−1 (A1704) by A1022, calculated

for five different molar concentrations of the methanolic solu-

tions of benzaldehyde. We used 2 M, 1 M, 0.5 M, 0.25 M and

0.125 M methanolic solutions of benzaldehyde, and the relative

areas were calculated using the corrected solvent-band area

(As*) and adding A1704 to it, in order to minimize the slight

change of A1022 with the concentration of the benzaldehyde

(Figure 5).

Different flow rates were assayed to elucidate the effect of the

reaction time. To synthesize imine 3a, equimolar amounts of

benzaldehyde (1a) and aniline (2a) were mixed in ratio 1:1 (v/v)

at different flow rates in the range 0.25–1.5 mL min−1. The

reported spectra are focused in the region of the IR spectra

where the conversion of aldehyde 1a to imine 3a can be fol-

lowed (see Figure 6). Following the red spectra (synthesis of 3a

with the shortest residence time) it can be seen that the imine

band at 1627 cm−1 is more intense compared to the one in black

(synthesis of 3a with the highest residence time). The observed

conversion range found was between 94% and 97%. Under the

studied conditions, very high conversions have been obtained

with residence times as low as 20 seconds.

Further imine syntheses in-flow were conducted with the

3D-printed millifluidic reactor R1 and monitored with the

in-line ATR-IR (Table 3).
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Figure 7: Representation of the setup for the two-step flow reaction employed in this work. The first reactor (R2’) is used to synthesize the imines
under previously optimized conditions. The product is then directly introduced into the next reactor (R2”) and mixed with the reducing agent to
produce the secondary amine.

Figure 6: Comparison of the IR spectra of imine 3a, derived from
benzaldehyde (1a) and aniline (2a), synthesized at different flow rates.
The conversion of 3a at different flow rates was calculated using the
equation of the calibration curve (see Figure 4), and for a flow rate of
0.25 mL min−1 was 97% and at a flow rate of 1.5 mL min−1, 94%.

The results of these reactions are summarized in Table 3 where

it can be seen that the reaction between aniline (2a) and R-(−)-

myrtenal (1b) readily takes place to give imine 3e (Table 3,

entry 1), whilst no product can be observed under these condi-

tions for the reaction of 2a with 3-pentanone (1c), due to the

lower reactivity of the latter. For details, see the IR spectrum of

compound 3f in section 5 of Supporting Information File 1.
1H NMR spectra were used to calculate the conversion rate of

aldehyde 1b into imine 3e.

Device 2: Imine reduction
To further prove the reliability of the 3D-printed devices as

flow reactors, we decided to connect one reactor to the other

and perform a two steps flow reaction in an automated way. To

this end, we employed two R2 reactionware devices connected

in series (Figure 7), to monitor the formation of the final prod-

uct using the in-line ATR-IR flow cell. We ran the imine syn-

thesis in the first of the two reactors (R2’), and once formed we

Table 3: Conversion of carbonyl compounds 1b and 1c with aniline
(2a) into imines 3e and 3f.

Entry Product Conversion (%)

1

3e

94

2

3f

–

subsequently reduced it in the second reactor (R2”). R2’ was

connected to the syringe pumps containing the starting ma-

terials (compounds 1a and 2a–d) for the imine synthesis as

previously described (but with a longer residence time than

described above, to ensure a complete conversion of the

substrates), before imines 3a–d were directly introduced to R2”

for the subsequent reduction.

The reduction of imines is a strategy to synthesize functional-

ized secondary amines [23,24], although only a few examples

of reductions in microfluidic devices have been reported in the

literature [5,23-25]. The condensation reactions were conducted

using a 2 M solution of benzaldehyde (1a) in MeOH as before,

which was pumped through inlet B’ into reactor R2’ at

0.0125 mL min−1 and mixed with a 2 M solution of the aniline
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derivatives 2a–d in MeOH introduced through inlet A’ at the

same flow rate, keeping the aldehyde/amine ratio (1:1) (v/v) as

described for the imine synthesis in R1. We selected this low

flow rate to obtain a sufficient residence time (tR = 14 min) for

a full conversion of 1a into imines 3a–d. Reactor R2’ was

connected to the inlet A” of a second device (R2”) where the

freshly formed imine was mixed with the reducing agent,

cyanoborohydride (NaBH3CN) in MeOH (1 M), introduced

through inlet B”, and the two equimolar solutions were pumped

through R2” at the same flow rate. The molar and volumetric

ratios hydride/imine were kept constant (1:1) to produce the

corresponding amines with a residence time of 7 min. The

reducing agent was selected because it is mild but effective, and

it prevents the undesired formation of bubbles or problems

related to over-reduction, which could be expected in this range

of concentrations when using conventional reducing agents,

such as NaBH4. Using this methodology, imines 3a–d were

reduced affording the corresponding secondary amines 4a–d

(Table 4).

Table 4: Table of the compounds used to study the imine reduction.

Entry Product 4 Yield (%)

1

4a

78

2

4b

99

3

4c

96

4

4d

97

1H NMR spectroscopy and MS spectrometry confirmed the presence
of the amines.
1H NMR spectra were used to calculate the conversion rate of the
amines 4a–d.

The reactions were followed by monitoring the absence of the

imine and aldehyde bands in the in-line ATR-IR flow cell,

focusing the attention on the region of the IR spectrum between

1720 cm−1 and 1550 cm−1, where the disappearance of the

imine band (around 1630 cm−1) can be observed. Figure 8

shows the spectra of imine 3b (red) and its corresponding

reduced product, compound 4b (green) as an example; in the

red spectrum a complete conversion of the aldehyde into imine

3b can be observed (due to the absence of the aldehyde peak at

1704 cm−1), and in the green spectrum the imine peak at

1632 cm−1 has completely disappeared.

Figure 8: Example of an ATR-IR graph in which an imine spectrum is
compared with the reduced imine spectrum.

In addition to the IR analysis, compounds 4a–d were collected

and analyzed by mass spectrometry (MS), HPLC and 1H NMR

spectroscopy. In all the studied cases, the analytical data

confirmed full conversion of the substrates into the corres-

ponding amines.

Conclusion
We have demonstrated that it is possible to integrate 3D-printed

reactionware devices into a flow system, which highlights the

great versatility and modularity of 3D-printed reaction devices.

The possibility of connecting the reactors using standard fittings

allows for better seals and facilitates the reuse of the devices,

compared to our previously published procedures [5]. Further,

the versatility of the 3D-printed reactionware has been demon-

strated by studying and optimizing the residence time to synthe-

size a range of imines and secondary amines and to monitor the

reactions in real time using in-line IR spectroscopy.

These robust, inexpensive and chemically inert 3D-printed reac-

tors have proven suitable vessels for single-step as well as

multistep reactions in flow. The chemical and thermal stability

of PP makes this generation of custom built flow reactors suit-

able for the investigation of more complex chemistry. There-
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fore the next step will be to design and print reactionware

devices tailored to selected chemistry, such as by increasing the

inlets/outlets numbers, adapting the channel size to the different

stages of a reaction, and including reservoir chambers, etc.

We strongly believe that the ease of combining robust and

cheap devices with other instruments in the laboratory can lead

us to build new reactionware for the faster optimization of

chemical processes as well as opening the potential for the

discovery and implementation of array chemistry. We are

currently investigating the effect of the device architecture on

the reaction performed by using 3D-printed reactors made of

PP, testing their robustness and chemical inertia in different

environments, and designing new geometries to further develop

the 3D printing technology and the 3D-printed reactionware, as

well as the development of a range of universal chemical

modules.

Supporting Information
Supporting Information File 1
3D printing materials and method, experimental and

characterization of compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-109-S1.pdf]
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Abstract
The inner surface of a metallic tube (i.d. 0.5 mm) was coated with a palladium (Pd)-based thin metallic layer by flow electroless

plating. Simultaneous plating of Pd and silver (Ag) from their electroless-plating solution produced a mixed distributed bimetallic

layer. Preferential acid leaching of Ag from the Pd–Ag layer produced a porous Pd surface. Hydrogenation of p-nitrophenol was

examined in the presence of formic acid simply by passing the reaction solution through the catalytic tubular reactors.

p-Aminophenol was the sole product of hydrogenation. No side reaction occurred. Reaction conversion with respect to p-nitro-

phenol was dependent on the catalyst layer type, the temperature, pH, amount of formic acid, and the residence time. A porous and

oxidized Pd (PdO) surface gave the best reaction conversion among the catalytic reactors examined. p-Nitrophenol was converted

quantitatively to p-aminophenol within 15 s of residence time in the porous PdO reactor at 40 °C. Evolution of carbon dioxide

(CO2) was observed during the reaction, although hydrogen (H2) was not found in the gas phase. Dehydrogenation of formic acid

did not occur to any practical degree in the absence of p-nitrophenol. Consequently, the nitro group was reduced via hydrogen

transfer from formic acid to p-nitrophenol and not by hydrogen generated by dehydrogenation of formic acid.

1156

Introduction
The flow reaction process enables continuous material produc-

tion simply by feeding the reactants into one end of the reactor

and obtaining the products from the other end [1-9]. Recently,

we developed catalytic tubular reactors of less than 0.5 mm

inner diameter, of which the interior surfaces were coated

uniformly with thin (1–2 μm) palladium (Pd), platinum (Pt), and

rhodium (Rh) layers by an electroless plating procedure [10,11].

These tubular reactors combined the merit of flow reaction

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:rahat-javaid@aist.go.jp
mailto:tm-suzuki@aist.go.jp
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Figure 1: (a) Graphical presentation of Pd–Ag co-plating and sequential removal of Ag to give a porous Pd surface. (b) SEM image of Pd–Ag
co-plated surface along with EDX presentation of Pd and Ag deposition. (c) Surface morphology of porous Pd.

processing with the catalytic properties of various metals.

Unlike packed-bed catalysts, hollow tubular reactors can mini-

mize the mass transfer resistance and therefore ensure a smooth

flow of reactants without causing an undesirable pressure drop

or clogging of reactor tubes. In addition, the tubular reactor

offers a large surface-to-volume ratio, good mixing and heat-

transfer properties that enhance the reaction rate [5]. We have

studied flow reactions, including the decomposition of

hydrogen peroxide, oxidation of organic dyes, carbon–carbon

coupling, and conversion of formic acid to hydrogen (H2) and

carbon dioxide (CO2), using catalytic tubular reactors [10-13].

p-Aminophenol is an important intermediate produced in the

syntheses of various chemicals including dyes, pharmaceuticals,

and anticorrosive lubricants [14-16]. The catalytic hydrogena-

tion of aromatic nitro compounds with H2 has been studied

extensively in the presence of Pd, Pt, Ni, and Rh metals [14,16-

22].  In the l ight of the commercial  importance of

p-aminophenol, improvement of catalytic performance was

attempted by using nanoparticles (NPs) of Au, Pd, and Ni

immobilized on various solid supports. Apart from the use of

gaseous H2, the reduction of p-nitrophenol with sodium borohy-

dride (NaBH4) was studied catalyzed with core–shell Au–Pd

NPs and Au NPs [23-26]. Formic acid is another attractive H2

source because it is safe, easy to handle, and requires no high-

pressure equipment. Formic acid and formate have been used as

effective H2 donors in the catalytic transfer hydrogenation of

aromatic nitro compounds [27-31].

Here we attempted the hydrogenation of p-nitrophenol with

formic acid in catalytic flow-through tubular reactors. Because

Pd-based catalysts have usually been regarded as the most

active catalysts [27,28,32], we modified the inner surface of

tubular reactors with thin Pd, porous Pd, and their oxidized

metal layers. Herein, we present a simple, rapid and convenient

process for the reduction of p-nitrophenol, which is compatible

with high reaction conversion under mild conditions.

Results and Discussion
Fabrication of the catalytic tubular reactors
Electroless plating is a simple and efficient methodology to coat

the inner wall of a tubular reactor with various thin metal layers.

Aside from the plating of a single Pd layer, we examined

co-plating of Pd and Ag from their 9:1 (atomic ratio) mixed

solution, as depicted in Figure 1a. Metal ions in the plating

solution are stabilized against precipitation by complex forma-
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tion with EDTA and NH3, which also controls the deposition

rate of the individual metal by modifying the redox potential

[33]. SEM and EDX analysis of the plated layer indicated the

mixed distribution of Pd and Ag over the inner surface

(Figure 1b). It has been observed that Ag is preferentially

plated. Therefore, a small excess of Ag (13%) was deposited

over the atomic ratio present in the plating solution [33]. When

the Ag content exceeds 15% in the Pd–Ag co-plating, the

plating solution becomes considerably unstable and tends to

give undesirable precipitation.

Selective dissolution of the less-noble element out of a

bimetallic mixture or alloy results in the formation of a unique

metallic sponge structure of the noble component [34,35]. We

attempted to modify the reactor wall with a porous Pd layer.

Continuous passage of 4 M HNO3 into the reactor with a

Pd–Ag co-plated layer preferentially dissolved Ag, leaving

pores behind. Figure 1c shows an SEM image of the porous Pd

surface after removal of Ag, where numerous pores are

observed. Direct determination of the porosity of the porous

metal layer was difficult because it firmly adhered and resisted

removal from the inner surface of the narrow tube. Instead we

conducted similar co-plating of Pd and Ag (9:1) on a glass

surface. The plated Pd–Ag film was peeled from the glass

surface. Then Ag leached out by acid treatment of the film. The

BET specific surface area and average pore diameter were

determined respectively as 8.8 m2 g−1 (106 m2 cm−3 as for

volume base) and 9.4 nm.

The oxidized palladium (PdO) surface often gave high catalytic

activity [11,13,36-41]. Air oxidation of Pd and the porous Pd

layer in the tubular reactors was conducted at 750 °C under air

flow for 2 h. The XPS analysis confirmed complete oxidation of

the Pd surface to PdO, as presented in our previous study [13].

Hydrogenation of p-nitrophenol in the
catalytic flow reactors
The experimental setup of our flow reaction system is simple,

as depicted in Figure 2, where a reactor tube loop was immersed

in a water bath maintained at constant temperature. An aqueous

solution containing p-nitrophenol and formic acid was supplied

continuously from one end and collected in fractions at the

other open end. The reaction solution flow is smooth and stable

because the catalytic reactors are hollow tubes, avoiding the

pressure drop and plugging.

The evolution of gas bubbles was observed during the reaction

forming an alternate gas–liquid slug flow. GC analysis of the

gas phase evidenced the evolution of CO2 as a sole product and

H2 was not found. The hydrogenation reaction of p-nitrophenol

was followed by UV–vis spectroscopy. The analytical UV–vis

Figure 2: Schematic diagram of experimental setup used for the
catalytic hydrogenation of p-nitrophenol.

peaks of p-nitrophenol and p-aminophenol are sufficiently sep-

arated both under acidic and basic conditions (Supporting Infor-

mation File 1). The spectral difference between acidic and basic

solutions is responsible for the association and dissociation of

phenolic proton. The concentration of p-nitrophenol was deter-

mined by absorbance at 317 nm (acidic conditions) using the

calibration curve. The presence of isosbestic points in the

spectra (Supporting Information File 1) of the reaction mixture

indicates that p-aminophenol is a sole product in the solution,

and consequently no side reaction occurs as expressed in

Scheme 1.

Scheme 1: Hydrogenation of p-nitrophenol with formic acid.

Catalytic activity of the reactors
Hydrogenation of 0.01 M p-nitrophenol with 0.1 M formic acid

was conducted in aqueous solution at 30 °C and 40 °C by using

tubular reactors coated with Pd, porous Pd, metallic Pd–Ag and

porous PdO. The pH of the aqueous reaction solution as

prepared was 2.2. The flow rate was fixed to 0.8 mL min−1,

which corresponds to 14.7 s of residence time in the tubular

reactor. Figure 3 shows the reaction conversion of p-nitro-

phenol obtained by using the respective tubular reactors. The

catalytic surface unquestionably contributed to facilitation of

the reaction, because practically no reaction took place in the

absence of the catalytic layer, even at 70 °C. It is noteworthy

that oxidation of the Pd surface improved the catalytic activity
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Figure 3: Influence of temperature on the conversion of 0.01 M p-nitro-
phenol with 0.1 M formic acid at 30 °C and 40 °C. Tubular reactors
coated with Pd, PdO, Pd–Ag, porous Pd or porous PdO were applied
for demonstration of the catalytic activity. All experiments were
conducted with 14.7 s residence time.

Figure 4: Effect of residence time on the conversion of 0.01 M p-nitro-
phenol with 0.1 M formic acid at 30 °C and 40 °C using PdO and
porous-PdO-coated tubular reactors.

remarkably. The number of surface hydroxy groups increases

with the oxidation of Pd, allowing more intimate interaction

with the reactants (see below). Addition of 13% Ag to Pd

greatly decreased the catalytic activity, presumably because Ag

suppresses and inhibits the active Pd site. In fact, when Ag was

removed by acid, the catalytic activity was revived. Moreover,

the reactor with a porous PdO surface gave markedly superior

conversion (>99 %) compared to that of the corresponding

nonporous counterparts.

Superior catalytic activity of the porous surface was also

confirmed by the effect of the residence time (flow rate) in the

reactors. As presented in Figure 4, the reactor of porous PdO

invariably attained higher conversion with shorter residence

time than any other reactor. For example, 100% conversion was

attained after 14.7 s residence time for porous PdO, whereas

nonporous PdO required 19.6 s. The porous and rough reactor

surface provided more contact opportunity with substrates, with

which a much higher surface-area-to-volume ratio can be

attained. The total amount of Pd present in the tube inner layer

does not represent the concentration of active catalyst, since

only surface metal atoms work as active sites. Therefore we

estimated the number of surface Pd atoms using the observed

surface area of porous Pd, the number of closely packed Pd

atoms in a face centred cubic (fcc) crystal unit, and the atomic

radius of Pd (0.137 nm) [32]. The catalytic activity expressed in

terms of turnover frequency (TOF) was calculated to be around

320 h−1 (mol of substrate per mol of Pd site per hour) at 40 °C.

This value is much higher than those reported for the catalytic

transfer hydrogenation of p-nitrophenol and benzyl acetate in a

flow system [30,32].

We conducted the reaction while changing the concentration of

formic acid and maintaining the p-nitrophenol concentration to

0.01 M. According to the reaction stoichiometry expressed in

Scheme 1, three times the molar concentration of formic acid is

necessary for the reduction of one mole of p-nitrophenol. In the

present flow reaction, at least 0.05 M formic acid was neces-

sary to attain the maximum reaction conversion of 92.1% at

30 °C (Figure 5), which corresponds to a 1.7 times excess of the

reducing agent to the p-nitrophenol. Further increases of

concentration did not improve the reaction outcomes (Figure 5).

Figure 5: Effect of the concentration of formic acid on the conversion
of 0.01 M p-nitrophenol. The formic acid concentration varied: 0.01 M,
0.03 M, 0.05 M and 0.1 M. Porous-PdO-coated reactor was used at
30 °C, with a residence time of 14.7 s.
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Transfer hydrogen from formic acid to p-nitro-
phenol
Dehydrogenation of formic acid and its subsequent reduction of

nitro group is a possible reaction pathway. However as

mentioned, CO2 was a sole product in the gas phase and H2 was

not found even at an increased temperature of 70 °C. To ensure

that the nitro group is not reduced by H2 generated by dehydro-

genation of formic acid, we conducted a control test where

p-nitrophenol was absent. Notably when p-nitrophenol was not

present in the reaction solution formic acid was not consumed at

all at the present reaction temperature. In our previous study,

more than 250 °C was necessary for the dehydrogenation of

formic acid in the Pd-coated tubular reactor [13]. Consequently,

we concluded that the nitro group was reduced in a transfer

hydrogenation process and not by molecular H2 generated from

the dehydrogenation of formic acid. In contrast to hydrogena-

tion using gaseous H2, the present system using formic acid as

hydrogen donor has the advantages of convenience and safety.

The PdO surface has a higher number of hydroxy groups than

that of metallic Pd providing more opportunity for interaction

sites with the substrates. This is in accordance with the higher

reaction conversion attained by oxidized PdO reactor tube than

that by the metallic Pd reactor tube. The reaction efficiency in a

porous PdO reactor apparently depends on the pH of the reac-

tion solution, as given in Figure 6. The decrease of pH produced

markedly better conversion. By considering the pKa of formic

acid (3.5), the acid form (HCO2H) contributes to the reaction

conversion better than basic formate (HCO2
−) does. H2 transfer

from formic acid to a nitro compound has often been facilitated

in the presence of a base, such as triethylamine and NH3

[28,32,42-44]. Therefore, the addition of such bases is usually

necessary for transfer hydrogenation. As in the present case,

base-free catalytic transfer hydrogenation of a nitro compound

is a rather rare example [31,45]. One plausible explanation is a

pH dependence of the electrostatic interaction between formic

acid/formate and the catalytic surface. The oxidized Pd surface

(PdO) is equilibrated with Pd–OH and Pd–O− in aqueous solu-

tion depending on the pH [46]. Increase in the number of Pd–O–

at high-pH region makes the surface more negative and inhibits

the access of formate (HCO2
−) and phenolate (NO2–Ph–O−)

anions, although at low pH, such repulsion of Pd–OH and the

acidic reactants is suppressed.

Long-term stability
To evaluate the long-term stability and activity of the catalytic

reactor, the reaction was run for 100 h at 30 °C and another

100 h at 40 °C. In these experiments, a solution of 0.01 M

p-nitrophenol and 0.05 M formic acid was fed continuously to

the reactor tube at a fixed residence time of 14.7 s. The solution

was collected out of the reactor in fractions and the conversion

Figure 6: Effect of pH on the conversion of 0.01 M p-nitrophenol by
using 0.05 M formic acid. The porous PdO coated reactor was used at
30 °C and a residence time of 14.7 s.

was determined. As Figure 7 shows, the reaction was stable

over this period. Palladium was not found in the reaction solu-

tion by the ICP–AES analysis, indicating that the leaching of Pd

from the reactor tube was negligible during these experimental

runs. Unlike other catalytic approaches for the reduction of

p-nitrophenol [25,47-49], our catalytic flow system requires no

product separation procedure. Moreover, we observed no

decrease in the catalytic activity.

Figure 7: Long-term testing for continuous hydrogenation of 0.01 M
p-nitrophenol with 0.05 M formic acid in the porous PdO-coated
reactor. Residence time: 14.7 s.

Conclusion
A flow electroless plating procedure was employed to produce a

thin metal-catalyst coating layer over the inner surface of a

tubular reactor. Co-plating of Pd and Ag yielded mixed distrib-
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uted Pd and Ag inner surfaces, which further gave a porous Pd

surface by preferential dissolution of Ag by HNO3. A hollow

tubular reactor combined with the catalytic inner surface

enabled rapid and continuous reaction under a smooth flow of

reactants and products. The versatility of these catalytic tubular

reactors was demonstrated through efficient and rapid reduc-

tion of p-nitrophenol by using formic acid. The nitro group is

reduced in a transfer hydrogenation process and not by molec-

ular H2 generated from dehydrogenation of formic acid. The

porous and oxidized Pd surface showed better catalytic activity

because of the increased surface area and roughness. No signifi-

cant sign of deactivation of the catalyst or leaching of Pd was

observed through 100 h continuous reaction, which demon-

strates the robustness of the present catalytic reactors.

Experimental
Materials and reagents
Reagent-grade formic acid (HCO2H, 98%), p-nitrophenol,

palladium acetate [Pd(CH3COO)2], silver nitrate (AgNO3),

disodium ethylenediamine tetraacetate (EDTA–Na2), ammonia

(NH3, 28%), hydrazine monohydrate, nitric acid (HNO3, 60%)

and hydrogen peroxide (H2O2, 30%) were purchased from

Wako Pure Chemical Industries Ltd. and were used without

further purification.

Fabrication of tubular reactors
A double-layered tube (o.d. 1.6 mm, i.d. 0.5 mm, length

100 cm) composed of Inconel 625 and titanium (Ti) inner layer

(thickness 120 μm) was fabricated by E.S.Q. Co., Japan, by

elongation of the titanium inlaid Inconel 625 piece by stretch-

draw process, and used as the reactor support [11]. The Ti inner

surface was oxidized to TiO2 with H2O2 under supercritical

water conditions (450 °C, 30 MPa). The TiO2 surface, which is

suitable for Pd plating, also acts as a barrier to prevent inter-

metallic diffusion of Ti and the metal catalyst. The TiO2 surface

was activated with Pd seeds before electroless plating. Plating

of Pd was then conducted according to the procedure described

in previous reports [10-12]. By 5 h plating at 50 °C, 67.3 mg of

Pd was deposited, which corresponds to a Pd inner wall thick-

ness of 3.6 μm. The Pd surface was oxidized by calcination of

the tubular reactor at 750 °C for 2 h under air flow.

Co-plating of Pd and silver (Ag) was typically performed by

passing (0.5 mL min−1) an aqueous solution containing 9 mM

Pd(CH3COO)2, 1 mM AgNO3, 0.15 M EDTA–Na2, 4 M NH3,

and 10 mM hydrazine monohydrate through the reactor tube at

60 °C. After 3 h plating, 67.7 mg of Pd (87%) and 10.1 mg of

Ag (13%) were deposited inside the tubular reactor. After

plating, washing with water was conducted to remove the chem-

icals remaining inside the tube. The Pd–Ag mixed layer thick-

ness was estimated as ca. 4.2 μm.

Subsequent removal of Ag by passing 4 M HNO3 (840 mL) at

25 °C with a flow rate of 0.5 mL min−1 gave the porous Pd

surface as observed by SEM imaging. The remaining

amounts of Pd and Ag were 48.1 mg (94%) and 2.9 mg (5.7%),

respectively. We separately co-plated Pd and Ag film on

a glass surface with the same chemical composition. Then the

thin film (3.5 μm) was peeled and treated with 4 M HNO3

and provided to the BET specific surface area and pore

diameter measurements at 77 K by nitrogen absorption

isotherm.

Hydrogenation of p-nitrophenol
A typical reaction procedure is the following, using the experi-

mental setup depicted in Figure 2. The reactor tube and

container of reaction stock solution were immersed in a water

bath to maintain a constant temperature. The reaction was

conducted at ambient pressure. An aqueous solution containing

p-nitrophenol (10 mM) and formic acid was fed into the tubular

reactor (100 cm long with inner volume of 196 μL) at a constant

flow rate controlled by a peristaltic pump. The solution out of

the reactor tube was collected in fractions and the UV–vis

absorption spectra were measured. The analytical UV–vis peaks

of substrate and product are sufficiently separated and the

concentration of p-nitrophenol was ascertained by the

absorbance at 317 nm using the calibration curve. The resi-

dence time was estimated from the volume of reaction solution

at a fixed time divided by the inner volume of the reactor tube.

Leaching of Pd from the reactor tube during the reaction was

checked by inductively coupled plasma–atomic emission spec-

troscopy (ICP–AES) analysis of the fractionated reaction solu-

tion.

Instruments
The metal concentration was analyzed using ICP– atomic emis-

sion spectroscopy (ICP–AES, Model SPS 3100; SII Nano Tech-

nology Inc.). The morphology of the inner surface of the

catalytic tubular reactors was observed by scanning electron

microscopy (SEM) equipped with an energy-dispersive X-ray

spectrometer (EDX, XL30S; Philips Co.). UV–vis absorption

spectra were recorded at room temperature by using a

spectrophotometer (U–3310; Hitachi). The collected gaseous

products were analyzed by using a gas chromatograph

(GC–8A; Shimadzu Corp.) equipped with thermal conductivity

detector (TCD). A molecular sieve (5 Å) column (3 mm × 6 m)

was used for H2 with argon as the carrier gas, whereas a

Porapak–Q column (3 mm × 3 m) was used coupled with

helium as the carrier gas for CO2 analysis. The specific surface

area and pore diameter of the porous Pd were determined

volumetrically (N2 adsorption) by using Belsorp MAX.

Samples were degassed at 250 °C under vacuum prior to the

measurement.
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Supporting Information
The Supporting Information features the isosbestic points in

the UV–vis spectra of the reaction mixture indicating that

p-aminophenol is the sole product and no side reaction

occurs.

Supporting Information File 1
Analytical and spectral data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-129-S1.pdf]
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Abstract
Hypervalent iodine(III)/TEMPO-mediated oxidation of various aliphatic, aromatic and allylic alcohols to their corresponding car-

bonyl compounds was successfully achieved by using microreactor technology. This method can be used as an alternative for the

oxidation of various alcohols achieving excellent yields and selectivities in significantly shortened reaction times.

1437

Introduction
Oxidation of alcohols to carbonyl compounds plays an

important role in organic chemistry. The transformation is tradi-

tionally achieved by using chromium-based reagents such

as the Collins reagent, activated manganese dioxide, or pro-

cedures known as the Swern [1], Pfitzner–Moffatt [2] or

Parikh–Doering oxidation [3]. In synthetic chemistry, selective

methods for the oxidation of alcohols are highly sought after,

and methods with the ability to differentiate between various

functional groups are desired. The use of hypervalent iodine

reagents in organic chemistry has increased during recent years

[4-6]. Hypervalent iodine compounds in general have emerged

as versatile oxidizing agents with compounds such as DMP

(Dess–Martin periodinane) and IBX finding regular utility as

highly selective oxidizing agents [7-9]. The use of the nitroxyl

radical TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) as a

catalyst in the oxidation of alcohols has gained much attention

in recent years [10-12]. The redox cycle involves beside

TEMPO also the corresponding hydroxylamine and the oxoam-

monium cation, which oxidizes the alcohol and is converted to

TEMPO–H [13]. Hypervalent iodine(III) reagents in combina-

tion with a catalytic amount of TEMPO have already been

reported in highly selective oxidations of alcohols to carbonyl

compounds [14].

The development of efficient flow-reactor systems for

molecular transformations is an important area in organic syn-

thesis. The introduction of more general platforms to perform

reactions under continuous flow rather than in batch mode has

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:wirth@cf.ac.uk
http://dx.doi.org/10.3762%2Fbjoc.9.162
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Table 1: Products and yields in the oxidation of alcohols performed in a tubing reactor at a total flow rate of 0.4 mL/min (residence time: 4.5 min)
at 35 °C.

Entry Alcohol Product Referencea Conversion (%)b Yield (%)c

1 [17] 100 49

2 [18] 99 79

3 [19] 100 95

4 [17] 99 82

5 [20] 96 51

led to improvements regarding safety and sustainability.

Microreactor technology can be beneficial over classical

approaches in a variety of chemical reactions. Many reactions

can benefit from the properties of microreactors. Enhanced

mass- and heat transfer and short diffusion distances can lead to

better yields within shorter reaction times [15]. Herein, we

describe the development of continuous-flow systems using

hypervalent iodine reagents in the TEMPO-mediated oxidation

of alcohols with the advantage of significantly shortened reac-

tion times. Several other oxidative processes have already been

reported in flow chemistry [16].

Results and Discussion
Benzyl alcohol was chosen as a substrate in order to examine

the efficiency of the reaction and the microreactor flow system.

In a batch reaction, the mixture of benzyl alcohol (1a) and

(diacetoxyiodo)benzene (2) did not show any reaction after stir-

ring for 12 h in dichloromethane at 35 °C. The addition of a

catalytic amount TEMPO to the reaction mixture led to a rapid

conversion to benzaldehyde (3a). For initial investigations of a

flow system, a simple setup consisting of two syringes driven

by a syringe pump, a T-connector and a tubing reactor (PTFE

tubing, length: 4 m, internal diameter: 0.75 mm) was used for

the oxidation of benzyl alcohol to benzaldehyde. The tubing

reactor was inserted in a water bath at constant temperature as

shown in Figure 1. In all flow experiments, the alcohol sub-

strate 1 and oxidant 2 were mixed in one syringe, and the reac-

tion started by combining this mixture with the solvent stream

of a second syringe containing the catalyst TEMPO.

Figure 1: Flow setup for alcohol oxidations.

The reactions have been performed at 35 °C. With a residence

time of 30 s the conversion to benzaldehyde was determined by

GC to be 52%. Increasing the residence time to 1 min, 2 min

and 4.5 min led to conversions of 65%, 79% and 95%, respect-

ively. The reaction is incomplete if performed with amounts

below 5 mol % of TEMPO (1 mol % TEMPO: 67% conversion,

2 mol % TEMPO: 81% conversion). Therefore all experiments

were performed with at least 5 mol % TEMPO catalyst.

To extend the substrate scope, various benzylic, aliphatic and

allylic alcohols were investigated. Good yields at short reaction

times and a high selectivity towards the oxidized products were

observed as shown in Table 1. Over-oxidation to the corres-
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Table 1: Products and yields in the oxidation of alcohols performed in a tubing reactor at a total flow rate of 0.4 mL/min (residence time: 4.5 min)
at 35 °C. (continued)

6 [21] 97 75

7 [17] 80 48

8 [22] 89 61

9 [17] 96 76

10 [17] 97 97

11 [23] 89 87

12 [24] 100 –

13 [25] 56 –

14 [26] 87 –

15 [27] 100 –

16 [28] 87 –

17 [19] 88 –

18 [29] 91 –

19 [30] 77 –

20 [31] – 95

21 [32] 100 –

22 [33] n.d. 52

23 [33] n.d. 40

aSpectral properties consistent with literature data. bConversions determined by GC. n.d.: not determined. cIsolated yields.

ponding carboxylic acids was not detected and high selectiv-

ities were obtained.

In larger scale reactions (0.5 g), the conversion monitored by

GC was nearly quantitative. Isolated yields were lower than

those indicated by GC and largely reflect losses from isolation

procedures for individual products. The optimized reaction time

of 4.5 min was then used to convert also a larger amount of

benzyl alcohol (15 mmol) to benzaldehyde, which was isolated

as the reaction product in 49% yield. These results provide

further evidence that this flow process is effective for oxidation

methods initially discovered and developed under batch condi-

tions. The substrate scope of the catalytic method in this flow

process reflects that of the method originally developed in
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Scheme 1: Oxidation–condensation sequence in the synthesis of 2,3-dimethylquinoxaline.

batch. N-Boc protected (S)-phenylalaninol [34] (Table 1,

entry 22) was oxidized to the corresponding aldehyde [35]

without loss of optical purity as determined by the optical rota-

tions of starting material and product [36]. N-Boc protected (S)-

phenylglycinol [37] (Table 1, entry 23) suffered from some

optical degradation probably during the work-up [38]. Alde-

hydes are rarely target molecules of pharmaceutical synthesis.

These functional groups rather represent highly useful inter-

mediates for subsequent reactions. The addition of 1,2-

diaminobenzene to the crude oxidation product of 2,3-butane-

diol (Table 1, entry 19) allowed the direct and almost quantitat-

ive synthesis of 2,3-dimethylquinoxaline with para-toluenesulf-

onic acid as catalyst in the subsequent condensation reaction

performed in a batch system (Scheme 1) [39] The

oxidation–condensation sequence described here generates

almost no byproducts except iodobenzene which can be

removed very easily during the chromatographic purification of

the product and should enable direct progression to the

subsequent synthetic steps, without the need for isolation or

purification of the intermediate aldehyde or ketone.

Conclusion
In conclusion, a highly efficient and selective continuous-flow

reaction for the oxidation of different alcohols was developed.

Apart from short reaction times, high conversions and

excellent selectivities were obtained. These features, together

with the low toxicity of the reagents, make the process

attractive compared to the batch reaction. The economical and

benign oxidation is broadly applicable to a wide range of alco-

hols.

Experimental
General: 1H NMR and 13C NMR spectra were recorded on a

AV-400 Bruker spectrometer by using the solvents indicated

with 400 and 100 MHz, respectively. All reactions were

monitored by thin-layer chromatography that was performed on

precoated sheets of silica gel 60. GC analyses were performed

on a GC-FID (Varian 3900) chromatograph. All purchased

chemicals were used without further purification.

General procedure for the alcohol oxidation
in flow
Solutions of (diacetoxyiodo)benzene (1.1 equiv) and the alcohol

(50 mg) in CH2Cl2 (1.5 mL) and 2,2,6,6-tetramethyl-1-

piperidinyloxyl (TEMPO) (5–10 mg, 10–20 mol %) in CH2Cl2

(1.5 mL) were loaded in two syringes. Both syringes were

placed in a syringe pump (Fusion 100) and connected via a

T-piece to a tubing reactor (PTFE, length: 4 m, internal

diameter: 0.75 mm). The tubing reactor was immersed in a ther-

mocontrolled water bath at 35 °C. The total flow rate was

adjusted to 0.4 mL min–1 resulting in a residence time of

4.5 min. The reaction mixture exiting the flow reactor was

quenched with water and, after completion of the reaction,

extracted with CH2Cl2. The combined organic layers were dried

over magnesium sulfate and the solvents were removed in

vacuo. Direct analysis with GC allowed the determination of the

conversion by comparison of the product peak with the peak of

the starting alcohol.

Large scale oxidation of benzyl alcohol in
flow
The reaction was performed with the Vapourtec E-Series using

a PFA tubing reactor. Benzyl alcohol (2 g, 18.5 mmol) and

(diacetoxyiodo)benzene (6.3 g 19.5 mmol) were dissolved in

CH2Cl2 (120 mL). 2,2,6,6-Tetramethyl-1-piperidinyloxyl

(TEMPO) (160 mg, 1 mmol) was dissolved in CH2Cl2

(120 mL). Both solutions (flow rates: 2 mL min–1 each) were

mixed in a T-piece before entering the tubing reactor (volume:

10 mL) resulting in a residence time of 5 min. After constant

flow had been achieved, 200 mL of the reaction solution was

collected in a flask containing water (20 mL) as a quenching

agent. After completion of the reaction, the organic phase was

removed and the aqueous phase was extracted with CH2Cl2

(3 × 20 mL). The combined organic layers were dried over

magnesium sulfate, and the solvents were removed in vacuo.

The crude reaction mixture was purified by flash chromatog-

raphy on silica using hexane/ethyl acetate (9:1) as eluent. Some

benzaldehyde was lost during the drying processes and 0.8 g

(7.5 mmol, 49%) was isolated.
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Procedure for the aldehyde and diamine con-
densation
1,2-Phenylenediamine (0.59 mg 0.55 mmol) was added to the

crude oxidized product of 2,3-butanediol (50 mg 0.55 mmol)

and dissolved in toluene in a round-bottom flask, and p-tolu-

enesulfonic acid was added as catalyst. The reaction mixture

was heated under reflux for 2 hours and monitored by TLC.

After the completion of the reaction the solvent was evaporated,

and the reaction mixture was extracted with CH2Cl2 and water.

The organic layers were dried over magnesium sulfate and the

solvents were removed in vacuo. The 1H NMR analysis showed

a clean spectrum of the condensation product.
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Abstract
There is an increasing demand for organic semiconducting materials with the emergence of organic electronic devices. In particular,

large-area devices such as organic thin-film photovoltaics will require significant quantities of materials for device optimization,

lifetime testing and commercialization. Sourcing large quantities of materials required for the optimization of large area devices is

costly and often impossible to achieve. Continuous-flow synthesis enables straight-forward scale-up of materials compared to

conventional batch reactions. In this study, poly(3-hexylthiophene), P3HT, was synthesized in a bench-top continuous-flow reactor.

Precise control of the molecular weight was demonstrated for the first time in flow for conjugated polymers by accurate addition of

catalyst to the monomer solution. The P3HT samples synthesized in flow showed comparable performance to commercial P3HT

samples in bulk heterojunction solar cell devices.
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Introduction
Poly(3-hexylthiophene), P3HT, is the most investigated ma-

terial in bulk heterojunction (BHJ) organic solar cells (OSC)

[1]. The reasons for its dominance in the field include its simple

chemical structure, controlled synthetic method, reasonable

spectral absorption, good semiconducting properties, high

chemical stability, and wide commercial availability. Its emerg-

ence as a semiconducting material came with the development

of synthetic methods that enable production of highly regioreg-

ular P3HT with good control of the molecular weight [2,3].

Currently, the preferred method for the synthesis of regioreg-

ular P3HT is the Kumada catalyst transfer polymerization

(KCTP) or also referred to as Grignard metathesis polymeriza-

tion (GRIM) [4,5]. This method is attractive because of readily

available reagents, relatively mild reaction conditions, and short

polymerization time. In the most basic reaction setup, 2,5-

dibromo-3-hexylthiophene is treated with one equivalent of

alkylmagnesium chloride to form a mixture of monosubstituted

thiophene Grignard monomers (Scheme 1a). On addition of a

desired amount of Ni(II) catalyst, the active catalyst species is

formed in solution, and polymerization proceeds until all of the

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:wwhwong@unimelb.edu.au
http://dx.doi.org/10.3762%2Fbjoc.9.170
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Scheme 1: (a) Preparation of thiophene Grignard monomer and synthesis of P3HT by Kumada catalyst transfer polymerization. (b) Schematic repre-
sentation for the flow setup using nickel complex 3 and (c) Ni(dppp)Cl2.

reactive Grignard monomer has been consumed. Controlled

polymerization and high molecular weights have been demon-

strated by many research groups with variations to this general

method [6-9].

Significant quantities of materials are required for the optimiz-

ation of large-area roll-to-roll printed organic solar cells [3,10].

While some of the organic semiconducting materials can be

obtained commercially an a hundreds-of-grams scale, it is

important to explore methods for scaled-up production in order

to gain access to in-house materials at reasonable costs and lead

times. In addition, batch-to-batch variations in the molecular

weight distribution have been observed in commercial polymer

samples, leading to differences in material deposition and film

quality. This will almost certainly create problems with the

performance consistency of large-area roll-to-roll printed

devices. To this end, we have started to examine some key reac-

tions in the synthesis of organic electronic materials using

continuous-flow processing [11-13].

Continuous-flow synthesis methods offer several advantages

over traditional batch methods [14-18]. The scale-up of reac-

tions is not only straightforward in continuous processing, but

there are also benefits in high reaction reproducibility through
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Table 1: Flow polymerizations initiated with o-tolyl–nickel complex 3.a

Entry [2]
M

Flow rate, 2
mL/min

[Catalyst 3]
M

Flow rate, 3
mL/min

Catalyst
mol %

Time
min

Mn
b

kg/mol
Mw/Mn

1 0.2 1 0.02 0.3 3 23 6.2 1.5
2 0.2 1 0.01 0.3 1.5 23 9.6 1.8
3 0.2 0.9 0.01 0.3 0.9 23 21.3 1.6
4 0.35 1c 0.01 0.15c 0.43 53 37.7d 1.5

aPolyfluoroalkoxy (PFA) tube reactor volume = 30 mL and heated at 100 °C. bMolecular weight values obtained by GPC in toluene calibrated against
polystyrene standards with refractive index detection. cFlow rates were readjusted after the injection of reagents to afford a residence time of 53 min.
dData obtained after Soxhlet extraction with methanol and petroleum spirits 40–60 °C.

accurate parameter control, superior heating and mixing of

reagents, boosting reaction rates, and safe handling of reactive

intermediates. Using a commercial continuous-flow tube reactor

[19], we have already demonstrated multigram synthesis of

fullerene derivatives by cycloaddition reactions [11] as well as

rapid conjugated-polymer synthesis using Suzuki–Miyaura and

Stille coupling [12]. In this study, the continuous-flow syn-

thesis of P3HT is examined. Distinct from a recent report of

P3HT synthesis in a droplet-based microreactor [20], develop-

ment of the flow synthesis is described in detail and controlled

polymerization of P3HT, both in terms of molecular weight and

regioregularity, has been achieved in this work. In particular,

the feed ratio of catalyst to monomer was accurately controlled

giving polymers with molecular weights ranging from 5 to

40 kg/mol as desired. In addition, BHJ devices prepared using

commercial, batch and flow-synthesized P3HT gave compa-

rable performance.

Results and Discussion
The most widely used synthetic route to regioregular P3HT is

the Kumada catalyst transfer polycondensation (KCTP) devel-

oped by the McCullough group [6] and the Yokozawa group

[7]. In a representative experiment for the preparation of P3HT,

the thiophene Grignard monomer 2 is prepared from the magne-

sium exchange reaction of an alkyl Grignard reagent and 2,5-

dibromo-3-hexylthiophene (1, Scheme 1a). It should be noted

here that a mixture of Grignard monomers 2a and 2b is

produced in this step, typically in a ratio of 75:25. Only 2a

participates in the polymerization step on addition of the cata-

lyst, Ni(dppp)Cl2, as a solid (Scheme 1a) [6]. As KCTP is a

quasi-living polymerization, the product molecular weight can

be controlled by adjusting the monomer-to-catalyst ratio [21].

At the start of this study, the aim was to transfer conventional

batch reaction conditions for P3HT synthesis to continuous-

flow processing. The polymerization step in flow was exam-

ined first with the thiophene Grignard monomer prepared in

batch. Good solubility and solvent compatibility in the polymer-

ization are essential factors to be evaluated for the translation

into flow methods. The accurate addition of Ni catalyst to the

thiophene Grignard monomer results in the desired catalyst-to-

monomer ratio and molecular-weight control. An initial attempt

was made to prepare a solution of the commonly used

Ni(dppp)Cl2 catalyst in tetrahydrofuran (THF) which was then

added to a solution of the thiophene Grignard monomer. Two

problems immediately arose from this early experiment. The

Ni(dppp)Cl2 catalyst only has modest solubility in THF at room

temperature. This limited the concentration of the polymeriza-

tion reaction. The second more serious problem is the dissocia-

tion of the catalyst species in THF solution. There was a visible

color change in the Ni(dppp)Cl2/THF solution from orange to

colorless over a period of several minutes. The dissociation of

the catalyst species was accompanied by a decrease in catalyst

activity leading to low polymer formation. To solve this

problem, we were inspired by the work of a number of research

groups, in which polymerization was externally initiated from

an active tolyl-functionalized nickel complex 3 (Scheme 1a)

[8,9,22]. The tolyl–nickel species 3 is soluble and shows good

stability in THF in an inert environment. Further, polymers

initiated with this complex showed lower defect levels [23,24].

After successfully experimenting with this catalyst in batch

conditions, the reagent was applied in flow processing for the

synthesis of P3HT (Scheme 1b).

The thiophene Grignard reagent 2 was prepared by traditional

batch chemistry and the conversion and regioisomeric ratio

were assessed in quenching experiments (Scheme 1a, ratio 2a to

2b 77:23; see Figure S2 in Supporting Information File 1 for
1H NMR data). The Ni catalyst 3 was delivered to a T-piece via

an injection loop and mixed with a stream of Grignard 2

(Scheme 1b) [25]. The mixture was directed to a preheated coil

reactor (polyfluoroalkoxy, PFA) at 100 °C with a retention time

of 30 min. The polymer solution was then quenched in

methanolic HCl (2 M) and the precipitated product was

collected. The monomer-to-initiator ratio was adjusted through

the variation of flow rates and reagent concentrations (Table 1).
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Figure 2: MALDI mass spectrum of low-molecular-weight preparation (GPC, Mn = 6.2 kg/mol) of P3HT in continuous flow. Signals corresponding to
polymer chains with o-tolyl/H, H/H and Br/H end groups were observed.

Gel-permeation chromatography (GPC) analysis in toluene

(against polystyrene standards) revealed the formation of

polymer with number-average molecular weights (Mn) ranging

from 5 to 40 kg/mol. The Mn values increased linearly with

nickel catalyst content, providing evidence for the quasi-living

nature [21] of the polymerization in flow processing (Table 1

and Figure 1). In fact, the molecular-weight data obtained in

conventional batch reactions were very similar to those re-

corded in continuous-flow reactions (Figure 1). Matrix-assisted

laser desorption ionization mass spectrometry (MALDIMS) and
1H NMR experiments were used to determine the degree of

end-group control in these polymerizations [8,26]. From the

mass of the polymeric species and the distinctive proton reso-

nance of the end-groups, it was possible to detect the presence

of o-tolyl/H, H/H and Br/H end-groups (Figure 2 and Support-

ing Information File 1 for details). As Ni catalyst 3 was pre-

pared from Ni(dppp)Cl2 and used directly in the polymeriza-

tion, the formation of different end-group species can be attrib-

uted to polymer initiation by residual Ni(dppp)Cl2 species [24].

While Ni catalyst 3 successfully initiated polymerizations in the

time frame of this experiment, it lacked the long term stability

in solution required for potential large-scale flow production of

Figure 1: Plot of number-average molecular weight, Mn, versus mono-
mer–catalyst ratio [M]0/[I]0 for batch and flow samples prepared by
external initiation using Ni catalyst 3 (see Table 1 for experimental
data).

P3HT. An alternative approach was to dissolve Ni(dppp)Cl2 in

a solvent system that limited the ligand-dissociation phenom-

enon observed in THF. After the screening of a number of

organic solvents, Ni(dppp)Cl2 was found to be soluble in

o-dichlorobenzene (o-DCB) and showed good stability with
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Table 2: Data for flow polymerization using Ni(dppp)Cl2 catalyst dissolved in o-DCB.a

Entry [2]
M

Flow rate, 2
mL/min

Flow rate,
Ni(dppp)Cl2
mL/min

Catalyst
mol %

Time
min

Mn (Mcalcd)
kg/mol

Mp
kg/mol

Mw/Mn

1 0.06 1 0.2 2.9 33 5.9 (5.6) 13 2
2 0.2 1 0.4 1.7 30 9.6 (9.4) 22 1.9
3 0.2 0.9 0.18 0.9 27 17.5 (18) 31 1.6
4 0.35 0.7 0.18 0.7 34 20.3 (25.1) 33.5 1.5
5 0.35 1b 0.1b 0.25 50 41c (66) 66.7c 1.4

aStainless-steel tube reactor volume = 40 mL for entries 1 and 2; PFA tube reactor volume = 30 mL for entries 3 to 5. Reactors heated to 100 °C.
bFlow rate was readjusted after injection of reagents to afford 50 min residence time. cAfter Soxhlet extraction with methanol and petroleum spirits
40–60 °C.

catalytic activity maintained over several days under normal

atmospheric conditions. It is interesting to note that o-DCB did

not adversely affect the polymerization in batch reactions

despite the possibility that the aryl chloride solvent might

participate in the Kumada reaction. Apparently, the reactivity of

aryl chloride is significantly lower than that of aryl bromide

under these reaction conditions.

With the catalytic activity of Ni(dppp)Cl2 in o-DCB confirmed

in batch reactions, continuous-flow processing was investigated

(Scheme 1c, see Supporting Information File 1 for batch syn-

thesis procedures). The preparation of various molecular

weights was achieved by fine-tuning of the monomer-to-cata-

lyst ratio [M]0/[I]0, by varying the concentration of the Grig-

nard reagent 2 and the flow rates of the monomer and catalyst.

The results for the flow polymerizations are summarized in

Table 2, and Figure 3 shows the correlation between [M]0/[I]0

and molecular weight and comparison with batch experiments.

The polymerization in flow compared well with the theoretical

molecular weights up to 20 kg/mol. High-molecular-weight

P3HT (Mp 66.7 kg/mol) was obtained in continuous flow and

this was achieved in shorter reaction time compared to the batch

reaction (Table 2, entry 5). The deviation from the calculated

values at high molecular weights in flow processing and in

batch reactions with short reaction time (30 min) indicated that

longer reaction times were required (Figure 3). In batch reac-

tion with long polymerization times (1 h), the measured molec-

ular-weight values matched with the calculated numbers from

the [M]0/[I]0 ratio (Figure 3). As our current flow setup is

limited by the size of the coil reactors, we anticipate that larger

coil reactor volumes would ensure high-throughput production

of high-molecular-weight P3HT in continuous flow.

In our studies, stainless-steel tube reactors were also examined

for the synthesis of P3HT. In comparison to polyfluoroalkoxy

(PFA) tube reactors, stainless-steel tube reactors offer the

advantage of low gas permeability. Satisfactory results were

Figure 3: Plot of number-average molecular weight, Mn, versus mono-
mer–catalyst ratio [M]0/[I]0 for batch and flow samples prepared with
Ni(dppp)Cl2 catalyst dissolved in o-DCB (see Table 2 for experimental
data).

achieved for relatively low degrees of polymerization in the

stainless-steel reactors (Table 2, entries 1 and 2). Interestingly,

higher molecular weights could only be achieved in the PFA

reactors (Table 2, entries 3–5). This suggests that the nickel-

catalyzed polymerization is incompatible with the stainless-steel

reactor and we speculate that the nickel content in stainless steel

may be the cause of the incompatibility especially at the

elevated reaction temperatures used.

To demonstrate the flow synthesis of P3HT from 2,5-dibromo-

3-hexylthiophene (1), the Grignard metathesis step was

performed in the tube reactor followed by the addition of the

Ni(dppp)Cl2 catalyst for the polymerization (Scheme 2). In this

telescoped process, the thiophene Grignard compounds 2a and

2b were formed in the first coil and subsequently mixed with

the catalyst stream and fed into the second reactor (Scheme 2).

The two-step reaction was performed under superheated condi-

tions (at 250 psi back pressure) and the reagent flow rates were

adjusted to deliver reasonable reaction times for both reactors.

For the Grignard metathesis step, a stock solution containing
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Scheme 2: Schematic representation of the telescoped preparation of P3HT in a flow reactor.

Table 3: Data for the telescoped synthesis of P3HT from 2,5-dibromo-3-hexylthiophene (1) in flow.a

Entry Flow rate,
monomer
mL/min

[Catalyst]
mM

Flow rate,
Ni(dppp)Cl2
mL/min

Catalyst
mol %

Timeb

min
Mn
kg/mol

Mp
kg/mol

Mw/Mn

1 1 2.7 0.1 0.14 18 31c 49c 1.5c

2 1 5.5 0.1 0.28 18 20.5 47 1.9
3 1 5.5 0.18 0.5 28d 8 16 1.8

aReactor 1 (PFA × 2) volume = 20 mL; reactor 2 (PFA and stainless steel) = 20 mL. bResidence time for the polymerization. cAfter Soxhlet extraction
with methanol and petroleum spirits 40–60 °C. dReaction time was adjusted by slowing down the flow rate after reactor 1.

Figure 4: 1H NMR (CDCl3, 500 MHz) spectra of P3HT samples prepared in (a) flow and (b) batch show comparable regioregularity of approximately
95% for both processes. P3HT prepared in flow (Mn = 20 kg/mol) and in batch (Mn = 17 kg/mol) (* designates residual solvent).

both 2,5-dibromo-3-hexylthiophene (1) and the tert-butylmag-

nesium chloride (0.2 M in THF) were allowed to react at 100 °C

with a retention time of 20 min in reactor coil 1.

Ni(dppp)Cl2 catalyst in o-DCB was added to this reaction

stream and the polymerization was heated at 150 °C for 18 min.

Under these conditions, we succeeded in obtaining P3HT with

Mn of 31 kg/mol and polydispersity of 1.5 (Table 3, entry 1).

The regioregularity was estimated to be 95% from the integra-

tion of the α-methylene protons in the 1H NMR spectrum

(Figure 4). The same degree of regioregularity was observed for

a batch sample of similar molecular weight. Additionally, the

variation of the molecular weight was investigated when the

[M]0/[I]0 ratio was varied. As expected, increasing the concen-

tration or the flow rate of the catalyst stock solution, afforded

lower-molecular-weight polymers (Table 3, entries 2 and 3).
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Table 4: Solar cell data for devices containing various P3HT samples.a

P3HTb Mn
kg/mol

Thicknessc

nm
Jsc
mA/cm2

Voc
V

FF
%

PCE
%

Merck 50 145 8.30 0.58 54 2.60
Flow 1 38 160 8.20 0.58 53 2.54
Flow 2 41 175 8.50 0.58 50 2.47
Batch 1 24 125 7.50 0.56 58 2.45
Batch 2 34 140 7.70 0.56 50 2.15

aJsc = short circuit current density; Voc = open circuit voltage; FF = fill factor; PCE = power conversion efficiency; performance shown was the average
from 6 pixels with an area of 0.1 cm2. bMerck = Merck lisicon SP001; flow 1 = Table 1, entry 4; flow 2 = Table 2, entry 5; batch 1 = P3HT synthesized
with catalyst 3; batch 2 = P3HT synthesized with Ni(dppp)Cl2. cThickness of active layer. Measurements were performed in air.

In order to assess the device performance of P3HT synthesized

using flow methods described in this study, bulk heterojunction

(BHJ) solar cells were fabricated and tested. BHJ devices were

fabricated with the following device geometry: ITO/

PEDOT:PSS/P3HT:PC61BM (1:1)/ZnO nanoparticle/Al, where

ITO = indium tin oxide, PEDOT:PSS = poly(3,4-ethylenedioxy-

thiophene):poly(styrenesulfonate) and PC61BM = [6,6]-phenyl-

C61-butyric acid methyl ester (Figure 5a). The P3HT:PC61BM

active layer was deposited by spin coating from chlorobenzene

solution. Device fabrication and characterizations were

performed in air (see Supporting Information File 1 for details).

The current-density–voltage (J–V) curves for the solar-cell

devices prepared from various P3HT samples are shown in

Figure 5b. The device performance parameters for the different

P3HT samples were all rather similar with power conversion

efficiency (PCE) ranging from 2.1 to 2.6% (Table 4). The short

circuit current density (Jsc) parameter showed the largest varia-

tions and this directly correlated with the thickness of the device

active layer (Table 4). Thinner active layers absorbed less of the

incoming irradiation leading to decreased Jsc. It is pleasing to

note that the performance of the commercial P3HT sample

(Merck lisicon SP001) was comparable to that of P3HT from

flow synthesis (Table 4). It should be noted that the lower PCE

of these devices compared with some literature values [1] was

attributed to the fact that all devices were fabricated and

measured in air. Interestingly, P3HT samples with different

end-group variations did not have significant effects on device

performance. These results are extremely encouraging for the

product of device-grade P3HT using continuous-flow methods

with simple benchtop equipment.

Conclusion
P3HT has been successfully synthesized in continuous flow by

using a commercially available benchtop flow reactor. After op-

timization of reaction conditions, good molecular-weight

control was achieved by adjusting the monomer-to-catalyst ratio

with variations in reagent concentration and flow rates. This

Figure 5: (a) Schematic diagram of the photovoltaic device geometry
and (b) J–V curves of BHJ solar cells with P3HT:PC61BM active layer
deposited by spin coating from chlorobenzene solution. Commercial =
Merck P3HT (lisicon SP001); flow 1 = Table 1, entry 4; flow 2 =
Table 2, entry 5; batch 1 = P3HT synthesized with catalyst 3; batch 2 =
P3HT synthesized with Ni(dppp)Cl2.

methodology enables the controlled synthesis of conjugated

polymers in flow exclusively by the adjustment of the feed of

monomer and initiator into the tube reactor. The major chal-

lenge in this study was to find compatible nickel catalyst

systems for the Kumada polymerization step in flow. Both

o-tolyl–Ni catalyst 3 in THF and Ni(dppp)Cl2 in o-DCB were

highly active in continuous processing conditions, and high-

molecular-weight P3HT was obtained for both catalysts. Apart

from the molecular weight of the polymers, the P3HT samples
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synthesized in flow showed comparable regioregularity to

samples from batch synthesis. The telescoped flow synthesis of

P3HT from 2,5-dibromo-3-hexylthiophene (1) was also

achieved on the benchtop flow reactor. Finally, BHJ solar cells

containing flow-synthesized P3HT showed comparable perfor-

mance to both commercial and batch-synthesized samples. This

study paves the way for the continuous-flow synthesis of other

polymers using the KCTP method. With efficient synthesis of

polymers possible in a benchtop flow reactor, scale-up of such

materials will become straight forward leading to reduction in

production costs and improvements in reproducibility.

Experimental
General: The continuous-flow experiments were conducted by

using a Vapourtec R2/R4 unit with multiple perfluoroalkoxy

PFA (10 mL internal volume) or stainless steel (10 mL internal

volume) reactors connected in series. All solvents were

degassed and reactions were performed under anaerobic condi-

tions. The reactants were channelled into the tube reactor by

pumping solvent from a reservoir. Residence times in the

reactor coils were defined by the flow rate and the volume of

the reactor. The system was thoroughly dried by first flushing

with anhydrous methanol followed by dried acetone before

refilling with anhydrous reaction solvent. Reported yields do

not account for axial dispersion of the reaction mixture and the

formation of the regioisomer 2b. Gel permeation chromatog-

raphy (GPC) data was obtained by using toluene as the eluent

and calibrated against polystyrene reference standards.

Materials: 2,5-Dibromo-3-hexylthiophene [27], 2-bromo-5-

chloromagnesium-3-hexylthiophene [28], and cis-chloro(2-

tolyl)(dppp)nickel(II) complex [8] were prepared according to

procedures described in the literature. Commercial reagents

were used as purchased without further purification. Commer-

cial P3HT (lisicon SP001, Mn 50 kg/mol, Mw 79 kg/mol) was

acquired from Merck KGaA, Darmstadt, Germany.

Synthetic procedure for 2-bromo-5-chloromagnesium-3-

hexylthiophene (2): tert-Butylmagnesium chloride (8 mL) was

added dropwise to a solution of 2,5-dibromo-3-hexylthiophene

(1.826 g, 5.6 mmol) in dry THF (20 mL) and the mixture was

stirred overnight at room temperature. An aliquot was quenched

in water and extracted with petroleum spirits 40–60 °C, and the

conversion was monitored by 1H NMR spectroscopy.

Flow synthesis of P3HT via external initiation with nickel cata-

lyst 3: Stock solutions containing 2-bromo-5-chloromagnesium-

3-hexylthiophene (2) (0.35/0.2 M) and Ni(dppp)(o-tolyl)Cl 3

(20/10 mM) were pumped into the PFA coil reactor (3 × 10 mL,

100 °C) at specific flow rates (see Table 1). The variation of the

respective concentrations and flow rates afforded four different

monomer-to-initiator ratios (3, 1.5, 0.9, 0.43 mol %). The

stream outlet was fitted with an 8 bar back-pressure regulator.

The mixtures were quenched and precipitated from methanolic

HCl (2 M), centrifugated and washed with the same solvent

three times. The lower molecular weight sample was then

washed with acetone, and the high-molecular-weight samples

were washed with petroleum spirits 40–60 °C. Yield (Mn =

37.7 kg/mol): 37 mg, 43%. 1H NMR (CDCl3, 500 MHz) δ 0.92

(t, 3H, J = 7 Hz), 1.32–1.37 (m, 4H), 1.41–1.46 (m, 2H),

1.68–1.74 (m, 2H), 2.49 (s, 0.06), 2.81 (t, 2H, J = 7.7 Hz), 6.98

(s, 1H), 7.16 (d, 0.02H, J = 5.2 Hz), 7.22–7.25 (m, 0.03H),

7.43–7.45 (m, 0.02H); 13C NMR (CDCl3, 100 MHz) δ 139.87,

133.69, 130.47, 128.58, 31.69, 30.50, 29.46, 29.26, 22.65,

14.12.

Flow synthesis of P3HT by in situ initiation with Ni(dppp)Cl2:

Stock solutions (0.35 M/0.2 M/0.06 M) containing 2-bromo-5-

chloromagnesium-3-hexylthiophene (2) and Ni(dppp)Cl2

(8.8 mM) were pumped into the PFA coil reactor (3 × 10 mL,

100 °C, PFA) or into the stainless steel (SS) reactor (40 mL,

100 °C) at specific flow rates (see Table 2). The variation of the

concentration of the thiophene monomer and adjusting of the

flow rates afforded five different monomer-to-initiator ratios

(2.9, 1.7, 0.9, 0.7, 0.25 catalyst mol %). The stream outlet was

fitted with an 8 bar back-pressure regulator. The reaction

mixtures were quenched by direct precipitation of the stream

leaving the reactor, from methanolic HCl (2 M). The polymers

were centrifugated and washed with the same solvent three

times. The lower molecular weight sample was then washed

with acetone, whereas the rest of the samples were washed with

petroleum spirits 40–60 °C. Yield (Mn 5.9 kg/mol): 32 mg,

65%.1H NMR (CDCl3, 500 MHz) δ 0.91 (m, 3H), 1.25–1.44

(m, 6H), 1.70 (m, 2H), 2.82 (s, 2H), 6.98 (s, 1H); 13C NMR

(CDCl3, 100 MHz) δ 139.88, 133.69, 130.47, 128.59, 31.69,

30.50, 29.46, 29.25, 22.65, 14.11.

Telescoped preparation of P3HT: A stock solution containing

2,5-dibromo-3-hexylthiophene (0.2 M, THF) and tert-butylmag-

nesium chloride (1 equiv) was pumped into the PFA coil reactor

(2 × 10 mL, 100 °C) at 1 mL/min flow rate, resulting in 20 min

residence time. The solution was then mixed with a second

stream containing Ni(dppp)Cl2 catalyst (2.7 mM) at 0.1 mL/min

to give a 0.1 mol % catalyst content and directed into a series of

two reactors (at 100 °C or/and 150 °C). The inner pressure of

the system was adjusted to give a continuous steady flow using

a 250 psi back-pressure regulator located at the outlet of the

system. The mixture was quenched into methanol, centrifuged

and washed with the same solvent three times. The concentra-

tions of the catalyst and flow rates were varied to adjust the

monomer-to-initiator ratio (see Table 3). The polymer was

subjected to Soxhlet extraction with methanol and petroleum
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spirits (40–60 °C). Yield (Mn = 31 kg/mol): 70 mg, 40%.
1H NMR (CDCl3, 500 MHz) δ 0.94 (s, 3H), 1.23–1.55 (m, 6H),

1.73 (m, 2H), 2.82 (s, 2H), 7.0 (s, 1H); 13C NMR (CDCl3,

100 MHz) δ 139.88, 133.71, 130.49, 128.59, 31.70, 30.51,

29.26, 22.65, 14.11.

Supporting Information
Supporting Information File 1
Synthetic procedures for batch reactions, characterization

of P3HT samples including NMR and MALDI-TOF

spectra, and procedures for device preparation.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-170-S1.pdf]
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Abstract
The preparation of novel multi-substituted 1,2,3-triazole-modified β-aminocyclohexanecarboxylic acid derivatives in a simple and

efficient continuous-flow procedure is reported. The 1,3-dipolar cycloaddition reactions were performed with copper powder as a

readily accessible Cu(I) source. Initially, high reaction rates were achieved under high-pressure/high-temperature conditions. Subse-

quently, the reaction temperature was lowered to room temperature by the joint use of both basic and acidic additives to improve

the safety of the synthesis, as azides were to be handled as unstable reactants. Scale-up experiments were also performed, which led

to the achievement of gram-scale production in a safe and straightforward way. The obtained 1,2,3-triazole-substituted β-aminocy-

clohexanecarboxylates can be regarded as interesting precursors for drugs with possible biological effects.

1508

Introduction
In recent years, triazole-containing compounds have become

potential targets for drug discovery [1,2]. A large number of

1,2,3-triazoles exhibit various biological effects [3], e.g.,

antiviral (1), antibacterial (2), antifungal (3) and anticancer (4)

activities [4-7] (Figure 1). The 1,2,3-triazole skeleton is

frequently used as a pharmacophore for the modification of

known pharmaceuticals. Triazole analogues of several bioac-

tive compounds have recently been reported. Examples are

those of the well-known highly functionalized antiviral cyclic

amino acid derivatives oseltamivir and zanamivir (5 and 6 in

Figure 1) [8,9]. The 1,2,3-triazole moiety is a constituent part of

many modified nucleosides or carbanucleosides with antiviral,

anti-HIV or cytostatic activities [10-12]. However, the scope of

triazole chemistry is not confined to drug discovery. There are

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:fulop@pharm.u-szeged.hu
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an increasing number of applications in numerous other areas of

modern chemical sciences, such as bioconjugation [13], supra-

molecular chemistry, [14] and polymer sciences [15].

Figure 1: Examples of 1,2,3-triazoles with various biological activities.

Probably the most useful and powerful procedure for the syn-

thesis of 1,2,3-triazoles is the Huisgen 1,3-dipolar cycloaddi-

tion of organic azides with acetylenes [16]. The classical

Huisgen reaction, thermally induced, gives an approximate 1:1

mixture of 1,4- and 1,5-disubstituted 1,2,3-triazole isomers

(Scheme 1) [17]. However, when Cu(I) catalysis is applied, the

reaction becomes regioselective, exclusively yielding the 1,4-

regioisomer within a relatively short reaction time [18-20].

Recently, Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC)

has become the basis of the so-called click chemistry concept

due to its wide applicability and efficiency.

Over the past twenty years, alicyclic β-amino acids have

attracted great interest among synthetic chemists, thanks to their

massive pharmacological potential [21,22]. For example,

cispentacin ((1R,2S)-2-aminocyclopentanecarboxylic acid, 7) is

a widely investigated naturally occurring carbocyclic β-amino

acid with strong antifungal properties against Candida species

(Figure 2) [23]. Its synthetic 4-methylene derivative

icofungipen (8), also an antifungal agent, is now proceeding

Scheme 1: 1,3-Dipolar azide–alkyne cycloadditions.

through clinical development for the oral treatment of yeast

infections (Figure 2) [24]. Certain multi-substituted cyclo-

hexane amino acid derivatives, such as oryzoxymycin (9) and

tilidine (10), are also well-known bioactive agents with anti-

cancer, antibacterial, antiviral or analgesic effects (Figure 2)

[25,26]. The alicyclic β-amino acids are key intermediates for

the synthesis of a series of pharmaceutically relevant products

[27], such as amino esters, amino alcohols, azides and hetero-

cycles. Moreover, they are frequently used as building blocks

for the synthesis of new peptides and foldamers with possible

biological effects [28].

Figure 2: Selected bioactive alicyclic β-amino acids.

Modern continuous-flow (CF) technologies offer many advan-

tages over classical batch-based procedures [29-32], including

efficient mixing quality [33], excellent heat and mass transfer

[34], shorter reaction times [35-37], reduced reagent consump-

tion [38-40], improved safety [41,42], and operational

simplicity [43]. Furthermore, CF methodologies provide oppor-

tunities for a simple and rapid scale-up [44,45] and automation

[46,47] of chemical processes. They also tend to be environ-

mentally benign technologies [48]. In consequence of these

benefits, flow chemistry-based techniques have exerted a

significant impact on modern synthetic chemistry, ranging from

laboratory-based experiments to industrial-scale production.
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Here, we describe a safe and efficient CF synthesis of a series

of novel 1,2,3-triazole-modified β-aminocyclohexanecar-

boxylic acid derivatives as potential biologically active com-

pounds. Gram-scale production is also reported, which predicts

a possible usefulness for the pharmaceutical industry.

Results and Discussion
Several approaches are to be found in the literature for the

Cu(I)-catalysed flow synthesis of triazoles. Heterogeneous

Cu(I) sources are most popular, such as copper-in-charcoal

(Cu/C) [49,50], solid supported Cu(I) species [51-54], and

heated copper wirings [55-58], but a homogeneous technique

has also recently emerged [59]. The main driving forces behind

these CF methodologies are the safety aspects associated with

the handling of azides and the inherent scalability of flow

processing. Moreover, when organic azides are formed in situ,

operational safety can be further improved [55,57]. We envi-

sioned that it would be simplest to make use of copper powder

as a catalytic source [60]. Similarly to cases when heated rings

of copper wire are employed, a copper surface acts as a source

of active copper species. Copper is constantly oxidized when

exposed to air, and non-self-protecting layers of different

oxides, including Cu2O, are formed on its surface [61], which

can promote CuAAC. Thus, we utilized copper powder in a

stainless steel column, which served as a catalyst bed later on.

The catalyst bed was placed into a stainless steel block with a

Peltier heating system, which could heat the column up to

100 °C. A backpressure regulator was also integrated to ensure

pressures up to 100 bar. The mixture of the reactants was

pumped through the system continuously by means of an HPLC

pump. This experimental setup is practical and cheap, as it does

not require costly catalysts or special apparatus. At the same

time this setup is safe, even with unstable reactants such as

azides (Figure 3).

To maximize the CF triazole synthesis reaction rates, it

appeared easiest to use high-temperature conditions initially.

The application of elevated pressure in CuAAC is also benefi-

cial, as it can promote the product formation in accordance with

Le Chatelier’s principle [60] and also prevents the solvent from

boiling over when high temperature is used. Thus, 100 °C and

100 bar were selected as conditions A for the CF synthesis.

However, when azides are reacted, it is important to minimize

the explosion hazard. Accordingly, we attempted to improve the

rates of the reaction in the presence of additives, without the use

of high temperature [60]. Amines are known to accelerate

CuAAC, in particular by coordinating to catalytically active

Cu(I) species and promoting their liberation from the copper

matrix [62,63]. It was recently shown that the use of certain

acids as additives is also beneficial, as this can further accel-

erate the formation of the triazole product [64-66] and also

Figure 3: Experimental setup for the CF reactions.

prevents the accumulation of unwanted byproducts, such as

diacetylenes, bistriazoles, etc. [67]. At the same time, byproduct

formation is catalysed by a base, and the joint utilization of a

basic and an acidic additive is therefore favourable. This buffer

system gives rise to a high reactivity in CuAAC, even at room

temperature (rt), but without byproduct formation [60,67]. This

system thus greatly improves the safety relative to the high-

temperature conditions. The literature data led us to select N,N-

diisopropylethylamine (DIEA) as a base and HOAc as an acid

[67], which were used jointly as additives, each in

0.04 equivalents, at 100 bar and rt as conditions B [60].

As starting materials for the CF CuAAC reactions, azido-substi-

tuted β-aminocyclohexanecarboxylates 11–14 were prepared

previously by a diastereoselective epoxidation of the corres-

ponding 2-aminocyclohexenecarboxylates, followed by a

regioselective oxirane ring opening with NaN3 [68]. Three

different alkynes (phenylacetylene, diethyl acetylenedicarboxy-

late and ethynyl ferrocene) were employed as dipolarophiles to

yield a library of novel 1,2,3-triazole-modified cyclic β-amino

acid derivatives. Compounds 11–14 were racemates, the struc-

tures in Table 1 show their relative stereochemistry. The CF

syntheses were carried out under both conditions A and B in

order to obtain a clear comparison between the performances of

the two approaches. CH2Cl2 was used as a solvent, and the

starting azides were used in a concentration of 0.085 M. A

higher concentration of the starting azides led to the precipita-

tion of the triazole product and a blockage in the CF reactor.

Aliquots of 2.5 mL of a reaction mixture containing 1 equiva-

lent of the azide and 1.5 equivalents of the acetylene were

pumped through the reactor in each run with a a flow rate of

0.5 mL min–1. At this flow rate the residence time on the cata-

lyst bed was as low as 1.5 min and it took only 5 min of process
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Table 1: CF synthesis of 1,2,3-triazole-substituted alicyclic β-amino acid derivatives.

Entry Azidea (1 equivalent) Acetylene (1.5 equivalents) Product Yieldb (%)

Ac Bd

1

11
15

61 96

2

12
16

47 97

3

13 17

33 76
(98)e

4

14
18

53 89
(98)e

5

11
19

98 97

6

12

20

97 98

7

13 21

97 96

time to pump the 2.5 mL aliquots through the system. This

resulted in around 100 mg of crude product, depending on the

conversion and the molecular masses of the reactants.

In the Cu(I)-catalysed reactions between phenylacetylene and

the azido-substituted β-amino acid derivatives 11–14, 1,4-disub-

stituted 1,2,3-triazole isomers (15–18) were regioselectively

formed. The high-pressure/high-temperature conditions A led to

only medium yields (Table 1, entries 1–4), but under conditions

B the yields of triazoles 15 and 16 were excellent, and those of

triazoles 17 and 18 were high (76% and 89%, respectively;

Table 1, entries 1–4). When the CF reactions of azides 13 and
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Table 1: CF synthesis of 1,2,3-triazole-substituted alicyclic β-amino acid derivatives. (continued)

8

14
22

97 98

9

11

23

95 97

10

12
24

91 98

11

13
25

96 93

12

14

26

75 97

acazide = 0.085 M. bYield of isolated product. cConditions A: CH2Cl2 as solvent, 100 bar, 100 °C, flow rate 0.5 mL min–1, without any additives.
dConditions B: CH2Cl2 as solvent, 100 bar, rt, flow rate 0.5 mL min–1, with 0.04 equivalents of DIEA + 0.04 equivalents of HOAc. eAchieved under the
following conditions: CH2Cl2 as solvent, 100 bar, 100 °C, flow rate 0.5 mL min–1, with 0.04 equivalents of DIEA + 0.04 equivalents of HOAc.

14 with phenylacetylene were repeated under high-pressure/

high-temperature conditions with the simultaneous use of addi-

tives (100 bar, 100 °C, 0.04 equivalents each of DIEA and

HOAc; further conditions were not modified), triazoles 17 and

18 were obtained in very high yields (98% in both cases;

Table 1, entries 3 and 4).

1,4,5-Trisubstituted 1,2,3-triazoles are of notable importance in

drug discovery. For example, several 1,2,3-triazole-4,5-dicar-

boxylates display significant antituberculotic activity in vitro

[69]. Thus, a nonterminal alkyne, diethyl acetylenedicarboxy-

late, was subjected to CF CuAAC with the azido-functionalized

β-amino acid derivatives 11–14 as reaction partners. 1,4,5-

Trisubstituted 1,2,3-triazole dicarboxylates 19–22 were

obtained in excellent yields (>96%) under both conditions A

and B (Table 1, entries 5–8). In this set of CF syntheses, no

significant difference was observed between the performances

of the two methods.

Ferrocene-triazole conjugates play a crucial role in the labelling

and detection of various systems, such as biomolecules, poly-

mers, nanomaterials and supramolecular assemblies [70]. They

also have potential applications in medicinal chemistry and drug

discovery as biosensing probes, in immunoassays and in

host–guest chemistry [71]. Ferrocene-substituted amino acids

have been of significant importance in the investigation of the

secondary structures of different peptides and foldamers [72].

Thus, conjugates of the azido-functionalized β-amino acid
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Scheme 2: Gramm-scale CF synthesis of triazole 22 under conditions B.

derivatives 11–14 were prepared with ethynylferrocene as a

dipolarophile. Both conditions A and B afforded ferrocenyltria-

zoles 23–25 in excellent yields (>91%; Table 1, entries 9–11).

However, in the case of ferrocenyltriazole 26 the high-pressure/

high-temperature conditions A led to a yield of only 75%,

whereas the use of additives at rt (conditions B) proved more

efficient, with a yield of 97% (Table 1, entry 12). Triazoles

23–26 were obtained selectively as 1,4-disubstituted regioiso-

mers.

To understand the differences between the results obtained with

the three different dipholarophiles, it must be taken into account

that the carboxylate groups of diethyl acetylenedicarboxylate

and the aromatic system of the ferrocenyl group as ligands can

probably coordinate copper from its matrix. Therefore, the

concentration of the catalytically active Cu(I) species is

increased as compared to the reactions with phenylacetylene

[73-75]. Accordingly, the yields were usually higher in the reac-

tions with diethyl acetylenedicarboxylate and ethynylferrocene

than with phenylacetylene (Table 1, entries 5–12 versus entries

1–4). These differences can mainly be observed between the

results obtained under conditions A. This is because the base, as

an additive, evolves the same effect and improves the reactivity

through the CuAAC, thus in the case of conditions B (the use of

additives) the influence of the alkyne is practically masked.

The presence of trace amounts of copper in the chromatographi-

cally purified triazole products was determined by means of

inductively coupled plasma mass spectrometry (ICP–MS). The

analytical data in Table 2 show that the contents of copper

impurities in the products were appropriately low, i.e., amounts

of 3.9–9.1 µg g–1 were detected. It should be noted that the

samples obtained with the joint use of DIEA + HOAc (condi-

tions B) contained more copper than those obtained under

conditions A (high-temperature/high-pressure without addi-

tives). The levels of copper contamination detected in our tria-

zole products compare well with literature results relating to CF

[50] and conventional batch experiments [76].

In conventional batch-based chemistry, the scale-up of chem-

ical reactions can be a challenge because the output depends on

Table 2: Copper contents in the triazole products after column
chromatographic purification on silica gel.

Entry Product Copper content (µg g–1)a

Ab Bc

1 15 4.6 (±0.5) 8.4 (±0.6)
2 16 4.2 (±0.3) 7.7 (±0.6)
3 17 3.9 (±0.5) 8.0 (±0.4)
4 18 4.7 (±0.6) 8.2 (±0.7)
5 19 5.2 (±0.4) 7.9 (±0.4)
6 20 5.1 (±0.3) 7.5 (±0.6)
7 21 4.8 (±0.6) 7.7 (±0.7)
8 22 5.3 (±0.3) 8.2 (±0.6)
9 23 6.1 (±0.5) 8.6 (±0.5)
10 24 4.8 (±0.4) 7.7 (±0.8)
11 25 5.4 (±0.3) 9.1 (±0.4)
12 26 4.9 (±0.6) 7.8 (±0.7)

aDetermined by ICP–MS. bConditions A: CH2Cl2 as solvent, 100 bar,
100 °C, flow rate 0.5 mL min–1, without any additives. cConditions B:
CH2Cl2 as solvent, 100 bar, rt, flow rate 0.5 mL min–1, with
0.04 equivalents of DIEA + 0.04 equivalents of HOAc.

the batch size. The situation becomes even more complicated

when unstable reactants such as azides are handled on a large

scale. However, the scalability of CF procedures is a straight-

forward function of time and the flow rate, and the risks asso-

ciated with the accumulation of hazardous species are mini-

mized, because the solution of the reactants is eluting continu-

ously from the active zone of the reactor [33,34,44,45,60]. The

CF CuAAC between azide 14 and diethyl acetylenedicarboxy-

late was scaled up in a simple, safe and efficient manner to

achieve gram-scale production (Scheme 2). Methods A and B

proved equally efficient in the small-scale CF syntheses of tria-

zole 22 (Table 1, entry 8). However, we performed the large-

scale experiment at 100 bar and rt in the presence of the addi-

tives (conditions B) so as to ensure maximum safety through-

out the procedure. A CH2Cl2 solution of the reaction mixture

containing 1 equivalent of the azide (cazide = 0.085 M),

1.5 equivalents of the acetylene and 0.04 equivalents of each

additive was pumped continuously through the system at a flow
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rate of 0.5 mL min–1. During the whole scale-up procedure, the

same portion of copper powder was used in the catalyst bed.

The solution of the crude product was collected for 100 min,

and after purification 2.06 g of triazole 22 was obtained, which

is equivalent to a yield of 96%.

Conclusion
Twelve highly functionalized 1,2,3-triazole-substituted

β-aminocyclohexanecarboxylic acid racemates were success-

fully prepared in CF mode as a small library of novel com-

pounds with possible biological effects. The CF syntheses were

first performed under high-pressure/high-temperature condi-

tions with copper powder as a readily accessible Cu(I) source.

Subsequently, to moderate the harsh reaction conditions, the

reaction temperature could be lowered to rt in the presence of

additives. The joint use of a base and an acid dramatically im-

proved the reactivity in the CuAAC, while it completely elimi-

nated unwanted byproduct formation. These conditions ensured

enhanced safety and typically higher yields than those attained

under the harsh reaction conditions. Simple, efficient and safe

gram-scale production was also implemented in a short

processing time, which can be important for potential industrial

applications.

Experimental
General Information
The reagents and materials were of the highest commercially

available purity grade and were used without any further purifi-

cation. Flash column chromatography was performed on Merck

silica gel 60, particle sizes ranged from 63 to 200 μm, and

analytical thin-layer chromatography (TLC) on Merck silica gel

60 F254 plates. Compounds were visualized with UV light or

KMnO4. 1H and 13C NMR spectra were recorded on a Bruker

Avance DRX 500 spectrometer, in CDCl3 as a solvent, with

TMS as internal standard, and at 500.1 and 125.0 MHz, respect-

ively. Microanalyses were performed on a Perkin-Elmer 2400

elemental analyser.

Determination of the copper contents of the
triazole products
Copper concentrations were determined by ICP–MS by using

an Agilent 7700x instrument equipped with a collision cell. The

determination was carried out on the isotope 63Cu, with He as

collision gas. The standard solutions for external calibration

were prepared from a stock solution (Certipur, Merck) by dilu-

tion with doubly deionized water (Millipore MillQ, Merck). All

glassware and plastic utensils used during the determination

were precleaned by soaking in solutions of trace-metal-grade

nitric acid and hydrochloric acid (Suprapur, Merck), followed

by rinsing with copious amounts of doubly deionized water.

General procedure for the CF reactions
An H-Cube® system was used as a CF reactor in the “no H2”

mode. For the CF reactions, the catalyst bed (internal dimen-

sions: 70 mm × 4 mm) was filled with ~900 mg of copper

powder with an average particle size of 200 µm. 70 mg

(0.21 mmol, 1 equivalent) of the corresponding azide and

0.32 mmol (1.5 equivalents) of the alkyne, and (only in method

B) 1.5 µL (0.0084 mmol, 0.04 equivalents) of DIEA and 0.5 µL

(0.0084 mmol, 0.04 equivalents) of HOAc were dissolved in

2.5 mL of CH2Cl2. The solution was homogenized by sonica-

tion, and then pumped through the CF reactor under the appro-

priate conditions. Between two reactions in the CF reactor, the

catalyst bed was washed at rt for 5 min with CH2Cl2 at a flow

rate of 1 mL min–1. The crude product was checked by TLC

with a mixture of n-hexane/EtOAc as an eluent, and the solvent

was next evaporated off under vacuum. Column chromato-

graphic purification was carried out on silica gel with a mixture

of n-hexane/EtOAc as an eluent. The 1,2,3-triazole-modified

compounds were characterized by elemental analysis and NMR

experiments. For detailed analytical data see Supporting Infor-

mation File 1.

Measurement of the residence time on the
catalyst bed
To determine the residence time, a CH2Cl2 solution of a blue

ink was pumped through the catalyst bed. The time that elapsed

between the first contact of the ink with the bed and the moment

when the blue colour appeared at the column outlet was

measured.

Supporting Information
Supporting Information File 1
Detailed analytical data of the prepared compounds and a

collection of NMR spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-172-S1.pdf]
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Abstract
Isothiocyanates are versatile starting materials for a wide range of chemical reactions. However, their high nucleophilic

susceptibility means they are best prepared and used immediately. We report here on a flow platform for the fast and efficient

formation of isothiocyanates by the direct conversion of easily prepared chloroximes. To expedite this chemistry a flow insert

cartridge containing two immobilised reagents is used to affect the chemical transformation which typically eliminates the require-

ments for any conventional work-up or purification of the reaction stream.

1613

Introduction
Flow based chemical synthesis is playing an increasingly

pivotal role within the chemical sciences as it facilitates a more

versatile and responsive workflow. It encompasses many

aspects of synthesis from the rapid and on-demand preparation

of important building blocks to the development of multi-step

sequences leading to advanced chemical structures and more

direct scaling of bulk producing reactions [1-10]. Consequently,

the chemical literature is growing at a precipitous rate with

numerous examples of key chemical transformations having

been further optimised or improved upon when conducted

within a pseudo-/continuous flow process [11,12]. From a syn-

thesis perspective the majority of these endeavours have been

directed at enhancing specific reaction safety profiles, identi-

fying new reaction sequences or generating improvements to

well-known yet cumbersome transformations [13-16]. Indeed,

flow chemistry is moving from an academic curiosity to

become a common tool in many synthesis laboratories paral-

leling the emergence and adoption of another enabling techno-

logy, the microwave reactor [17].

An area which has benefited significantly from the many recent

developments in our understanding of flow chemistry is the

synthesis of reactive precursors and handling of sensitive inter-

mediates [18-23]. However, despite the breadth of chemistries

already explored there are certain functional transformations

notably absent, one particular class of important building blocks

which has received less attention are isothiocyanates. These

species are widely utilised as valuable starting materials for

many thiourea-based organocatalysts [24-26], numerous hetero-

cyclic entities [27-29] as well as important entry points towards

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:i.r.baxendale@durham.ac.uk
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Beilstein J. Org. Chem. 2013, 9, 1613–1619.

1614

Scheme 2: Flow approach towards isothiocyanates.

other key functional groups such as isocyanides [30,31], guan-

idines [32,33] and thiosemicarbazides [34]. Due to the limited

commercial availability of diversely functionalised isothio-

cyanates chemists normally pursue a de novo synthesis, which

most commonly involves the condensation of an amine with

thiophosgene or carbon disulfide [35,36], both reagents causing

safety concerns due to the formation of toxic, malodorous and/

or extremely corrosive byproducts (Scheme 1a). An underutil-

ised alternative sequence is the 1,3-dipolar cycloaddition reac-

tion between a nitrile oxide and a thiourea compound which

initially generates an unstable 1,4,2-oxathiazoline intermediate

that readily rearranges into urea and eliminates the desired

isothiocyanate product [37,38] (Scheme 1b).

Scheme 1: Strategies towards isothiocyanates.

Whilst this approach appears on initial inspection to be very

attractive it is somewhat hampered by the requirement to access

the reactive nitrile oxide species, which once formed is prone to

undergo fast dimerisation leading to furoxan byproducts (see

Table 1) [39]. In fact this facile dimerisation reaction is regu-

larly reported as troublesome in many reactions that progress

through nitrile oxide intermediates. As a consequence a number

of strategies to minimise this side reaction have been attempted.

These include the use of highly diluted reaction mixtures, the

use of large excesses of the corresponding dipolarophile

partner, as well as the slow addition of reagents to create

limiting concentrations of the active 1,3-dipole. Despite these

efforts, the side reaction is still seen and there normally remains

the requirement for time consuming purifications such as

column chromatography in order to isolate pure products.

Immobilised reagents have shown great promise as enabling

technologies when incorporated in flow reactors to aid in the

processing, work-up and purification of reaction sequences [40-

44]. In addition they have been successfully utilised in order to

render dipolar cycloaddition reactions involving azomethine

ylides [45,46] as well as nitrile oxides [47,48] more practical for

generating important heterocyclic scaffolds such as

pyrrolidines, isoxazolines and their derivatives [49-52]. We

therefore considered that it should be possible to develop a mild

and practical flow-based process to form isothiocyanates from

the corresponding reactive nitrile oxide intermediates.

Our strategy makes use of two immobilised reagents (a weak

base and a functionalised thiourea) placed as a 1:1-mixture

within a single glass reactor cartridge (Scheme 2). The immob-

ilised base affects the in situ formation of the reactive nitrile

oxide from the chloroxime which is immediately captured by

the local tethered thiocarbonyl dipolarophile. Consequently, this

approach significantly minimises the formation of the furoxan

byproduct by creating a scenario of pseudo high dilution of the

nitrile oxide whilst allowing a concurrent high local concentra-

tion of the dipolarophile. Additionally the immobilised supports

act as excellent sequestering agents for trapping even the small

quantities of polar impurities within the matrix thus allowing

for the isolation of the desired isothiocyanate product in high

purity after only simple solvent removal.
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Table 1: Screening of different bases for the formation and conversion of nitrile oxides in batch:

Entry Base Ratio isothiocyanate/furoxan Comments

1 NEt3 (0.2 M in MeCN) 1:1 dropwise addition of base
2 DBU (0.2 M in MeCN) 1:1 dropwise addition of base
3 QP-DMA 2.2:1 portionwise addition of base
4 SiO2-pyr >4:1 portionwise addition of base

Results and Discussion
Initially a set of batch experiments was performed using

(4-bromophenyl)chloroxime 1a as the substrate, which was effi-

ciently prepared on gram scale from the corresponding benzal-

dehyde via oxime formation and subsequent NCS-mediated

chlorination [53]. Screening different solvents (MeCN, acetone,

EtOAc, MeOH and iPrOH) and immobilised thiourea species

(QP-TU [54] and QS-MTU [55]) showed that the desired trans-

formation can be effected with either immobilised thiourea

source and furthermore tolerates a wide range of the solvents,

with MeCN being identified as the best option. The choice of

base was found to be of particular importance given that solu-

tion phase bases tested (NEt3 or DBU even using slow addition)

immediately generated substantial quantities of a white precip-

itate, which was later identified as the undesired furoxan

byproduct (Table 1). In order to evaluate conditions to minimise

this side reaction we studied several immobilised bases

including QP-DMA (benzyldimethylamine resin) and SiO2-pyr.

The latter allowed for the isolation of the desired isothio-

cyanate in high yield and with very little contamination by the

furoxan byproduct.

We translated the outcome of these preliminary results into a

flow protocol using a commercially available Vapourtec R

series flow reactor [56] which was operated with MeCN as the

system solvent. Stock solutions of the chloroxime starting ma-

terials were prepared in the same solvent (0.25–0.5 M) and

injected into a sample loop (2–10 mL size). Both the solid

supported base (SiO2-pyr) and immobilised thiourea species

(QP-TU or QS-MTU) were blended (by shaking), filled into an

glass column (10 cm length, 6.6 mm i.d., 1:1 ratio, 1.2 equiv

each species) and the column inserted into a glass heating jacket

which was maintained at 50 °C. The flow stream of the sub-

strate was subsequently directed through the heated reactor

column at a flow rate of 0.2 mL/min equating to an average

residence time of 10 minutes. After passing a 100 psi backpres-

sure regulator the typically colourless reaction mixture was

collected yielding the product after evaporation of the solvent.
1H NMR experiments were used to determine the product com-

position and purity and pleasingly revealed complete conver-

sion of the substrates into the desired isothiocyanate product in

high yield and purity as summarised in Table 2.

The reactions demonstrate a high tolerance for both electron

poor and electron rich aromatic substrates (Table 2, entries 1–8)

which all delivered the desired isothiocyanates reliably in high

yield and purity. Furthermore, aliphatic chloroximes were found

to work equally well, efficiently generating the corresponding

isothiocyanate products again in high yields and purities

(Table 2, entries 9–12). When using single diastereoisomers of

α-chiral chloroximes the desired isothiocyanate product was

correspondingly isolated as a single isomer (by 1H NMR)

suggesting a concerted reaction pathway to be in operation.

Importantly, more complex substrates (i.e. N-chloro-

pyrrolidines, Table 2, entries 13–15) can be subjected to the

reaction conditions in order to not only install the desired

isothiocyanate functionality but through concomitant elimina-

tion affect the formation of a cyclic imine, which is very

attractive as it allows subsequent diversification of these poly-

functionalised heterocyclic building blocks. Overall, this exem-

plifies how the presented methodology can enable the rapid

construction of scaffolds with unprecedented substitution

patterns, which hold great interest due to their potential as

highly decorated entities.

The most noteworthy feature of this flow protocol is its effi-

ciency and simplicity allowing the desired product to be isol-

ated following only solvent removal. The incomplete recovery
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Table 2: Isothiocyanates prepared in flow.

Entry Starting material Product Isolated yield [%] Scale [mmol]

1

1b

93a

84a
1.0
5.0

2

2b

89a 1.0

3

3b

91a 1.0

4

4b

78a 0.7

5

5b

76a 0.5

6

6b

94a 1.0

7

7b

91a 0.5

8

8b

85a 1.0

9
9b

89a 0.8

10

10b

84a 0.8

11

11b

81a 0.8
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Table 2: Isothiocyanates prepared in flow. (continued)

12

12b

87a 1.0

13

13b

73b,c 0.5

14

14b

71b,c 0.5

15

15b

76b,c 0.75

aPurity > 90% by 1H NMR. bPurified by SiO2 column chromatography. c2.5 equiv of SiO2-pyridine used.

of material in these reactions can be accounted for by small

amounts of the furoxan dimer which forms yet is trapped within

the reactor column, thus evading its tedious removal via

subsequent column chromatography. In addition our study

demonstrates that thiourea – either immobilised on a poly-

styrene-type support (QP-TU) or on silica gel (QS-MTU) –

serves as an efficient source of a sulfur atom. Given the higher

loading of QP-TU (~5.5 mmol/g) compared to QS-MTU

(~1.5 mmol/g) as well as its lower cost, QP-TU might be

considered the more economical option, however, with the pri-

mary focus of this study being the small scale generation of

valuable novel isothiocyanate products, this would only become

relevant at larger scales (>100 g).

Conclusion
In conclusion, we have demonstrated an efficient and mild flow

protocol for the synthesis of isothiocyanates from readily avail-

able chloroximes exploiting several immobilised reagents. This

approach allows for the rapid access to various isothiocyanate

building blocks avoiding time consuming purifications. Our

study expands on the traditional use of immobilised thiourea

species as simple metal scavengers and will likely lead to their

further application as a convenient source of sulfur.
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Abstract
Polystyrene sulfonate polymer brushes, grown on the interior of the microchannels in a microreactor, have been used for the

anchoring of gallium as a Lewis acid catalyst. Initially, gallium-containing polymer brushes were grown on a flat silicon oxide

surface and were characterized by FTIR, ellipsometry, and X-ray photoelectron spectroscopy (XPS). XPS revealed the presence of

one gallium per 2–3 styrene sulfonate groups of the polymer brushes. The catalytic activity of the Lewis acid-functionalized

brushes in a microreactor was demonstrated for the dehydration of oximes, using cinnamaldehyde oxime as a model substrate, and

for the formation of oxazoles by ring closure of ortho-hydroxy oximes. The catalytic activity of the microreactor could be main-

tained by periodic reactivation by treatment with GaCl3.

1698

Introduction
Heterogeneous catalysis plays a crucial role in organic syn-

thesis both in industry and academia. In the present situation,

microreactors offer a number of benefits over classical setups

[1-3]. Especially, heterogeneous catalysis in a continuous-flow

microreactor is gaining growing attention, owing to its advan-

tages such as increased surface-to-volume ratio, faster heat and

mass transfer, only small amounts of reagents are handled,

when compared to conventional laboratory equipment [4].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 2: General scheme for anchoring of initiator, ATRP of styrene sulfonate, activation, and reaction with gallium chloride.

Heterogeneous catalysis in microreactors is carried out using

two approaches, viz. a) with a packed-bed microreactor, where

the catalyst is attached to a polymeric material enclosed in the

microchannel [5], and b) when the catalyst is covalently

connected to the inner walls of a glass microreactor [6].

Although the former approach has advantages such as high

catalyst loading and easy fabrication of the catalytic device by

filling the channels with functional catalytic particles, however,

heat transfer limitations and pressure drop developing along the

microchannel are serious drawbacks [7].

The literature contains numerous examples of Lewis acid catal-

ysis [8-11]. However, only a limited number of papers are

known dealing with heterogeneous Lewis acid catalysis, where

a Lewis acid is tethered onto a solid surface like silica or gold

[12,13]. Furthermore, to the best of our knowledge, there are no

examples of the immobilization of a Lewis acid to a micro-

reactor channel wall.

Polymer brushes have proven to provide a unique platform in

supported catalysis [14,15]. Previously, we have described the

successful immobilization and evaluation of catalysts (e.g.,

basic organocatalyst [6], metallic nanoparticles [16], and enzy-

matic catalyst [17]) to the microchannel walls using polymer

brushes. As a part of this program, herein, we report the

anchoring of gallium as a Lewis acid catalyst making use of

polystyrene sulfonate (PSS) polymer brushes. The choice for

gallium was inspired by the successful application of solid

supported gallium triflate to catalyze the Strecker reaction by

Wiles and Watts [13]. The dehydration of cinnamaldehyde

oxime [18] was used as a model reaction to study the catalytic

activity of a microreactor with gallium immobilized onto its

channel walls (Scheme 1).

Scheme 1: Gallium-catalyzed dehydration of cinnamaldehyde oxime
(1).

Results and Discussion
The catalytic polymer brush layer was first developed on a flat

silicon oxide surface in order to optimize the reaction condi-

tions before attempting the functionalization of a microreactor.

Polystyrene sulfonate (PSS) polymer brushes [19] were synthe-

sized according to the procedure summarized in Scheme 2.

First, a monolayer of atom transfer radical polymerization

(ATRP) initiator was covalently anchored on silicon oxide
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substrates [20]. Then, a solution of styrene sulfonate in

methanol/water (1:3) in the presence of 2-2’-bipyridyl and

CuBr, was used to grow the PSS polymer brushes by means of

ATRP. After activation of the polymer brushes with 1 M HCl,

they were incubated with a 100 mM solution of GaCl3 in aceto-

nitrile.

Analysis of the surfaces by transmission FTIR spectroscopy

after the polymerization step revealed the incorporation of

sulfonic acid moieties, as it exhibited symmetric and asym-

metric stretching vibrations at 1125 and 1011 cm−1, respective-

ly [21]. The intensity of these peaks remained the same, after

activation with HCl and upon treatment with GaCl3, indicating

that the sulfonic acid moieties are still intact. Proof for the func-

tionalization with gallium, however, was obtained by XPS spec-

troscopy. The atomic composition of the polymer brushes after

anchoring of gallium was found to be C:O:S:Ga = 8:3.2:0.9:0.4,

while no traces of chlorine were detected. From this, it was

concluded that the polymer brushes contained on average one

gallium per 2–3 styrene sulfonate groups. The thickness of the

polymer brushes was determined by ellipsometry being about

77 nm in the dry state for a polymerization time of 1.5 h.

Swelling studies on gallium-containing polymer brushes were

performed in water, acetonitrile, and ethanol. Table 1 shows

that the polymer brushes swell to the same extent in water as

well as in organic solvents as acetonitrile and ethanol.

Table 1: Thickness of gallium-functionalized PSS polymer brushes on
a flat silicon oxide surface.

thickness (nm)

dry state 77 ± 2
water 91 ± 1
acetonitrile 95 ± 1
ethanol 96 ± 1

The same procedure used for the flat silicon oxide substrates

was followed to immobilize gallium onto the interior of a glass

microreactor with channel dimensions of 150 µm in width and

depth, and having an internal volume of 13 µL. The PSS

polymer brushes were grown and functionalized with gallium

on the microchannel interior in the continuous flow-mode.

The dehydration of cinnamaldehyde oxime (1, 25 µM in aceto-

nitrile) was used as a model reaction to study the catalytic

activity of the gallium-functionalized microreactor, at 90 °C and

5 atm pressure, generated using a back pressure regulator in

continuous flow. The conversion of the reagent was monitored

online by in-line UV–vis detection, measuring the decrease in

the extinction of the solution of oxime 1 at 286 nm. The reac-

tion times were varied by changing the flow rates between

1 and 26 µL·min−1. The reaction showed nearly complete

conversion at a residence time of 13 min. Under similar reac-

tion conditions, after activating the PSS polymer brushes with

1 M HCl, no conversion was observed in the absence of

gallium, proving that gallium is the catalytically active species.

Under our conditions the reaction proceeded much faster when

compared with the lab scale: the gallium(III) triflate (5 mol %)

catalyzed dehydration of 1 in refluxing acetonitrile reported in

literature [18] took 2 h to give 2 in 90% yield.

A kinetic analysis of the dehydration of oxime 1 was performed

by carrying out the reaction at different concentrations of 1

(10–25 µM, Figure 1). The experimental data were fitted to a

first-order rate equation, giving an observed rate constant, kobs,

of (11 ± 2) × 10−3 s−1. The values of the rate constants at

different oxime concentrations were the same, within experi-

mental error.

Figure 1: Gallium-catalyzed formation of nitrile 2 at 90 °C and 5 atm
pressure.

The activation energy of the dehydration of oxime 1 was deter-

mined by calculating the kobs values at different temperatures

ranging from 70–90 °C (Supporting Information, Figure 1),

with increments of five degrees. From the slope of the

Arrhenius plot (Figure 2), the resulting activation energy was

calculated to be 6.55 kJ·mol−1.

The substrate scope of the dehydration of oximes was extended

using the same reaction conditions as above (Table 2).

4-Nitrobenzaldehyde oxime (3, Table 2, entry 1) resulted in a

conversion of 62% within 13 min reaction time, while for the

batch reaction, using gallium(III) triflate as a catalyst, 16 h at

120 °C was needed to give the nitrile 8 in 82% [18]. Anthracen-

9-carbaldehyde oxime (5, Table 2, entry 3) showed a relatively

poor conversion, which is ascribed to the steric hindrance of the

molecule in reaching the catalytically active sites within the

polymer brushes. In literature [18] this reaction, using
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Table 2: Dehydration of oximes in the gallium-functionalized catalytic microreactora.

entry substrate product conversionb

1 [18]

3 8

62

2 [23]

4 9

47

3 [18]

5 10

19

4 [22]

6 11

95

5 [18]

7 12

90

aAll reactions were performed using 25 µM substrate in acetonitrile at 90 °C, 5 atm pressure, using a back pressure regulator, and a residence time of
13 min. bConversions were determined using online UV–vis spectroscopy by following the change in the extinction of the substrate at a specific wave-
length.

Figure 2: Arrhenius plot for the dehydration of cinnamaldehyde oxime
(1).

gallium(III) triflate, required a reaction time of 8 h in refluxing

acetonitrile to obtain the corresponding nitrile 10 in 87% yield.

In case of 2-hydroxy-1-naphthaldehyde oxime (6) [22] (Table 2,

entry 4) and salicylaldehyde oxime (7) [18] (Table 2, entry 5)

dehydration happened between the ortho-hydroxy group and the

oxime to give ring closure to the corresponding oxazoles 11 and

12, respectively, in very good conversions.

The dehydration of 1 (25 µM in acetonitrile), under similar

conditions as mentioned above, was used to test the stability of

the catalytic layer in the microreactor. When the catalytic

microreactor was continuously run for 50 h with a residence

time of 13 min (flow rate of 1 µL·min−1), the conversions

remained nearly quantitative. However, with a shorter resi-

dence time of 78 s (flow rate of 10 µL·min−1), the conversions

(maximum about 55%) gradually decreased. Total reflection

X-ray fluorescence (TXRF) analysis of one of the samples with

residence times of 78 s and 13 min, showed the presence of

1.0 ppm and 0.2 ppm of gallium, respectively. Nevertheless, the

catalytic activity could be easily reactivated to the original value

(error 2–3%) by treating the microreactor with 100 mM GaCl3

in acetonitrile overnight in the continuous flow mode

(0.1 µL·min−1) (Figure 3). This proves that, at a flow rate of

1 µL·min−1, our catalytic system could be continuously used for

at least two days without any noticeable decrease in the

catalytic activity. If necessary, especially using higher flow

rates, the catalytic system can be easily reactivated by treat-

ment with GaCl3. To estimate the amount of gallium present in

the polymer brushes, the catalytically active microreactor was

deactivated by flowing 1 M HCl with a flow rate of 1 µL·min−1

and subsequent, thorough rinsing with water and acetonitrile.
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TXRF analysis of the solution showed the presence of

3.41 ± 0.01 µg of gallium. When the catalytic microreactor was

activated and deactivated following the above mentioned

protocol, the amount of gallium detected remained the same

within the error limit.

Figure 3: Conversion of cinnamaldehyde oxime (1, 25 µM in acetoni-
trile) by continuously running the catalytic microreactor: (a) for 50 h
with 13 min residence time, (b) for 12 h with 78 s residence time, (c)
also for 12 h with 78 s residence time but after reactivating the micro-
reactor with GaCl3.

Conclusion
In conclusion, to the best of our knowledge, we described the

first example of the application of polystyrene sulfonate-based

polymer brushes to anchor gallium as a Lewis acid catalyst onto

the microchannel interior of a microreactor and proved its

catalytic activity for the dehydration of oximes to the corres-

ponding nitriles and the ring closure of ortho-hydroxy oximes

to the corresponding oxazoles. In general, our catalytic system

showed faster conversions for most substrates than using lab

scale conditions. XPS data, obtained on a flat silicon oxide

surface, showed that on average one gallium per 2–3 styrene

sulfonate groups of the PSS polymer brushes was incorporated.

Upon slow deactivation the catalytic activity of the micro-

reactor can be easily reactivated to its initial value by flowing

through a solution of GaCl3. We believe that this approach has a

wider scope and can be used to anchor other Lewis acids in a

microreactor to study a range of Lewis acid-catalyzed reactions

in an efficient way.

Experimental
Materials
The chemicals and solvents were purchased from Sigma-

Aldrich unless otherwise stated and were used without purifica-

tion unless specified. Single-side-polished silicon wafers were

purchased from OKMETIC with (100) orientation. 3-(5’-

Trichlorosilylpentyl) 2-bromo-2-methylpropionate was synthe-

sized following a literature procedure [20]. CuBr was purified

by washing with glacial acetic acid and, after filtration, by

rinsing with ethanol and acetone, was stored in a vacuum desic-

cator. Methanol and ethanol (VWR, analytical reagent grade)

were used without further purification, water was purified with

the Milli-Q pulse (MILLIPORE, R = 18.2 MΩ cm) ultra-pure

water system, dry toluene was from an encapsulated solvent

purification system (MB-SPS-800), and acetonitrile (for

analysis EMSURE® ACS, Reag. Ph Eur, Merck).

Methods
FTIR spectra were recorded using a Nicolet 6700 FTIR spec-

trometer. Ellipsometry measurements were performed with a

Spectroscopic Ellipsometer M-2000X (J.A. Woolam Co., Inc.)

with light reflected at 70° and a spot size of 2 mm diameter.

Over a wavelength range of 340–1000 nm, with spectral resolu-

tion of about 2 nm both Psi and Delta were recorded as well as

the intensity and amount of depolarization of the reflected light.

The Complete EASE v.4.64 software package (J.A. Woolam

Co., Inc.); was used to both control the instrument as well as for

data analysis and modeling. For swelling experiments an in-situ

homemade glass cell with an inner volume of about 70 mL was

used. The 5 mm thick glass windows were positioned perpen-

dicular to the light beam and were transparent in the employed

wavelength range. For all measurements, the data were

corrected for residual polarization by the windows. X-ray

photoelectron spectroscopy (XPS) on the gallium-functional-

ized silicon oxide wafers were obtained on a Quantera Scan-

ning X-ray Multiprobe instrument, equipped with a monochro-

matic Al Kα X-ray source producing approximately 25 W of

X-ray power. XPS-data were collected from a surface area of

1000 μm × 300 μm with a pass energy of 224 eV and a step

energy of 0.8 eV for survey scan and 0.4 for high resolution

scans. For quantitative analysis, high resolution scans were

used. Total reflection X-ray fluorescence analysis (TXRF) was

carried out on a S2-PICOFOX instrument (Bruker AXS, Berlin,

Germany) with an air-cooled molybdenum anode for X-ray

generation. The excitation settings were 50 kV and 750 mA and

quartz glass disks were used as sample carriers. The analysis

was performed by signal integration over 500 seconds. For the

determination, the signal of gallium (Kα1 = 9.251 keV) was

quantified by using strontium (Kα1 = 9.251 keV) as internal

standard ([Sr] = 10.0 µg/mL). Quantification was performed by

the Bruker Spectra software (version 6.1.5.0) and based on the

known concentration of the internal standard.

Set up of the flow microreactor
All microreactor experiments were performed in a setup as

described in reference [16]. A back pressure regulator (Future

Chemistry) was connected to the outlet of the microreactor.

Glass microreactors with a residual volume of 13 µL and

dimensions of 150 µm depth and 150 µm width were purchased

from Micronit Microfluidics (Enschede, The Netherlands).
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Synthesis of the catalytic polymer coating
Immobilization of the trichlorosilane initiator and the polymer

brushes synthesis on the silicon oxide surface [19,20] and the

microchannels [16] were carried out following literature pro-

cedures.

A solution of styrene sulfonate (1.25 g, 6.0 mmol) and 2,2’-

bipyridyl (140 mg, 0.9 mmol) in a 3:1 mixture of methanol and

water (12 mL) was degassed using the freeze-pump-thaw

method (in a sealed Schlenk vessel). (The above-mentioned

solution was frozen by immersion in liquid nitrogen. When the

solvent was completely frozen the flask is kept under high

vacuum for 5 min, with the flask still immersed in the liquid

nitrogen. The flask was then closed and brought to room

temperature until the solvent has completely melted. This

process was repeated three times and after the last cycle the

flask was filled with nitrogen.) CuBr (57 mg, 0.40 mmol) was

added to this solution. To dissolve all solids, the mixture was

stirred for 30 min under a continuous flow of nitrogen. After-

wards an initiator coated silicon wafer was placed in a Schlenk

tube and the flask sealed with a septum. The tube was filled

with argon and the monomer solution was syringed inside. For

the polymerization in the device, the same solution was

syringed through the microchannel till the device was

completely filled. The solution was kept in contact with the

silicon wafer and with the microchannel at a flow rate of

0.1 µL·min−1 for 1.5 h. After the polymerization, the silicon

wafer and the microchannel were rinsed with water and

methanol, and dried with a stream of nitrogen. In the next step

the silicon wafers were soaked in a 1 M solution of HCl. The

same solution was flowed with a flow rate of 0.1 µL·min−1

through the microreactor. After 2 h they were rinsed with water,

acetone, and acetonitrile, and subsequently dried with a stream

of nitrogen. For the preparation of the gallium-based Lewis acid

bearing polymer brushes, all samples were first incubated

overnight in a 100 mM solution of GaCl3 in acetonitrile. The

same solutions were flowed at a flow rate of 0.1 µL·min−1

through the microreactor. Subsequently, the silicon wafer and

microchannel were rinsed with acetonitrile.

Kinetic study
The dehydration of cinnamaldehyde oxime (1, 10–25 µM) was

carried out in acetonitrile at 90 °C under 5 atm pressure.

Cinnamaldehyde oxime (1) and cinnamonitrile (2) exhibit the

absorption maximum in acetonitrile at 286 nm and 271 nm, res-

pectively. The conversion of cinnamaldehyde oxime (1) to

cinnamonitrile (2) was calculated based on the decrease in the

absorption at 286 nm using the formula: [2] = (ε286 (1) · [1]0 −

Aobserved) / (ε286 (1) − ε286 (2)) (Aobserved = absorbance

measured experimentally, while carrying out the reaction). The

molar absorptivities (ε) of cinnamaldehyde oxime (1) and

cinnamonitrile (2) in acetonitrile at 286 nm are 35640 and

17800 L·mol−1·cm−1, respectively. The kobs values were calcu-

lated by fitting the experimental data with the following equa-

tion: [2] = [1]0 · (1 − exp (−kobs·t)) using least-squares fit. The

experimental errors in these measurements are ±4%.

Substrate scope
The dehydration reaction with different oxime substrates

(Table 2, entries 1–5) was carried out in a catalytic micro-

reactor at 90 °C, 5 atm pressure, with a residence time of

13 min. A substrate concentration of 25 µM was used for all the

substrates. The conversions were determined using online

UV–vis spectroscopy by following the change in the extinction

of a substrate specific wavelength. In case of 2-hydroxy-1-

naphthaldehyde oxime (6, Table 2, entry 4) and salicylaldehyde

oxime (7, Table 2, entry 5), the conversions were determined by

following the decrease in the absorbance at 353 nm (ε353 =

8360 L·mol−1·cm−1) and 310 nm (ε310 = 4820 L·mol−1·cm−1),

respectively; the corresponding oxazoles 11 and 12 showed no

absorbance in that region. With 4-nitrobenzaldehyde oxime (3,

Table 2, entry 1) and 2-naphthaldehyde oxime (4, Table 2, entry

2), the conversions were determined by following the decrease

in the absorbance at 303 nm (ε303 = 20560 L·mol−1·cm−1) and

283 nm (ε283 = 20360 L·mol−1·cm−1), respectively, using the

formula that was applied for 1, as the corresponding nitriles 8

and 9  showed molar absorptivities (ε) of 2200 and

7160 L·mol−1·cm−1, respectively, in that region. In case of

anthracen-9-carbaldehyde oxime (5, Table 2, entry 3), the

conversions were determined by following the increase in the

absorbance at 403 nm (ε403 = 2600 L·mol−1·cm−1); the

corresponding product 10 has a molar absorptivity (ε) of

13400 L·mol−1·cm−1 in that region.

On-line UV–vis detection
The conversion of the oximes was followed using online

UV–vis spectrometry as described in reference [16].

Supporting Information
Supporting Information File 1
Conversion of cinnamaldehyde oxime (1, 25 µM in

acetonitrile) catalyzed by gallium in a microreactor at

different temperatures.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-194-S1.pdf]
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Abstract
The photodenitrogenation of vinyl azides to 2H-azirines by using a photoflow reactor is reported and compared with thermal forma-

tion of 2H-azirines. Photochemically, the ring of the 2H-azirines was opened to yield the nitrile ylides, which underwent a

[3 + 2]-cycloaddition with 1,3-dipolarophiles. When diisopropyl azodicarboxylate serves as the dipolarophile, 1,3,4-triazoles

become directly accessible starting from the corresponding vinyl azide.
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Introduction
Recently, photochemistry has seen a renaissance despite the fact

that under batch conditions specialized reaction vessels are

required, in which the light source is placed in the centre of the

reaction mixture: Technically this setup is difficult to control

for large scale industrial applications because the issue of trans-

ferring a substantial amount of heat has to be addressed. On the

other hand, photochemistry allows to perform many transforma-

tions that are hardly possible under thermal conditions. This

includes photocatalytic reactions that have seen an immense

interest lately [1].

Nitrile ylides 3 are 1,3-dipoles that have served for the prepar-

ation of different five-membered N-heterocycles in 1,3-dipolar

cycloaddition reactions. They are commonly formed through

three routes which are a) the addition of electrophilic carbenes

to nitriles, b) the dehydrochlorination of imidoyl chlorides, and

c) the photochemical ring opening of strained 2H-azirines 2

[2-5]. The latter route can be initiated by the photoinduced acti-

vation of vinyl azides 1, which gives rise to 2H-azirines 2 via

vinyl nitrenes after the loss of molecular nitrogen and subse-

quent ring-opening under photochemical conditions to provide

the nitrile ylides 3 (Scheme 1). For recent examples for the use

of azirines in organic syntheses please refer to [6-15]. Recently,

the Seeberger group has published a flow protocol on the photo-

chemical degradation of aryl azides and the subsequent forma-

tion of 3H-azepinones [16].

With the emergence of continuous processes involving minia-

turized flow reactors in organic-chemistry laboratories, photo-

chemistry has found a wider interest in the chemical commu-
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mailto:andreas.kirschning@oci.uni-hannover.de
http://dx.doi.org/10.3762%2Fbjoc.9.201


Beilstein J. Org. Chem. 2013, 9, 1745–1750.

1746

Scheme 1: Formation of azirines 2 from vinyl azides 1, photoinduced ring-opening to the nitrile ylides 3, and 1,3-dipolar cycloaddition to the penta-
cyclic N-heterocycles 5.

nity [17,18]. Particularly large-scale photochemical syntheses

can simply be achieved by numbering-up miniaturized flow

reactors in a parallel set-up. Uniform irradiation can be guaran-

teed when the penetration depth of light is kept small

(100–1000 µm). Furthermore, the production rate of a photo-

chemical flow process can be controlled by varying the irradi-

ation power, or by increasing or decreasing of the flow rate.

Finally, miniaturized flow reactors have high heat-transfer coef-

ficients so that the cooling of the photochemical process can

efficiently be achieved.

These facts led us to initiate an investigation on the photochem-

ical activation of vinyl azides and the trapping of the intermedi-

ate nitrile ylides 3 [19] by different dipolarophiles exploiting

the advantages of photo flow-chemistry [20,21]. Here, we

report on the first photochemical transformation of vinyl azides

to pyrrole derivatives under continuous-flow conditions.

Only recently, we reported the two-step preparation of vinyl

azides 1 in mircrostructured flow reactors starting from alkenes

6, using the solid-phase bound iodine azide transfer-reagent 7

followed by HI elimination using immobilized DBU as fixed

bed material (Scheme 2) [9,22,23]. All vinyl azides used in this

report were prepared by azido-iodination of the corresponding

alkenes followed by DBU-mediated HI elimination (for details

see the Supporting Information File 1).

Scheme 2: Solid-phase assisted synthesis of vinyl azides 1 from
alkenes 6 under flow conditions [9].

Results and Discussion
As the generation of azirines 2 can be conducted under thermal

as well as under photochemical conditions, we first evaluated

both processes with respect to their suitability under flow condi-

tions (Scheme 3). The thermal reaction was studied in the pres-

ence of an external oscillating magnetic field of medium

frequency (15–25 kHz). The best reactor set-up for inducing

heat in a medium frequency field was found to be a steel capil-

lary reactor (volume: 1.0 mL, inner diameter = 1.0 mm) with a

steel core, which is encased by the inductor. An internal pres-

sure of at least 250 psi allows transformations well above the

boiling point of the solvent, and this was secured by placing a

backpressure regulator behind the flow system. In contrast, the

photochemical flow-reactor was composed of a Teflon (FEP)

tubing (volume: 3.0 mL, inner diameter = 0.75 mm) and

a Pyrex filter. These were placed onto the water-cooled

quartz immersion well (type UV-RS-1, Heraeus) equipped

with a medium-pressure mercury lamp (type TQ 150,

λ = 190–600 nm). The reaction mixture was fed into the tubing

by using a pump and collected in a flask after having passed

through the reactor.

In essence 2H-azirines can be prepared continuously in good

yields under thermal as well as under photochemical conditions

in appropriate flow reactor devices (Table 1). Complete conver-

sion was achieved at 190 °C after 1 min in dichloromethane. At

higher temperatures as well as at reduced flow rates the amount

of decomposition products increased. The photochemical trans-

formation required longer reaction times, but the products were

formed under thermally mild conditions in improved yields and

with higher purity. Therefore, we decided to continue our

studies with the photochemical flow-reactor and to extend these

studies to the photoinduced nitrile ylide formation and the

1,3-dipolar cycloaddition. We initially chose to photolyze

methyl 4-(1-azidovinyl)benzoate (1a) in the presence of acrylo-

nitrile (4a) (Table 2). A solution of 1a and 4a in the respective

solvent was passed through the photochemical flow-reactor

with 5.5 mL volume and a pyrex filter.
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Scheme 3: Schematic presentation of the flow set-up for the synthesis of 2H-azirines 2 under inductive heating (IH, left) and photochemical (hν, right)
conditions.

Table 1: Continuous synthesis of 2H-azirines 2 under inductive heating and photochemical conditions. The experiments were conducted at a concen-
tration of 0.05 M.

entry producta isolated yield (hν) [%]b,c isolated yield (IH) [%]c,d

1

2a

97 82

2

2b

90 79

3

2d

92 72

4

2g

95 42e

aPrecursor vinyl azides and 2H-azirines are found in Scheme 4; bphoto flow-conditions: toluene, 10 min (residence time), rt; cisolated yields are given;
dinductive heating conditions: CH2Cl2, 1 min (residence time), 190 °C; ealthough the transformation was very rapid, we encountered substantial
decomposition under thermal conditions.
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Table 2: Optimization of the photolysis of vinyl azide 1a and trapping of nitrile ylide with acrylonitrile 4a under flow conditions.

entry concentration of 1a [M] ratio (1a:4a) solvent flow rate [mL/min] isolated yield [%] of 5a

1 0.025 1:10 toluene 0.05 -
2 0.025 1:10 benzene 0.05 -
3 0.025 1:10 CH3CN 0.05 46
4 0.025 1:10 CH3CN 0.1 53
5 0.012 1:10 CH3CN 0.05 82
6 0.012 1:10 CH3CN 0.1 74
7 0.012 1:10 CH3CN 0.2 68
8 0.05 1:10 CH3CN 0.05 96
9 0.05 1:5 CH3CN 0.05 71

10 0.05 1:2 CH3CN 0.05 65

Scheme 4: Photoinduced cycloadditions of vinyl azides 1a–f and electron-deficient alkenes 4a–d. All experiments were conducted at room tempera-
ture in a photochemical flow-reactor (see above) using Teflon (FEP) tubing (volume: 5.5 mL, inner diameter = 0.75 mm) at a concentration of 0.05 M
in CH3CN; isolated yields are given.
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Scheme 6: Photoinduced cycloaddtion of vinyl azide 1b and alkyne 4f. The experiment was conducted at room temperature in a photochemical flow-
reactor (see above) using Teflon (FEP) tubing (volume: 5.5 mL, inner diameter = 0.75 mm) at a concentration of 0.05 M in CH3CN.

Test reactions conducted either in benzene or in toluene resulted

exclusively in the formation of the corresponding 2H-azirine 2a

in yields up to 95%, while no formation of the cycloaddition

product was encountered (Table 2; entries 1 and 2). 2a could

easily be identified by the signal at 1.88 ppm in the 1H NMR

spectrum, which is characteristic for the methylene group of the

newly formed 3-membered ring. This signal corresponds to the

carbon signal at 20.2 ppm in the 13C NMR spectrum. In

contrast, acetonitrile turned out to be the solvent of choice and

methyl 4-(4-cyano-4,5-dihydro-3H-pyrrol-2-yl)benzoate (5a)

was isolated in 46% yield (Table 2, entry 3). By optimizing the

reaction conditions with respect to concentration, flow rate, and

ratio of starting materials (Table 2, entries 4–10), we found that

a concentration of 0.05 mol/L for azide 1a and a flow rate of

0.05 mL/min in the presence of a tenfold access of 4a provided

the cycloaddition product 5a in 96% yield as a single regioiso-

mer (Table 2, entry 8). Remarkably, after removal of the solvent

under reduced pressure it was not necessary to further purify the

product.

Next the scope of the photo-induced 1,3-dipolar cycloaddition

was examined. With the optimized flow-protocol in hand we

were able to synthesize a variety of dihydropyrroles (5a–5i)

(Scheme 4). The electronic properties of the aromatic ring,

which depend on the substituents have no prinicipal influence

on the outcome of this cascade reaction. Only the pyridyl

substituent in vinyl azide 1e provided dihydropyrrole 5e in

unsatisfactory yield. The relative stereochemistry of 5i was

determined by comparison with literature data [24].

To our delight, this flow protocol also allowed us to prepare

2,3-dihydro-1H-1,2,4-triazole 5j in good yield using diiso-

propyl azodicarboxylate (DIAD, 4e) as the dipolarophile

(Scheme 5).

Additionally, we found that even electron-deficient alkynes

such as 4f can serve as dipolarophiles in these reactions

(Scheme 6). However, the resulting pyrrole 5k could only be

isolated in 26% yield.

Scheme 5: Photoinduced cycloaddtion of vinyl azide 1c and diiso-
propyl azodicarboxylate (4e). The experiment was conducted at room
temperature in a photochemical flow-reactor (see above) using Teflon
(FEP) tubing (volume: 5.5 mL, inner diameter = 0.75 mm) at a concen-
tration of 0.05 M in CH3CN.

Alternatively, the in-situ generated nitrile ylide can be trapped

intramolecularly by a nucleophile such as a hydroxy group [25].

This is demonstrated by the photochemical degradation of vinyl

azide 1g which yielded 2,5-dihydrooxazole 9 in 76% yield

(c = 0.01 M, flow rate = 0.02 mL/min) under flow conditions

(Scheme 7). In this case, benzene turned out to be the solvent of

choice.

Scheme 7: Formation of 2,5-dihydrooxazole 9 starting from vinyl azide
1g under flow conditions (c = 0.01 M, flow rate = 0.02 mL/min).
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Conclusion
In summary, we developed a protocol for the one-step photo-

chemical formation of dihydropyrroles under flow conditions

starting from aromatic vinyl azides and activated alkenes. This

transformation was achieved with a photochemical flow reactor

and most likely proceeds via the respective 2H-azirines by

photoinduced in-situ formation and subsequent heterolytic ring

opening. The resulting 1,3-dipole is trapped directly with elec-

tron-deficient alkenes to form the [2 + 3] cycloaddition prod-

ucts. With this method, we were able to prepare a variety of

dihydropyrroles. The electronic properties of the aromatic ring

were of little importance for the principal outcome of the reac-

tion. Notable, azodicarboxylates and electron deficient alkynes

were employed for the first time which provided a 1,2,4-tri-

azole and a pyrrole, respectively. Future work should cover a

further generalization of this flow protocol along with tele-

scoping it with vinyl azide formation.
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Abstract
The application of a monolithic form of triphenylphosphine to the Ramirez gem-dibromoolefination reaction using flow chemistry

techniques is reported. A variety of gem-dibromides were synthesised in high purity and excellent yield following only removal of

solvent and no further off-line purification. It is also possible to perform the Appel reaction using the same monolith and the rela-

tionship between the mechanisms of the two reactions is discussed.

1781

Introduction
The advantages of applying flow chemistry processing to

organic synthesis have been extensively demonstrated in the

literature, increasing the safety, efficiency and reproducibility

of many organic chemistry reactions, causing this technology to

be accepted as an important new tool to aid the modern research

chemist [1-7]. Combining this enabling technology with solid-

supported reagents and scavengers offers synergistic benefits

over using the two technologies independently. Utilising

polymer-supported reagents and scavengers to purify the flow

stream permits telescoping of reaction sequences or facilitates

direct isolation of pure compounds from flow reactors,

removing the need for labour-intensive manual operations

[8-13]. Reagents are typically supported on low-crosslinked gel-

type or macroporous beads; however, these are characterised by

poor mass transfer properties as well as presenting practical

problems when used in packed beds in flow reactions due to

changes in structure and morphology when subjected to

solvents of varying polarity [14,15]. To avoid some of the prob-

lems associated with using resin beads, monolithic supports

have been developed for use in continuous-flow chemistry

systems. Monoliths are a single continuous piece of uniformly

porous material, prepared by precipitation polymerisation of a

functionalised monomer [16-20]. The monolith internal struc-

ture varies compared to bead-like supports, consisting of a

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:svl1000@cam.ac.uk
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Scheme 1: Formation of gem-dibromoolefin 3 from the reaction of carbon tetrabromide and triphenylphosphine as reported by Ramirez et al. [41].

combination of large macropores for flow through passage, in

combination with a network of smaller mesopores to allow

diffusion towards the active sites. This combined geometry has

been shown to result in superior chemical efficiency over tradi-

tional supports by providing a shorter diffusion pathway to

active sites via convective flow-through the macropores, as well

as providing lower void volumes [16]. Practically, their rigid

structure is secure over a wide range of solvents and under rea-

sonable pressures compared to beads due to a high degree of

cross linking, making them advantageous when applied to flow

processes [21,22].

Originally monoliths were developed to facilitate the isocratic

separation of peptides [17,23]; however, our group and others

have shown interest in using monolithic supports to facilitate

key chemical transformations [24-35]. The above advantages of

using monolithic supports over traditional beads in flow chem-

istry protocols can greatly facilitate the synthesis of fine chem-

icals using these enabling technologies [36]. We have recently

reported on the development of a monolithic triphenylphos-

phine reagent and its application to the Staudinger aza-Wittig

and Appel reactions in flow [37-40]. The immobilisation of tri-

phenylphosphine in this manner allowed the facile production

of a collection of pure compounds using flow chemistry tech-

nologies with no need for further offline purification. Following

the successful application of this monolith to the Appel reac-

tion (the transformation of alkyl alcohols to the corresponding

bromides), we wished to investigate the application of this

monolith to the closely related Ramirez gem-dibromo-

olefination reaction; the formation of gem-dibromoolefins from

aldehydes or ketones.

In 1962 Ramirez, Desai and McKelvie reported the formation of

dibromophosphorane 1 and (dibromomethylene)triphenylphos-

phorane (2) from the room temperature reaction of carbon

tetrabromide with two equivalents of triphenylphosphine

(Scheme 1) [41]. Addition of benzaldehyde then gave the

desired gem-dibromoolefin, (2,2-dibromovinyl)benzene (3) in

84% yield. Triphenylphosphine oxide (4) was also isolated from

the reaction as a byproduct. These gem-dibromoolefin products

are particularly important intermediates in the one carbon

homologation of an aldehyde into the corresponding terminal

alkyne, known as the Corey–Fuchs reaction [42], and more

recently stereospecific hydrogenolysis, Stille and Suzuki reac-

tions have been used to further elaborate these useful products

[43-45].

The triphenylphosphine oxide byproduct can often be difficult

to remove from the reaction mixture, requiring extensive, time-

consuming purification procedures to isolate the desired prod-

uct in high purity. For Ramirez gem-dibromoolefination reac-

tions, successful strategies have been developed to facilitate this

separation through derivatising the triphenylphosphine (or its

oxide) to achieve purification via filtration [46,47], as well as

by immobilising the triphenylphosphine on a solid-support [48].

A polymer-supported equivalent of triphenylphosphine has also

been successfully utilised by our group and by others in batch

Wittig reactions [49,50], Mitsunobu and Staudinger aza-Wittig

reactions [51,52], as well as many examples concerning the

Appel reaction [51-57].

Following our success using a monolithic form of triphenyl-

phosphine to facilitate the Appel reaction, we wanted to explore

the use of this monolith for performing the Ramirez gem-di-

bromoolefination reaction in flow. The monolithic form of tri-

phenylphosphine should have improved flow characteristics

compared to bead-based equivalents circumventing the prob-

lems associated with using these solid-supported reagents in

combination with flow techniques. Key intermediates for the

Ramirez dibromoolefination reaction, 1 and 2 depicted in

Scheme 1, are also known to be potential intermediates in the

Appel reaction [58,59] and consequently we also wished to

investigate the interplay between the two reaction mechanisms.

Results and Discussion
Formation of the triphenylphosphine monolith
The triphenylphosphine monoliths for the Ramirez reactions

were formed using precipitation polymerisation of the phos-

phine monomer 5 (Scheme 2). A polymerisation mixture of the

triphenylphosphine monomer 5, cross-linking components

divinylbenzene (6) and styrene (7) along with the porogen,

1-dodecanol (8), was heated to 50 °C until a homogeneous mix-

ture was achieved. The initiator, dibenzoyl peroxide (9) was

then added and the temperature maintained at 50 °C until this

had completely dissolved. The mixture was then transferred to a

glass column, the ends sealed with custom-made PTFE end
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Scheme 2: Formation of the triphenylphosphine monoliths.

Figure 1: a. An unfunctionalised triphenylphosphine monolith; b. Monolith after functionalisation with carbon tetrabromide at 0 °C; c. Monolith after
complete consumption of the active Ramirez gem-dibromoolefination species; d. Monolith after complete consumption of the active Ramirez gem-di-
bromoolefination species and the Appel brominating species.

pieces and heated to 92 °C for 48 hours using a Vapourtec R4

heating unit. This protocol can be clearly viewed in a video

previously released by our group [40], however the Ramirez

monoliths employ a higher ratio of styrene to divinylbenzene.

This results in a lower proportion of crosslinking within the

monolith, allowing greater flexibility in the backbone of the

polymer whilst still maintaining desirable monolithic character-

istics during flow reactions. This greater flexibility has previ-

ously been shown to assist with the formation of active species

1 and 2 in solid-supported triphenylphosphine beads, by

allowing neighbouring group interactions between the tri-

phenylphosphine residues.

The resultant white polymer (see Figure 1, a) was cooled to

room temperature and the end plugs exchanged with standard

flow-through end pieces. The porogen and any unreacted

starting materials were then eluted from the monolith using a

stream of dichloromethane at elevated temperature (60 °C).

This polymerisation protocol consistently gave a low pressure

drop across the monoliths for use in flow reactions. The mono-

liths were calculated to have a phosphorus loading of

1.85 mmol of phosphorus per gram, resulting in approximately

4.63 mmol of phosphorus per monolith.

Loading the monolith to give the active
Ramirez brominating species
Loading the monolith with carbon tetrabromide to give the

active species for the Ramirez gem-dibroomolefination

reactions was found to proceed in a facile manner using a

single pass protocol with the monolith being cooled to 0 °C

(Scheme 3). Cooling the monolith by submerging it in an ice-

water bath was found to be necessary to prevent the formation
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of an inseparable side product, observed if reactions were

performed at room temperature.

Scheme 3: Functionalising the triphenylphosphine monolith to give the
active Ramirez monolith using carbon tetrabromide.

Interestingly, an external source of triphenylphosphine was not

required to form the solid-supported equivalents of active

species 1 and 2, indicating that the polymer chains within the

monolith have sufficient conformational freedom to allow

neighbouring group interactions between triphenylphosphine

sites. Any attempts to use a solution of triphenylphosphine to

increase the active loading of the monolith was found to result

in the formation of insoluble triphenylphosphine salts which

crystallised and blocked the flow tubing downstream of the

monolith.

The formation of the active species was accompanied by a

colour change, resulting in a bright yellow polymer (Figure 1,

b). Each monolith was shown to have an active loading towards

the Ramirez transformation of approximately 0.8 mmol.

Although this is a relatively low active loading, this is not unex-

pected as two equivalents of triphenylphosphine are required for

the formation of one equivalent of the active Ramirez bromin-

ating species.

Ramirez
gem-dibromoolefination reactions in flow
With the functionalised monolith in hand, it was then used to

perform the Ramirez gem-dibromoolefination reaction in flow

to transform aldehydes into their corresponding gem-dibromo-

olefins. A 0.1 M solution of the aldehyde in dichloromethane

was prepared and introduced into the flow system via the use of

a sample loop. This solution was passed through the loaded

monolith at a rate of 0.5 mL/min while the monolith was main-

tained at 0 °C using a cooling bath (Scheme 4). The output was

collected for 1 h 15 min and the solvent removed in vacuo to

give complete conversion to the pure gem-dibromoolefin prod-

uct without any further manipulation.

This procedure was applied to a wide variety of aldehydes,

giving the gem-dibromoolefin products in high yields and purity

following only removal of the solvent by evaporation (Table 1).

Scheme 4: Flow synthesis of gem-dibromoolefins using the functional-
ised triphenylphosphine monolith.

Benzylic aldehydes containing electron withdrawing and

donating groups on the phenyl ring (Table 1, entries 1–4) were

transformed in high yield, as well as alkyl aldehydes (Table 1,

entries 5 and 6). Unsurprisingly, aldehydes containing a phenol

moiety were found to give little or no mass return as the pheno-

lic hydroxy group reacted with the triphenylphosphine sites

within the monolith, leaving the product bound to the polymer.

Interestingly the batch bromination of 3-phenylpropiolaldehyde

(Table 1, entry 7) requires the addition of 2.5 equivalents of 2,6-

lutidine [60], however pleasingly, this was not required when

the substrate was brominated using the flow procedure. It was

also possible to use the monolith on a series of heterocyclic sub-

strates with high yields (Table 1, entries 8–10). However, nico-

tinaldehyde (Table 1, entry 11) was found to give a reduced

yield and unusually contamination of subsequent products

formed using the same monolith was observed. X-ray crystal-

lography and mass spectrometry confirmed that the product

isolated was the hydrobromide salt of the desired gem-dibromo-

olefin, presumably formed from an additional reaction with the

monolith. The salt formed will coordinate to other ionic sites

within the monolith, reducing the isolated yield and resulting in

contamination of further products as it is slowly released from

the column.

A colour change was associated with the reaction, with the

monolith changing from a bright yellow to dull dark yellow

colour (Figure 1, b and c). A single monolith could be used for

multiple transformations with no cross contamination between

substrates run in sequential reactions through a single monolith

(with the exception of the nicotinaldehyde substrate explained

above).

An important test of this methodology was the application to

α-chiral aldehydes, to ensure that racemisation of the sensitive

chiral centre is avoided in chiral structures (Table 2). A butane-

2,3-diacetal derived aldehyde (Table 2, entry 1) and a diastereo-
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Table 1: Gem-dibromides prepared from the corresponding aldehydes using the triphenylphosphine monolith in flow.

Entry Starting material Product Isolated yield (%)a

1 80

2 95

3 93

4 98

5 79

6 78b

7 83

8 97

9 91

10 87

11 41c

aReactions performed on a 0.2 mmol scale; bproduct volatile, coutput collected for 2 hours rather than 1 h 15 min.
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Table 2: α-Chiral aldehydes and ketones containing electron-withdrawing groups converted to the corresponding gem-dibromides using the triphenyl-
phosphine monolith in flow.

Entry Starting material Product Isolated yield (%)a

1 95

2 84

3 91

4 98

5 84b

aReactions performed on a 0.2 mmol scale; breaction run at 0.10 mL/min with a previously unused monolith.

meric aldehyde containing an acetonide (Table 2, entry 2) were

successfully brominated using the flow protocol, being isolated

in high yield with retention of stereochemistry as determined by
1H NMR. The method was then applied to an enantiopure alde-

hyde (Table 2, entry 3) which could be transformed to the

desired product in high yield [61].

There is also precedent for performing Ramirez gem-dibromo-

olefin reactions on carbonyl groups other than aldehydes, such

as certain ketones activated using electron withdrawing groups

[47]. A selection of these ketones were therefore subjected to

the flow Ramirez reaction conditions (Table 2). Unsurprisingly,

unactivated ketones such as cyclohexanone and benzophenone

gave no conversion to the desired dibromide using the standard

conditions. However, with some optimisation, an acyl cyanide

(Table 2, entry 4) and a silyl protected ynone (Table 2, entry 5)

could be converted to the desired gem-dibromoolefins respect-

ively in high yields. Interestingly, it was found that full conver-

sion could only be achieved for the silyl protected ynone using

a low flow rate and a previously unused monolith, indicating

some reduction in reactivity with each use of the monolith.

Utilising the loaded monolith for the Appel
reaction in flow
The two active species formed during the Ramirez gem-di-

bromoolefination reaction (1 and 2 in Scheme 1) are also known

to be potential intermediates in the Appel reaction and we have

previously shown that these monoliths can facilitate this forma-

tion using similar conditions [39]. We wished to investigate the

relationship between the two reactions and hoped to establish

conditions to perform both reactions using a single protocol.

Using a similar configuration to the Ramirez reactions in flow,

a selection of alcohols were directed through the monolith

loaded with carbon tetrabromide at 0 °C (Scheme 5). Gratify-

ingly it was found that the monoliths prepared for the Ramirez

gem-dibromoolefination reactions could be used directly for the

Appel transformation, giving the bromide products in high yield

and high purity following removal of the dichloromethane

solvent (Table 3). Citronellol (Table 3, entry 1) and an indole

derived alcohol (Table 3, entry 2), could be transformed in a

facile manner using a single pass of the alcohol through the

monolith at 0 °C, however the allyl alcohol (Table 3, entry 3)

required recycling through the monolith to effect complete
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Table 3: Alkyl bromides prepared from the corresponding alcohols using the triphenylphosphine monolith for the Appel reaction in flow.

Entry Starting material Product Conversion after
one pass (%)a

Time required for
full conversionb

Isolated yield
(%)c

1 100 – 82

2 100 – 95

3 13 14 h 30 min 90

aOne pass through the monolith at 0.5 mL/min, percentage conversion determined by 1H NMR analysis; bsubstrate recirculated through the monolith
at 0.5 mL/min until full consumption of starting material indicated by TLC; creactions performed on a 0.2 mmol scale.

Scheme 5: Flow synthesis of bromides from the corresponding alco-
hols using the functionalised triphenylphosphine monolith in the Appel
reaction at 0 °C.

conversion. In batch, this reaction required low temperature

conditions (−78 °C) and the presence of base to give an isol-

ated yield of 78% [62], however this could be improved to 90%

by performing this reaction in flow at 0 °C. Loading the mono-

lith using the protocol described above was found to give an ap-

proximate active loading of 0.6 mmol for the Appel reaction.

Utilising one monolith for both reactions potentially broadens

the synthetic utility of the supported reagent and so performing

both reactions sequentially using a single monolith was investi-

gated. It was anticipated that these studies into the interplay

between the reactions might also assist to elucidate the mech-

anism through which the Appel reaction proceeds on solid-

support. It is known that the Appel reaction can proceed either

through intermediates 1 and 2 which are common to both the

Ramirez and Appel reactions, or via the alternative pathway

(Scheme 6) which only requires one equivalent of triphenyl-

phosphine per molecule of carbon tetrabromide to give inter-

mediate 13 (Scheme 6) [59]. It has been previously noted that

intermediate 2, while not an active brominating agent in the

Appel reaction, is known to assist in the formation of 10 by

deprotonating the alcohol to form 11 [57]. However, it is

thought that both possible pathways for the Appel reaction are

utilised when using solid-supported triphenylphosphine due to

the evidence for neighbouring-group interactions (the forma-

tion of 1 and 2), along with site isolation effects ensuring the

formation of 13.

The reactions reported below were therefore performed sequen-

tially using a single monolith. Pleasingly, it was found that after

exhausting the monolith of the gem-dibromoolefination active

species through multiple Ramirez reactions, the monolith could

then be used to successfully perform the Appel reaction in flow.

Approximately 0.55 mmol of alcohol could be transformed into

the corresponding alkyl bromide following approximately

0.80 mmol of successful gem-dibromoolefination reactions.

When the Appel reaction was performed after the Ramirez reac-

tion, the monolith once again changed colour from dull dark

yellow to off-white (depicted in Figure 1, c and d). However,

when the loaded monolith was first used for the Appel reaction,

there was no conversion observed for a subsequent Ramirez

gem-dibromoolefination, with only the starting aldehyde being

recovered from the output.
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Scheme 6: Mechanisms for the Ramirez and Appel reactions [41,59].

These results indicate that the Appel reaction consumes all of

the active Ramirez species 2 (Scheme 6), preventing the

progress of the Ramirez dibromoolefination. However, if this

species is consumed through multiple Ramirez gem-dibromo-

olefination reactions then an alternative brominating agent is

utilised to perform the Appel reaction, or alternatively inter-

mediate 2 is not required for the Appel mechanism using inter-

mediate 1. This is supported by previous observations in the

literature that indicate that the predominant pathway for the

Appel reaction on solid-support is through intermediates 1 and

2 although overall both pathways are utilised [59]. The possi-

bility of performing the Appel reaction following the use of

the same monolith for the Ramirez gem-dibromoolefination

reaction gives wider synthetic applications for this flow

methodology.

Conclusion
In summary, the monolithic form of triphenylphosphine

recently described by our group [37-40] has been successfully

applied to the Ramirez gem-dibromoolefination reaction in

flow. The monolith was loaded with carbon tetrabromide at

0 °C using a single pass protocol to give the active brominating

agent. This monolith was then utilised in the Ramirez reaction

in flow, transforming a variety of different aldehydes to the

corresponding gem-dibromoolefins in high yields and excellent

purity following only removal of solvent. α-Chiral aldehydes

were also successfully transformed, without racemisation of the

stereocentre and two ketones bearing electron-withdrawing

groups were converted into the desired dibromoolefins in high

yield. It was further demonstrated that the same monoliths could

be applied to the Appel reaction, giving a small selection of

alkyl bromides in high yield and purity without further off-line

purification protocols. It was also shown that a single monolith

could be used sequentially for Ramirez reactions and then the

Appel reaction, but not in reverse order. This indicates that the

Appel reaction consumes the Ramirez active brominating agent

during the reaction. An alternative mechanistic pathway can

ensue if the Appel reaction is performed subsequent to the

Ramirez reaction.
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Abstract
Tin-free Giese reactions, employing primary, secondary, and tertiary alkyl iodides as radical precursors, ethyl acrylate as a radical

trap, and sodium cyanoborohydride as a radical mediator, were examined in a continuous flow system. With the use of an auto-

mated flow microreactor, flow reaction conditions for the Giese reaction were quickly optimized, and it was found that a reaction

temperature of 70 °C in combination with a residence time of 10–15 minutes gave good yields of the desired addition products.

1791

Introduction
Organo halides are among the most useful precursors to access

carbon radical species, and they have found numerous applica-

tions in chemical synthesis [1-5]. Alkyl radicals are classified as

nucleophilic radicals, and therefore they are able to add prefer-

entially to alkenes possessing an electron-withdrawing

substituent [6,7]. This type of reductive radical addition reac-

tion, better known as the Giese reaction, was historically carried

out most by using tributyltin hydride as the radical mediator

[8,9]. Recently borane derivatives such as borohydride reagents

[10-13] or NHC-boranes [14-18] can be used in simple radical

C–C bond forming reactions or radical reduction as efficient

substitutes for tin hydride reagents, whose toxicity is of great

concern to organic chemists. Thus far we have demonstrated the

borohydride-based tin-free Giese reactions [10] and the related

radical carbonylation and hydroxymethylation reaction [11-

13,18] employing this methodology. In Scheme 1, a general

mechanism of a borohydride-based Giese reaction with the

possible products is shown.

In recent years, microreaction technologies have made a signifi-

cant impact on chemical synthesis and production in terms of

their advantageous characteristics, which include efficient

mixing, efficient mass and heat transfer, and high operational

safety [19-23]. Radical reactions also benefit from these advan-

tages, and we have reported both photo- [24-26] and thermally-

induced [27-30] radical reactions that are facilitated by flow

reaction technology [31]. In this study, we report that

cyanoborohydride-based Giese reactions of primary, secondary,

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:ryu@c.s.osakafu-u.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.9.208
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Scheme 1: Giese reaction using borohydride-based radical mediators.

Figure 1: Pictures of the flow microreactor system (MiChS® System X-1), a micromixer (MiChS β-150, channel width: 150 μm), and a fraction
collector used for this study.

and tertiary iodoalkanes with ethyl acrylate can be carried out

efficiently using a microflow system. Optimal conditions for

each substrate were quickly determined by the use of an auto-

mated microflow reactor [32], which revealed that running the

continuous flow reactions at 70 °C for 10–15 min gave good

yields of Giese addition products with effective suppression of

the byproducts.

Results and Discussion
We employed an automated microflow reactor system, MiChS®

System X-1 [33], equipped with a fraction collector, which

allows screening of up to 20 reaction conditions in one opera-

tion through the programming of temperature and flow rates

(Figure 1).

Initially, the reaction of 1-iodooctane (1a) with ethyl acrylate in

the presence of NaBH3CN (2 equiv) and 10 mol % AIBN (2,2’-

azobisisobutyronitrile) was investigated. A variety of different

temperatures (90–110 °C) and residence times (2–10 min) were

screened. The reaction of 1a with ethyl acrylate was found to

give the desired Giese reaction product 3a together with two

main byproducts, octane (2a) and the 1:2 addition adduct 4a. As

shown in Scheme 2, higher reaction temperatures tended to

result in the formation of increased amounts of octane (2a).
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Scheme 2: First screening for the reaction of 1a at different temperatures (90–110 °C) and residence times (2–10 min) in the presence of AIBN.

Scheme 3: Background reduction of 1a with NaBH3CN.

Under the same reaction conditions, the radical mediator

Bu4NBH3CN gave similar results, whereas the reaction with

Bu4NBH4 was found not to be suitable, since the competing

reduction leading to 2a became the dominant product from the

reaction.

To check the background hydride reduction of 1a with

NaBH3CN, we treated 1a with 2 equiv of NaBH3CN at various

temperatures (70–100 °C) for 10 min in the absence of a radical

initiator and ethyl acrylate (Scheme 3). The reduction product

2a was not formed in large amounts and we found that its for-
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Scheme 4: Second screening at 70 °C and residence time (5–20 min) in the presence of V-65.

mation was effectively suppressed by lowering the temperature

to 70 °C.

Setting the reaction temperature to 70 °C, we then further opti-

mize the other reaction conditions. Consequently we found that

the desired Giese product 3a could be obtained in 75% yield

(Scheme 4) when the reaction was carried out with 1.6 equiv of

ethyl acrylate and 3 equiv of NaBH3CN and 10 min residence

time in the presence of V-65 (2,2’-azobis(2,4-dimethylvaleroni-

trile)) as the radical initiator, which decomposes at a lower

temperature than AIBN (Figure 2). For comparison, we also

carried out a batch reaction using a 20 mL test tube on 0.5

mmol scale under similar reaction conditions (70 °C (bath

temp.), 10 min), which gave only 34% yield of 3a and a large

amount of recovered 1a. We assume that excellent thermal effi-

ciency inherent to tiny reaction channels would ensure efficient

reaction in the microreactors.

We then carried out the optimization of the reaction conditions

for the secondary and tertiary alkyl iodides, 2-iodooctane (1b)

and 1-iodoadamantane (1c), reacting with ethyl acrylate. We

were pleased to find that under similar reaction conditions (70

°C, 10–15 min) these two flow Giese reactions worked well to

give the corresponding addition products 3b and 3c in 88 and

81% yield, respectively (Scheme 5). It should be noted that for

Figure 2: Structures of V-65 and AIBN and their ten hour half-life
decomposition temperature.

these secondary and tertiary substrates, simple reduction to give

octane (2b) or adamantane (2c) was hardly observed.

Conclusion
The cyanoborohydride-mediated Giese reaction of alkyl iodides

1a, 1b, and 1c with ethyl acrylate was studied in a continuous

microflow reaction system. Optimized conditions with

minimum formation of byproducts for the conversion of 1a to

3a were rapidly located by the use of an automated microflow

system, MiChS® X-1, equipped with a static mixer having 150

μm width and an automated fraction collector. Using the opti-

mized flow conditions (70 °C, 10–15 min), high yielding

conversions of 1b to 3b and 1c to 3c were also obtained.
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Scheme 5: Cyanoborohydride mediated Giese reaction of 1b and 1c with ethyl acrylate.

Supporting Information
Supporting Information File 1
Typical experimental procedure and supplementary

experimental data.
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Abstract
Ethyl diazoacetate is a versatile compound in organic chemistry and frequently used on lab scale. Its highly explosive nature,

however, severely limits its use in industrial processes. The in-line coupling of microreactor synthesis and separation technology

enables the synthesis of this compound in an inherently safe manner, thereby making it available on demand in sufficient quantities.

Ethyl diazoacetate was prepared in a biphasic mixture comprising an aqueous solution of glycine ethyl ester, sodium nitrite and

dichloromethane. Optimization of the reaction was focused on decreasing the residence time with the smallest amount of sodium

nitrite possible. With these boundary conditions, a production yield of 20 g EDA day−1 was achieved using a microreactor with an

internal volume of 100 μL. Straightforward scale-up or scale-out of microreactor technology renders this method viable for indus-

trial application.
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Introduction
Diazo compounds are frequently used versatile building blocks

in organic chemistry [1,2]. From this class of compounds

diazomethane and ethyl diazoacetate (1, EDA) are arguably the

synthetically most useful ones. Due to the potentially explosive

nature of diazomethane and EDA [3-5], however, synthetic

routes that involve large scale batchwise handling of such diazo

compounds is generally avoided in industrial processes. With

the advent of continuous processing over the past decade, new

approaches have appeared to conceptually change the way

chemical synthesis is performed. In particular continuous-flow

microreactor technology offers multiple advantages over batch

chemistry, including the inherently safe conducting of reactions

due to the small reactor dimensions, efficient heat transport and

excellent control over the reaction conditions [6-8]. While the

synthesis of diazomethane has been extensively explored in

batch [9] and in continuous-flow reactors [10,11], EDA is

synthesized via different routes in batch [12,13], but relatively

little is known about continuous-flow approaches [14]. Consid-

ering the importance of EDA in a wide variety of reactions e.g.

cyclopropanation, X–H insertion, cycloaddition and ylide for-

mation [13,15], and more recently, in the synthesis of valuable

compound classes such as β-keto esters [16] and β-hydroxy-α-
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Figure 1: Schematic representation of the microreactor setup.

diazocarbonyl compounds [17], we aimed to develop an inher-

ently safe continuous-flow EDA process using microreactor and

separation technology.

Ethyl diazoacetate (1) can be synthesized in flow via different

pathways. Bartrum et al. [18] published a flow synthesis of

numerous diazo esters starting from the corresponding arylsul-

fonylhydrazones, where the diazo moiety was installed through

elimination of the sulfone substituent. Additionally, Ley et al.

[19] recently prepared a range of α-hydroxy acids in flow

starting from the corresponding amino acids, involving diazoti-

zation of the amine to the diazonium salt in a biphasic system.

Inspired by Ley’s approach, which is significantly more atom

efficient than the sulfonylhydrazone pathway, we chose to

synthesize EDA (1) from glycine ethyl ester (2) using readily

available sodium nitrite [20] (Scheme 1). Although the diazoti-

zation step itself resembles the first step of Ley’s hydroxy acid

synthesis, we specifically aimed to produce and isolate the

diazo product, which from there can be used for subsequent

reactions.

Scheme 1: Synthesis of ethyl diazoacetate (1).

We intended to optimize the process focusing on decreasing the

residence time in order to reduce solvent use and gain in

throughput. Reaction temperature was considered less of an

issue since in an industrial setting energy can generally be effi-

ciently regenerated. In-line phase separation was thought to

greatly enhance the usefulness of the EDA flow synthesis.

Therefore, the outlet of the microreactor was directly connected

to membrane-based phase separator to obtain EDA in the

organic phase, which in principle can then be immediately used

for either batch [13,15] or continuous-flow [16,17] follow-up

reactions. Straightforward scale-up or scale-out of microreactor

technology renders this method viable for industrial application.

Results and Discussion
Flow synthesis
Ethyl diazoacetate (1) was synthesized from glycine ethyl ester

(2) and sodium nitrite in a biphasic system of dichloromethane

and an aqueous sodium acetate buffer. Dichloromethane was

chosen as the organic phase to dissolve the water insoluble

EDA, because of its low water uptake and low boiling point and

its compatibility with potential follow-up reactions. In principle,

however, any other organic solvent immiscible with water could

be used. The pH of the buffer was set to 3.5 which had been

identified by Clark et al. as the optimal pH for the reaction [12].

A schematic representation of the initial microreactor set-up is

shown in Figure 1. The box with the dotted line indicates the

single-glass microreactor containing two mixing units M of the

folding flow type [21]. The reactor temperature was controlled

by a Peltier element and sensed by a Pt1000 temperature sensor.

At the outlet of the microreactor, a back-pressure regulator

(BPR, 40 psi) was attached to guarantee a liquid phase even

above boiling temperatures of the solvents. To ensure well-

defined reaction times during optimization experiments, neat

N,N-diisopropylethylamine (DIPEA) was added via syringe 4 to

efficiently quench the reaction. The collected product (60 μmol)

was analyzed by HPLC to establish the conversion of the reac-

tion.

Univariate optimization
Determination of the optimal conditions for the reaction started

off with investigating the important reaction parameters via a

univariate optimization. Based on knowledge obtained from

EDA synthesis in batch [12] and other flow reactions [22,23],

residence time, temperature and NaNO2 stoichiometry were

chosen as relevant parameters. Temperature was expected to

have a large influence on the rate of the reaction. Shortening the

residence time to a minimum would minimize the risk of side

reactions and reduce costs, and the reaction should be
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Figure 2: Univariate optimization using 30 s, 15 °C and 1.5 equiv NaNO2 as standard.

Figure 3: 2D-Contour plots of the multivariate optimization.

performed with the smallest amount of NaNO2 possible. The

results of the univariate optimization are shown in Figure 2.

EDA synthesis was shown to be fast, since within 200 seconds

complete conversion was obtained at 15 °C. Additionally, the

temperature shows a steep increase between 0–30 °C, indi-

cating a large influence of both parameters on the reaction rate.

The amount of NaNO2 shows only a rather small influence.

Based on these univariate optimizations the experimental ranges

of the three parameters were determined to investigate the inter-

relationships via a multivariate optimization.

Multivariate optimization
An experimental design based on a D-optimal algorithm was

created from the aforementioned three parameters within their

respective ranges, namely 5–120 s, 0–60 °C and 0.7–1.5 equiv

of NaNO2. Using MATLAB (MathWorks, R2007a), fifty data

points were selected of which the corresponding experiments

were performed in random order. The resulting HPLC yields

were normalized and fitted to a third order polynomial model.

In-house-developed FlowFit software [24] was used to calcu-

late the best possible model fit. The results are visualized in

2D-contour plots (Figure 3).

These plots show a rather broad optimum for the conversion of

glycine ethyl ester (2) into EDA (1). The decrease in the upper

left corner of the second contour plot can be explained by the

high uncertainty of the model at the edge of the plots. As was

expected, temperature has a large influence on the reaction rate.

The conversion into EDA shows a steep increase with

increasing temperature. High temperatures and increasing

amounts of NaNO2 decrease the residence time to a minimum

of 20 seconds while still obtaining complete conversion. Not

surprisingly, the minimal amount of NaNO2 required is 1

equivalent. We aimed to reach complete conversion into EDA

(1) maintaining a short residence time with a minimum amount

of sodium nitrite, possibly using higher temperatures. Based on

these boundary conditions, the optimal parameter settings were

fixed at 20 seconds residence time, a temperature of 50 °C using

1.5 equivalents of NaNO2. A triple-experiment was performed

to prove that this set of optimal parameters indeed provided

complete conversion into EDA. The experiment was performed

in alternation with two other sets of parameters to rule out

potential memory effects. HPLC yields of 95, 96 and 95% for

the triple-experiment demonstrate the high reproducibility of

the system.
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Figure 4: Phase separation using a Flow-Liquid–Liquid-Extraction module (FLLEX) directly coupled to the microreactor.

FLLEX module
Having established a microreactor protocol for the continuous-

flow synthesis of EDA, the next issue was to separate the pro-

duct from the biphasic system in which it was collected. In

order to increase safety and decrease the hold-up of EDA, the

phase separation ideally had to be performed in flow as well.

Therefore, a Flow-Liquid–Liquid-Extraction module (FLLEX)

[25] was connected to the system [26,27]. The module utilizes a

hydrophobic Teflon membrane and two back-pressure regula-

tors (BPRs) to create a pressure difference, which causes the

organic layer, in this case dichloromethane, to pass through the

membrane resulting in phase separation. A schematic represen-

tation of the whole setup is shown in Figure 4.

As the conversion into EDA was quantitative, quenching with

DIPEA was no longer required. Between the microreactor and

the FLLEX module some additional tubing was used to ensure

complete partitioning of the compounds over the two phases.

The back pressure of the FLLEX was set to 40 psi, similar to

the BPR used previously, and a pressure difference of 0.14 bar.

Direct full separation of phases resulted in a clean organic phase

containing 409 mg EDA (11 wt % solution in CH2Cl2, after 30

min of collection) while all salts remain in the aqueous phase.

This corresponds roughly to an EDA production of 20 g day−1

and a space time yield of 100 kg day−1 dm−3 as compared to a

reported industrial scale batch process yielding EDA in 48 g

day−1 dm−3 [12].

Conclusion
EDA can be safely synthesized utilizing microreactor and sep-

aration technology starting from cheap and readily available

starting materials. Optimization of the reaction was aimed at

reaching complete conversion into EDA within a minimized

residence time using the smallest required amount of sodium

nitrite, possibly applying higher temperatures. The optimal

reaction conditions identified based on these criteria were a

residence time of 20 seconds, a temperature of 50 °C and 1.5

equivalents of NaNO2. Repeating the EDA synthesis in flow

employing the optimal reaction parameters showed complete

conversion and high reproducibility of the results. Additionally,

we successfully combined a plug-and-play microreactor setup

with a commercially available membrane-based phase sep-

aration module to perform a direct in-line extraction of the pro-

duct. Even in our small set-up (internal volume 100 μL), we

were able to generate approximately 20 g of pure EDA per day

(11 wt % solution in CH2Cl2).

Experimental
Physical and spectroscopic measurements
NMR spectra were acquired at ambient temperature with a

Bruker DMX 300 MHz spectrometer. 1H NMR spectra were

referenced to TMS or to the residual solvent peak. HPLC

analysis was performed using an Agilent 1120 Compact LC,

C-18 column, 10% acetonitrile in MilliQ, 254 nm. Pyridine

(internal standard) has a retention time of 1.75 min, EDA of

9.67 min.

Chip dimensions
Three different microchips were used during the experiments.

1. Single borosilicate glass quench microreactor with an

internal volume of 92 μL, a channel width of 600 μm and

a channel depth of 500 μm.

2. Single borosilicate glass microreactor with an internal

volume of 100 μL, a channel width of 600 μm and a

channel depth of 500 μm.

3. Single borosilicate glass quench microreactor with an

internal volume of 1 μL, a channel width of 120 μm and

a channel depth of 50 μm.

Univariate optimization
Solution A: Glycine ethyl ester hydrochloride (40 mmol, 5.6 g)

dissolved in 20 mL buffer 1. Solution B: CH2Cl2. Solution C:

NaNO2 (60 mmol, 4.1 g) dissolved in 30 mL degassed MilliQ.
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Table 1: Conditions of the univariate experiments using 30 s, 15 °C and 1.5 equiv NaNO2 as standard.

Time (s) 15 30 60 120 180 300 600 900
Temperature (°C) 0 5 10 15 20 30 40 50 60 90
Amount of NaNO2 0.7 1 1.2 1.4 1.5 1.8 2

Table 2: Experiments for the multivariate optimization deduced from a D-optimal experimental design algorithm.

Exp# Molar ratio Residence time (s) Temperature (°C) Exp# Molar ratio Residence time (s) Temperature (°C)

1 1.5 5 0 26 1.1 120 0
2 1.5 120 60 27 1.5 120 60
3 1.5 45 0 28 0.7 5 0
4 0.7 5 60 29 1.1 15 60
5 1.5 45 60 30 1.1 120 60
6 1.5 120 40 31 1.1 45 60
7 1.5 45 0 32 1.5 5 20
8 0.7 45 0 33 1.5 120 20
9 1.5 15 20 34 0.7 15 0
10 1.1 5 20 35 0.7 5 20
11 0.7 45 20 36 1.1 5 60
12 1.5 120 0 37 1.5 15 60
13 1.1 15 0 38 0.7 45 60
14 0.7 5 60 39 1.1 120 60
15 0.7 120 40 40 1.1 120 40
16 0.7 45 60 41 1.1 5 40
17 1.5 120 0 42 0.7 5 40
18 1.5 5 60 43 1.1 5 0
19 1.5 45 40 44 0.7 120 60
20 0.7 120 60 45 1.1 120 0
21 1.5 5 0 46 0.7 15 40
22 1.5 5 60 47 0.7 5 0
23 1.1 45 0 48 0.7 120 0
24 1.1 120 20 49 0.7 120 20
25 1.5 5 40 50 0.7 120 0

Solution Q: Neat DIPEA. Buffer 1: Sodium acetate trihydrate

(132 mmol, 18.0 g) and pyridine (7.5 mL, internal standard)

dissolved in 70 mL MilliQ. Concentrated hydrochloric acid

(37%, 12 M) was added until a pH of 3.5 was reached (17 mL),

resulting in a buffer with a total volume of 105 mL.

The flow rates and temperatures were set based on predeter-

mined conditions of residence times and temperatures (Table 1).

Experiments were performed in a glass microreactor with an

internal volume of 92 μL. Solution Q was set at a flow rate 1/3

of the flow rate of solution A. Each experiment had a collection

time equal to 30 μL of solution A. The product was collected in

1 mL of acetonitrile and analyzed by HPLC. Results are visual-

ized in Figure 2.

Multivariate optimization
Solution A: Glycine ethyl ester hydrochloride (40 mmol, 5.6 g)

dissolved in 20 mL buffer 1. Solution B: CH2Cl2. Solution C:

NaNO2 (60 mmol, 4.1 g) dissolved in 30 mL degassed MilliQ.

Solution Q: Neat DIPEA.

The flow rates and temperatures were set based on predeter-

mined conditions of residence times and temperatures (Table 2).

Experiments with a residence time of 5 s were performed in a

glass microreactor with an internal volume of 1 μL. For longer

residence times, a microreactor with an internal volume of

92 μL was used. Solution Q was set at a flow rate 1/3 of the

flow rate of solution A. Each experiment had a collection time

equal to 30 μL of solution A. The product was collected in
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1 mL of acetonitrile and analyzed by HPLC. Results are visual-

ized in Figure 3 as 2D-contour plots.

FLLEX experiment
Solution A: Glycine ethyl ester hydrochloride (10 mmol, 1.4 g)

dissolved in 5 mL buffer 2. Solution B: CH2Cl2. Solution C:

NaNO2 (15 mmol, 1.0 g) dissolved in 5 mL degassed MilliQ.

Buffer 2: Sodium acetate trihydrate (100 mmol 13.6 g)

dissolved in 80 mL MilliQ. Concentrated hydrochloric acid

(37%, 12 M) was added until a pH of 3.5 was reached (7 mL).

Additional MilliQ was added to obtain a total volume of

100 mL of buffer.

Solution A (86.25 μL/min) was combined in a stainless steel

T-splitter with solution B (172.5 μL/min). The biphasic mixture

immediately entered the glass microreactor (internal volume:

100 µL) where it was mixed with solution C (86.25 μL/min).

The reaction was performed at 50 °C. After the reaction, the

mixture was passed through 15 μL of FEP-tubing (ID =

254 μm) before entering the FLLEX module where phases were

separated (40 psi, Δp = 0.14 bar). The set-up was stabilized for

2 min before collecting for 30 min. EDA was obtained as a

solution in CH2Cl2 (1.52 g). According to 1H NMR analysis,

clean EDA was obtained. Based on the residual solvent peak in

the 1H NMR spectrum it was calculated to be a 27 wt % solu-

tion of EDA in CH2Cl2 meaning 409 mg of pure EDA.
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Abstract
A new approach for the investigation of a higher-order reaction by on-column reaction gas chromatography is presented. The reac-

tion and the analytical separation are combined in a single experiment to investigate the Diels–Alder reaction of benzenediazonium-

2-carboxylate as a benzyne precursor with various anthracene derivatives, i.e. anthracene, 9-bromoanthracene, 9-anthracenecarbox-

aldehyde and 9-anthracenemethanol. To overcome limitations of short reaction contact times at elevated temperatures a novel

experimental setup was developed involving a cooling trap to achieve focusing and mixing of the reactants at a defined spot in a

fused-silica capillary. This trap functions as a reactor within the separation column in the oven of a gas chromatograph. The reac-

tants are sequentially injected to avoid undefined mixing in the injection port. An experimental protocol was developed with opti-

mized injection intervals and cooling times to achieve sufficient conversions at short reaction times. Reaction products were rapidly

identified by mass spectrometric detection. This new approach represents a practical procedure to investigate higher-order reac-

tions at an analytical level and it simultaneously provides valuable information for the optimization of the reaction conditions.
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Introduction
The combination of synthesis and analysis in a single experi-

ment offers many advantages. Time-consuming steps, i.e. work-

up and separation of the reaction products, can be minimized,

and direct analytical information about a reaction is obtained,

including the formation of by-products and eventually even the

reaction kinetics [1-4]. This information is important to design

efficient flow-through experiments and to scale-up a reaction in

a continuous process [5-9], which is often the first step for

large-scale production. We contributed to this research field by

developing on-column reaction chromatography, a technique

where a catalytically active separation phase is used to perform

(catalyzed) reactions and separations at the same time [10-17].

Here, the catalyst is immobilized or dissolved in an inert

stationary phase and coated on the inside of fused-silica capil-

laries, which are then installed in a gas chromatograph

(Figure 1a), capillary electrophoresis (Figure 1b) or liquid sep-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:trapp@oci.uni-heidelberg.de
http://dx.doi.org/10.3762%2Fbjoc.9.214
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Figure 1: Overview of some capabilities of an immobilized or in an inert stationary phase dissolved catalyst. The use of reactive capillaries a) in
on-column reaction GC, b) in on-column reaction capillary electrophoresis, c) as a capillary reactor to perform flow-through experiments, and d) to
obtain catalytically active glassware.

aration instrument (Figure 1c). In addition, the catalyst can be

applied to the surface modification of glassware to obtain

catalytically active bulk reactors, i.e. coated glass stir bars

(Figure 1d).

The use of catalytically active fused-silica capillaries in analyt-

ical separation devices is a very powerful approach, because

several reactions can be simultaneously performed by injecting

a whole library of reactants at the same time and – most impor-

tantly – under exactly the same reaction conditions. Because of

the separation of the reactant mixture, occurring prior to

reaching the catalytically active section of the capillary, we do

not observe competing reactions, so that the reaction kinetics

can be investigated under comparable reaction conditions. So

far, we investigated only first-order or pseudo-first-order reac-

tions, where, for example, one reactant is used as a carrier gas,

i.e., hydrogen in hydrogenation reactions or hydrogen peroxide

as oxidant [18]. However, there is a great demand for investi-

gating higher-order reactions, where several reactants are mixed

and converted into a single product. We are currently devel-

oping an approach characterized by injecting a pulse of a slower

migrating reactant, followed by a pulse of a faster migrating

reactant. At a defined point the faster migrating reactant will

“catch up” with the slower migrating reactant, interact, and

react to the product. To cope with the limitations of applicable

temperature ranges necessary to transport and separate the reac-

tants and products, we developed a novel approach, which is

discussed in the present contribution.

Here, we use a focusing technique to concentrate and stop sepa-

rating several substances in a single column section to study

higher-order reactions and to increase the conversion in

on-column reaction gas chromatography (ocRGC). The major

challenge in investigating multi-ordered reactions by ocRGC is

the necessary contact of all reactants and catalysts involved in

the reaction under the desired reaction conditions for a suffi-

cient amount of time.

There are various techniques available to focus a substance

within a gas chromatographic (GC) run at a defined point on a

separation column. In general, focusing results in a decreased

band width causing a concentration of the sample. We can take

advantage of this effect in ocRGC, because the conversion is

directly proportional to the concentration. Focusing is used for

several reasons, namely to improve peak shapes, to increase the

signal-to-noise ratio, and simply expand the detection limit of

an analyst. In practice, focusing is achieved by cooling a short

section of the separation column and reheating it after a certain

amount of time. Frequently, cryogenic cooling traps are used. In

most cases the cryogenic cooling device is installed directly in

the GC oven and connected to the column at the desired column

section. Reheating is performed by turning off the cooling

device. Commercially available cryogenic cooling devices use

compressed gas or high pressure liquids, such as CO2 or

N2, to cool the column section. An interesting application

of a cryogenic cooling trap is the longitudinally modulated

cryogenic sampler (LMCS) used by Marriott et al. [19].

It is used to focus and concentrate samples between

columns in a multidimensional gas chromatographic setup

(GC×GC) [20].

To experimentally test our novel ocRGC setup, we chose the

cycloaddition of benzyne with anthracene derivatives in a

typical Diels–Alder-reaction (Scheme 1) as a model reaction.
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Scheme 1: Diels–Alder reaction of benzenediazonium-2-carboxylate
with anthracene-9-derivatives toward triptycene-9-derivatives.

This reaction seemed suitable because of the volatility of all

reactants and products and the required reaction temperature,

which is in an adequate range for GC measurements. Besides,

the Diels–Alder reaction is a commonly used reaction and of

broad interest. The used dienophile, benzyne, is highly reactive

and must be generated in situ [21-24]. This can be achieved by

chemical decomposition initiated by fluoride [25], lithium

[22,26], an oxidizing agent [27] or by physical decomposition

by radiation [28] or heating [29-31] of a precursor system. Here,

we used benzenediazonium-2-carboxylate as a benzyne

precursor, which thermally decomposes by elimination of

nitrogen and carbon dioxide.

Results and Discussion
Initially, we chose to inject the heat-labile benzenediazonium-2-

carboxylate after the anthracene derivative, because we

expected that the thermally formed benzyne would be

surrounded by the anthracene derivative, and an optimal

conversion should occur. Surprisingly, the inverse injection

order leads to a significant increase in yield, which might be

explained by a certain lag time in the formation of benzyne.

Therefore, the benzenediazonium-2-carboxylate was injected

first, followed by the anthracene derivative by using two

syringes to avoid any product formation by contamination. It

can be assumed that the thermal activation of the benzyne for-

mation is already initiated in the injector at elevated tempera-

ture. During this period, benzyne is collected in the capillary

section covered by the cooling trap, leading to an enhanced re-

activity when the anthracene derivative is injected into the

cooling trap. Morgen et al. [32] published a procedure in which

the GC injector is used as a chemical reactor to convert several

reactants into a product. In contrast, our approach limits the

intended reaction to a defined column section in the cooling

trap. Figure 2 visualizes the experimental setup. First, the reac-

tants were injected into a short pre-column, which is used to

transfer them to the cryogenic cooling trap. The separation

column is connected with the cooling trap, and the cooling zone

extends for about 4 mm at the very beginning of this capillary.

The cryogenic cooling is realized by using a cryogenic CO2

cold trap system directly installed in the GC oven. The cooling

is started before the injection of the first reactant, so that all

reactants are focused in this section. All reactants are collected

in the cooling trap by this experimental setup. Thus, an unin-

tended reaction occurring in the injector prior to the reaction

taking place in the capillary section cooled by the cooling trap

is avoided. After all reactants are injected, the GC run is started.

It was found that the optimal cryogenic cooling time has to be

extended by 1.0 min measured from the start of the measure-

ments. The application of longer or shorter cooling times

resulted in lower conversions, which might be explained by a

spatial separation in case of cooling temperatures for longer

cooling times and by the incomplete condensation of the reac-

tants at the defined cooling section for too short cooling times,

respectively. A fused silica column coated with chemically inert

polydimethylsiloxane (GE-SE30) was used as a separation

column to avoid any side reactions of the highly reactive

benzyne with the stationary phase. It has to be pointed out that

our approach is not limited to the use of neat polydimethyl-

siloxane, but other non-reactive stationary phases may be used,

too. One of the advantages of the described experimental setup

is the possibility to continuously tune the polarity and the prop-

erties of the stationary phase thereby optimizing the conditions

for a particular reaction.

Figure 2: The experimental setup and a) the injection sequence
protocol of the cryogenic ocRGC measurements b). Conditions:
on-column cold injection, 60 °C for 5 min, then 6 °C/min to 180 °C,
120 kPa He; pre-column: fused silica, 10 cm, 250 nm film thickness,
250 µm i.d.; separation column: GE-SE30 (100% polydimethyl-
siloxane), 10 m, 500 nm film thickness, 250 µm i.d.

A typical chromatogram of the on-column Diels–Alder reaction

with 9-anthracenemethanol is shown in Figure 3. Anthranilic

acid was identified as the decomposition product of benzenedi-

azonium-2-carboxylate in these ocRGC experiments. It is

already formed by the sole injection of benzenediazonium-2-
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Figure 3: Experimental ocRGC chromatogram of 9-anthracenemethanol with benzenediazonium-2-carboxylate. Conditions: on-column cold injection,
60 °C for 5 min, then 6 °C/ min to 180 °C, 120 kPa He; pre-column: fused silica, 10 cm, 250 nm film thickness, 250 µm i.d.; separation column:
GE-SE30 (100% polydimethylsiloxane), 10 m, 500 nm film thickness, 250 µm i.d.

Table 1: Yield of triptycene-9-derivatives.a

R =
Synthesis in a flask ocRGCb

t T Yield k [s−1] t T Yield k [s−1]

H 24 h rt 11% 1.4 × 10−6 ~1s 60 °C c

3 h 80 °C 31% 3.4 × 10−5

Br 24 h rt 7% 8.4 × 10−7 ~1s 60 °C 1.8% 1.8 × 10−2

3 h 80 °C 28% 3.0 × 10−5

CHO 24 h rt 4% 4.7 × 10−7 ~1s 60 °C 1.4% 1.4 × 10−2

3 h 80 °C 13% 1.3 × 10−5

CH2OH 24 h rt 16% 2.2 × 10−6 ~1s 60 °C 6.0% 6.2 × 10−2

3 h 80 °C 44% 5.4 × 10−5

a100% coverage of the carbon-corrected FID area of anthracene-9-yl derivative and the associated triptycene-9-yl derivative. bAverage values of at
least three measurements are shown. The average standard deviation of the values does not exceed ±1%. cA detectable but infinitesimal small
amount of transformation.

carboxylate. An overview of the obtained yields of the formed

triptycene-9-derivatives is given in Table 1. The yields are

reproducible between 1.4 and 6% as expected for the very short

reaction times during the heating step. All reactions were also

performed by a regular synthesis in test tubes in order to

compare the results with those of the ocRGC measurements

(see Table 1).

The test tube system gives only moderate yields, even if the

reaction temperature is raised to 80 °C. According to Stiles et

al. the reaction of anthracene and benzenediazonium-2-carboxy-

late in refluxing benzene yields 30% triptycene with a reaction

time of 64 hours [30]. Our measurements revealed that this

yield could already be achieved after 3 hours. This could also be

experimentally proven by the test-tube experiment. In both

systems, test tube and ocRGC, the best yields were achieved

with 9-anthracenemethanol as a diene component. For the test-

tube system a yield of 16% after 24 hours at room temperature

and 44% after 3 hours at 80 °C was found. The reaction time for

the on-column reaction is considerably smaller, because an

effective contact time of less than one second must be assumed.

Consequently, the measured yield of 6% of 9-triptycenemetha-

nol for the on-column measurement can be considered as an

impressing result. Unfortunately, all other anthracene deriva-

tives did not exceed a yield of 2% with the ocRGC method. For

the test-tube experiments the yield of 9-anthracenemethanol is

also higher than those of the other derivatives, but the differ-

ences are samller compared to the on-column system. Surpris-

ingly, the substituents of the anthracene derivatives show a

more pronounced effect on the conversion compared to the clas-

sical synthesis in a flask, which might be explained by differ-

ences in the relative migration velocities of the dienes. We

calculated reaction rate constants from our experiments (k,

Table 1), which clearly indicate that a large surface area sub-

stantially improves the rate of conversion. We observed an

acceleration of a magnitude of approximately 1000 under these

conditions. Nevertheless, both systems show the same tendency

of an electronic influence of the substituents on the reactivity.
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Thus, the reactivity order is not affected by our novel approach.

In contrast to a classical reaction screening, our on-column gas

chromatographic setup can be used to determine this reactivity

order within a few hours, including the complete separation and

characterization of all reactants, products and side-products and

requiring only minute amounts of the reactants. Consequently,

the method facilitates a complete screening of large substance

libraries within a few days. Additionally, all detectable multi-

order reactions may be investigated without any modification of

the illustrated setup. Despite the advantage of an enrichment of

the in-line sample concentration by the cryogenic CO2 setup,

reactions can be studied in greater detail. Individual reaction

steps can be slowed down by cooling only locally at different

positions of a catalytic column, and several substances can be

pre-focused before the actual reaction occurs to allow for an

easier investigation of the reaction process. In summary, the

presented ocRGC setup with a cryogenic CO2 cooling trap is a

fast and accurate screening method for reactivity investigations

of multi-order reactions.

Experimental
Benzenediazonium-2-carboxylate was synthesized according to

a procedure described in [33,34]. Anthracene, 9-bromoan-

thracene, 9-anthracenecarboxaldehyde and 9-anthracenemetha-

nol were purchased from Aldrich Chemical, Acros or ABCR

and used without further purification. As GC–MS a Trace GC

Ultra combined with an ISQ Single Quadrupole mass spectrom-

eter, both from Thermo Scientific, were used. For cryofocusing

a Cryogenic CO2 Cold Trap System by SGE Analytical Science

was installed, according to the experimental setup outlined in

Figure 2. For cryofocusing CO2 was used as a cooling liquid

[35]. For the measurement of the reference substances 50 mg of

benzenediazonium-2-carboxylate was mixed with 0.8 equiv

anthracene or the anthracene derivative in 2 mL 1,2-dichloro-

ethane or dichloromethane (DCM) and stirred under the condi-

tions given in Table 1. After filtration and evaporation the reac-

tion mixture was dissolved in pentane and washed with water.

The diluted pentane solution was analyzed by GC–MS. For the

ocRGC analysis separate DCM solutions of anthracene or

anthracene derivative and benzenediazonium-2-carboxylate

were prepared, both containing 1 mg per mL. The injection was

performed by using two different on-column syringes from SGE

(experimental setup is outlined in Figure 2) following the

general on-column cold injection techniques with a secondary

N2-cooling time of 2 min. For analysis the FID signal was used

and carbon-corrected.
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Abstract
An apparatus is reported for real-time Raman monitoring of reactions performed using continuous-flow processing. Its capability is

assessed by studying four reactions, all involving formation of products bearing α,β-unsaturated carbonyl moieties; synthesis of

3-acetylcoumarin, Knoevenagel and Claisen–Schmidt condensations, and a Biginelli reaction. In each case it is possible to monitor

the reactions and also in one case, by means of a calibration curve, determine product conversion from Raman spectral data as

corroborated by data obtained using NMR spectroscopy.

1843

Introduction
Continuous-flow processing is used in the chemical industry on

production scales. In a research and development setting, there

has been increasing interest in using flow chemistry on smaller

scales. To this end, a wide range of companies now produce

equipment for both micro- and mesofluidic flow chemistry

[1,2]. Some of the advantages of these devices are increased

experimental safety, easy scale-up and thorough mixing of

reagents [3-7]. It is not surprising, therefore, that a wide range

of synthetic chemistry transformations have been reported using

this equipment [8,9]. When it comes to evaluating the outcome

of reactions performed using flow chemistry and optimizing

reaction conditions, one option is to use inline product analysis.

This opens the avenue for fast, reliable assay in comparison

with the traditional approach in which performance is evalu-

ated based on offline product analysis. When interfaced with

microreactors, inline analysis has taken significant strides in

recent years [7,10]. Spectroscopic tools such as infrared [11-

15], UV–visible [16-18], NMR [19,20], Raman [21-25], and

mass spectrometry [26,27] have all been interfaced with

success. There have been less reports when it comes to

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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mesoflow systems. Perhaps most developed is the area of

infrared monitoring. The now ubiquitous ReactIR equipment

has been interfaced with commercially available flow equip-

ment to allow for real-time analysis of reactions and on-the-fly

optimization of conditions [28-30].

In our laboratory we have had success interfacing a Raman

spectrometer with a scientific microwave unit [31]. This has

allowed us to monitor reactions from both a qualitative [32-35]

and quantitative [36,37] perspective. A recent report of the use

of Raman spectroscopy for monitoring a continuous-flow palla-

dium-catalyzed cross-coupling reaction [38] sparked our

interest in interfacing our Raman spectrometer with one of our

continuous-flow units and employing it for inline reaction

monitoring of a number of key medicinally-relevant organic

transformations. Our results are presented here.

Results and Discussion
Interfacing the spectrometer to the flow unit
In interfacing our Raman spectrometer with a continuous-flow

reactor, our objective was to use a similar approach to that

which proved successful when using microwave heating.

Borosilicate glass is essentially “Raman transparent”. There-

fore reactions could be monitored by placing a Raman probe

near the reaction vessel, without requirement to place any parts

of the spectrometer inside the reaction vessel. The exposure of

metallic components to the microwave field was avoided using

a quartz light-pipe extending both the excitation laser and the

acquisition fiber optic components of the spectrometer almost

without any loss of light. The optimum distance of the light-

pipe to the outside wall of the reaction vessel was found to be

approximately 0.5 mm. Moving to our continuous-flow reactor,

we decided to place the spectroscopic interface just after the

back-pressure regulator assembly. This meant that we did not

need to engineer a flow cell capable of holding significant pres-

sure. Instead we used an off-the-shelf flow cell traditionally

used in conjunction with other spectroscopic monitoring tools.

The cell had screw-threaded inlet and outlet tubes of the same

diameter as the tubing of the flow unit (i.d. 1 mm). The sample

chamber had a width of 6.5 mm, height of 20 mm and a path

length of 5 mm giving the cell a nominal internal volume of

0.210 mL (Figure 1a). We built an assembly to allow us to hold

the cell in a fixed location and vary the distance of the quartz

light-pipe so as to optimize the Raman signal intensity. The

apparatus is shown in Figure 1b.

Testing the interface: The synthesis of
3-acetylcoumarin
As our first reaction for study, we selected the piperidine-

catalyzed synthesis of 3-acetylcoumarin (1) from salicylalde-

hyde with ethyl acetoacetate (Scheme 1). We had extensive

Figure 1: (a) Flow cell and (b) Raman interface used in the present
study.

Scheme 1: The reaction between salicylaldehyde and ethyl aceto-
acetate to form 3-acetyl coumarin (1).

experience of monitoring this reaction both qualitatively [32]

and quantitatively [36] when using microwave heating so

believed it would be a good starting point for our present study.

The reaction works well when using ethyl acetate as the solvent.

However, 1 is not completely soluble at room temperature. To

overcome potential clogging of the back-pressure regulator as

well as mitigating the risk of having solid particles in the flow

cell (which would perturb signal acquisition), we leveraged a

technique we developed for this and other reactions previously

[39]. Once the reaction stream has exited the heated zone, it is

intercepted with a flow of a suitable organic solvent. This solu-

bilizes the product and allows it to pass through the back-pres-
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sure regulator unimpeded. In the case of 1, we intercept the

product stream with a flow of acetone.

Our first objective was to determine whether we could observe

spectroscopically a slug of the coumarin passing through the

flow cell. The Raman spectrum of 1 (Figure 2) exhibits strong

Raman-active stretching modes at 1608 cm−1 and 1563 cm−1

while the salicylaldehyde and ethyl acetoacetate starting ma-

terials exhibit minimal Raman activity in this area. As a result,

we chose to monitor the 1608 cm−1 signal. To mimic a product

mixture, we pumped a solution of 1 in acetone through our flow

reactor, intercepted it with an equal volume of ethyl acetate and

passed this mixture through the flow cell. We recorded a Raman

spectrum every 15 s in an automated fashion as the coumarin

passed through the cell by using the “continuous-scan” func-

tion on our spectrometer. By subtracting the spectrum of the

solvent mixture (1:1 ethyl acetate:acetone) from the spectra

recorded, we were able to clearly see the growth of the signal

due to 1 followed by a plateau as it passed through the cell and

then a drop back to the baseline as the final aliquot exited

(Figure 3).

Figure 2: The Raman spectrum of 3-acetylcoumarin (1) generated
using Gaussian 09 [40] at the B3LYP/6-31g(d) level of theory. The
inset molecule illustrates the stretching mode responsible for the signal
calculated at 1602 cm−1 (actual: 1608 cm−1).

Knowing we could observe the product as it passed through the

flow cell, we next performed the complete reaction. As a

starting point, we chose as conditions a flow rate of 1 mL/min

through a 10 mL PFA coil at room temperature. We were

indeed able to monitor the reaction as shown in Figure 4. In an

effort to optimize the reaction conditions, we varied both the

temperature of the reactor coil and also the flow rate, moni-

toring each run and then compiling the data (Figure 4). While

increasing the reaction temperature to 130 °C led to a marked

increase in product conversion, reducing the flow rate from

1 mL/min to 0.5 mL/min at this temperature did not have a

significant impact on the outcome of the reaction.

Figure 3: Monitoring an aliquot of 3-acetyl coumarin (1) as it passes
through the flow cell (scan time = 15 s, integration = 10 s).

Figure 4: Monitoring the conversion of salicylaldehyde and ethyl
acetoacetate to 3-acetylcoumarin (1) across a range of reaction condi-
tions (scan time = 15 s, integration = 10 s).

In an attempt to quantify product conversion, we needed next to

obtain a calibration curve to allow us to convert units of Raman

intensity to units of concentration in standard terms. To achieve

this, we passed solutions of various concentrations of 3-acetyl-

coumarin (3) in ethyl acetate/acetone through the flow cell and

collected the Raman spectrum. When the signal intensity at

1608 cm−1 is plotted against concentration, after subtraction of

signals due to the solvent, the result is a straight line (Figure 5).

The Stokes shift (which is being monitored) is inversely propor-

tional to the temperature. Since the flow cell is situated after the

product mixture exits the heated zone and because of the very

efficient heat transfer observed using narrow-gauge tubing, the

product mixture was essentially at room temperature by the

time it passed through the flow cell. As a result, it was not

deemed necessary to involve a scaling factor to account for

temperature effects.

With the appropriate calibration curve in hand, we were able to

obtain product conversion values for each set of reaction condi-

tions screened, taking into account the fact that the product
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Table 1: Comparison of product conversion values obtained from Raman spectra with those obtained using NMR spectroscopy for the conversion of
salicylaldehyde and ethyl acetoacetate to 3-acetylcoumarin (1).

Conditions Raman monitoring NMR

Concentration of 1 when
diluted with acetone

(mol L–1)

Concentration of 1 after
normalizing for dilution
by acetone (mol L−1)

Conv. (%) Conv. (%)

25 °C, 1 mL/min 0.125 0.25 25 22
65 °C, 1 mL/min 0.27 0.55 55 58

130 °C, 1 mL/min 0.37 0.74 74 79
130 °C, 0.5 mL/min 0.39 0.78 78 80

Figure 5: Plot of Raman intensity of the peak arising at 1608 cm-1 vs
concentration of 3-acetyl coumarin (1), yielding a straight line, y = mx +
b; m = Raman intensity·M−1 of 1.

concentration is halved by the interception with acetone. To

determine their accuracy, we also determined product conver-

sion using NMR spectroscopy. Comparison of the values shows

a good correlation (Table 1).

Expanding the technique to other reactions
The Knovenagel condensation
We turned our attention next to the Knoevenagel condensation

of ethyl acetoacetate with a range of aromatic aldehydes

(Scheme 2). Our objective was to optimize conditions using one

aldehyde substrate spectroscopically from a qualitative stand-

point and then screen other examples. We chose benzaldehyde

as our initial substrate, ethyl acetate as the solvent and piperi-

dine as a base catalyst. In order to determine the optimal spec-

tral frequency at which to monitor we wanted to find a quick

way to derive the Raman spectrum of the product 2a. As was

the case with 1, this could be achieved computationally using

Gaussian 09 at the B3LYP/6-31g(d) level of theory [40], and a

signal at 1598 cm−1 selected for monitoring.

Scheme 2: The Knoevenagel condensation of benzaldehyde and ethyl
acetoacetate to yield (Z)-ethyl 2-benzylidene-3-oxobutanoate (2a).

Figure 6: Monitoring the conversion of benzaldehyde and ethyl aceto-
acetate to (Z)-ethyl 2-benzylidene-3-oxobutanoate (2a) across a range
of reaction conditions (scan time = 15 s, integration = 10 s).

Performing the reaction across a range of conditions, flowing

the reaction mixture at 1 mL/min through the 10 mL coil heated

to 130 °C proved to be optimal (Figure 6). A 67% conversion to

2a was obtained, as determined by GC analysis. Purification of

the product mixture gave a 60% isolated yield of the Z-isomer

of 2a. Using these optimized reaction conditions, we screened
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Table 2: Product conversion obtained for four aldehyde substrates in the Knoevenagel reaction with ethyl acetoacetate.

R Product Conv. (%)

H 2a 67 (60)a

OMe 2b 53
Me 2c 66
F 2d 63

aIsolated yield.

Scheme 3: Claisen-Schmidt condensation of benzaldehyde with
acetophenone to yield chalcone, 3a.

three para-substituted aldehyde substrates (Table 2). As

expected, placing an electron-donating methoxy group on the

aromatic ring led to lower product conversion as compared to

benzaldehyde (Table 2, entry 2). A methyl- or fluoro-substituent

has little effect on the outcome of the reaction (Table 2, entries

3 and 4).

The Claisen–Schmidt condensation
We moved next to study the Claisen–Schmidt condensation of

benzaldehyde with acetophenone to yield chalcone (Scheme 3).

Chalcones display interesting biological properties such as anti-

oxidant, cytotoxic, anticancer, antimicrobial, antiprotozoal,

antiulcer, antihistaminic, and anti-inflammatory activity [41].

They are also intermediates on the way to highly fluorescent

cyanopyridine and deazalumazine dyes [42]. The calculated

Raman spectrum of the product 3a shows a very strong signal at

1604 cm−1 which was selected for monitoring. Using sodium

hydroxide as the catalyst, the reaction was monitored under a

range of reaction conditions (Figure 7). We fast discovered that

at temperatures in excess of 65 °C we observed decomposition

or else formation of a highly fluorescent byproduct, as evi-

denced by collapse of the Raman spectrum. We also observed a

significant “tail” on the plot of signal intensity at 1604 cm−1 vs

time. We attribute this to the fact that the chalcone product is

very highly Raman active and even a trace in the flow cell can

Figure 7: Monitoring the conversion of benzaldehyde with acetophe-
none to chalcone, 3a, across a range of reaction conditions (scan time
= 15 s, integration = 10 s).

be readily detected. It does however highlight the fact that there

may be both significant dispersion along the length of the

reactor and the product is slow in clearing the flow cell. Disper-

sion is the consequence of laminar flow and some of the ma-

terial takes longer to travel through the reactor than the rest.

Thus, when a flow reactor is used to process a finite volume of

reagents, the leading and trailing ends of the product emerging

from the end of the reactor will have mixed to some extent with

the solvent that preceded or followed it. This means that there

are zones at the leading and trailing ends of the product stream

in which the concentration of product is variable. Our optimal

conditions for the reaction were heating at 65 °C with a flow



Beilstein J. Org. Chem. 2013, 9, 1843–1852.

1848

Table 3: Product conversion obtained for four aldehyde substrates in the Claisen-Schmidt reaction with acetophenone.

R Product Conv. (%)

H 3a 90
OMe 3b 66
Me 3c 84
F 3d 98 (90)a

aIsolated yield.

Scheme 4: The Biginelli cyclocondensation of benzaldehyde, ethyl
acetoacetate, and urea to yield 5-ethoxycarbonyl-6-methyl-4-phenyl-
3,4-dihydropyrimidin-2(1H)-one (4a).

rate of 1 mL/min, this corresponding to a product conversion of

90%, as determined by GC analysis. Performing the reaction

under these conditions using three substituted benzaldehydes as

substrates, we obtained product conversions of 66−98%

depending on how electron rich or deficient the aromatic ring of

the aldehyde was (Table 3).

The Biginelli reaction
As our final reaction for study, we turned to the Biginelli reac-

tion (Scheme 4) [43-48]. This acid-catalyzed cyclocondensa-

tion of urea, β-ketoesters and aromatic aldehydes to yield dihy-

dropyrimidines has received significant attention, these prod-

ucts having pharmacological activity including calcium channel

modulation, mitotic kinesin Eg5 inhibition, and antiviral and

antibacterial activity [49,50]. The Biginelli reaction has been

performed in flow previously as a route to densely functional-

ized heterocycles using HBr generated in a prior step as the

catalyst for the reaction [51]. Copper catalysis has also been

used in flow mode for preparing PEG-immobilized dihydropy-

rimidines [52]. We decided to screen a set of conditions for the

Figure 8: Monitoring the conversion of benzaldehyde, ethyl aceto-
acetate, and urea to 5-ethoxycarbonyl-6-methyl-4-phenyl-3,4-dihydro-
pyrimidin-2(1H)-one (4a) across a range of reaction conditions (scan
time = 15 s, integration = 10 s).

reaction of benzaldehyde, ethyl acetoacetate and urea catalyzed

by sulfuric acid (Figure 8).

The calculated Raman spectrum of the product, 4a, shows a

strong signal at 1598 cm−1 which was selected for monitoring.

Using a catalyst loading of 10 mol % and a flow rate of

1 mL/min, we monitored the reaction over a temperature range

from 25–120 °C. Seeing that the reaction did not reach comple-

tion within the 10 min in the heated zone, we then repeated the

process at lower flow rates; first to 0.5 mL/min and then

0.25 mL/min. Our optimal conditions as determined by Raman

monitoring were heating at 120 °C with a flow rate of

0.25 mL/min, this corresponding to a product conversion of
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89%, as determined by GC analysis, and a product yield of 78%

after purification. Performing the reaction using three other

aldehyde substrates resulted in similar product conversions

(Table 4).

Table 4: Product conversion obtained for four aldehyde substrates in
the Biginelli reaction with ethyl acetoacetate and urea.

R Product Conv. (%)

H 4a 88 (78)a

OMe 4b 85
Me 4c 87
F 4d 91

aIsolated yield.

Conclusion
In conclusion, we describe here an apparatus for real-time

Raman monitoring of reactions performed using continuous-

flow processing. We assess its capability by studying four reac-

tions. We find that it is possible to monitor reactions and also,

by means of a calibration curve, determine product conversion

from Raman spectral data as corroborated by data obtained

using NMR spectroscopy. Work is now underway to expand the

scope of the method to other classes of useful reactions.

Experimental
General experimental
All reagents are used as received from the various vendors

without purification. Sodium sulfate, MeOH, EtOH, EtOAc,

DMF and Et2O (ACS Grade and reagent grade), were purchased

from Sigma-Aldrich and used without further purification.

Deuterated NMR solvents (CDCl3) were purchased from

Cambridge Isotope Laboratories. CDCl3 stored over 4Å molec-

ular sieves and K2CO3. NMR Spectra (1H, 13C, 19F) were

performed at 298 K on either a Bruker DRX-400 MHz NMR, or

Bruker Avance 500 MHz NMR. 1H NMR Spectra obtained in

CDCl3 were referenced to residual non-deuterated chloroform

(7.26 ppm) in the deuterated solvent. 13C NMR Spectra

obtained in CDCl3 were referenced to chloroform (77.3 ppm).

19F NMR spectra were referenced to hexafluorobenzene

(−164.9 ppm) [53]. Reactions were monitored by an Agilent

Technologies 7820A Gas Chromatograph attached to a 5975

Mass Spectrometer or 1H NMR. Flash chromatography and

silica plugs utilized Dynamic Adsorbants Inc. Flash Silica Gel

(60Å porosity, 32-63 µm).

Apparatus configuration
The Raman system used was an Enwave Optronics Spectrom-

eter, Model EZRaman-L [32]. The continuous-flow unit used

was a Vapourtec E-series. A Starna 583.65.65-Q-5/Z20 flow-

cell (width: 6.5 mm, height: 20 mm, path length: 5 mm) was

placed inline after the back-pressure regulator using 1 mm i.d.

PFA tubing (the void volume between the flow reactor and the

flow cell was 4.79 mL). The flow cell was secured in place in a

custom-made box and the fiber-optic probe from the spectrom-

eter inserted so it touched the wall of the flow cell. During a

reaction, spectral data was recorded at pre-determined time

intervals using the EZ Raman software provided with the instru-

ment. The data was then exported to Excel for processing.

Typical procedure for monitoring the formation of
3-acetylcoumarin (1)
Performing the reaction: Into a 50 mL volumetric flask was

added salicylaldehyde (6.106 g, 50 mmol, 1 equiv) and ethyl

acetoacetate (6.507 g, 50 mmol, 1 equiv). Ethyl acetate was

added to bring the total volume to 50 mL (1 M) and the reagents

were thoroughly mixed. An aliquot of this solution (10 mL) was

transferred to a 20 mL vial equipped with a Teflon-coated stir

bar. The flow reactor was readied using the equipment manu-

facturer’s suggested start-up sequence. Ethyl acetate was

pumped at 1 mL/min to fill the reactor coil. The back-pressure

regulator was adjusted to 7 bar and the reactor coil heated to

65 °C. After the heating coil, the product stream was inter-

cepted with a stream of acetone (1 mL/min) by means of a

T-piece to ensure complete solubility of the product. The

Raman probe was inserted into the box containing the flow cell

and was properly focused. A background scan of the ethyl

acetate/acetone solvent system was taken. This background was

then automatically subtracted from all subsequent scans,

thereby removing any signals from the solvent. The Raman

spectrometer was set to acquire a spectrum every 15 s through-

out the run, with 10 s integration time, boxcar = 3, and average

= 1. When the flow unit was ready, piperidine (0.099 mL,

0.1 mmol, 0.1 equiv.) was injected all at once into the vial

containing the reagents and, after mixing for 15 s, the reaction

mixture was loaded into the reactor at a flow rate of 1 mL/min.

After the reaction mixture had been completely loaded into the

reactor, ethyl acetate was again pumped through the coil at

1 mL/min. After the product had been fully discharged from the

flow cell, the scans were halted. While the product mixture was
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passing through the flow cell, a drop of the exit stream was

removed and an NMR spectrum recorded to obtain product

conversion for comparison with data obtained by Raman spec-

troscopy. NMR conversions were determined by comparing

signals from the starting salicylaldehyde (9.84 ppm) and the

coumarin product (8.45 ppm) [36].

Obtaining a relationship between signal strength and

concentration: To obtain a calibration curve, spectra of

3-acetylcoumarin in 1:1 ethyl acetate/acetone were recorded at a

range of concentrations by passing the solutions through the

flow cell. A plot of signal strength due to the peak at 1608 cm−1

versus concentration of 1 was constructed (Figure 5). From this,

units of Raman intensity could be converted to units of concen-

tration in standard terms and hence product conversion deter-

mined.

Typical procedure for monitoring the Knoevenagel
reaction
An analogous approach was used to prepare the Knoevenagel

product as for the case of 1, benzaldehyde (5.306 g, 50 mmol, 1

equiv) being used in place of salicylaldehyde and there being no

need for acetone interception of the product mixture. The

Raman spectrometer was programmed to take continuous scans

using the same parameters as in the case of 1. After the product

had been fully discharged from the flow cell, the scans were

halted. The resulting clear yellow solution was poured over

aqueous 2 M HCl and extracted with ethyl acetate. The

combined organic layers were washed with brine, dried over

sodium sulfate, and the solvent was removed in vacuo by rotary

evaporation affording the crude product. The crude product was

loaded on a 15-cm silica gel column (55 g silica gel) and a

gradient eluting system (99:1, 95:5, 90:10; Hex:EtOAc) was

used to obtain (Z)-ethyl 2-benzylidene-3-oxobutanoate (2a,

1.3095 g, 60%) as a clear yellow oil. 1H NMR (CDCl3, 400

MHz) δ ppm 1.26 (t, J = 7.21 Hz, 3H), 2.41 (s, 3H), 4.32 (q, J =

7.09 Hz, 2H), 7.33–7.41 (m, 3H), 7.42–7.47 (m, 2H), 7.56 (s,

1H); 13C NMR (CDCl3, 100 MHz) δ ppm 14.08 (CH3), 26.74

(CH3), 61.92 (CH2), 129.06 (CH), 129.74 (CH), 130.93 (CH),

133.17 (C), 134.88 (C), 141.48 (CH), 168.00 (C), 194.87 (C)

[54].

Typical procedure for monitoring the
Claisen–Schmidt reaction
Into a 50 mL volumetric flask was added 4-fluorobenzaldehyde

(1.551 g, 12.5 mmol, 1 equiv) and acetophenone (1.637 g, 12.5

mmol, 1 equiv). Ethanol was added to bring the total volume to

50 mL (0.25 M) and the reagents were thoroughly mixed. An

aliquot of this solution (10 mL) was transferred to a 20 mL vial

equipped with a Teflon-coated stir bar. The flow reactor was

readied using the equipment manufacturer’s suggested start-up

sequence. Ethanol was pumped at 0.5 mL/min to fill the reactor

coil. The back-pressure regulator was adjusted to 7 bar and the

reactor coil heated to 65 °C. After the heating coil, the product

stream was intercepted with a stream of acetone (0.5 mL/min)

by means of a T-piece to ensure complete solubility of the prod-

uct. The Raman spectrometer was configured as in the case of

monitoring formation of 1. When the flow unit was ready, 2 M

NaOH (0.125 mL, 0.25 mmol) was injected all at once and after

mixing for 15 s the reaction mixture was loaded into the reactor

coil at a flow rate of 0.5 mL/min. After the reaction mixture had

been completely loaded into the reactor, ethanol was again

pumped through the coil at 0.5 mL/min. After the product had

been fully discharged from the flow cell, the scans were halted.

The yellow product solution was poured into a beaker

containing ice (100 g) causing an immediate precipitation of the

product. To ensure complete precipitation, the solution was

stirred at 0 °C. The solid product was collected via vacuum

filtration and washed with cold ethanol. The material was dried

in air to yield (E)-3-(4-fluorophenyl)-1-phenylprop-2-en-1-one,

(3d, 0.5421 g, 91%) as a pale yellow solid. 1H NMR (CDCl3,

400 MHz) δ ppm 7.11 (t, J = 8.68 Hz, 2H), 7.46 (d, J = 15.89

Hz, 1H), 7.49–7.55 (m, 2H), 7.56–7.69 (m, 3H), 7.78 (d, J =

15.65 Hz, 1H), 8.02 (d, J = 7.34 Hz, 2H); 13C NMR (CDCl3,

100 MHz) δ ppm 116.42 (d, JC-C-F = 22.01 Hz, CH), 122.09 (d,

JC-C-C-C-F = 2.20 Hz, C), 128.76 (s, 10C), 128.94 (s, 9C),

130.62 (d, JC-C-C-F = 8.80 Hz, CH), 131.45 (d, JC-C-C-C-C-F =

3.67 Hz, CH), 133.12 (C), 138.43 (C), 143.78 (CH), 164.35 (d,

JC-F = 250.89 Hz, C), 190.59 (C); 19F NMR (CDCl3, 377 MHz)

δ ppm −113.59, −111.32 (m) [55,56].

Typical procedure for monitoring the Biginelli reac-
tion
In a 50 mL volumetric flask was dissolved urea (3.003 g, 50

mmol, 1 equiv.) in methanol (~30 mL). Into the flask was then

added benzaldehyde (1.306 g, 50 mmol, 1 equiv) and ethyl

acetoacetate (6.507 g, 50 mmol, 1 equiv). Methanol was added

to bring the total volume to 50 (1 M) and the reagents were

thoroughly mixed. An aliquot of this solution (10 mL) was

transferred to a 20 mL vial equipped with a Teflon-coated stir

bar. The flow reactor was readied using the equipment manu-

facturer’s suggested start-up sequence. Methanol was pumped

at 0.25 mL/min to fill the reactor coil. The back-pressure regu-

lator was adjusted to 7 bar and the reactor coil heated to 120 °C.

After the heating coil, the product stream was intercepted with a

stream of N,N-dimethylformamide (0.25 mL/min) by means of

a T-piece to ensure complete solubility of the product. The

Raman spectrometer was set to acquire a spectrum every 25 s,

with 20 s integration time, boxcar = 3, and average = 1. When

the flow unit was ready, 6 M H2SO4 (0.2 mL, 0.1 equiv) was

injected all at once and after mixing for 15 s the reaction mix-

ture was loaded into the reactor coil at a flow rate of
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0.25 mL/min. After the reaction mixture had been completely

loaded into the reactor, methanol was again pumped through the

coil at 0.25 mL/min. After the product had been fully

discharged from the flow cell, the scans were halted. The reac-

tion mixture was transferred to a separatory funnel, diluted with

diethyl ether and quenched with satd. sodium bicarbonate

(100 mL) and deionized water (100 mL). The layers were sep-

arated and the aqueous layer was extracted with diethyl ether (3

× 100 mL). The combined organic layers were washed with

brine (2 × 100 mL) and dried over sodium sulfate. The solvent

was removed in vacuo by rotary evaporation affording the crude

product. The resulting solid was transferred to a filter funnel

and was washed with cold methanol. The solid was isolated and

air dried to afford 5-ethoxycarbonyl-6-methyl-4-phenyl-3,4-di-

hydropyrimidin-2(1H)-one, (4a, 2.030 g, 78%) as a fluffy white

solid. 1H NMR (DMSO-d6, 500 MHz) δ ppm 1.18 (s., 3H), 2.34

(s., 3H), 3.67–4.60 (m, 2H), 5.24 (s., 1H), 7.34 (s., 5H), 7.80 (s.,

1H), 7.74 (s, 1H), 9.26 (s, 1H); 13C NMR (DMSO-d6, 125

MHz) δ ppm 14.5 (CH3), 18.2 (CH3), 54.4 (CH), 59.6 (CH2),

99.7 (C), 126.7 (CH), 127.7 (CH), 128.8 (CH), 145.3 (C), 148.8

(C), 152.6 (C), 165.8 (C) [57].

Supporting Information
Supporting Information File 1
NMR spectra of the isolated products (1, 2a, 3d, 4a),
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Abstract
A continuous flow oxidative photocyclization of stilbene derivatives has been developed which allows the scalable synthesis of

backbone functionalized phenanthrenes and helicenes of various sizes in good yields.

1883

Introduction
Phenanthrenes are versatile intermediates toward polycyclic

aromatic hydrocarbons which are relevant for materials

sciences, as well as toward helicenes, an intriguing class of

molecules which show remarkable chiroptical properties due to

their helical pitch. The rapidly expanding field of application of

helicene-like molecules in materials sciences and optics

demands the development of scalable and flexible syntheses

[1-5].

Following the pioneering examples of Scholz [6] and Martin [7]

in 1967, the photocyclization of stilbene derivatives under

UV-light irradiation is now a classical method for the synthesis

of phenanthrenes and helicene-like molecules [8]. However, the

scalability of these reactions is limited by the required low

concentration (~10−3 mol·L−1) and usually long reaction times

(>20 h). Therefore, most of the applications of this method are

limited to small scale (<0.5 mmol), making it unsuitable for

gram-scale synthesis of helicene-like molecules [9-12]. Much

effort has devoted to the development of alternative pathways

toward helicenes, but most approaches require lengthy

syntheses of the precursors [13-15]. It should be noted that an

elegant semi-one-pot procedure for the synthesis of phenan-

threnes from styrenes and benzene was recently reported [16].

However, also in this case, the scale of the reaction is limited by

the size of the photoreactor.

Reactions in flow are typically faster and cleaner compared to

the corresponding reactions in batch. A flow setup is particu-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:magnus.rueping@rwth-aachen.de
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Table 1: Proof of principle and screening of reaction conditions.

Entrya Additive
(20 equiv)

Concentration
(mol/L)

Flow rate
(mL/min) Yieldb (%)

1 propylene oxide 0.01 0.06 33
2 THF 0.01 0.04 37
3 THF 0.01 0.02 44
4 propylene oxide 0.001 0.06 99
5 THF 0.002 0.06 95
6 cyclohexene 0.002 0.06 –c

7 THF 0.002 0.08 68
8 THF 0.003 0.06 50

a1.1 equiv of iodine were used. The solvent was dry toluene. bDetermined by 1H NMR using mesitylene as internal standard. cMainly Z-stilbene was
observed.

larly well-suited for photo-catalysed reactions as the efficiency

of the transformation is no longer related to the scale [17-21].

Therefore, the development of an efficient protocol for the

photocyclization of stilbene derivatives in flow would be of

great interest. A recent contribution described the flow-syn-

thesis of [5]helicene under visible light in the presence of a

sensitizer [22], but, to the best of our knowledge, no reports on

broadly applicable light-induced oxidative photocyclizations in

flow are known. Herein, we report the first photocyclization of

polysubstituted olefins using a continuous flow process and

discuss advantages and limitations of this new protocol. Gener-

ally, the oxidative photodehydrogenation of E-stilbene results in

the formation of phenanthrene (Scheme 1). In this reaction the

E-olefin (or a E/Z mixture of the olefin) is photoisomerised to

the reactive Z-olefin, which undergoes photocyclization. The

corresponding dihydrophenanthene is subsequently oxidized

with iodine to give the desired phenanthrene and HI, which can

be quenched by propylene oxide or THF.

Results and Discussion
In order to accomplish a first general photocyclization we

started with the photocyclization of stilbene. Optimization of

the reaction conditions in a small flow setup (5 mL FEP tubing,

150 W UV-lamp) is presented in Table 1. Although both THF

and propylene oxide showed good ability to quench HI, we

choose THF as additive due to its lower cost, volatility and toxi-

city [23,24]. Under the optimized conditions, E-stilbene (1a)

could be converted to phenanthrene (2a) in 95% NMR yield

with a retention time of 83 min (Table 1, entry 5).

Scheme 1: Photocyclization of stilbene to phenanthrene.

The flow-reactor setup used for the optimization (Table 1) is

shown in Figure 1. UV-transparent ethylene propylene

copolymer capillary (FEP, outer/inner diameter 1/0.5 mm, total

volume 5 mL) was tightly wrapped around the water-cooling

unit (Duran glass) of a high-pressure mercury lamp (TQ 150,

UV-Consulting Peschl). Further optimization and scope was

performed with a similar setup using a bigger capillary (FEP,

outer/inner diameter 4/2 mm, total volume 24 mL). For the sake

of safety and to enhance the efficiency of irradiation by reflec-

tion, the setup was placed into a laboratory Dewar flask and the

exposed parts of the setup were covered with aluminium foil

(the temperature inside the Dewar was determined to be around

40 °C). The reaction mixture was injected into the system using

a syringe pump and collected at the outlet of the tubing into a

round bottom flask.
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Table 3: Scope of the photocyclization of stilbene derivatives in continuous flow to give substituted phenanthrenes.

Entrya Substrate Product (2) Yieldb (%)

1

2a

64

Figure 1: Flow-reactor setup used in the optimization study.

Additionally, we developed a 5-fold bigger setup to enhance the

throughput (Table 2). Slightly longer retention times were

required, and degassed toluene provided better yields. Finally,

Table 2: Optimisation of the scale-up setup.

Entrya Additive
(20 equiv)

Flow rate
(mL/min)

Yieldb

(%)

1 propylene
oxide 0.2 66

2 THF 0.25 40
3 THF 0.2 85
4c THF 0.2 94

a1.1 equiv of iodine were used. Dry toluene was used as solvent.
bDetermined by 1H NMR using mesitylene as internal standard.
cDegassed toluene was used.

phenanthrene (2a) was obtained in 94% yield when a flow rate

of 0.2 mL/min (retention time of 120 min) was applied

(Table 2, entry 4).

With the optimised conditions in hand, we explored the scope

of the reaction. Although photocyclization of disubstituted

olefins in batch was well documented in the literature, only few

cases of photocyclization of tri- and tetrasubstituted olefins

were reported [16,25]. Therefore, we decided to demonstrate

our methodology on both di- and trisubstituted olefins

(Table 3). We disclose here the first photocyclization of trisub-

stituted olefins in flow, giving access to backbone-function-

alised phenanthrene derivatives.
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Table 3: Scope of the photocyclization of stilbene derivatives in continuous flow to give substituted phenanthrenes. (continued)

2

2b

64

3

2c

61

4

2d

77

5

2e and 2e’

31/34

6

2f

77

7

2g

89

8

2h

64

aReaction conditions: 1.1 equiv iodine, 20 equiv THF, UV-light, 2 h retention time. bYield after chromatography.

We choose stilbenes with bromide and methyl substituents, as

the latter can be used in subsequent oxidation, deprotonation,

and radical addition reactions, whereas the former opens access

to various functional groups via lithium-halogen exchange or

cross-coupling chemistry. Methoxy groups were also tolerated,

but nitro- and amino groups containing stilbenes showed low

conversion or decomposition. Meta-substituted substrates gave

inseparable regioisomers, and ortho-substitution led to low

conversion. In the case of substrate 1e, a separable 1:1 mixture

of regioisomers 2e and 2e’ was obtained (Table 3, entry 5).
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Table 4: Scope: synthesis of [4]helicenes by photocyclization in flow.

Entrya Substrate Product (2) Yieldb

(%)

1

2i

85

2

2j

75

3

2k

74

4c

2k and 2k’

40/41

However, generally a series of stilbenes reacted smoothly to the

desired phenantrenes in good yields.

Recently, an unexpected synthesis of [4]helicenes was disclosed

[26]. However, no 2-substituted [4]helicenes were synthesised

using this method. Therefore, we investigated the photocycliza-

tion of the corresponding stilbene derivatives in our flow setup,

for both di- and trisubstituted olefins (Table 4).

Again, various functional groups were tolerated in the flow

photocyclization. Interestingly, if substrate 1k was irradiated in

toluene a single regioisomer 2k was isolated (Table 4, entry 3),

whereas the reaction in acetonitrile resulted in a separable 1:1

mixture of regioisomers 2k and 2k’ (Table 4, entry 4).

Finally, we decided to apply our photo-flow methodology in the

synthesis of functionalised [5]helicenes and [6]helicenes. We

identified 3-acetyl-9,10-dimethoxyphenanthrene [27] as a

powerful intermediate for the two-step synthesis of functionalis-

able helically chiral products. As shown in Scheme 2, Wittig or

Horner–Wadsworth–Emmons reactions gave the corresponding

olefins 1o–r in good yields, which were subjected to photocy-
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Table 4: Scope: synthesis of [4]helicenes by photocyclization in flow. (continued)

5

2l

75

6

2m

73

7

2n

99

aReaction conditions: 1.1 equiv iodine, 20 equiv THF, UV-light, 2 h retention time. bYield after chromatography. cReaction was performed in dry,
degassed acetonitrile.

Scheme 2: Photo-flow synthesis of [5]- and [6]helicenes. aFor experimental details see Supporting Information File 1. bReaction conditions: 1.1 equiv
iodine, 20 equiv THF, UV-light, 2 h retention time.
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clization in flow using the optimised conditions for the simpler

stilbenes. In the [5]helicene series, in each case only one pro-

duct was isolated in moderate to good yield. The bromoolefin

1o gave exclusively the desired helicene 2o, but in the case of

methyl- and methoxyolefins 1p and 1q, only the corresponding

b e n z o [ g h i ] p e r y l e n e s  2 p  a n d  2 q  w e r e  o b s e r v e d .

Benzo[ghi]perylenes are typical byproducts observed in the

photocyclization of [5]helicene-like molecules. Reactions to

obtain selectively helicenes or benzo[ghi]perylenes, regardless

of the substitution pattern, are still a challenging task. A func-

tionalizable [6]helicene (2r) was obtained along with its ribbon-

like regioisomer 2r’ in a 1:1 ratio and 75% combined yield.

In order to demonstrate the utility of the flow process we

decided to scale up the synthesis of helical compound 2o. To

our delight, we observed that the [5]helicene precursor 1o

underwent photocyclization with considerably shorter retention

times compared to the standard stilbene derivatives (Scheme 3).

Thus, we prepared the [5]helicene derivative 2o with up to 60

mg/h (for the full optimisation table, see Supporting Informa-

tion File 1).

Scheme 3: Scale up synthesis of the [5]helicene derivative 2o.

Conclusion
In summary, we have developed a new photo-flow method-

ology [28-32] for the synthesis of phenanthrenes and helicenes.

Although photocyclization of stilbene derivatives was disclosed

more than 40 years ago, this is the first report of UV-light-

driven photocyclization in flow. In general phenantrenes as well

as [4]-, [5]- and [6]helicenes with different substitution patterns

are obtained in good to excellent yields. In addition our first

attempts to scale up the flow photocyclization reactions were

successful providing the opportunity for multi-gram syntheses.

Supporting Information
Supporting Information File 1
Experimental part.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-221-S1.pdf]
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Abstract
The Bohlmann–Rahtz pyridine synthesis and the Hantzsch dihydropyridine synthesis can be carried out in a microwave flow

reactor or using a conductive heating flow platform for the continuous processing of material. In the Bohlmann–Rahtz reaction, the

use of a Brønsted acid catalyst allows Michael addition and cyclodehydration to be carried out in a single step without isolation of

intermediates to give the corresponding trisubstituted pyridine as a single regioisomer in good yield. Furthermore, 3-substituted

propargyl aldehydes undergo Hantzsch dihydropyridine synthesis in preference to Bohlmann–Rahtz reaction in a very high yielding

process that is readily transferred to continuous flow processing.

1957

Introduction
Microwave-assisted synthesis has revolutionized many

processes in recent years as a valuable alternative to the use of

conductive heating for accelerating transformations in synthetic

organic chemistry [1], colloidal science [2], natural product

chemistry [3], medicinal chemistry [4-6], solid-phase peptide

synthesis [7] and in the biosciences [8]. Despite the many

advantages of this heating method, and the introduction of a

wide range of instrumentation [1], the scale up of microwave-

mediated reactions still poses a number of challenges, in par-

ticular as a result of a lack of uniform heating [9]. Scale-up

using batch methodologies in open reaction vessels can give

excellent yields but might not be appropriate for certain volatile

or toxic reagents whereas continuous flow processing,

providing the reaction mixture is homogeneous, allows transfer

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:m.c.bagley@sussex.ac.uk
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from small-scale sealed vessel conditions to mesoscale produc-

tion often without any modification of reaction conditions or

loss in product yield [10]. The transfer from microwave batch

reaction to continuous flow processing can offer many advan-

tages for scale up, certainly in terms of process intensification

or in combination with reagent and scavenger cartridges for

multi-step synthesis [11], and is possible using conventionally

heated micro- or mesofluidic flow devices [12,13], but is also

feasible under microwave dielectric heating. Strauss first

demonstrated in 1994 that by combining microwave-heating

technology with continuous flow processing, problems with the

limited penetration depth of microwave irradiation and the

physical restrictions of a standing wave cavity could be over-

come [14]. A continuous flow reactor has the potential for rapid

optimization using minimal quantities of reagents, and for

‘scaling out’ – the spatial resolution of reactants and products

can, in principle, sustain indefinite production [15]. Following

Strauss’s original report, a variety of transformations have been

described using this unique combination of microwave heating

and continuous flow or stop-flow processing [16,17]. Contin-

uous flow microwave reactors have been used in transition

metal-mediated cross-coupling reactions by Organ et al. in a

Pd-coated capillary [18-20], over a solid-supported Pd catalyst

using a thin layer of gold as a selective heating element [21], or

in a Pd-supported silica monolith flow reactor by Haswell et al.

[22], using palladated Raschig rings in a PEEK [poly(ether

ether ketone)] reactor by Kirschning et al. [23], in a de novo

glass coiled flow cell by researchers at Boehringer Ingelheim

[24] and with an encapsulated palladium catalyst by Baxendale

and Ley, et al. [25], the latter to process multigram quantities in

a microwave-assisted Suzuki–Miyaura coupling. A comparison

on the use of palladium(0) nanoparticle catalysts on glass-

polymer composite materials in batch and flow-through experi-

ments by Kappe, Kunz and Kirschning revealed that contin-

uous flow processing gave better conversions and improved

catalyst recycling, with no loss of activity [26]. A range of other

applications have been explored, from a continuous flow

isothermal narrow channel microreactor for process intensifica-

tion of benzyl alcohol oxidation [27], the esterification of

benzoic acid in a microwave tubular flow reactor [28], a contin-

uous flow recycle microwave reactor for homogeneous and

heterogeneous processes [29], a mesoscale flow reactor utilizing

Fe3O4 as a microwave absorbing packed reactor bed with

internal fibre optic temperature measurement [30], to the

continuous flow preparation of biodiesel on large scale [31],

processing up to 7.2 L min–1, and waxy ester production on

pilot scale using a continuous microwave dry-media reactor

[32]. The introduction of proprietary instruments capable of

carrying out microwave-assisted transformations under flow

processing have greatly expanded the range of chemistries

scaled up and evaluated using this technology [1,9,16,33-42].

With all of these developments, it is becoming increasingly

clear that flow chemistry, and to some degree microwave flow

chemistry, is realizing its potential towards the next evolu-

tionary step in synthetic chemistry [43].

In 2005 we described a new continuous flow reactor design for

microwave-assisted synthesis that operates in the optimum

standing-wave cavity of a proprietary instrument [44]. The prin-

cipal features exhibited by this reactor, charged with sand to

produce a series of microchannels, included improved perfor-

mance over a Teflon coil reactor, heated using the same single-

mode instrument, and direct measurement of the flow cell

temperature using the instrument’s in-built IR sensor. In a

range of synthetic transformations (Scheme 1), including

Bohlmann–Rahtz cyclodehydration of aminodienones 1 to the

corresponding pyridines 2 [44,45], Fischer indole synthesis of

tetrahydrocarbazole 5 from phenylhydrazine (3) and cyclohexa-

none (4) [44], and hydrolysis of 4-chloromethylthiazole (6) to

give the corresponding alcohol 7 [44], the transfer from batch

reactor operation to continuous flow processing was efficient

and required little further optimization. Furthermore, we

showed that methodology developed using different reaction

platforms, including commercial microreactors and stainless

steel continuous flow instruments, transfer well to our de novo

microwave flow cell and from there can be scaled up using a

commercial microwave flow reactor for mesoscale production

[45]. The basic design of our microwave flow cell has been

adapted by Kappe for the synthesis of dihydropyrimidinone 8 in

a 3-component Biginelli reaction and for the preparation of

N3-substituted dihydropyrimidinone 10 by Dimroth rearrange-

ment of 1,3-thiazine 9 [46]. In these studies, the 10 mL flow

cell was loaded with glass beads and irradiated at 120 or

200 °C, respectively, to give the target heterocycle in yields that

compared very favourably with microwave-heated batch experi-

ments. For dihydropyrimidinone 8, a flow rate of 2 mL min–1

delivered a very respectable processing rate of 25 g h–1.

Following the success of this reactor design in delivering pyri-

dine and pyrimidine heterocycles, albeit from very different

processes, and the recent advent of new technology for

mesoscale microwave-assisted continuous flow reactions [30],

we set out to establish if readily-available ethynyl carbonyl

precursors were capable of delivering diverse heterocyclic

targets under a continuous flow regime under microwave

heating. Ley and Baxendale et al. [47] have demonstrated that

ethynyl ketones can be generated in flow by the palladium-

catalysed acylation of terminal alkynes and further transformed

in a continuous process to pyrazoles by cyclocondensation with

hydrazines using a commercially available conductive heating

modular flow reactor. Given that this cyclocondensation

proceeds in a similar fashion and high efficiency under
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Scheme 1: Mesoscale production of heterocycles in a continuous flow microwave reactor [44-46].

microwave irradiation [48], and that we have previously

demonstrated that pyridines and pyrimidines can both be

formed rapidly and efficiently from ethynyl ketones using

microwave dielectric heating, the transfer of synthetic pro-

cedures to a continuous flow processing regime in a microwave

flow reactor seemed highly feasible to access pyridine deriva-

tives in a single step.

Results and Discussion
Synthesis of pyridines in a continuous flow
reactor
Many of our previous studies on the synthesis of pyridines in a

continuous flow reactor examined the cyclodehydration of

Bohlmann–Rahtz aminodienone intermediates in the presence

of a Brønsted acid catalyst [44,45]. This relatively simple

cyclization reaction was utilized previously as we had already

established its facility under microwave irradiation and so it

provided a good comparison of different technology platforms.

If the cyclodehydration could be incorporated into a multi-step

process and was spontaneous under the reaction conditions,

following Michael addition to ethynyl ketones, then the contin-

uous production of pyridines from readily-available materials

could be realized.

Introduction to the Bohlmann–Rahtz pyridine
synthesis
Bohlmann and Rahtz first reported the synthesis of trisubsti-

tuted pyridines from a stabilized enamine, such as ethyl

β-aminocrotonate (11), and an ethynyl carbonyl compound,

such as butynone (12a), in 1957 [49]. In its original form it was

a two step procedure involving Michael addition, isolation of

the corresponding aminodiene intermediate (e.g. 1a) and subse-
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Scheme 2: The original Bohlmann–Rahtz synthesis of pyridines [49].

Table 1: Batch and flow experiments for Bohlmann–Rahtz synthesis of pyridine 2b.

Entry Process Heating Conditionsa Resultsb

1 Batch Microwavesc PhMe–AcOH, 100 °C, 15 min 2b:12b ~13:1d

2 Batch Microwavesc PhMe–AcOH, 100 °C, 20 min 2b:12b >95:5d

3 Batch Microwavesc PhMe–AcOH, 140 °C, 5 min 2b (74%)
4 Batch Microwavesc EtOH–AcOH, 120 °C, 5 min 2b (86%)
5 Flow Microwavesc EtOH–AcOH, 120 °C, 5 min 2b (76%)
6 Flow Conductivee EtOH–AcOH, 120 °C, 5 min 2b (86%)
7 Flow Conductivee EtOH–AcOH, 120 °C, 5 min 2b (71%)
8 Batch Microwavesf EtOH–AcOH, 120 °C, 5 min 2bd (32%)
9 Batch Microwavesf EtOH–AcOH, 100 °C, 2.5 min 2bd (28%)

aReagents (0.3 mmol) were used in a molar ratio (11:12b) of 1:1 (entry 1) or 1.2:1 (entries 2–7) in PhMe–AcOH or EtOH–AcOH (5:1 v/v); tempera-
ture refers to vessel temperature, maintained by moderation of the initial microwave power (120 W for experiments in PhMe, 90 W for batch experi-
ments in EtOH and 100 W using the flow cell), as measured by the in-built IR sensor (entries 1–5); boutcome determined by 1H NMR spectroscopic
analysis of the crude reaction mixture; numbers in parentheses refer to the isolated yield of pyridine 2b; ccarried out using a commercial CEM single-
mode instrument; dunreacted starting materials were present; ecarried out using a commercial Uniqsis FlowSyn stainless steel coil reactor at a flow
rate of 1 mL min–1 (5 mL reactor; entry 6) [60] or 4 mL min–1 (20 mL reactor; entry 7); fthe scaled up microwave-assisted reaction was carried out in a
60 mL Teflon vessel in batch mode using a commercial Milestone multi-mode instrument in a molar ratio (1a:2b) of 1.3:1 (15 mmol).

quent cyclodehydration under high temperature conditions neat

under vacuum to give a 2,3,6-trisubstituted pyridine (2a:

Scheme 2) with total regiocontrol. In recent years there has

been renewed interest in this transformation for its application

in target synthesis [50], in the development of one-pot

procedures for pyridine synthesis [50-58], and for incorpor-

ation into domino processes [57-59]. Given our precedent

that microwave irradiation can facilitate the one-pot

Bohlmann–Rahtz synthesis of pyridines from ethynyl ketones

[58-60], this reaction was an ideal starting point to investigate

the synthesis of pyridines under a continuous flow regime, from

which a comparison to other methods could be drawn.

Bohlmann–Rahtz pyridine synthesis in batch and
flow
The reaction conditions, temperature and residence time were

optimized in batch mode under microwave irradiation for the

one pot synthesis of pyridine 2b (Scheme 3) using ethyl

β-aminocrotonate (11) and a readily available ethynyl ketone,

phenylpropynone 12b (R = Ph) [51], in the presence of acetic

acid as a Brønsted acid catalyst for transfer to flow processing.

A range of conditions were investigated (Table 1) and, in each

case, 1H NMR spectroscopic analysis of the crude reaction mix-
Scheme 3: Bohlmann–Rahtz synthesis of pyridine 2b.

ture revealed if unreacted starting materials were present.

Microwave irradiation of a 1:1 ratio of starting materials 11 and

12b at 100 °C for 15 min (hold time) in PhMe–AcOH (5:1 v/v)

and spectroscopic analysis of the crude reaction mixture showed

the two-step-in-one synthesis of pyridine 2b was a success

(Table 1, entry 1). Cyclodehydration was spontaneous under the

reaction conditions as no aminodienone intermediate 1b
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Figure 1: Microwave flow reactor for the Bohlmann–Rahtz synthesis of pyridine 2b.

(R = Ph) was observed, although some unreacted propynone

remained (2b:12b ~13:1). The use of a small excess of enamine

11 (1.3 equiv) and extending the reaction time to 20 min, im-

proved the product ratio (Table 1, entry 2). At a higher reaction

temperature, consumption of reactants was complete in 5 min

on irradiation at 140 °C in PhMe–AcOH (5:1) (Table 1, entry 3)

or at 120 °C in EtOH–AcOH (5:1) (Table 1, entry 4), to give

pyridine 2b in 74 or 86% isolated yield, respectively. The use of

ethanol as a protic solvent appeared to improve the efficiency of

the process, a phenomenon that has also been observed for two-

step-in-one Bohlmann–Rahtz reactions [54], in the Michael

addition of ethynyl ketones [51], both under conductive heating,

and in the tandem oxidation Bohlmann–Rahtz synthesis of

nicotinonitriles under microwave irradiation [59]. These batch

experiments now established that microwave heating could

establish efficient conversion to nicotinoate 2b in 5 min using

only a small excess of enamine 11 and so these parameters

(Table 1, entry 4) were favoured for transfer to flow processing

over previously reported procedures [58].

Following the success of the microwave batch reaction condi-

tions, the most efficient parameters were transferred to the

microwave flow reactor for continuous processing (Figure 1).

The Pyrex tube was filled with sand, connected to a back-pres-

sure regulator (100 psi) and primed with solvent at a flow rate

of 0.6 mL min−1 (for 5 min residence time) using a HPLC

pump. Microwave irradiation under continuous flow processing

was initiated at an initial power of 100 W, which was modu-

lated to maintain 120 °C vessel temperature as measured by the

in-built IR sensor. Once the flow cell temperature stabilized, the

solution of the reactants was introduced and the cell was irradi-

ated at 120 °C for 5 min. Once all of the reactants were

processed, the flow cell was washed with further batches of

solvent and the outflow was quenched in a solution of aqueous

NaHCO3. After extraction and purification by column chroma-

tography, pyridine 2b was isolated as a single regioisomer in

76% yield (Table 1, entry 5) and comparable purity to the

successful batch experiments. By carrying out both Michael

addition and cyclodehydration in one continuous flow process,

pyridine synthesis is possible in a single step from readily avail-

able materials, avoiding the need to isolate and purify

Bohlmann-Rahtz intermediate 1b and overcoming issues of its

poor solubility, which in past reports have necessitated carrying

out the flow process under high dilution conditions [44,45].

With successful transfer of parameters to the microwave flow

reactor, flow experiments were investigated with a commercial

conductive heating flow reactor (Table 1) using either a 5 mL

[60] (Table 1, entry 6) or 20 mL (Table 1, entry 7) stainless

steel coil reactor. Both processes gave efficient conversion to

pyridine 2b with small variations noted depending upon the size

of the flow cell – the smaller reactor (5 mL) and slower flow

rates delivering the highest efficiency (Table 1, entry 6). The

isolated yield of the continuous flow process (86%) outper-

formed the traditional Bohlmann–Rahtz reaction [49] in terms

of overall yield (81% over two steps) and step efficiency.

Furthermore, the process was comparable in efficiency to previ-

ously reported two-step-in-one Bohlmann–Rahtz methods under

conductive heating [51], such as heating at 50 °C for 6 h in

PhMe–AcOH (85% yield) or heating at reflux in PhMe for 5.5 h

in the presence of zinc(II) bromide (15 mol %) (86% yield), and

provides improvements in reaction kinetics and processing rate.

Finally the improved performance of flow processing in this

transformation was validated by a larger scale (15 mmol)

microwave-assisted batch reaction in a 60 mL Teflon vessel

using a commercial multi-mode instrument (Table 1, entries 8

and 9). Irradiation at 120 °C for 5 min (Table 1, entry 8), in this

case as measured by thermocouple, gave multiple components

by tlc analysis and provided pyridine 2b in poor isolated yield
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(32%) although did allow rapid access to gram quantities of ma-

terial. In case a lack of homogeneity in heating had caused addi-

tional decomposition, the experiment was repeated over a

shorter reaction time at a slightly lower temperature (Table 1,

entry 9) but this caused no improvement in outcome (28%

yield). Difficulties in scaling up a microwave-assisted batch

reaction had been noted previously for the Bohlmann–Rahtz

cyclodehydration [45]; in that case the use of a 60 mL vessel

(1.9 mmol of 1b) in a multi-mode instrument had proved highly

efficient (96%) under similar conditions. However, transfer to a

100 mL vessel (7.7 mmol of 1b) had caused a considerable

decrease in efficiency (65%). For the two-step-in-one

Bohlmann–Rahtz reaction these difficulties seemed to be even

more pronounced: given the poor yield of the two processes

(Table 1, entries 8 and 9), these difficulties were attributed to

low efficiency in the initial Michael addition. For this multistep

process, reaction parameters did not transfer well between

single-mode 10 mL and multi-mode 60 mL reactors and this

justified the use of continuous flow processing for efficient

mesoscale production. It is evident that the reliability of scaling

a microwave batch reaction is highly dependent upon the nature

of the transformation and even small changes in the process in

question can cause unexpected problems, which require further

optimization of parameters to resolve. From these considera-

tions, we conclude that the most reliable means to scale to gram

production from mg scale in a microwave-assisted batch reac-

tion using 10 mL sealed vessels is through continuous flow

processing, using either microwave dielectric heating or

conductive heating, which in this case gave comparable results.

Synthesis of dihydropyridines in a contin-
uous flow reactor
Introduction to Hantzsch dihydropyridines
The Hantzsch dihydropyridine (DHP) synthesis, first discov-

ered in 1881 [61,62], is a well-studied multicomponent reaction,

that provides structures with well-catalogued clinical properties

for the treatment of cardiovascular disease, thrombosis and

atherogenesis [63-66]. The 4-component process has been

carried out under high temperature conditions in an autoclave

[67] and under microwave irradiation [10,68-72]. Furthermore,

this reaction has been studied in a conductive heating Uniqsis

FlowSyn reactor [71,73] and its comparison with microwave

heating batch experiments showed that the energy efficiency of

these technology platforms vary with scale, but broadly are

comparable [73]. Furthermore, recently a bespoke microwave

reactor with a glass containment cell has been used under

continuous flow processing for 4-component Hantzsch DHP

synthesis in good yield [74]. Given this precedent and our own

previous studies on the use of microwave irradiation in a single-

mode instrument to promote 4-component DHP synthesis [70],

this reaction seemed ideal to expand the scope of the microwave
Scheme 4: Four-component synthesis of Hantzsch DHP 15a,b.

flow cell. Mechanistically, there was evidence to support the

hypothesis that the 4-component Hantzsch reaction [64]

proceeds in a similar course to the Bohlmann–Rahtz pyridine

synthesis [50], by Michael addition followed by cyclodehydra-

tion, and so it was reasonable to assume that similar conditions

should enable the flow processing of material, provided that

reactants and products were homogeneous in the solvent of

choice, thus providing further comparative studies on the

transfer of parameters between different platforms.

Hantzsch dihydropyridine synthesis in batch and
flow
Previous methods for carrying out the microwave-assisted batch

reaction were first consolidated by setting up a series of reac-

tions that were purified in a consistent fashion. A solution

containing an excess of ethyl acetoacetate (13), aqueous

ammonia as the ammonia source, and either benzaldehyde (14a)

or propionaldehyde (14b) (Scheme 4) was irradiated at 140 °C

for 10 min in EtOH–H2O (1:1 v/v) in a modification of the

Leadbeater conditions [73] (Table 2, entries 1 and 2). The

outcome was compared with a repeat of our previously estab-

lished conditions [70], based upon Westman’s report [68], in

EtOH (Table 2, entries 3 and 4), in all cases purifying by flash

chromatography on silica. For the synthesis of phenyl-15a (70%

yield) and ethyl-DHP 15b (87% yield) on 2.5 mmol scale these

experiments indicated that the ideal solvent for this process was

EtOH rather than EtOH–H2O (1:1 v/v). Reducing the molar

equivalents of acetoacetate 13 from 5 to 3.4 (the stoichiometry

used by Leadbeater [73]) caused a significant reduction in the
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Table 2: Batch and flow experiments for 4-component Hantzsch DHP 15 synthesis.

Entry Process Heating Reagents and conditionsa 15 Yieldb

1 Batch Microwavesc 14a (1 equiv), 13 (5 equiv), NH4OH (4 equiv.), EtOH–H2O, 140 °C, 10 min 15a 41%
2 Batch Microwavesc 14b (1 equiv), 13 (5 equiv), NH4OH (4 equiv.), EtOH–H2O, 140 °C, 10 min 15b 67%
3 Batch Microwavesc 14a (1 equiv), 13 (5 equiv), NH4OH (4 equiv.), EtOH, 140 °C, 10 min 15a 70%
4 Batch Microwavesc 14b (1 equiv), 13 (5 equiv), NH4OH (4 equiv), EtOH, 140 °C, 10 min 15b 82%
5 Batch Microwavesc 14a (1 equiv), 13 (3.4 equiv), NH4OH (4 equiv), EtOH–H2O, 140 °C, 10 min 15a 35%
6 Batch Microwavesc 14b (1 equiv), 13 (3.4 equiv), NH4OH (4 equiv), EtOH–H2O, 140 °C, 10 min 15b 46%
7 Batch Microwavesc 14a (1 equiv), 13 (2 equiv), NH4OAc (3 equiv), EtOH–AcOH, 140 °C, 10 min 15a 43%
8 Batch Microwavesc 14b (1 equiv), 13 (3.4 equiv), NH4OAc (6 equiv), EtOH–AcOH, 140 °C, 10 min 15b 28%
9 Flow Conductivee 14a (1 equiv), 13 (5 equiv), NH4OH (4 equiv), EtOH, 140 °C, 10 min [71] 15a 43%
10 Flow Conductivee 14a (1 equiv), 13 (5 equiv), NH4OH (4 equiv), EtOH, 120 °C, 30 min 15a 35%
11 Flow Conductivee 14b (1 equiv), 13 (5 equiv), NH4OH (4 equiv), EtOH, 120 °C, 30 min 15b 34%
12 Flow Conductivee 14b (1 equiv), 13 (5 equiv), NH4OH (4 equiv), EtOH, 140 °C, 7.5 min 15b 39%
13 Flow Conductivee 14b (1 equiv), 13 (5 equiv), NH4OH (4 equiv), EtOH, 140 °C, 10 min 15b 68%

aTemperature refers to vessel temperature, maintained by moderation of the initial microwave power, as measured by the in-built IR sensor (entries
1–5); bisolated yield of DHP 15 after purification by column chromatography on silica, eluting with EtOAc–light petroleum; ccarried out using a
commercial CEM single-mode instrument at an initial power of 150 W; dunreacted starting materials were present; ecarried out using a commercial
Uniqsis FlowSyn stainless steel coil reactor (5 mL) at a flow rate of 0.5 mL min–1.

yield for both reactions (Table 2, entries 5 and 6) and so did

justify the use of such a considerable excess of this precursor.

Similar observations on the ideal reagent stoichiometry have

been made by Öhberg and Westman [68] in sealed tube

microwave reactions and our yields were broadly comparable

although higher than our previous report which included an ad-

ditional purification step [70] (e.g. 70% (Table 2, entry 3) vs

84% [67] or 47% [70]). The use of NH4OAc as ammonia

source in EtOH–AcOH, under similar conditions to a 3-compo-

nent Bohlmann–Rahtz reaction [54], failed to improve the effi-

ciency of the process (Table 2, entries 7 and 8) and so, given the

high yield and short reaction times of the Westman conditions

(Table 2, entries 3 and 4), and the Leadbeater precedent [73], it

was felt that this process was suitable for direct transfer to

continuous flow processing under conductive heating to

examine if this offered any improvement over Leadbeater’s

established flow chemistry protocol. Thus, a solution of

NH4OH, as the ammonia source, aldehyde 14a and aceto-

acetate 13 (5 equiv) in EtOH was heated at 140 °C in a 5 mL

stainless steel coil for a residence time of 10 min (Table 2, entry

9); the outflow was quenched in H2O, extracted and purified

using column chromatography [71]. Although the isolated yield

of DHP 15a was lower, in relation to the corresponding batch

process, the continuous flow process was a success. Further op-

timization, by lowering the flow rate and decreasing the reac-

tion time (Table 2, entries 10 and 11), caused a small reduction

in the yield of both DHP 15a and 15b, which was improved

little by increasing the flow rate and thus decreasing the resi-

dence time (Table 2, entry 12). However, returning to the orig-

inal conditions (Table 2, entry 13) delivered a good yield of

DHP 15b (68%) under flow processing. Comparing the

optimum conditions under continuous flow processing for this

reaction, i.e. NH4OH/EtOH/140 °C/10 min, with Leadbeater’s

process [73] for this transformation (43% yield vs 53% conver-

sion), it was apparent that the small reduction in efficiency we

had observed was reasonably well justified: the change in

solvent had prevented problems with in-line precipitation and so

greatly simplified the processing protocol. However, the

transfer to a continuous flow regime had caused a significant

reduction in yield with respect to our microwave batch reaction

(Table 2, entry 3; 70% yield) and was considerably lower than

the batch microwave process reported by Leadbeater on 0.5 mol

scale under open vessel conditions, which delivered an

outstanding yield of 15a (96%) [10], so further experiments to

improve the continuous flow processing of Hantzsch dihydro-

pyridines were considered.

In an effort to improve the flow process further, a 3-component

process was investigated. In this transformation, the use of an

ammonia source was no longer necessary and instead aceto-

acetate 13 was replaced with ethyl β-aminocrotonate (11)

(Scheme 5). Removing the need to generate the enamine in situ

should improve the efficiency of the process and it was thought

could lead to better transfer of reaction parameters between

batch and flow platforms. The use of propynal 14c would

further expand the scope of this reaction and establish if

3-substituted propargyl aldehydes would undergo Hantzsch

DHP 15c synthesis or participate instead in a tandem Michael

addition–cyclodehydration reaction, in accordance with the

original Bohlmann–Rahtz report (which had used propynal), to
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Scheme 5: Three- or four-component synthesis of Hantzsch DHP 15c,d.

Table 3: Synthesis of Hantzsch DHP 15c,d from propargyl aldehydes 14c,d in batch and flow.

Entry Process Heating Reagents and conditionsa 15 Yieldb

1 Batch Microwavesc 14c (1 equiv), 11 (2 equiv), PhMe–AcOH, 100 °C, 1 min 15c 98%
2 Batch Microwavesc 14c (1 equiv), 11 (2 equiv), EtOH–AcOH, 100 °C, 1 min 15c >98%
3 Batch Microwavesc 14c (1 equiv), 11 (2 equiv), EtOH, 120 °C, 15 min 15c –d

4 Batch Microwavesc 14c (1 equiv), 13 (2 equiv), NH4OAc (3 equiv), EtOH–AcOH, 120 °C, 5 min 15c 96%
5 Batch Microwavesc 14d (1 equiv), 11 (2 equiv), EtOH–AcOH, 100 °C, 1 min 15d 82%
6 Batch Microwavesc 14d (1 equiv), 13 (2 equiv), NH4OAc (3 equiv), EtOH–AcOH, 120 °C, 5 min 15d 84%
7 Flowe Microwavesc 14d (1 equiv), 13 (2 equiv), NH4OAc (3 equiv), PhMe–AcOH, 120 °C, 5 min 15d –f

8 Flowe Microwavesc 14c (1 equiv), 13 (2 equiv), NH4OAc (3 equiv), EtOH–AcOH, 120 °C, 5 min 15c 70%
9 Flowe Microwavesc 14c (1 equiv), 13 (2 equiv), NH4OAc (3 equiv), EtOH–AcOH, 120 °C, 5 min 15c 85%g

aTemperature refers to vessel temperature, maintained by moderation of the initial microwave power, as measured by the in-built IR sensor; bisolated
yield of DHP 15 after quenching in H2O and extraction (entries 1–8); ccarried out using a commercial CEM single-mode instrument at an initial power
of 70 W (entries 1–3 and 5), 90 W (entries 4 and 6), 200 W (entry 7) or 100 W (entries 8 and 9); dunreacted starting materials were present; ecarried
out using the microwave flow reactor (10 mL) filled with sand at a flow rate of 0.6 mL min−1; fheterogeneity in the solvent system caused pump failure;
gisolated yield after quenching in aqueous NaHCO3 solution and filtering the precipitated solid.

give trisubstituted pyridines 16 [49]. Returning to the

microwave batch reactor, a solution of phenylpropargyl alde-

hyde (14c) and enamine 11 (2 equiv) in PhMe–AcOH (Table 3,

entry 1) or EtOH–AcOH (5:1) was irradiated at 100 °C for

1 min, cooled and then extracted and purified as before to give

DHP 15c in a remarkable 98 or >98% yield, respectively.

Clearly, using stoichiometry appropriate for Hantzsch DHP syn-

thesis, this process was totally selective over Bohlmann–Rahtz

pyridine synthesis and no 2,3,4-trisubstituted pyridine 16 was

formed (Scheme 5). This supported earlier findings [49] by

Bohlmann and Rahtz and highlights a reactivity trend of

3-substituted propargyl aldehydes in reaction with enamines. A

comparable process in EtOH in the absence of AcOH failed to

provide complete conversion (Table 3, entry 3), whereas the

reagents were only poorly soluble in AcOH alone and so the

effect of change in solvent was not pursued further. To try and
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identify which component, aldehyde or acetoacetate, had been

responsible for the dramatic improvement in yield, a 4-compo-

nent Hantzsch reaction was also investigated (Table 3, entry 4).

Irradiating a solution of propargyl aldehyde 14c, acetoacetate

13 (2 equiv) and NH4OAc (3 equiv) in EtOH–AcOH (5:1) at

120 °C for 5 min gave DHP 15c in 96% isolated yield. Investi-

gating an alternative propargyl aldehyde, the 3- or 4-compo-

nent batch syntheses of DHP 15d using 3-(trimethyl-

silyl)propynal (14d), similarly, gave excellent yields of the pro-

duct under microwave irradiation (Table 3, entries 5 and 6).

Thus, it was concluded that 3-substituted propargyl aldehydes

are highly reactive and useful substrates for Hantzsch DHP syn-

thesis and give little or no competing formation of the corres-

ponding Bohlmann–Rahtz pyridine 16 under conditions that

nominally can promote both processes.

With the batch methods established, a 4-component reaction

using a propargyl aldehyde was transferred to the microwave

flow reactor with minimal change in reaction parameters. The

flow cell was primed with the solvent of choice and heated

under microwave irradiation; once the temperature of the

reactor stabilized, the reaction mixture was introduced. Using

3-(trimethylsilyl)propynal (14d) in PhMe–AcOH resulted in

pump failure, due to the heterogeneity of the reagent flow in

this reaction solvent (Table 3, entry 7). Switching to the use of

phenylpropargyl aldehyde (14c) and changing the solvent

system to EtOH–AcOH produced a homogeneous reagent flow

and allowed the reaction mixture to be processed at 120 °C at a

continuous flow rate of 0.5 mL min−1 through the microwave

reactor. After passing through the back-pressure regulator, the

outflow was quenched in H2O and extracted (Table 3, entry 8)

or quenched in aqueous NaHCO3 solution and filtered (Table 3,

entry 9) to give the 4-(phenylethynyl)-DHP 15c in 70 or 85%

yield, respectively. Although the yields of both flow reactions

were slightly lower than their batch mode counterparts, (96%

batch yield vs 85% yield under flow processing for the syn-

thesis of 15c) the continuous processing of Hantzsch DHPs had

been realized.

Reviewing all of our methods for the microwave-assisted

preparation of DHP derivatives, the isolated yield for the batch

synthesis of Hantzsch DHP 15c (96%) compares very

favourably to other microwave-assisted 4-component Hantzsch

reactions (cf. 81% yield of a DHP under flow processing [74],

51–92% yield [67] or 84–99% yield [72] of a range of deriva-

tives in batch using a single-mode instrument, and 96% yield of

15a under open vessel batch conditions on 0.5 mol scale [10])

and transfers well to flow processing giving 85% yield under

microwave irradiation (cf. 81% [74]). Given the excellent

performance of microwave dielectric heating in promoting the

4-component Hantzsch reaction with direct scalability under

microwave irradiation [10] and under continuous flow

processing, observed by ourselves and others [73,74], this tech-

nology stands out as the heating method of choice for the

preparation of 1,4-DHP derivatives.

Conclusion
These studies have demonstrated that a microwave flow reactor

can be used for the one-step preparation of pyridines

and dihydropyridines using the Bohlmann–Rahtz reaction

or Hantzsch multicomponent reaction, respectively.

Bohlmann–Rahtz pyridine synthesis under continuous flow

processing in the presence of a Brønsted acid catalyst allows

Michael addition and cyclodehydration to be carried out in one

step without the isolation of intermediates to give a trisubsti-

tuted pyridine as a single regioisomer. Furthermore, the use of

microwave heating for facilitating this two-step-in-one transfor-

mation is well justified, compares favourably with the tradi-

tional two-step procedure and, using these protocols, delivers

Bohlmann–Rahtz pyridines quickly and efficiently. In batch

mode using a single-mode instrument this process is highly

predictable and is most reliably scaled up using continuous flow

processing, either on a conductive heating platform or using a

microwave flow reactor in favour over a multimode batch

reactor. On the other hand, the scale up of a microwave-assisted

Hantzsch DHP synthesis under open-vessel conditions as

described by Leadbeater [10] outperforms even the small-scale

microwave-assisted batch reaction, but the use of continuous

flow processing in a microwave reactor as shown by ourselves

and others [74] can deliver the target heterocycle in excellent

yield. For both Hantzsch and Bohlmann–Rahtz reactions, para-

meters transferred very well from high temperature batch condi-

tions in a sealed vessel to continuous flow processing through a

microwave flow cell in a single-mode cavity. In some cases, it

was possible to further transfer parameters between conductive

heating and microwave heated flow platforms, with only minor

variations in yield. Furthermore, it has been affirmed that

3-substituted propargyl aldehydes are not suitable substrates for

the Bohlmann–Rahtz reaction and instead undergo Hantzsch

dihydropyridine synthesis in very high yield in a process that is

readily transferred to continuous flow processing in a

microwave flow cell. Although this sets a new challenge on

how to access  2,3,4- tr isubst i tuted pyridines using

Bohlmann–Rahtz methods, a transformation which currently

cannot be realized, it does provide a useful substrate for 3- or

4-component Hantzsch DHP synthesis that undergoes cyclocon-

densation with high efficiency. To conclude, continuous flow

microwave-assisted reactions represent a reliable method to

scale up the production of pyridine derivatives and, for the

Bohlmann–Rahtz pyridine synthesis, give improved perfor-

mance over a comparable large scale multimode batch experi-

ment. This expands the growing set of heterocyclic targets that
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have been accessed by the reactions of ethynyl ketones under

continuous flow processing and sets the stage for their future

incorporation into automated multistep processes.

Experimental
Diethyl 4-(trimethylsilylethynyl)-2,6-dimethyl-
1,4-dihydropyridine-3,5-dicarboxylate (15d)

3-Component Hantzsch DHP synthesis in a single-mode

microwave batch reactor (Table 3, entry 5). A mixture of

3-(trimethylsilyl)propynal (14d, 50 mg, 0.53 mmol) and ethyl

β-aminocrotonate (11, 0.14 g, 1.1 mmol) in PhMe–glacial acetic

acid (5:1, 2 mL) was irradiated at 100 °C for 1 min in a sealed

tube using a CEM Discover microwave synthesizer at an initial

power of 70 W. The reaction mixture was cooled in a stream of

compressed air and partitioned between saturated aqueous

NaHCO3 solution (25 mL) and EtOAc (25 mL). The aqueous

layer was further extracted with EtOAc (2 × 15 mL) and the

combined organic extracts were washed with brine (15 mL),

dried (NaSO4) and evaporated in vacuo to give the title com-

pound (0.15 g, 82%) as a yellow solid, mp 137–138 °C (aq

EtOH); (Found: [M + H]+, 350.1783. C18H27NO4Si, [M + H]

requires 350.1782); Rf 0.47 (light petroleum–EtOAc, 1:1); IR

(nujol)/cm−1: 3302, 3244, 3107, 1699, 1661, 1636, 1503, 1328,

1301, 1208, 1120, 1095, 1026, 840; 1H NMR (400 MHz,

CDCl3) δ 5.69 (br s, 1H, NH), 4.72 (s, 1H, 4-H), 4.11 (m, 2H,

OCHHCH3), 4.08 (m, 2H, OCHHCH3), 2.20 (s, 6H, 2,6-CH3),

1.21 (t, J 7.1, 6H, OCH2CH3), 0.00 (s, 9H, SiMe3); 13C NMR

(100 MHz, CDCl3) δ 167.0 (C), 144.9 (C), 109.8 (C), 100.2 (C),

82.5 (C), 59.8 (CH2), 27.6 (CH), 19.5 (CH3), 14.4 (CH3), 0.22

(CH3); MS (APcI) m/z (rel intensity): 350 (MH+, 100%), 252

(15), 178 (15), 113 (10).

4-Component Hantzsch DHP synthesis in a single-mode

microwave batch reactor (Table 3, entry 6). A solution of

3-(trimethylsilyl)propynal (14d) (50 mg, 0.53 mmol), ethyl

acetoacetate (11) (0.14 g, 1.1 mmol) and ammonium acetate

(0.12 g, 1.6 mmol) in EtOH–glacial acetic acid (5:1, 2 mL) was

irradiated at 120 °C for 7 min in a sealed tube using a CEM

Discover microwave synthesizer at an initial power of 90 W.

The reaction mixture was cooled in a stream of compressed air

and evaporated in vacuo. The residue was partitioned between

saturated aqueous NaHCO3 solution (25 mL) and CH2Cl2

(25 mL). The aqueous layer was further extracted with CH2Cl2

(2 × 15 mL) and the organic extracts were combined, washed

with brine (15 mL), dried (NaSO4) and evaporated in vacuo to

give the title compound (0.16 g, 84%) as a pale yellow solid,

with identical physical and spectroscopic properties.

Supporting Information
Supporting information contains experimental procedures

for the synthesis of known compounds.

Supporting Information File 1
General experimental methods and detailed procedures for

the synthesis of propynone 12b, Bohlmann–Rahtz pyridine

2b and Hantzsch dihydropyridines 15a, 15b and 15c.
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Abstract
[2 + 2]-Cycloadditions of cyclopentene and 2,3-dimethylbut-2-ene to furanone were investigated under continuous-flow conditions.

Irradiations were conducted in a FEP-microcapillary module which was placed in a Rayonet chamber photoreactor equipped with

low wattage UVC-lamps. Conversion rates and isolated yields were compared to analogue batch reactions in a quartz test tube. In

all cases examined, the microcapillary reactor furnished faster conversions and improved product qualities.

2015

Introduction
Continuous-flow chemistry has recently emerged as a new

methodology in organic chemistry [1-4]. The combination of

microstructured dimensions and flow operations has also

proven advantageous for photochemical applications [5-9]. The

narrow reaction channels guarantee efficient penetration of light

and yield improved photonic efficiencies [10,11]. Likewise, the

removal of the photoproducts from the irradiated area mini-

mizes the risk of photodecompositions or secondary photoreac-

tions [12,13]. Of the many photochemical reactions [14-16],

[2 + 2]-photocycloadditions are especially interesting transfor-

mations since they allow for the construction of cyclobutanes

under mild conditions [17-19]. A number of intra- as well as

intermolecular [2 + 2]-photocycloadditions have consequently

been described under continuous-flow conditions [20-22]. In an

extension of our previous work on furanones [10,23], we have

now studied intermolecular photoadditions of alkenes to these

compounds [24,25]. Direct and sensitized protocols have both

been described (Scheme 1). Sensitized additions allow for irra-

diations in the UVB range [26-28], whereas direct irradiations

require UVC light instead [29-31].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:michael.oelgemoeller@jcu.edu.au
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Scheme 1: General [2 + 2]-cycloaddition of furanones with alkenes.

Figure 1: Rayonet chamber reactor (RMR-600; Southern New
England) with quartz test tubes. A 10 AU-cent coin is shown for com-
parison.

Results and Discussion
Experimental setups
The reaction setup for batch irradiations is shown in Figure 1. A

commercially available Rayonet chamber reactor (RMR-600;

Southern New England) equipped with eight 4 W UVC lamps

(λ = 254 nm; arc length: 7.6 cm) in a circular arrangement was

chosen. The central chamber was manufactured from highly

reflective aluminum and was approximately 23 cm deep and

18 cm in diameter. The reactor is cooled by an integrated fan

and temperatures inside the chamber did not exceed 30 °C.

Quartz test tubes (length: 12.7 cm; outer/inner diameter:

15/13 mm; filling volume: 10 mL; filling height: 7.6 cm), sealed

with a precision seal septum, were used as reaction vessels and

were hung into the centre of the chamber. After a preset irradi-

ation time, the reaction mixture was concentrated to dryness and

the crude product was analyzed by 1H NMR spectroscopy.

Conversions were determined by comparing the integration

areas of selected signals from the starting furanone and the

cycloaddition product. In selected cases, the pure products were

isolated by column chromatography for characterization

purposes and yield determination.

The microcapillary reactor setup is shown in Figure 2.

UV-transparent fluorinated ethylene propylene copolymer

capillary (FEP; outer/inner diameter: 1.6/0.8 mm) was tightly

wrapped around a Pyrex glass cylinder (λ ≥ 300 nm; outer

diameter: 8.5 cm). A total of 10 m of the capillary covered the

cylinder body (windings: 38; coverage: 6 cm; internal volume:

5 mL). This microcapillary unit was placed in the centre of the

Rayonet chamber reactor. The non-exposed ends of the capil-

lary (approximately 50 cm each) were covered with black heat-

shrink tubing. The inlet was connected to a shut-valve attached

to a 10 mL syringe, whereas the outlet was inserted into an

amber round-bottom flask outside the chamber reactor. The

reaction mixture was loaded into the syringe, degassed with

nitrogen, pumped through the microreactor at a given flow rate

and collected in an amber flask.

Figure 2: Microcapillary reactor. (a) Setup with inserted μ-capillary
unit. A 10 AU-cent coin is shown for comparison. (b) μ-Capillary unit.

Irradiation conditions and light penetration
Model irradiations using furanone 1 and cyclopentene (2) in

acetonitrile were performed under batch conditions to establish

the most suitable reaction conditions (Scheme 1; R = R′ = H,

R″ = –(CH2)3–). Upon direct irradiation with UVC light in a

quartz tube for 5 h, almost complete conversion of 1 of 95%

was achieved. Solely the cis-anti-cis isomer of 3 was obtained

and was isolated in a yield of 67% after column chromatog-

raphy, compared to 36% after distillation as reported in the

literature [31]. In contrast, sensitized conditions (5 vol % of
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Figure 3: (a) UV-spectrum of 1 (in MeCN) vs emission spectrum of the UVC lamp. (b) Light-penetration profile for a 0.1 M solution of 1 at 254 nm.
The vertical lines represent the effective pathlength in the test tube (---) vs the pathlength in the microcapillary (···).

acetone and irradiation with UVB light) gave an incomplete

conversion of approximately 60%. A complex mixture of

various stereoisomers of 3 and several unknown byproducts was

obtained, which could not be separated satisfactory. Direct ir-

radiation conditions were thus chosen for all further investi-

gations. However, higher cycloalkenes (cyclohexene and cis-

cyclooctene) gave stereoisomeric mixtures even under these

direct irradiation conditions.

Microflow photochemical syntheses with UVC light are rare.

Jamison and coworkers have recently used custom-made quartz

coils [32,33], however, these are difficult to manufacture,

restricted in length and fragile in handling. We have instead

applied inexpensive and flexible FEP tubing that was wrapped

tightly around a Pyrex glass base and placed this simple unit

inside a common Rayonet chamber reactor (‘outside-in’ irradi-

ation). A different immersion well type FEP-capillary setup

(‘inside-out’ irradiation) was recently reported but required a

custom-built quartz tube [34]. Capillary-based reactors were

originally developed for post-column photochemical derivatiza-

tions to enhance detection in HPLC [35-37] but are now

commonly used in flow photochemical studies [5-9]. FEP is

transparent above 230 nm and shows a good UV-stability [37].

In acetonitrile, furanone 1 gave a simple UV-spectrum with the

important n→π* absorption as a shoulder between 240 to 270

nm. It thus matches well with the dominant emission of the

UVC lamp at 254 nm (Figure 3a). At this wavelength, 1 showed

an extinction coefficient (ε254 nm) of 35 L mol−1 cm−1. The light

transmission for a 0.1 M solution of 1 was subsequently calcu-

lated from the Beer–Lambert law and was compared to the

inner diameters of the reaction vessels (Figure 3b) [38]. Due to

the circular arrangement of the fluorescent tubes in the chamber

and hence irradiation from all directions, the effective path-

length of the test tube was reduced to 7.5 mm. Since the Pyrex

base of the microcapillary module absorbed all UVC light, the

microcapillary received light only from the outer direction. Due

to its much smaller diameter, the light transmission in the

microcapillary was still superior with 53%, compared to 0.3%

in the test tube.

[2 + 2]-Cycloadditions with cyclopentene
The photoaddition of cyclopentene (2) to 1 was subsequently

investigated in detail under batch and microflow conditions

(Scheme 2, Table 1). Irradiation in a quartz test tube required

exhaustive irradiation for 5 h to reach near completion (Table 1,

entry 5) as confirmed by 1H NMR spectroscopy. Product isola-

tion was performed for two batches and gave similar yields

based on conversion for the cis-anti-cis isomer of 3 of 75% and

71% (Table 1, entries 3 and 5), respectively. In CDCl3, the

CH2O-group showed a pair of doublets of doublets at 4.32 and

4.40 ppm with a 2J coupling constant of 9.5 Hz. Since the dihe-

dral angles to the adjacent methine proton differ significantly,

their 3J coupling constants varied with 2.1 and 7.3 Hz, respect-

ively. The cyclobutane methine protons emerged as clearly sep-

arated signals between 2.35 and 2.90 ppm. Their 3J coupling

constants were determined to be 2.9/3.6 and 6.7/7.5 Hz, thus

confirming the cis-anti-cis geometry of 3. Under continuous

flow conditions, conversion rates increased more rapidly despite

irradiation from just one direction. After 60 min of irradiation,

96% of furanone 1 was consumed and complete conversion was

effectively achieved after 90 min (Table 1, entries 11–13).

Repetition experiments were conducted with residence times of

7.5, 15 and 90 min and showed excellent reproducibility

(Table 1, entries 6/7, 8/9 and 12/13). Product 3 was isolated

from two experimental runs. Compared to their batch counter-
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parts, yields based on conversion of 1 were somewhat lower

with 65% and 66% (Table 1, entries 10 and 12), which was

attributed to the difficult handling of the syringe pump used.

The isolation of product 3 by column chromatography was also

challenging as fractions had to be analyzed by material-

consuming NMR spectroscopy.

Scheme 2: [2 + 2]-Cycloadditions of furanone 1 with cyclopentene (2).

Table 1: Experimental results for the cycloaddition of 1 with 2.

Entry Reactor Time [min] Conversion [%]a

1 Batch 60 28
2 90 53
3 180 71 (53b/75c)
4 240 81
5 300 95 (67b/71c)
6 μ-Reactor 7.5 38
7 7.5 40
8 15 50
9 15 53
10 30 85 (55b/65c)
11 60 96
12 90 98 (65b/66c)
13 90 98
14 120 100

aDetermined by 1H NMR analysis of the crude product (±2%).
bIsolated yield after column chromatography. cIsolated yield based on
conversion.

[2 + 2]-Cycloadditions with 2,3-dimethylbut-2-
ene
Subsequent cycloadditions were performed using 2,3-

dimethylbut-2-ene (4) as a reagent (Scheme 3, Table 2) [39]. In

contrast to the reactions with cyclopentene, transformations

were rather slow and gave more byproducts, possibly from

competing ene-reactions [40]. Products arising from dimeriza-

tion of 1, however, could not be detected [41]. When conducted

under batch conditions, conversions were determined as 17%

after 90 min and 99% after 8 h of irradiation (Table 2, entries 1

and 2), respectively. From the latter experiment, cyclobutane 5

was isolated in a low yield of just 30%. In CDCl3, the CH3-

groups in 5 gave four singlets between 1.02–1.21 ppm. Like-

wise, the CH2O-bridge appeared at 4.25 and 4.40 ppm with a

2J coupling constant of 10.1 Hz. The methine protons of the

cyclobutane ring gave closely spaced signals at 2.69 and

2.73 ppm. The transformation was again more efficient under

microflow conditions and conversions gradually improved with

increasing retention time. Nearly complete consumption of 1

was achieved after 90 min (Table 2, entry 9). Good repro-

ducibility was again demonstrated for reactions conducted for

30 and 60 min (Table 2, entries 5/6 and 7/8), respectively.

Isolated yields based on conversion were moderate with around

45% (Table 2, entries 8 and 9).

Scheme 3: [2 + 2]-Cycloadditions of furanone 1 with 2,3-dimethylbut-
2-ene (4).

Table 2: Experimental results for the cycloaddition of 1 with 4.

Entry Reactor Time [min] Conversion [%]a

1 Batch 90 17
2 480 99 (30b)
3 μ-Reactor 7.5 16
4 15 25
5 30 50
6 30 53
7 60 88
8 60 90 (41b/46c)
9 90 97 (43b/44c)

aDetermined by 1H NMR analysis of the crude product (±2%).
bIsolated yield after column chromatography. cIsolated yield based on
conversion.

Reactor comparison
Judged by conversions achieved, the microcapillary reactor

showed a better performance for both [2 + 2]-photoadditions

studied. This outcome is primarily attributed to the higher light

and photonic efficiencies in the microcapillary, in combination

with its advantageous design features and dimensions. The key

parameters for both setups are compiled in Table 3. Compared

to the test tube, the irradiated area-to-volume (surface-to-

volume) ratio of the microcapillary module was nine times

larger with 3,260 m2/m3. The microcapillary module further-

more had a better coverage of the available reflective area of the

irradiation chamber, thus maximizing light harvesting by the

reaction mixture. At the end of this study, the FEP microcapil-

lary was inspected for photobrittling, transparency losses or
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polymeric deposits. Compared to an unused capillary, no visible

or physical (e.g. flexibility) changes could be detected.

Table 3: Technical details of the two reactor types.

Parameter Batch μ-Capillary
reactor

Aperture [cm2] 60a 163b

Irradiated area [cm2] 36a 163b

Irradiated volume [cm3] 10 5
Irradiated area/volume ratio [m2/m3] 360 3,260
Reflective chamber area/aperture 21.7/1 8.0/1
Reflective chamber area/irradiated
area

36.1/1 8.0/1

aAssuming a cylindrical geometry for the test tube. bCovered area by
the microcapillary on the Pyrex base.

Conclusion
UVC-induced photoaddition can be successfully performed in

flow using a flexible and inexpensive FEP-capillary unit

inserted into a common chamber photoreactor. Model transfor-

mations conducted with cyclopentene and 2,3-dimethylbut-2-

ene gave higher conversions compared to the conventional

quartz test tube. The microcapillary unit had a 9-times larger

surface-to-volume ratio, which resulted in a more efficient

harvest of the available light. The results contribute to the

growing field of ‘microflow photochemistry’ [5-9] and ‘green

flow chemistry’ [42-45]. It is hoped that this technology will

help to overcome the current reservations towards synthetic

organic photochemistry [46] and that it will find future applica-

tions in chemical and pharmaceutical processes [47,48].

Experimental
General
All commercially available starting materials and reagents were

purchased from Sigma-Aldrich or Alfa-Aesar and were used

without further purification. Furanone 1 was synthesized from

furfural following literature procedures [49]. NMR spectra were

recorded on an Oxford 300 (1H 300 MHz and 13C 75 MHz)

with the Varian Software VnmrJ Revision D. The residual

solvent signal as used as an internal standard. Chemical shifts

(δ) are given in ppm; coupling constants (J) in Hz. IR spectra

were measured on a Nicolet 6700 FTIR spectrometer equipped

with a Smart ITR diamond ATR accessory. High resolution

mass spectra (HRMS) were obtained on a JEOL JMS-700

instrument. Analytical thin layer chromatography was

performed on Merck TLC-Silica gel 60 F254 plates and ethyl

acetate/n-hexane (1:9) as mobile phase and disappearance of

furanone 1 was monitored. Preparative chromatography was

carried out using Scharlau silica gel 60 and ethyl acetate/n-

hexane (1:9). Fractions taken were analyzed by 1H NMR spec-

troscopy. Irradiations were conducted in a Rayonet RPR-600

chamber reactor (Southern New England) equipped with 8 UVC

lamps (4 W each). Microflow reactions were performed in a

microcapillary reactor fabricated from FEP tubing (Bola,

Germany; outer/inner diameter: 1.6/0.8 mm).

Irradiations
[2 + 2]-Cycloadditions under batch conditions: In a quartz

test tube, a solution of 1 (1 mmol) and alkene (10 mmol) in

acetonitrile (10 mL) was degassed with a gentle stream of

nitrogen for 5 min. The test tube was sealed and placed in the

centre of a Rayonet chamber reactor. The solution was irradi-

ated with UVC light as indicated in Table 1 and Table 2. After

evaporation of the solvent, the conversion was determined by
1H NMR spectroscopy of the crude product. The signal integra-

tion for the olefinic CH protons of 1 was compared with the

signal integration for the cyclobutane methine CH protons of 3

or 5. In some cases, compounds 3 and 5 were isolated by

column chromatography.

[2 + 2]-Cycloadditions under microflow conditions: A solu-

tion of 1 (1 mmol) and alkene (10 mmol) in acetonitrile (10 mL)

was degassed carefully with nitrogen for 5 min and loaded into

a syringe pump. The reaction mixture was pumped through the

microcapillary reactor (residence times as indicated in Table 1

and Table 2) and was irradiated with UVC light. At the end of

the reaction, the syringe was changed and the capillary was

flushed with approx. 7.5 mL of pure acetonitrile. After evapor-

ation of the solvent, the conversion rate was established by
1H NMR analysis. In selected cases, the products 3 and 5 were

isolated by column chromatography.

Octahydro-1H-cyclopenta[3,4]cyclobuta[1,2-c]furan-1-one

(3) [31]: Colorless oil; 1H NMR (300 MHz, CDCl3) δ

1.43–1.92 (br. m, 6H), 2.42 (dddd, J = 7.5, 7.3, 3.6, 2.1 Hz,

1H), 2.53 (dd, J = 7.5, 2.9 Hz, 1H), 2.65 (ddd, J = 6.7, 6.5, 3.6

Hz, 1H), 2.85 (ddd, J = 6.8, 6.7, 2.9 Hz, 1H), 4.32 (dd, J = 9.5,

2.1 Hz, 1H, CH2O), 4.40 (dd, J = 9.5, 7.3 Hz, 1H, CH2O) ppm;
13C NMR (75 MHz, CDCl3) δ 24.5, 32.7, 32.8, 37.1, 41.1, 42.6,

44.1, 74.4, 180.7 ppm; IR (ATR) ν: 2939, 2856, 1756, 1372,

1179, 1150, 1009, 980 cm−1; MS (EI+) m/z: 153 [M + H], 152

[M]+, 122, 93, 79, 68, 67, 53; MS (CI+) m/z: 305 (dimer), 193,

153 [M + H]+, 107, 57; HRMS (CI+): [M + H]+ calcd for

C9H12O2, 153.0916; found, 153.0918.

6,6,7,7-Tetramethyl-3-oxabicyclo[3.2.0]heptan-2-one (5):

Colorless oil; 1H NMR (300 MHz, CDCl3) δ 1.02 (s, 3H, CH3),

1.04 (s, 3H, CH3), 1.06 (s, 3H, CH3), 1.21 (s, 3H, CH3), 2.69

(dd, J = 8.4, 1.6 Hz, 1H), 2.73 (ddd, J = 8.4, 5.6, 1.6 Hz, 1H),

4.25 (ddd, J = 10.1, 5.6, 1.6 Hz, 1H, CH2O), 4.40 (dd, J = 10.1,

1.6 Hz, 1H, CH2O) ppm; 13C NMR (75 MHz, CDCl3) δ 20.2,
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20.7, 25.9, 27.0, 39.9, 41.0, 41.3, 45.8, 68.7, 178.7 ppm; IR

(ATR) ν: 2958, 2870, 1748, 1456, 1368, 1214, 971 cm−1;

HRMS (CI+): [M + H]+ calcd for C10H15O2, 169.1229; found,

169.1232.
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Abstract
We describe the synthesis of 1-amino-2,5-anhydro-D-mannose (“mannitolamine”), a key intermediate to the 7-nitro-1,2,3-benzadia-

zole conjugate (NBDM), using commercially available fluidic devices to increase the throughput. The approach is the first example

of a flow-based Tiffeneau–Demjanov rearrangement. Performing this step in flow enables a ~64-fold throughput enhancement rela-

tive to batch. The flow process enables the synthesis to be accomplished three times faster than the comparable batch route. The

high throughput enabled the production of larger quantities of the fluorescent fructose transport probe NBDM, enabling us to

measure key photophysical properties that will facilitate future uptake studies.
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Introduction
The impact of dietary fructose on human health is not well-

understood. A growing body of work suggests that those eating

diets high in fructose exhibit increased rates of metabolic disor-

ders and aggressive cancers [1,2]. Since the landmark reports

from Warburg [3], researchers have recognized that cancer

cells/tissues consume more carbohydrates than normal tissues,

fueling rapid growth and proliferation [4]. While cancer cells

utilize multiple strategies to increase carbohydrate consump-

tion, one mechanism is to increase passive glucose transporter

(Glut) expression [2,5]. Uncharacteristic Glut expression is now

implicated as a hallmark of not just cancer but also metabolic

disorders [1]. Abnormal Glut expression is observed in the

pancreatic islets and hepatic cells of people with diabetes,

which may explain glucose insensitivity and the progression of

non-alcoholic fatty liver disease [6,7].

Passive carbohydrate transporters are well-known targets for

carbohydrate-based probes [8]. The positron emission tomog-

raphy (PET) tracer 2-deoxy-2-[18F]fluoro-D-glucose (FDG)

primarily targets Glut1 [9]. Although FDG is an effective

tumour probe [10], Glut1 is expressed in every type of tissue

and this prevalence often results in false positive tests [11,12].
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Scheme 2: The initial polymer-supported nitrite set up. A solution of glucosamine hydrochloride was passed over the resin into a round bottom flask
and then stirred with heating.

Unlike Glut1, the fructose-specific transporter Glut5 is

expressed in fewer tissues [2]. We are developing probes that

are selectively transported by Glut5. Using design principles

gleaned from the Holman group [13-15] as well as other fruc-

tose analogue research [16], we synthesized NBDM [17] and

demonstrated that this probe is transported into cancer cells

known to overexpress Glut5 and poorly transported into cells

known to express little Glut5 [2,5,18]. We demonstrated that the

transport is inhibited by fructose but not by other dietary sugars

(glucose, glucosamine) [17]. Furthering our understanding of

fluorescent probes like NBDM will expedite the development of

Glut5-specific PET compounds which could be non-invasive

tools for determining Glut5 expression in vivo and provide a

means for monitoring the onset and progression of metabolic

syndrome and aggressive cancers.

The promising initial results obtained with NBDM prompted us

to synthesize larger quantities of material. More NBDM is

required to examine uptake across many cell lines and with

access to amine 3, we can prepare analogues with different fluo-

rophores or other types of tags. Finally, access to more NBDM

will enable assessment of probe photophysical properties as a

function of concentration and in the presence of potential

quenchers. This increased understanding will be critical when

probing uptake into various biological systems where cell

staining techniques or supplemental amino acids are used.

Herein, we report an efficient flow synthesis of amine 3 that

enabled an increase in scale as well as a reduction in the time

needed to prepare NBDM. We also present fluorescent prop-

erties of NBDM under conditions relevant to future cellular

studies.

Results and Discussion
Synthesis: The batch synthesis of 1-amino-2,5-anhydro-D-

mannitol was reported by Claustre et al (Scheme 1). We used

their basic approach, but improved throughput significantly

[19]. The synthesis began with a Tiffeneau–Demjanov

rearrangement of glucosamine·HCl using an acidic resin and

NaNO2 to make nitrous acid in situ (Scheme 2). The original

conditions required neutralization by a basic resin. After rinsing

both resins, a dilute aqueous solution of 1 resulted and

overnight lyophilisation was required to isolate the product.

Because the conditions are not easily integrated into a contin-

uous process, we sought alternative approaches.

Scheme 1: Batch synthesis of NBDM. a) NaNO2, Amberlite IR-120 H+

(100 mL), 0 °C, water, 4 h. b) NH2OH·HCl, NaOAc, MeOH, rt, 6 h.
c) H2, Pd/C (10%), 4.4% formic acid, MeOH, rt, 10 h.

Our initial approach was to continue using a resin (Amberlite

IRA-900) supporting nitrite in flow. While the use of supported

reagents in flow is now well-established, the use of supported

nitrite has not been widely adopted [20]. Amberlite IRA-900

was exchanged by eluting the chloride ion from the resin using

a 1 M solution of sodium nitrite until no more chloride was

observed via an AgNO3 test. Once the exchange was complete,

the column was washed with deionized water. The column was

first assessed by flowing a 0.2 M aqueous solution of D-(+)-

glucosamine·HCl into a round bottom flask. Our initial experi-

ment was performed at room temperature and took two days to

reach completion. Heating the reaction to 40, 60 or 70 °C

resulted in a clean acceleration in reaction rate.

Although the supported nitrite approach at elevated tempera-

tures provided high yields of the desired product, the process

was slow and throughput was restricted by the resin loading. In

addition, attempts to increase concentration or use organic

co-solvents further reduced the efficiency. Based on these prob-

lems, we turned our attention to Tiffeneau–Demjanov condi-

tions using a catalytic amount of acid and sodium nitrite in

water. Flow conditions enabled the use of high concentrations
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Scheme 3: Continuous flow synthesis of the key intermediate 1-amino-2,5-anhydro-D-mannose (3).

(1.0 M) and temperatures (100 °C) even though the reaction

evolves large quantities of nitrogen gas. At a flow rate of

5 mL/min at 100 °C using a 10 mL reactor (2 min residence

time), we achieved a throughput of 800 mg/min (Scheme 3).

Table 1 shows a comparison between previously reported batch

conditions and our continuous flow conditions and illustrates

that this first step has a throughput more than 63-fold higher

than the batch Tiffeneau–Demjanov conditions.

Table 1: Batch versus flow comparison.

Time (h) Compound Batch yield (g) Flow yielda (g)

4 1 3.06 194.4
6 2 2.63 63.8

10 3 2.21 4.8
aFlow yield is based off of throughput for the equivalent amount of time
the batch conditions required. Throughput was estimated by the quan-
tity of starting material pumped through the reactor. No percent yields
were obtained because the crude mixtures could be used in the subse-
quent steps.

The concentrated Tiffeneau–Demjanov reaction not only

increased the throughput but also enabled oxime formation

without the removal of water. Using excess hydroxylamine

hydrochloride (4 equiv) in methanol resulted in full conversion

to compound 2. At a total flow rate of 5 mL/min at 60 °C using

a 20 mL reactor (4 minutes residence time), we achieved a

throughput of 177 mg/min (24-fold improvement relative to

batch).

The hydrogenolysis of the oxime illustrates a flow chemistry

challenge. The output from the oxime step contains excess

hydroxylamine and salts carried from the first step that

poisoned the packed-bed catalyst we screened. In theory,

continuous purification could remove these materials but

existing strategies do not enable removal of water soluble

byproducts from a water soluble product. Thus, we obtained

crude 2 by simple work up: neutralization, concentration,

precipitation of salts using tetrahydrofuran, filtration, concentra-

tion and dissolution in 10:1 ethanol/acetic acid. This solution

was converted to amine 3 using an H-Cube (commercially

available from Thales). With a flow rate of 1 mL/min at 100 bar

and 70 °C using a 10% Pd/C CatCart, a throughput of 8 mg/min

was achieved. The crude reaction solution was pure by NMR

and was used without further purification. As shown in Table 1,

the hydrogenolysis represents a bottleneck in the synthesis of

compound 3 because the throughput drops down to only 2-fold

enhancement relative to batch. We predict that this throughput

could be significantly improved if the wider range of catalysts

were screened.

The fructose analog probe NBDM was then produced by

combining the concentrated output from the H-Cube in satu-

rated sodium bicarbonate (0.4 M) with a 0.4 M solution of

NBD-Cl. This step can be conducted in flow as well as in batch

with no significant difference in yield or productivity. The low

yield (20–30%) of NBDM may be the result of competitive re-

activity between the NBD-Cl and the hydroxy groups present

on 3. When 1 M solutions of sodium bicarbonate are used
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instead of saturated sodium bicarbonate, the resulting TLCs

indicate the formation of more byproducts and the lower

isolated yields of NBDM (<20%) also support this hypothesis.

We are confident that a completely continuous high-throughput

process to 3 could be realized with improvements in continuous

extraction techniques. That being said, the semi-continuous ap-

proach we have defined here results in significant improve-

ments compared to the original batch conditions.

Many fluorophores and biologically relevant tags have been

developed for conjugation to amines. For this reason, amine 3

was of particular interest. Likely, 3 will be a key branch-point

for the synthesis of numerous biologically active conjugates and

our improved production of 3 will provide significantly greater

quantities of conjugates. In particular, we can now produce

NBDM using this system in a single day which is a 3-fold

improvement relative to the original process. This rapid access

to more material enabled us to begin to assess the fluorescent

properties as a function of typical quenchers used in cell-

staining as well as intrinsic quenchers found in cells. Without

easy access to NBDM, the use of this compound in biological

experiments would supersede the investigation of its fluores-

cent properties.

Fluorescence: Fluorescence in biological systems is often

complicated by fluorophore quenching. Alexa fluorophores can

be quenched by certain amino acids and NBD is known to self-

quench at high concentrations [21,22]. Trypan blue is routinely

used to quench autofluorescence in confocal fluorescence

microscopy and fluorescence activated cell sorting (FACS)

[23,24], and dyes like Bromophenol Blue, Brilliant Blue R, and

Methylene Blue have been applied to colorimetric cytotoxicity

assays as well as in vitro staining [25-28].

To better understand the behaviour of NBDM, we measured

fluorescence at various concentrations and in the presence of

various dyes, amino acids and sugars. The absorption and emis-

sion spectra are shown in Figure 1. The quenching experiments

were carried out by measuring emission intensity at 546 nm

(ex. 472 nm) as a function of NBDM concentration or quencher

concentration. For each quenching experiment, 3–6 replicate

fluorescence measurements were taken using a 96-well plate

and a plate reader.

In our initial publication describing the uptake of NBDM into

MCF-7 cells, we measured uptake as a function of concentra-

tion over a range of 1–40 μM (Figure 2) [17]. While we did not

expect to observe significant self-quenching over this range, we

measured the fluorescent intensity of NBDM from 1–40 μM

(1X phosphate buffer solution). As expected, NBDM does not

exhibit significant self-quenching over this range. The slight

Figure 1: Normalized NBDM absorption and emission, 40 µM and
2 µM.

Figure 2: NBDM fluorescence from 1–40 µM (PBS buffer). The data
set was plotted in OriginPro 8.6 and fitted using a self-quenching
model,  with direct weighting.

curvature that exists suggests that only modest self-quenching

occurs (See Supporting Information File 1 for fitting data).

Often multiple dyes are used to locate or identify cells by selec-

tive staining. The fluorescence data for NBDM in the presence

of four commonly used dyes is shown in Figure 3. These data

do not fit a simple Stern–Volmer relationship (see Supporting

Information File 1), which indicates that dynamic quenching is

not the only mechanism. The data do, however, fit well to a

composite Stern–Volmer model that accounts for both dynamic

and static quenching.

Free amino acids at high concentrations can also quench fluo-

rophores. To access the propensity for NBDM to be quenched

by amino acids, we measured fluorescence in the presence of
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Figure 3: Comparison of quenching 2 µM NBDM, as measured by
fluorescence intensity of Trypan Blue, Bromophenol Blue, Brilliant
Blue R, and Methylene Blue. Each data set was plotted in OriginPro
8.6 and fitted using a polynomial fit (order = 2) with direct weighting.

varying concentrations of alanine, glutamine, lysine, tyrosine,

methionine and histidine. As expected, the amino acids lacking

functionality known to quench fluorophores (alanine, gluta-

mine and lysine) did not quench NBDM at concentrations as

high as 50 mM. Interestingly, tyrosine did not quench NBDM

fluorescence even at concentrations as high as 2 mM (solubility

limit for tyrosine). Methionine and histidine, however, did

quench NBDM via a dynamic mechanism (Figure 4).

Figure 4: Comparison of quenching 2 µM NBDM, as measured by
fluorescence intensity of methionine and histidine. Each data set was
plotted in OriginPro 8.6 and fitted using a linear fit with direct
weighting.

Carbohydrate–carbohydrate and carbohydrate–aromatic ring

interactions are well-known [29,30]. Based on these interac-

tions, we hypothesized that abnormal fluorescence behavior

may be exhibited at high carbohydrate concentrations. This

issue is significant because sugar uptake studies are often

performed in the presences of added non-labeled sugars such as

glucose, fructose or glucosamine. To assess our hypothesis, we

measured the fluorescence of NBDM in the presence of

glucose, fructose and glucosamine. No NBDM quenching was

observed even at sugar concentrations as high as 100 mM.

Conclusion
In conclusion, we report the flow synthesis of the fluorescent

fructose mimic NBDM. While we demonstrated for the

first time that resin-supported nitrite ions can facilitate Tiffe-

neau–Demjanov rearrangements, we found that solution phase

rearrangements were superior resulting in throughput gains

>63-fold relative to batch conditions. We also demonstrated that

the output of the Tiffeneau–Demjanov rearrangement reactor

could be telescoped into the oxime reactions. The oxime reac-

tion was very efficient exhibiting throughput gains as high as

24-fold over batch. In addition, we identified extraction and

hydrogenation bottlenecks. Despite these limitations, the syn-

thesis of NBDM can now be achieved in one day as opposed to

three days in batch. The access to larger quantities to NBDM

enabled us to assess the probe’s quenching properties as a func-

tion of concentration and in the presence of various quenchers.

These data are critical for future uptake studies that use

confocal fluorescence microscopy or FACS strategies.

Supporting Information
Supporting Information File 1
Experimental part.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-238-S1.pdf]
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Abstract
In a continuous-flow system equipped with a nonresonant microwave applicator we have investigated how to best assess the actual

temperature of microwave heated organic solvents with different characteristics. This is non-trivial as the electromagnetic field will

influence most traditional methods of temperature measurement. Thus, we used a microwave transparent fiber optic probe, capable

of measuring the temperature inside the reactor, and investigated two different IR sensors as non-contact alternatives to the internal

probe. IR sensor 1 measures the temperature on the outside of the reactor whilst IR sensor 2 is designed to measure the temperature

of the fluid through the borosilicate glass that constitutes the reactor wall. We have also, in addition to the characterization of the

before mentioned IR sensors, developed statistical models to correlate the IR sensor reading to a correct value of the inner tempera-

ture (as determined by the internal fiber optic probe), thereby providing a non-contact, indirect, temperature assessment of the

heated solvent. The accuracy achieved with these models lie well within the range desired for most synthetic chemistry applica-

tions.
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Introduction
In organic synthesis, being able to accurately determine the

reaction temperature is often of utmost importance [1-3]. When

using conventional heating the reaction mixture is typically

heated from the outside, via the walls of the vessel. An internal

temperature probe such as a thermometer or a thermocouple can

in that case determine the temperature of the reaction mixture.

In the last few decades the use of microwaves as a mode of

heating has become increasingly popular in organic and medici-
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Figure 1: Instrument setup.

Figure 2: (a) Setup of system with temperature measurement by IR sensor 1. (b) Illustration of temperature measurement with IR sensor 2. (c) Simul-
taneous measurement of temperature by IR sensor 1 and an internal fiber optic probe.

nal chemistry [4-6], mostly owing to the development of

computer-controlled dedicated reactors [7-10] that allow safe

and rapid heating to high temperatures and elevated pressures.

Microwave radiation directly heats the reaction mixture through

two mechanisms; dipolar polarization and ionic conduction [11-

13]. Compared to conventional heating this reverses the situa-

tion; in conventional heating the walls of the reaction vessel

will be hotter than the reaction mixture whilst when using

microwave heating the reaction mixture will have a higher

temperature than the walls [8]. Unfortunately, under microwave

radiation the usual methods to directly measure the internal

liquid temperature of a reaction mixture such as thermocouples

or mercury thermometers are affected by the electromagnetic

field and will thus not be possible to use in the radiated zone

[14-16]. In contrast, microwave transparent fiber optic probes

can be used for correct temperature measurements. In a recent

tutorial review Kappe highlighted the difficulties of tempera-

ture monitoring under microwave heating [16].

We recently described the concept of a nonresonant microwave

applicator for continuous-flow organic chemistry [17,18]. The

current setup is depicted in Figure 1 and features a HPLC pump,

a generator, a reactor cavity, an applicator and a Ø (ID) 3 mm ×

200 mm borosilicate glass tube reactor. Nonresonant mode

applicators has the advantage of avoiding hot and cold spots by

creating a uniform axial field, which in this setup surrounds a

linear tubular borosilicate glass reactor [17]. The temperature in

this setup was measured using an external Optris CT infrared

(IR) sensor with a LT22 sensing head (Optris GmbH, Berlin,

Germany) situated in the reactor cavity which measure the

temperature of the outer wall of the reactor (IR sensor 1, see

Figure 2a). Acknowledging the problem of determining the
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temperature inside the reactor solely based on an IR sensor

measuring the outer wall temperature, we decided to investi-

gate the characteristics of this configuration with regards to

what factors which affect the actual temperature of the flowing

solvent in the reactor and, if possible, construct models to be

able to relate the inside temperature to the outer temperature.

Furthermore, we decided to include a second type of IR sensor

with characteristics which could prove valuable in this and

related applications (IR sensor 2, Optris CSmicro 3M, Optris

GmbH, Berlin, Germany). IR sensor 2 has recently been intro-

duced in the market and has a spectral response of 2.3 µm [19]

which enable it to measure temperatures through borosilicate

glass, effectively measuring on the actual fluid in the reactor

(Figure 2b) [20].

Results and Discussion
Method
Measuring the internal temperature of the reactor
We opted for a fiber optic probe (Neoptix T1 Fiber Optic

Temperature Probe, Neoptix Inc., Québec City) to be able to

measure the temperature inside the glass reactor. The probe was

positioned slightly above the measurement zone of the IR

sensor (see Figure 2c, exemplified with IR sensor 1) to avoid

possible problems with interference. IR sensor 1 or 2 was used

to regulate the temperature and readings were then recorded

using the fiber optic probe. This was done for five different

temperatures (60, 80, 100, 120 and 140 °C) at four different

flow rates (0.25, 0.5, 1, 2 mL/min) for nine different solvents

categorized into groups depending on their tan δ value (High

(tan δ > 0.5) [21]: isopropanol, methanol, DMSO; Medium (tan

δ = 0.1–0.5) [21]: NMP, DMF, water; Low (tan δ < 0.1) [21]:

Acetonitrile, THF, toluene). In total the full dataset with all

measurements contains 173 data points for IR sensor 1 and 172

for IR sensor 2.

Data evaluation
The data collected were analyzed with regards to the influence

of set temperature, flow rate and solvent to be able to distin-

guish between the two types of IR sensors and find the best way

to correlate the “real” internal temperature of the reactor to the

reading from the IR sensor in order to be able to apply a calibra-

tion to the IR sensor reading. We opted for linear multiple

regression models using the full dataset, with all the measured

data points. We also constructed several models with subsets of

the data based on high, medium or low solvent absorption and

one model where THF and toluene where excluded.

Results
Characterization of IR sensors
Examining the whole dataset for IR sensor 1 the average

absolute error was 10.9 °C (Table 1). The average absolute

errors were quite consistent for different flow rates, the

extremes being 9.3 °C for 0.25 mL/min and 13.0 °C for 1.0 mL/

min (Table 1). Examining the average absolute errors for

different temperatures, an increase in average absolute error

with temperatures were noted (also see Figure 3). The average

absolute errors for the different solvents were also evaluated,

which showed that THF and toluene have lower values (3.9 and

3.2 °C respectively) compared to the other solvents (all >10)

(Table 1).

Table 1: Average absolute errors in measurements for the two IR
sensors for all data and broken down by flow, set temperature and
solvent.

Dataset Average
absolute error IR
sensor 1 (°C)a

Average
absolute error IR
sensor 2 (°C)a

All data 10.9 5.4
Flow (mL/min)

0.25 9.3 6.9
0.5 10.5 5.7
1 13.0 4.4
2 11.0 4.6
Set temperature (°C)

60 6.0 5.0
80 9.1 4.0
100 11.3 5.4
120 13.7 6.2
140 15.2 6.6
Solvent

isopropanol 11.0 4.2
methanol 12.9 5.7
DMSO 15.3 6.5
NMP 14.1 6.9
DMF 14.1 4.8
water 11.3 5.0
acetonitrile 10.5 4.4
THF 3.9 5.3
toluene 3.2 5.8

aCalculated as the average absolute difference between temperature
measured by the IR sensor and the fiberoptic probe.

The average absolute error for the whole dataset for IR sensor 2

was lower than for IR sensor 1 (5.4 °C compared to 10.9 °C,

Table 1). IR sensor 2 also gave substantially lower average

absolute errors for most solvents, THF and toluene being the

exceptions. The data indicate that higher flow rates produce a

lower average absolute error for this sensor (Table 1 and

Figure 3). However, no apparent correlation could be noticed

for the average absolute error for different temperatures or

solvents (Table 1).
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Figure 3: Average absolute errors in measurements for IR sensor 1 (left) and IR sensor 2 (right) plotted against flow and set temperature.

Table 2: Linear multiple regression models for IR sensor 1.

Model Adjusted R2 RSEa Variable Coefficient p value

Sensor 1, model 1
All data

0.985 3.96 Intercept −13.30169 6.41×10−11***

set temperature 1.10228 < 2×10−16***
flow rate 0.58598 0.2077
tan δ 7.14174 6.69×10−12***
dielectric constant 0.05027 0.0536
dipolar moment 2.09342 3.23×10−12***
specific heat capacity 1.45386 0.0364

Sensor 1, model 2
All data

0.988 3.999 Intercept −14.51355 8.62×10−16***

set temperature 1.1011 < 2×10−16***
tan δ 7.42205 1.30×10−12***
dipolar moment 2.40693 < 2×10−16***
specific heat capacity 2.51959 1.14×10−8***

Model construction for IR sensor 1
A linear multiple regression model was constructed with the set

temperature (corresponds to the IR sensor reading), flow rate

and solvent properties (specific heat capacity, dipolar moment,

dielectric constant and tan δ) as explanatory variables (Table 2,

model 1). This full model provided an adjusted R2 value of

0.985 (Table 2, model 1). Removing non-significant variables

(99.9% level) from this model gave a new model (Table 2,

model 2) with an adjusted R2 value of 0.988.

As it was noted in the characterization of IR sensor 1 there was

a large difference in errors between weakly microwave

absorbing THF and toluene compared to the rest of the dataset.

Removing toluene and THF from the full dataset and devel-

oping a new model using all variables before taking away non-

significant (99.9% level) variables resulted in a model with only

the set temperature as a variable, providing an adjusted R2 value

of 0.989 (Table 2, model 3).

Creating a less complicated model for the full dataset, disre-

garding solvent parameters and only taking into account set

temperature and flow rate, shows that the flow rate is a non-

significant variable (99.9% level), affording an adjusted R2

value of 0.965 (Table 2, model 4). Removing flow rate as a

variable and constructing a new model gives an adjusted R2

value of 0.965 (Table 2, model 5). Creating models for high,

medium and low absorbing solvents using only set temperature

as a variable gives adjusted R2 values of 0.986, 0.990 and 0.959

respectively (Table 2, models 6–8). A model created for only

high and medium absorbing solvents gives an adjusted R2 value

of 0.988 (Table 2, model 9).

Model construction for IR sensor 2
In accordance with the results for IR sensor 1, a linear multiple

regression model was constructed with the set temperature, flow

rate and solvent properties (specific heat capacity, dipolar

moment, dielectric constant and tan δ) as explanatory variables
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Table 2: Linear multiple regression models for IR sensor 1. (continued)

Sensor 1, model 3
Excluded THF and toluene

0.989 3.467 Intercept −0.1051 0.923

set temperature 1.12938 < 2×10−16***
Sensor 1, model 4
All data

0.965 5.91 Intercept −1.47943 0.411

set temperature 1.11195 < 2×10−16***
flow 1.02674 0.138

Sensor 1, model 5
All data

0.965 5.932 Intercept −0.40469 0.807

set temperature 1.11043 < 2×10−16***
Sensor 1, model 6
High tan δ

0.986 3.774 Intercept 2.01917 0.264

set temperature 1.11088 < 2×10−16***
Sensor 1, model 7
Medium tan δ

0.990 3.191 Intercept −1.05619 0.493

set temperature 1.14437 < 2×10−16***
Sensor 1, model 8
Low tan δ

0.959 6.076 Intercept −0.6141 0.838

set temperature 1.05544 < 2×10−16***
Sensor 1, model 9
High and medium
tan δ

0.988 3.505 Intercept 0.51549 0.664

set temperature 1.12717 < 2×10−16***
aResidual standard error. *** Significant at 99.9%level.

Table 3: Linear multiple regression models for IR sensor 2.

Model Adjusted R2 RSEa Variable Coefficient P

Sensor 2, model 1
All data

0.975 4.127 Intercept 12.69142 1.93×10−9***

set temperature 0.90804 < 2×10−16***
flow rate 5.4351 < 2×10−16***
tan δ −6.92092 1.28×10−10***
dielectric constant 0.12718 4.63×10−6***
dipolar moment −1.73721 1.38×10−8***
specific heat capacity −2.55026 5.17×10−4***

Sensor 2, model 2
All data

0.963 4.987 Intercept 4.5697 0.00317

set temperature 0.9026 < 2×10−16***
flow rate 5.1261 1.65×10−15***

(Table 3, model 1). This comprehensive model provided an

adjusted R2 value of 0.975 with all variables being significant

(99.9% level) (Table 3, model 1). A refined model with set

temperature and flow rate as variables shows that the flow rate

is a significant variable (99.9% level) and generates an adjusted

R2 value of 0.963 (Table 3, model 2). Removing flow rate as a

variable gives a model with an adjusted R2 value of 0.946

(Table 3, model 3). Creating models for high, medium and low

absorbing solvents using only set temperature and flow rate as

variables furnish adjusted R2 values of 0.983, 0.959 and 0.970,

respectively (Table 3, models 4–6). A final model produced for

only high and medium absorbing solvents gives an adjusted R2

value of 0.970 (Table 3, model 7).

Discussion
Analyzing the collected data there seems to be a significant

difference between the two IR sensors. Borosilicate-transparent

IR sensor 2 has a lower mean absolute error before calibration
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Table 3: Linear multiple regression models for IR sensor 2. (continued)

Sensor 2, model 3
All data

0.946 6.002 Intercept 9.97626 1.62×10−8***

set temperature 0.89482 < 2×10−16***
Sensor 2, model 4
High tan δ

0.983 3.3 Intercept 3.52478 0.0398

set temperature 0.8785 < 2×10−16***
flow 6.29357 5.42×10−14***

Sensor 2, model 5
Medium tan δ

0.959 5.206 Intercept 4.23114 0.135

set temperature 0.89792 < 2×10−16***
flow 5.70054 1.01×10−6***

Sensor 2, model 6
Low tan δ

0.970 4.656 Intercept 4.55598 0.085468

set temperature 0.94315 < 2×10−16***
flow 3.929 0.000389***

Sensor 2, model 7
High and medium
tan δ

0.970 4.428 Intercept 3.88411 0.0189

set temperature 0.88809 < 2×10−16***
flow 5.98535 < 2×10−16***

aResidual standard error. *** Significant at 99.9%level.

using the linear model. Interestingly, although a linear model

taking only the temperature as a variable gives similar residual

standard errors for both sensors, adding flow as a variable

provides a better model for IR sensor 2, while not being a

significant variable for IR sensor 1. This supports the notion

that IR sensor 2 is able to measure the temperature of the actual

fluid stream in the reactor, as the flow rate should affect the

readings more for this sensor than IR sensor 1 measuring the

outer temperature of the reactor. Adding solvent properties

provides better models for both sensors, suggesting that

inherent properties of the solvents highly influence their charac-

teristics in this setup, affecting factors such as their ability to

transfer heat to the reactor walls and how well they are heated.

In organic synthesis applications it is unlikely that the chemist

knows the characteristics of the reaction mixture to such an

extent to be able to input values of such specific solvent vari-

ables, therefore less complicated models using known variables

are preferred. On that note, a large difference in average

absolute error was discovered for low absorbing solvents such

as toluene and THF when compared to the rest of the dataset for

IR sensor 1. As it is unlikely that such low absorbing reaction

mixtures (without polar components such as starting materials,

reagents, catalysts or additives) will be of interest for the syn-

thetic community, we decided to develop a model with only the

set temperature as a variable to describe medium and high

absorbing fluid systems (cutoff: tan δ > 0.1). For these systems,

the new model was an improvement compared to the corres-

ponding model for the full dataset, and this also constitutes our

suggested model for assessing the internal temperature by

external measurement (outer reactor surface) with IR sensor 1.

The same conclusions regarding the size of the dataset can be

made for IR sensor 2. Excluding solvent parameters from the

dataset is beneficial to make a model for fluid systems with tan

δ > 0.1, however, for this sensor both set temperature and flow

rate is included as variables.

IR sensor 1 calibrated with model 9 (Table 2) provides more

accurate measurements for medium and high absorbing fluid

systems than does IR sensor 2 calibrated with model 7: the

former has lower residual standard error (3.505 °C compared to

4.428 °C; p = 0.0068 using an F-test), although the average

absolute error is not significantly lower (2.826 °C compared to

3.446 °C; p = 0.0868 using a Mann–Whitney test). With these

calibrations, the absolute errors range from 0.024 to 8.28 °C for

IR sensor 1 and from 0.00 to 13.30 °C for IR sensor 2.

When also including low absorbing fluid systems in the com-

parison, the situation is reversed, with IR sensor 2 providing

more accurate measurements after calibration. Comparing IR

sensor 1 calibrated with model 5 and IR sensor 2 calibrated with

model 2, the former has a larger residual standard error

(5.932 °C compared to 4.987 °C; p = 0.0107 using an F-test),

but there is no significant difference between the average

absolute errors (4.392 °C compared to 3.918 °C; p = 0.3076

using a Mann–Whitney test). With these calibrations, the
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Figure 4: Heating profiles for IR sensor 1 (top) and IR sensor 2 (bottom) when heating isopropanol at a flow rate of 1 mL/min.

absolute errors range from 0.02 to 22.04 °C for IR sensor 1 and

from 0.00 to 13.12 °C for IR sensor 2.

The practical aspects of the different methods of temperature

measurements are also of great importance. An IR sensor does

in that sense present a non-invasive measurement of tempera-

ture, be it external or internal. The fiber optic probe on the other

hand will be invasive, and will disturb the flow in the reactor.

Since it will also displace some of the reactor volume with its

own body this might also to some extent affect the heating, as

the power applied per volume unit will be higher where the

fiber optic probe is located in the reactor. It is also quite sensi-

tive to rough handling and may break, and, according to our

experience, fiber optic probes are generally susceptible towards

higher temperatures at elevated pressures in organic solvents.

Considering the above points the option of using the fiber optic

probe as the standard tool for temperature measurements in

continuous-flow synthesis appears less attractive. Although

providing a direct measurement of the temperature in the

reactor it is not robust enough for daily use and handling, espe-

cially under reaction conditions that may be relevant in organic

synthesis applications [22,23].

There is also one practical aspect that was noted as a difference

between the two IR sensors, and that is that IR sensor 2, the one

measuring directly on the fluid in the reactor, provides a much

faster response to changes in temperature (Figure 4). This

means practically, that when the software control adjusts power

to reach set temperature it does not have to compensate for the

lag that is created for IR sensor 1 when the reactor walls need to

be heated. This characteristic might prove in handy for

processes where a change in properties of the contents of the

reactor happens suddenly as the control software can respond

more directly by adjusting the power accordingly to maintain

set temperature. This rapid response and the ability to measure

the temperature through the borosilicate glass also, in the

authors’ opinion, make an evaluation of IR sensor type 2 for use

in batch instruments of prime importance.

For applications where such a setup as the one described is used

for continuous production it is possible to, through a similar
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setup as the one we have used (Figure 1), simultaneously

monitor the temperature with an IR sensor and a fiber optic

probe. This way a temperature calibration based on the exact

conditions can be performed, and the linearity within a speci-

fied set of conditions is in our experience very high (see for

example, Figure 5). After the calibration has been performed

the configuration can be changed again to only use an IR sensor

for temperature measurement, applying the model found during

the calibration to show the internal temperature. This is also our

recommendation in general if knowledge of the exact tempera-

ture is of importance e.g for kinetic studies.

Figure 5: IR sensor 1, NMP, 1 mL/min.

Finally, recommending one type of IR sensor is not trivial, as

both have their advantages and disadvantages; IR sensor 1

provides somewhat better accuracy when applying models to

assess the internal temperature while IR sensor 2 is closer to the

internal temperature uncorrected. IR sensor 2 also provides

faster response to changes in internal temperature which might

be advantageous, whilst IR sensor 1 on the other hand is less

direct since the changes in internal temperature must propagate

through the reactor wall before being registered.

Using linear multiple regression models offer improvements

over the uncalibrated readings, for which the average absolute

errors were 10.9 °C for IR sensor 1 and 5.4 °C for IR sensor 2

(Table 1). Although not able to reduce the error down to the

level of the IR sensors themselves [20,24] the accuracy

achieved with these models lie well within the range desired for

most medicinal and organic chemistry applications. Thus, our

recommendation must be that the choice should be based on the

characteristics of the IR sensor, rather than its performance, as

both types of IR sensor tested perform good. Currently efforts

in our lab focus on improving temperature calibration by

on-the-fly determination of tan δ.

Conclusion
It cannot be overstated that accurately measuring temperature

under the influence of an electromagnetic field is not a trivial

problem. In this evaluation we have used a fiber optic probe

which allows the measurement of temperatures inside a reactor

in a continuous-flow system using a nonresonant microwave

heating device, and investigated two IR sensors as non-contact

alternatives to this internal probe. Although differences were

detected between the two IR sensors, in that IR sensor 2

provides a more direct measurement by being able to “see”

through the borosilicate glass wall of the reactor, both sensors

are, with a good degree of accuracy, able to assess the internal

temperature after applying calibration by linear regression. Our

study shows that temperature measurements using IR sensors in

these systems can be improved using simple linear multiple

regression models. In our case the models having the best

balance between accuracy and simplicity used only one or two

input variables. For IR sensor 1 the actual temperature was

related only to the set temperature, and for IR sensor 2 the flow

rate was also used as a variable. We also conclude that these

models were improved when using only data for solvents with a

tan δ > 0.1 (medium and high microwave absorbing solvents).

In conclusion, we believe this investigation might be of interest

for the future development and understanding of microwave

heated continuous flow synthesis.
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Abstract
Threonine aldolase (TA) from Thermotoga maritima was immobilized on an Eupergit support by both a direct and an indirect

method. The incubation time for the direct immobilization method was optimized for the highest amount of enzyme on the support.

By introducing the immobilized TA in a packed-bed microreactor, a flow synthesis of phenylserine was developed, and the effects

of temperature and residence time were studied in particular. Calculations of the Damköhler number revealed that no mass transfer

limitations are given in the micro-interstices of the packed bed. The yield does not exceed 40% and can be rationalized by the

natural equilibrium as well as product inhibition which was experimentally proven. The flow synthesis with the immobilized

enzyme was compared with the corresponding transformation conducted with the free enzyme. The product yield was further

improved by operating under slug flow conditions which is related to the very short residence time distribution. In all cases 20%

diastereomeric excess (de) and 99% enantiomeric excess (ee) were observed. A continuous run of the reactant solution was carried

out for 10 hours in order to check enzyme stability at higher temperature. Stable operation was achieved at 20 minute residence

time. Finally, the productivity of the reactor was calculated, extrapolated to parallel run units, and compared with data collected

previously.
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Introduction
Enzymes are bio-based catalysts having some distinct prop-

erties like high activity, high stereo-, regio- and chemoselec-

tivity and high substrate specificity, which allow their use in a

complex synthesis in a green and clean manner [1]. Recently,

enzymes have received much attention for making processes

more economically and ecologically beneficial, as they facili-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:v.hessel@tue.nl
http://dx.doi.org/10.3762%2Fbjoc.9.254
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tate downstream processing requiring less separation steps,

providing the best product quality with high purity at low

energy consumption [2]. Still, the industrial applications of

enzymes are hampered by many factors, like the lack of opera-

tional stability and the difficulty of enzyme recovery. Recently,

Wang et al. have shown that the activity and recyclability of the

CalB enzyme can be enhanced by the use of a polymersome

Pickering emulsion. As such, a biphasic system could be used

by loading the enzyme in the aqueous phase and organic

reagents in the polymersome [3]. The above mentioned draw-

backs may also be largely avoided by the use of an immobi-

lized enzyme [4]. Immobilization has also been shown to

enhance the stability of the enzyme [5]. A number of different

immobilization methods were reviewed by Sheldon [6].

Despite the many advantages to use enzymes, their activity is

often low, creating a demand for process intensification. In the

last decade, different methods of process intensification have

been proposed and tested for both fine-chemical and bulk-

chemical processing [7-9]. It makes sense to test process inten-

sification for biochemical processing as well. Microreactors, as

a preferred process intensification tool, have gained consider-

able importance due to their many advantages over conven-

tional batch reactors, including rapid heat and mass transfer,

high surface area-to-volume ratios for dispersed media, and

short processing times [10]. Indeed, there is indication that

biocatalysis under flow conditions provided by a microreactor

can result in better process control by external numbering-up in

which each subunit of reaction can be examined separately with

enhanced productivity [11].

Microreactors have been used in many fields of chemistry such

as analytical systems [12], multiphase reaction systems [13-15],

cross coupling reactions [16] and in chemical synthesis of phar-

maceutical products [17]. Furthermore, the use of novel process

windows to enhance the chemical production has also been

reviewed [18-22]. From the industrial perspective, Hessel et al.

have analyzed the patent situation in the field of microreaction

technology [23]. In extension to such fine-chemical and phar-

maceutical applications being investigated for almost 20 years,

the quite recent introduction of microfluidic devices in

bioprocess intensification and biocatalysis has been reviewed

[24]. Asanomi et al. have also summarized the use of microflu-

idic devices in biocatalysis and compared them with conven-

tional batch reactors [25]. The advantages of enzymatic

microreactors have been demonstrated both in process develop-

ment and for the production scale [26]. Similarly these reactors

can provide high throughput opportunities, reduced reaction

time with high conversion efficiency and high productivity per

unit reaction volume for biocatalysis in fine chemistry [27].

These advantages have been demonstrated for reactions such as

hydrolysis and esterification [27], oxidation and reduction [28],

C–C bond formation [29], and polymerization [30].

Recent advancements in the field of enzymatic microreactors

include the use of alginate/protamine/silica hybrid capsules with

ultrathin membranes [31], monolithic enzyme microreactors

[29,32], and biodegradable enzymatic microreactors based on

surface-adhered physical hydrogels of PVA [33]. Babich et al.

demonstrated the possibility of gram scale synthesis of phos-

phorylated compounds using phosphatase immobilized on

Immobeads [34]. Buchegger et al. used a microfluidic mixer to

study the pre-steady state development of an enzymatic bioreac-

tion and found that the dynamics of a biochemical reaction can

be studied in a few seconds [35].

Although many promising routes have been developed for the

synthesis of chiral α-amino alcohols, these often depend on the

use of toxic and expensive chiral ligands coupled to metal

complexes [36]. Enzymes overcome these drawbacks as they

are not toxic and they can be obtained easily from microorgan-

isms. Threonine aldolases (TA) are a class of enzymes which is

PLP (pyridoxal-5’-phosphate) dependent and can catalyze the

aldol reaction between glycine and a variety of aromatic and ali-

phatic aldehydes [37-39]. The same enzyme can also catalyze

the reverse reaction, i.e. the cleavage of threonine into glycine

and acetaldehyde [40-42]. Fesko et al. conducted kinetic and

thermodynamic studies using the phenylserine synthesis from

glycine and benzaldehyde as a model reaction [43]. The same

group also investigated the effect of ring-sided substituents of

benzaldehyde on the product yield, revealing that TA accepts

aromatic compounds having electron withdrawing groups as a

substrate [44]. Aldolases are known to be hampered by thermo-

dynamic and kinetic limitations, such as low diastereoselectiv-

ity and product yield. To overcome this drawback of aldolases,

dynamic kinetic asymmetric transformation has been carried out

in which a bi-enzymatic process was performed to achieve a

high yield of the product by shifting the reaction equilibrium

[45].

Eupergit oxirane acrylic beads provide a rapid and simple

support for immobilization and have been used to immobilize

various enzymes for a number of reactions [46]. Immobiliza-

tion on Eupergit (a porous material) can be achieved without the

need for any additional reagents, as the epoxy groups on

Eupergit can react directly with the nucleophilic groups of the

enzyme by forming strong covalent linkages like amino,

hydroxy or mercapto functional groups. Eupergit has a high

density of epoxy groups on the surface (oxirane density

300 μmol/g dry beads [47]), increasing the possibility of multi-

point attachment of the enzyme. This multipoint attachment

provides enhanced conformational stability, which translates to
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Scheme 1: Phenylserine synthesis.

long term operational stability. Fu et al. have already investi-

gated the thermal stability of TA on different supports [48] and

found that the enzyme stability increases after immobilization

on Eupergit support.

In continuation of our previous work [48], this paper includes

further investigation of the thermal stability of TA on Eupergit

by a so-called direct and indirect method. Also, a flow syn-

thesis of Eupergit-immobilized TA in a packed bed microre-

actor was established and compared to the use of free enzymes

in the reaction of glycine and benzaldehyde. The reaction

investigated is the synthesis of phenylserine starting from

benzaldehyde and glycine (Scheme 1). The segmented flow

experiments were carried out as an alternative to the free

enzyme in a single phase flow to maximize the yield. A con-

tinuous activity check was performed for determining the

stability of the immobilized enzyme over a longer period of

time. The productivity of the flow systems reported here was

also determined and compared with the performance published

in previous literature.

Results and Discussion
Comparison of direct and indirect enzyme im-
mobilization
For the direct immobilization method, 99% enzyme retention

and 52% activity retention were observed, while in the indirect

method the values were 78% and 89%, respectively (Table 1).

In case of direct immobilization, the enzyme and support are

both directly in contact with each other which resulted in higher

values for enzyme retention. For the indirect method, however,

the epoxy groups were converted into aldehyde groups. These

groups can only react with nucleophiles such as amino groups.

During treatment of Eupergit with ethylenediamine, a coupling

of two adjacent epoxy groups on the support can occur which

would result in a lower amount of enzyme retention. The multi-

point attachment in case of direct immobilization may block the

active site of the enzyme and, as a consequence, this would

result in a lower degree of activity retention. In case of the indi-

rect method the enzyme was separated from the support by a

spacer element. This was formed by the reaction of ethylenedi-

amine and glutaraldehyde. This reaction reduces the probability

of blocking the active site of the enzyme which would provide

higher activity retention. For the direct method, our results

demonstrate a high activity to those reported in the literature.

There, only 52.4% enzyme retention and activity retention of

20.7% were achieved while for the indirect method 37%

enzyme loading with 31% of activity retention was observed

[49].

Table 1: Comparison of direct and indirect method.

Method Enzyme retention (%) Activity retention (%)

Direct 99 52
Indirect 78 89

Comparison of thermal stability of
TA immobilized by two different methods
For TA immobilized by using the direct method, the increase in

stability of the enzyme is likely due to a multipoint attachment.

Around 80% of activity retention was observed after 5 hours.

The multipoint attachment may provide a rigid structure for the

enzyme and increased stability. In case of the indirect method

the enzyme almost behaves like a free enzyme, which is due to

the introduction of spacer between the enzyme and the support.

This enhances the conformational freedom of the enzyme. The

behavior of the curve for the three cases free, indirect immobi-

lized and direct immobilized TA is shown in Figure 1.

Optimization of immobilization time
The optimization of immobilization is discussed here only for

the direct method. In order to make the process more feasible

and cost effective for industrial applications, we reduced the

time of immobilization of TA on Eupergit [50]. The amount of

immobilized enzyme increases until it reaches a plateau after

about 24 hours (Figure 2). At this point 99% of enzyme immo-

bilization was achieved which is a substantial improvement

with respect to 72 hours originally employed.

The phenylserine synthesis in batch using
free enzyme
Batch reactions were carried out to estimate the yield of phenyl-

serine formation and reaction time which can principally be
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Figure 1: Activity loss of TA immobilized by two different methods and
as a free enzyme at 80 °C. Reproduced with permission from Elsevier
[48].

Figure 2: Degree of immobilization versus incubation time.

achieved. Flow processing, and in particular its productivity

highly depends on achieving a complete transformation in a

very short time, ideally within a few minutes or less. After

20 minutes, a 40% yield of phenylserine was achieved and no

further yield increase was observed (Figure 3). TA-based reac-

tions are known to be of equilibrium-type which limits the

achievable yield to about 40% in the given case. Another reason

could principally be deactivation of the enzyme. Yet, this is not

so likely, since Figure 1 shows that even after 5 hours about

50% of the enzyme still shows activity. Thus, a self-inhibitory

effect of the product on the TA at a given concentration can be

made responsible or alternatively the reactant glycine which is

present in high concentration could cause inhibition [51].

Figure 3: Batch reaction using free enzyme. Reaction conditions:
Reaction volume (10 mL), TA (2.7 mg, specific activity – 0.135 U/mg),
temperature (70 °C).

Product inhibition study
The product inhibition study was carried out in order to under-

stand whether there is an effect of product formed during the

reaction which might block the active site of the enzyme. To

achieve this we carried out three reactions for 40 minutes at

70 °C. The amount of product which was added before the reac-

tion is 20, 40 and 60 mol % (Figure 4). It has been observed that

when the amount of product increases the yield starts to

decrease which indicates that the product inhibition effect does

exist. This is due to the very high concentration of product as

compared to the amount of enzyme used for the reaction.

Figure 4: Product inhibition study.
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Synthesis of phenylserine by using
immobilized TA in a microreactor
Effect of temperature
The effect of the reaction temperature on the yield of phenyl-

serine was investigated at a residence time of 10 minutes (flow

rate = 25 μL/min). As shown in Figure 5, the yield increased up

to a temperature of 70 °C reaching a value of maximal 25%

which is in line with the limitations based on the equilibrium

discussed before. Above 70 °C, a decrease in yield was

observed (Figure 5). It can be assumed that above 70 °C the

reaction rate is even higher, however enzyme deactivation

becomes more substantial. Therefore, we chose 70 °C as the

optimum temperature for the following experiments.

Figure 5: Effect of temperature on product yield. Reaction conditions:
Reaction volume (0.250 mL), TA (1.1 mg, specific activity –
0.052 U/mg), flow rate (25 μL/min). Samples were taken after
30 minutes at the indicated temperature.

Effect of flow rates
When operating the packed bed microreactor with immobilized

TA at 70 °C, the yield of phenylserine can be further increased

to 30% at longer residence times (Figure 6). This result resem-

bles the batch performance reported above. The reason can be

the already supposed product inhibition of the enzyme or a

specific flow effect. At higher flow rates and shorter residence

times the product yield decreases. In order to check whether

mass transfer limitations are involved, we estimated the mass

transfer coefficient for transport of the substrate to the particles.

Mass transfer calculations
The calculation of the Damköhler number was carried out for

the reaction with immobilized TA under the same conditions

discussed before in the section above. The following values

were used to calculate the mass transfer coefficient, porosity

Figure 6: Effect of flow rates on yield for immobilized enzymes in a
packed bed microreactor (70 °C). Reaction conditions: Reaction
volume (0.250 mL), TA (1.1 mg, specific activity – 0.052 U/mg),
temperature (70 °C).

(ε) = 0.5 estimated, density (ρ) = 1024 kg/m3, viscosity of

fluid (μ) = 0.00134 kg/ms and thermal conductivity (K) =

0.58 (W/m·K).

The Reynolds number (Re) for a fluid flow through a bed of

approximately spherical particles of diameter D can be calcu-

lated, according to Equation 1 in which the void fraction is ε

and the superficial velocity is V.

(1)

The Reynolds number was 0.1 and the Schmidt (Sc) number

was calculated to be 1.309. Next, the Sherwood number (Sh)

was calculated using the following equation,

(2)

The Sherwood number was found to be 1.093 which provided a

mass transfer coefficient (k) of 17 × 10−6. The reaction rate

vmax was calculated using experimental data and the value was

1.67 × 10−6 mol/m2s. This allowed us to determine the

Damköhler number (Da) using following equation,

(3)

The Damköhler number turned out to be 0.98 × 10−3, which is

much smaller than the threshold criterion 1. Therefore, no mass

transfer limitation can be encountered in the present case.
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Free enzymes in flow using a capillary microreactor
Some flow experiments were performed in Teflon tubing at

70 °C with the free enzyme and unraveled an almost linear

increase of product yield with increasing residence times. Under

these homogeneous conditions, very short diffusion distance

between the reactants and the enzyme is guaranteed. Yet, the

yield does not increase above 15% for a residence time of

20 minutes which is about half compared to heterogeneous

conditions. This could point towards a higher enzyme activity

and/or to higher enzyme loadings in the immobilized state.

For a residence time of 60 min (Figure 7) a yield of 32% was

achieved, which is not substantially higher than found for the

best yield using the immobilized enzyme under microreactor

operation conditions. Studies under even longer residence times

could not be conducted, since the corresponding flow rates

could not be accommodated with the pumps used.

Figure 7: Effect of residence time on yield for free enzymes in a Teflon
tube microreactor at 70 °C. Reaction conditions: For free enzyme in
flow: Reaction volume (0.500 mL), TA (0.135 mg, specific activity –
0.135 U/mg). Slug flow: Reaction volume (0.500 mL), TA (0.135 mg,
specific activity – 0.135 U/mg). Double amount single phase: Reaction
volume (0.500 mL), TA (0.27 mg, specific activity – 0.135 U/mg).

Next, segmented flow experiments were carried out by injecting

argon in the tube microreactor which generated a slug flow with

a flow rate of 12.5 µL/min and 6 µL/min, respectively, which

corresponded to residence times of 20 and 40 minutes. We

aimed to achieve a much narrower residence time distribution

under slug flow conditions as opposed to the laminar parabolic

flow profile of the single-phase flow system. The latter can lead

to a considerable share of reactants experiencing a (much)

shorter residence time than the given (averaged) residence time

based on the nominal flow rates. Under slug flow conditions, all

reactants will see almost the same residence time due to reduced

axial dispersion allowing the reactor to operate as an ideal plug

flow reactor. Additionally, slug flow is known to create

profound transversal recirculation patterns within the liquid

slugs which constitute a permanent highly mixed fluid system.

Single-phase flow operations do not show similarly strong

passive mixing. However, as no mass transfer limitations exist

for the immobilized enzyme which also should apply here, the

mixing issue can be regarded of less relevance than the resi-

dence time control issue.

Indeed, the slug flow derived yields are higher compared to the

single-phase flow process. The product yield for the slug flow

process with a residence time of 20 min, is lower compared to

the flow operation with the immobilized enzyme. For a resi-

dence time of 40 min the product yield is 34%. Thus, it is

slightly higher than the best yield obtained for a flow reactor

using the immobilized enzyme as packed bed. When comparing

this result with the free enzyme reaction using a capillary

microreactor, the yield increases from 16 to 25% (20 min resi-

dence time) and only a 5% increase of the yield for 40 min resi-

dence time. Obviously, slug flow operation does have a slight

effect on yields. When the amount of enzyme was doubled for a

single-phase flow experiment using a Teflon tube microreactor,

the product yield improved from 16% to 25% (20 min resi-

dence time). A longer residence time of 40 min further

increases the yield to 30% which did not change when

employing a residence time of 60 min. Again, either deactiva-

tion of TA or product inhibition can be made responsible as

discussed above.

Long term enzyme stability
A continuous experiment was performed to study the long term

stability of immobilized enzyme at 70 °C. The stability of

Eupergit-bound TA (direct method) has already been discussed.

The studies revealed that at 80 °C there is 20% loss of enzyme

activity within 4 hours. It was anticipated that at lower tempera-

tures the lifetime of the immobilized enzyme would be

extended and would allow long term operation of the flow

system. Indeed, the product yield was almost constant at around

30–35% even after 10 hours of continuous operation (Figure 8).

Here, the inhibitory effect by the product might be reduced due

to the large amount of enzyme (1.1 mg) and the small reactor

volume of about 250 µL. The continuous removal of the prod-

uct from the reaction system may reduce this effect. This signi-

fies the stable operation of the immobilized enzyme over a

longer period of time which is useful to reduce the cost of the

process by reusing the catalyst.

Conclusion
To the best of our knowledge, we report the first use of immobi-

lized threonine aldolase in a microreactor for the flow synthesis

of phenylserine. So far, we achieved a maximum of about 30%

yield under the typical flow rates using TA bound to Eupergit.
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Scheme 2: Synthesis of chiral α-aminoalcohol by telescoping aldolase reaction with decarboxylation.

Table 2: Comparison of productivity between the theoretical calculations and experimental observations.

Calculations Specific activity of enzyme (U/mg) Amount of Eupergit inside reactor (mg) Productivity values (g/h)

Theoreticala 0.188 133 0.280
Experimental 0.135 125 0.0054

asee [48].

Figure 8: Long term enzyme stability at 70 °C. Reaction conditions:
Reaction volume (0.250 mL), TA (1.1 mg, specific activity –
0.052 U/mg), flow rate (12.5 μL/min), temperature (70 °C).

The yield was about 35% for the free enzyme using a tubular

microreactor. Here slug flow performed slightly better than

single-phase flow operation. Several explanations have been

provided which rationalizes the findings reported above. These

include the residence time distribution present for the single-

phase flow operation, different degrees of enzyme deactivation,

and different degrees of enzyme activity – each being different

for the three flow operations investigated. This gives room for

future optimization. Above all, however, the existence of an

equilibrium between starting materials and products is the major

factor of being restricted to a maximum of 40% yield. Here,

removal of the product from the enzyme thereby readjusting the

equilibrium is the method of choice. One opportunity to achieve

this could be the decarboxylation of phenylserine as depicted in

Scheme 2 which is currently been investigated in our labora-

tories.

Taking into account the experimentally derived flow perfor-

mance mentioned above, the calculated TA-enzyme based

microreactor productivity was found to be 5.4 mg/h. From an

industrial perspective on microreactors, it is reasonable to

assume that an external numbering-up of 10 (respectively,

54 mg/h) along with scaling-out of those reactors the produc-

tion of 200 mg/h in total can be achieved. This value is not too

far away from the production need for commercial high-value

products in pharmacy at a price of 500 €/g and higher. The

comparison between theoretical and experimental values for

productivity has been shown in Table 2.

Both the theoretical and experimental productivities are based

on a quite low (experimentally used) amount of active enzymes;

simply for reasons of availability. In [48] we calculated also

productivities of other enzymatic microreactors (with other

enzymes, having no availability limitation) and this result in

much higher productivities.

In this paper, we made a first step towards a critical view on the

commercial potential for high-priced pharmaceutical products

using enzymatic microreactor technology.
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Figure 10: Indirect immobilization.

Experimental
Materials
The enzyme L-allo-threonine aldolase (L-low-TA) (EC

4.1.2.48) having concentration of 3 mg/mL and activity of

0.135 U/mg has a strong preference for L-allo-threonine from

Thermotoga maritima and was kindly donated by the Junior

Research Group ‘‘Industrial Biotechnology’’ (University

of Leipzig, Germany). L-threonine, β-nicotinamide adenine

dinucleotide disodium salt (NADH) were purchased from

AppliChem GmbH (Darmstadt, Germany). Glycine, benzalde-

hyde, pyridoxal-5’-phosphate (PLP), Eupergit CM, 2-mercap-

toethanol, 25% glutaraldehyde solution in water, ethylenedi-

amine and other reagents were all purchased from Sigma

Aldrich (Zwijndrecht, NL) and used as received. For immobili-

zation of TA on Eupergit 1 M phosphate buffer solution was

used, while for the phenylserine synthesis a 50 mM solution

was used.

TA immobilization
The immobilization was carried out by a direct and an indirect

method. For the direct method, the enzyme was bonded directly

to the surface of the support, while the indirect method a spacer

is used to provide enhanced enzyme mobility. The experi-

mental procedure for direct immobilization (Figure 9) and indi-

rect immobilization (Figure 10) as well as enzyme retention,

activity retention and determination of enzyme concentration

are well explained in [48].

Immobilization at different incubation times
At first the immobilization was carried out using the procedure

given in literature [51]. 500 mg of Eupergit was treated with

Figure 9: Direct immobilization.

2.5 mL of the TA enzyme solution (4.365 mg of TA) in a test

tube at room temperature. The test tube was then kept in an

orbital shaker for a predetermined time. Five different contact

times were determined (6, 12, 18, 24 and 72 h).

Enzyme reactions
Batch reactions
Batch reactions were carried out in 20 mL test tubes at 70 °C,

while stirring. The test tube was charged with 750 mg glycine

(1 M), 106 mg benzaldehyde (0.1 M), 100 μL 5 mM PLP solu-

tion, 2 mL DMSO, 0.9 mL (2.7 mg) TA solution (activity =

0.407 U/mL) and 7 mL of a 50 mM phosphate buffer solution.

The samples were collected at three different reaction times (20,

40 and 60 min). In each case 1 mL of sample was collected and

the reaction was terminated by adding a 30% trichloroacetic

acid solution. Then, all samples were extracted with 2 mL of

internal standard solution (1,3-dimethoxybenzene in ethyl
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Figure 11: Flow reaction set-up using free enzyme.

acetate). The enantiomeric excess (ee) and the diasteriomeric

excess (de) of phenylserine were determined by HPLC analysis

of the aqueous phase, while conversion of benzaldehyde was

determined from analysis of the organic layer using gas chro-

matography. Since no byproducts could be detected, the degree

of conversion reflected the yield of phenylserine formation.

Flow reactions
A Teflon tubing with an inner diameter of 500 μm and a volume

of 500 μL was used to perform the flow experiments. The

tubing was completely immersed into the thermostat bath at

70 °C. Amounts of reactants employed were kept similar as for

the batch experiments. The solution was taken up in a single

syringe and pumped at different flow rates (25 μL/min,

12.5 μL/min, 6 μL/min). The samples were collected at the

outlet and immediately hydrolyzed by adding a 30% solution of

trichloroacetic acid. For each reaction three samples were

collected. Then a sample was taken from the syringe after

12 hours and conversion was determined to be 7%. The setup

for the reaction is shown in Figure 11.

Immobilized enzyme reaction using micro flow
A simple glass tube with an inner diameter of 3.5 mm and a

length of 5 cm was used as housing for the TA immobilized

Eupergit support. A neck was constructed at the outlet for

holding the glass wool which prevented wash out of the

immobilized support from the reactor. In each experiment the

same amount of Eupergit (125 mg corresponding to dry wet of

Eupergit) was used as fixed-bed material. The length of the

Eupergit bed was determined to be 4.7 cm +/− 0.2 cm, while the

volume of the filled reactor was around 250 μL. The reactor

was kept in a vertical position during all experiments

(Figure 12a and b). During operation the reactor was incased in

a thermostat. The reaction mixture contained 750 mg (1 M) of

glycine, 106 mg (0.1 M) of benzaldehyde, 100 μL of 5 mM PLP

solution, 2 mL of DMSO, and 7.9 mL of 50 mM phosphate

buffer solution. For each experiment a fresh batch of immobi-

lized TA was used. For each reaction three samples were

collected and the average was calculated.

Analysis of the reaction
Determination of conversion (yield)
The conversion of benzaldehyde was determined by GC–FID

(Varian 430-GC) having a CP-Sil 5 CB column of 30 meters

(0.25 mm ID with film thickness of 1 micron), and a flame

ionization detector. The carrier gas was helium (1 mL/min, split

ratio 100). The oven temperature was maintained at 100 °C for

1 minute and then increased to 250 °C at a rate of 25 °C/min.

The injector temperature was fixed at 250 °C and the detector

temperature at 250 °C.

Determination of enantiomeric excess (ee) and dia-
stereomeric excess (de)
Determination of the enantiomeric excess (ee) and the dia-

stereomeric excess (de) was achieved by HPLC using a chiral

column (Chirex 3126 (D)-penicillamine Column 250 × 4.6 mm)

under the following conditions: 75% 2 mM CuSO4 solution +

25% methanol at a flow rate of 1 mL/min. Detection of prod-

ucts was achieved at a wavelength of 254 nm. The column

temperature was kept at 40 °C throughout the analysis. The sep-

aration of all the four isomers is depicted in Figure 13. The

correct elution of the different stereoisomers was elucidated by

injecting pure sample of each compound and comparison with

literature [43-45].

In all experiments, 20% of diastereomeric excess of phenyl-

serine was observed and a >99% enantiomeric excess was

obtained for both diastereomers.
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Figure 12: Experimental setup for packed be microreactor.

Figure 13: Analysis of the four isomers of phenylserine on a chiral column.
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Abstract
Sterically crowded diimine ligands with five aryl rings were prepared in one step in good yields using a micro-flow technique.

X-ray crystallographic analysis revealed the detailed structure of the bulky ligands. The nickel complexes prepared from the ligands

exerted high polymerization activity in the ethylene homopolymerization and copolymerization of ethylene with polar monomers.

2336

Introduction
The design of a ligand is a key step in the development of new

catalysts because the ligand framework influences the reactiv-

ity of the metal center. That is why sterically crowded and

neutral-chelating diimine ligands have garnered a great deal of

attention [1-17]. In recent years, N-aryl 1,3,5-triazapenta-1,4-

dienes 1 and 2 have been reported, and they are useful with late

transition metal olefin-polymerization catalysts [18,19], and for

the stabilization and isolation of reactive metal species [20,21].

In 1997, Murillo and coworkers reported the synthesis of a

neutral, and bulky chelating ligand 1, and its use in the forma-

tion of a Co complex (Figure 1) [22]. Stephan and coworkers

reported the synthesis of a bulkier chelating ligand 2a, and its

use in the formation of various metal complexes [20,21]. Rojas

and coworkers reported the synthesis of a series of bulky

chelating ligands 2b–g, and detailed their use in the preparation

of ethylene polymerization catalysts [18,19]. We became

curious about the structure and function of 1,2,3,4,5-pentaaryl-

1,3,5-triazapenta-1,4-diene ligand 3, which is sterically more

hindered, because there are as many as five aryl rings that can

provide further opportunities to change and tune the steric and

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:sfuse@apc.titech.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.9.268
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Scheme 1: One-step synthesis of the ligand 3b, and a plausible decomposition pathway for 3b to naphthylamine (5) and amide 8.

Figure 1: Sterically crowded, and neutral chelating diimine ligands.

electrical environments of the ligands [23,24]. However, as far

as we could ascertain, this has been reported only once [25]. In

this pioneering work, 1,2,3,4,5-pentaphenyl-1,3,5-triazapenta-

1,4-diene ligand 3a was prepared, but the report included

neither the complexation nor a detailed structural study.

Herein, we report an efficient micro-flow synthesis and struc-

tural analysis of sterically crowded 1,2,3,4,5-pentaaryl-1,3,5-

triazapenta-1,4-diene ligands 3b and 3c, and their use in the co-

polymerization of ethylene and polar monomers. According to

the previous report, 1,2,3,4,5-pentaphenyl-1,3,5-triazapenta-1,4-

diene ligand 3a was prepared by the reaction of N,N′-diphenyl

benzamidine and N-phenylbenzimidochloride in benzene in 13

days [25]. In the present study, we intended to prepare these

ligands from readily available materials in only one step

[18,21].

Results and Discussion
Two equivalents of N-naphthylbenzimidochloride (4) was

reacted with one equivalent of naphthylamine (5) in CH2Cl2 in

the presence of DIEA (N,N-diisopropylethylamine) at room

temperature (Scheme 1). The reaction proceeded smoothly, and

consumption of naphthylamine was confirmed by TLC analysis

within 10 min. After an aqueous workup, the desired product 3b

was obtained in a moderate yield (44%) with the concomitant

generation of naphthylamine (5) and amide 8. Reportedly, 3a

can form an HCl adduct, and the adduct decomposes to the

corresponding amidine and imidochloride [25]. It is conceiv-

able that 3b overreacted with DIEA·HCl to afford 6, or 4 and 7

in the reaction mixture and that 5 and 8 were generated from the

hydrolysis of these compounds under aqueous workup condi-

tions. We decided to use a micro-flow reactor in order to

suppress the overreaction [26,27] because the micro-flow tech-

nique [28-35] enables the precise control of reaction time and

temperature. The micro-flow system was made from simple and

inexpensive laboratory instruments (syringes, syringe pumps,

water bath, T-shape mixer, standard tubing and fittings), as

shown in Figure 2. The T-shape mixer was made of stainless

steel and immersed in a water bath (20 °C). A solution of 4

(0.1 M) in CH2Cl2, a solution of aryl amine 5 or 9 (0.1 M), and

DIEA (0.7 M) in CH2Cl2 were introduced using syringe pumps

at the indicated flow rates. The reaction was quenched by

pouring the mixture into a saturated aqueous solution of NH4Cl

in CH2Cl2. After an aqueous workup, the products 3b and 3c

were purified by silica gel chromatography. Reaction time was

controlled by changing the flow rates.
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Figure 2: Micro-flow synthesis of the ligands 3b and 3c.

As expected, the yield of 3b was improved by reducing the

reaction time (Table 1, entries 1–4). The highest yield was

observed for a reaction time of 38 s (Table 1, entry 4). A further

shortening of the reaction time resulted in a reduction in the

yield because of substrate recovery (Table 1, entry 5).

Table 1: Micro-flow synthesis of ligands 3b and 3c.

entry flow rate A
[μL/min]

flow rate B
[μL/min]

time
[s]

Ar–NH2 yielda

[%]

1b 54 27 300 5 65
2b 106 53 150 5 72
3b 214 107 75 5 75
4b 426 213 38 5 84
5b 854 427 19 5 66
6c 214 107 50 9 55
7c 426 213 25 9 69
8c 854 427 13 9 66

aIsolated yield. bReaction tube volume is 400 μL. cReaction tube
volume is 266 μL.

The structure of the ligand 3b was unambiguously determined

by 1H NMR, 13C NMR, IR, HRMS and X-ray crystallographic

analysis [36] (Figure 3). The ORTEP structure of 3b showed

that in the solid state the ligand adopts a non-planar arrange-

ment similar to the previously reported ligands 2a–c, and 2e–g

[18,19,21]. In ligand 3b, N(1) and N(2) nearly occupied a

common plane with C(1) and C(2), while N(3) was twisted out

of this plane and was nearly perpendicular. The bond lengths

for imines C(1)–N(1) and C(2)–N(3) were 1.273(4) and

1.278(4) Å, respectively, while the bond lengths for amines

C(1)–N(2) and C(2)–N(2) were 1.420(4) and 1.421(4) Å, res-

pectively. Reportedly, the two amine bond lengths were

different in the case of ligands, 2a, 2b, 2e, 2f, and 2g for which

N=C–N–C=N was not in a common plane. On the other hand,

the two amine bond lengths were nearly identical in the case of

ligand 2c where N=C–N–C=N was in a common plane. Interest-

ingly, in the case of ligand 3b, the bond lengths of the two

amines, C(1)–N(2) and C(2)–N(2) were nearly identical,

although N=C–N–C=N was not in a common plane.

Figure 3: ORTEP drawing of 3b. Thermal ellipsoids are set at 35%
probability level. Hydrogen atoms are omitted for clarity. Selected bond
lengths [Å] and angles [°] are as follows: C(1)–N(1) 1.273(4),
C(1)–N(2) 1.420(4), C(2)–N(2) 1.421(4), C(2)–N(3) 1.278(4),
N(1)–C(1)–N(2) 115.3(3), C(1)–N(2)–C(2) 117.0(3), N(2)–C(2)–N(3)
117.8(3).

The asymmetric ligand 3c was obtained by the coupling of

N-naphthylbenzimidochloride (4) with aniline (9). The product

was obtained in a satisfactory yield (69%) under the conditions

of entry 7 (25 s), as shown in Table 1. We speculated that the

slightly lower yield of 3c compared to 3b came from the insta-

bility of 3c during purification process. The compound 3c was

less stable than 3b. Rojas et al. reported that the regioselec-

tivity in the nucleophilic addition of an amidine to an
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Scheme 2: Synthesis of the ligand 3c through the coupling of 4 and 9.

Figure 4: ORTEP drawing of 3c. Thermal ellipsoids are set at 35%
probability level. Hydrogen atoms are omitted for clarity. Selected bond
lengths [Å] and angles [°] are as follows: C(1)–N(1) 1.269(3),
C(1)–N(2) 1.413(3), C(2)–N(2) 1.411(3), C(2)–N(3) 1.274(3),
N(1)–C(1)–N(2) 116.5(2), C(1)–N(2)–C(2) 119.1(2), N(2)–C(2)–N(3)
117.4(2).

imidochloride depends on the employed reaction conditions, –

in particular, the order of addition and the base selection [37] –

and the symmetric ligands were obtained through the coupling

of N-2,6-di(iPr)-phenylbenzimidochloride with aryl amines in

the presence of Et3N in toluene [18,19]. Interestingly, in our

case, only the asymmetric ligand 3c was obtained, although

similar reaction conditions were employed (Scheme 2). The

result showed that the nucleophilic addition of amidine 10

occurred from the sterically more hindered nitrogen atom

(path b).

The structure of the asymmetric ligand 3c was unambiguously

determined by 1H NMR, IR, HRMS and X-ray crystallographic

analysis (Figure 4). The ORTEP structure of 3c showed that in

the solid state, the ligand adopted a non-planar arrangement

similar to that of 3b. In the ligand 3c, N(1) and N(2) occupied a

plane that was near that of C(1) and C(2), while N(3) was

twisted out of this plane and was almost perpendicular. The

Scheme 3: Complexation of the ligands 3b and 3c with NiBr2(dme).

bond lengths for imines C(1)–N(1) and C(2)–N(3) were

1.269(3) and 1.274(3) Å, respectively, while the bond lengths

for amines C(1)–N(2) and C(2)–N(2) were 1.413(3) and

1.411(3) Å, respectively. The bond lengths for amines

C(1)–N(2) and C(2)–N(2) were nearly identical, although

N=C–N–C=N was not in a common plane. These features were

similar to that of 3b.

A complexation of the synthesized ligands 3b and 3c with

nickel(II) was performed (Scheme 3) in accordance with a

reported procedure [38]. An equimolar amount of NiBr2(dme)

(dme = 1,2-dimethoxyethane) and the synthesized ligands were

mixed in CH2Cl2 and stirred for 4 h at room temperature. Free

ligands 3b or 3c were not observed by 1H NMR analysis of the

obtained crude mixtures. NMR characterization of the

complexes 12 and 13 was poor due to the paramagnetic nature

of the pseudo-tetrahedral nickel centers. In the case of 12, green

needle-like crystals suitable for X-ray crystallographic analysis

were obtained (Figure 5). The molecular structure confirmed

the formation of a six-membered chelate ring by the ligand in a

N,N binding mode to the nickel dibromide. All the aryl rings

were almost perpendicular to the chelate plane probably due to

the strong steric repulsions among the aryl rings. The tetrahe-

dral geometry around nickel was distorted similar to the previ-

ously reported nickel complexes of 2b, 2f and 2g [18,19]. For

example, Br(1) was almost perpendicular to the plane of the

metal-containing ring. This can be observed in the corres-

ponding angle N(1)–Ni(1)–Br(1) 102.2(3)°, while the angle of

N(1)–Ni(1)–Br(2) was 120.9(3)°. The C(1)–N(1), C(2)–N(3),
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Table 2: Evaluation of polymerization activities of nickel complexes 12 and 13.a

entry catalystb monomerc temperature, time
[°C, h]

Vp
[kg/mol·h]

1 12 ethylene 60, 0.5 140
2 13 ethylene 60, 0.5 110
3 12 ethylene/NBO 60, 1 25
4 12 ethylene/EtA 60, 1 35
5 12 propene 60, 1 5

aEntries 1–4 were carried out in a 2 L autoclave reactor in 1 L toluene in the presence of 500 equiv of modified methyl aluminoxane (MMAO)[39] as
cocatalyst and 400 psig of ethylene. Entry 5 was carried out in a 2 L autoclave reactor in 750 mL propene in the presence of 500 equiv of MMAO as
the cocatalyst. bEntries 1, 4 and 5 were carried out using 0.11 mmol of the catalyst. Entries 2 and 3 were carried out using 0.10 and 0.09 mmol of the
catalysts, respectively. cEntries 3 and 4 were carried out using 500 equiv of NBO or EtA.

Figure 5: ORTEP drawing of 12. Thermal ellipsoids are set at 35%
probability level. Hydrogen atoms and cocrystallized CH2Cl2 are
omitted for clarity. Selected bond lengths [Å] and angles [°] are as
follows: C(1)–N(1) 1.277(11), C(1)–N(2) 1.393(11), C(2)–N(2)
1.396(11), C(2)–N(3) 1.305(11), Ni(1)–N(1) 1.947(8), Ni(1)–N(3)
1.943(8), N(1)–C(1)–N(2) 122.8(8), C(1)–N(2)–C(2) 126.2(7),
N(2)–C(2)–N(3) 121.2(8), C(2)–N(3)–Ni(1) 127.5(6), N(1)–Ni(1)–N(3)
89.3(3), C(1)–N(1)–Ni(1), 127.7(6), N(1)–Ni(1)–Br(1) 102.2(3),
N(1)–Ni(1)–Br(2) 120.9(3).

C(1)–N(2) and C(2)–N(2) bond lengths were 1.277(11) Å,

1.305(11) Å, 1.393(11) Å and 1.396(11) Å respectively, indi-

cating the double and single bond character around the imines

and amine nitrogen, respectively.

A series of olefin polymerizations were briefly tested as shown

in Table 2. Both catalysts 12 and 13 exerted high activity for the

ethylene homopolymerization (Table 2, entries 1 and 2). As far

as we could ascertain, neither propene homopolymerization nor

copolymerization of ethylene with polar monomers by using the

catalysts derived from N-aryl-1,3,5-triazapenta-1,4-dienes 1–3

have been reported [18,19]. Thus, we tested the polymerization

activity of the catalyst 12 in the copolymerization of ethylene

with 5-norbornen-2-ol (NBO) and ethyl acrylate (EtA) (Table 2,

entries 3 and 4) and propene homopolymerization (Table 2,

entry 5). Although the propene homopolymerization activity of

catalyst 12 was moderate, catalyst 12 exerted a high activity in

the copolymerization of ethylene with both polar monomers.

Conclusion
In summary, sterically crowded diimine ligands 3b and 3c were

prepared in one step in good yields using a micro-flow tech-

nique. One of the advantages of using microreactors is the ease

of scale-up. It should be possible to scale-up our developed

process by either continuous running or by increasing the

number of the microreactors. X-ray crystallographic analysis

revealed the detailed structure of ligands 3b and 3c. Interest-

ingly, 3c retained an asymmetric structure which ran contrary to

a previous report. Unexpectedly, both bond lengths of the two

amines C(1)–N(2) and C(2)–N(2) in both ligands were nearly

identical, although N=C–N–C=N was not in a common plane.

The complexation of 3b and 3c with nickel afforded 12 and 13.

X-ray crystallographic analysis of 12 revealed that all the aryl

rings are nearly perpendicular to the chelate plane. The nickel

complex 12 exerted a high polymerization activity in both

ethylene homopolymerization and the copolymerization of

ethylene with polar monomers. The synthesized ligands 3b and

3c retained as many as five aryl rings, which offered another

opportunity to change the steric and electric environment. The

developed process should be valuable for the preparation of

various 1,2,3,4,5-pentaaryl-1,3,5-triazapenta-1,4-diene ligands

and for the creation of novel and useful catalysts.

Experimental
General
NMR spectra were recorded on a JEOL Model ECP-400 (400

MHz for 1H, 100 MHz for 13C) instrument in the indicated

solvent. Chemical shifts are reported in units of parts per
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million (ppm) relative to the signal (0.00 ppm) for internal

tetramethylsilane for solutions in CDCl3 (7.26 ppm for 1H, 77.0

ppm for 13C). Multiplicities are reported by using the following

abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m,

multiplet; br, broad; and, J, coupling constants in Hertz. IR

spectra were recorded on a Perkin-Elmer Spectrum One FTIR

spectrometer. HRMS (ESI–TOF) was measured with a Waters

LCT PremierTM XE. All reactions were monitored by thin-layer

chromatography carried out on 0.25 mm E. Merck silica gel

plates (60F-254) with UV light, visualized by ceric sulfate solu-

tion. Flash column chromatography was performed on Silica

Gel 60 N, purchased from Kanto Chemical Co. The T-shape

mixer (Flom Co. Ltd., #9513, 19 mm × 28 mm × 8 mm, diam-

eter 0.6 mm) was made of stainless steel and had a T-shape

channel. The reaction tube (diameter 0.5 mm) was made of

Teflon®. A Harvard Pump 11 Plus Single Syringe (HARVARD

apparatus), a KDS 100 syringe pump, and a KDS 200 syringe

pump (KD Scientific) were used to inject compounds into the

T-shape mixers. The workup process included quenching of the

reactions, liquid–liquid extraction, washing and drying, and was

performed using a Zodiac CCX-1200 (Tokyo Rikakikai Co.,

Ltd.). Chromatographic separation was performed using a

Purif®-α2 (Shoko Scientific Co., Ltd.).

Experimental details
General procedure for the preparation of imidochlorides:

The mixture of N-(1-naphthyl)benzamide and SOCl2 (2 mL/

mmol amide) was stirred at 65 °C for 4 h. The reaction mixture

was concentrated in vacuo. The residue was used for the next

reaction without further purification.

General procedure for micro-flow synthesis of 1,2,3,4,5-

pentaaryl-1,3,5-triazapenta-1,4-dienes 3b and 3c: A T-shape

mixer and reaction tube were immersed in a water bath (20 °C).

Syringe pumps and a mixer were connected using a Teflon®

tube (diameter 0.25 mm). Imidochloride 4 was dried azeotropi-

cally with toluene. Aryl amine 5 or 9 (0.1 M), DIEA (0.7 M)

and imidochloride 4 (0.1 M) were dissolved in CH2Cl2 under an

argon atmosphere and were stored in syringes. Each solution

was introduced to a T-shape mixer using the syringe pump. The

mixed solution went through the reaction tube, and the resul-

tant solution was poured into vigorously stirred saturated

aqueous NH4Cl (1.5 mL) in CH2Cl2 (2 mL). After being stirred

for several minutes, Et2O (30 mL) was added to the reaction

mixture under vigorous stirring for 30 s. The aqueous layer was

separated and added to saturated aqueous NaHCO3 (2 mL) after

being vigorously stirred for 30 s. The aqueous layer was sep-

arated and brine (2 mL) was added followed by vigorous stir-

ring for 30 s. After removing the aqueous layer, the organic

layers were dried over Na2SO4 (10 g) and concentrated in

vacuo. The residue was purified by column chromatography on

silica gel (0% to 10% Et2O in hexane with 1% Et3N) to give

1,2,3,4,5-pentaaryl-1,3,5-triazapenta-1,4-diene 3b or 3c.

1,3,5-Trinaphthyl-2,4-diphenyl-triazapenta-1,4-diene (3b):
1H NMR (400 MHz, CDCl3) δ 8.22 (brd, J = 5.8 Hz, 1H), 8.15

(brs, 1H), 7.89 (brd, J = 5.4 Hz, 1H), 7.74–7.90 (m, 2H), 7.73

(brd, J = 6.8 Hz, 2H), 7.58 (brd, J = 7.8 Hz, 1H), 7.10–7.58 (m,

20H), 7.07 (t, J = 7.8 Hz, 1H), 7.39 (brd, J = 7.8, 1H), 6.64 (brs,

1H); 13C NMR (67.8 MHz, CDCl3) δ 156.2, 145.6, 136.1,

135.2, 134.7, 134.0, 130.1, 129.5, 128.8, 128.3, 128.2, 127.2,

126.3, 125.9, 125.8, 125.6, 125.2, 125.0, 123.6, 123.5, 123.0,

122.5, 121.6, 118.0, 115.7; FTIR (neat) 3055, 1624, 1572,

1529, 1495, 1393, 791, 771 cm−1; HRMS (ESI–TOF, m/z): [M

+ H]+ calcd. for C44H32N3, 602.2596; found, 602.2613.

1,3-Dinaphthyl-2,4,5-triphenyl-triazapenta-1,4-diene (3c):
1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 6.4 Hz, 2H), 8.25 (d,

J = 8.3 Hz, 2H), 7.78 (brd, J = 7.8 Hz, 1H), 7.73 (d, J = 7.8 Hz,

2H), 7.61 (d, J = 7.8 Hz, 1H), 7.36–7.60 (m, 9H), 7.40–7.20 (m,

2H), 7.16 (t, J = 7.8 Hz, 1H), 7.05–6.60 (m, 7H), 6.54 (brs, 1H),

5.71 (brd, J = 6.8, 1H); FTIR (neat) 3056, 1631, 1595, 1524,

1497, 1438, 1323, 775, 698 cm−1; HRMS (ESI–TOF, m/z): [M

+ H]+ calcd. for C40H30N3, 552.2440; found, 552.2435.

General procedure for the preparation of nickel
complexes 12 and 13
The following manipulations were performed under an inert

atmosphere using standard glove box techniques. A solution of

the prepared ligand 3b or 3c (1 equiv) and NiBr2(dme) (1

equiv) in dry CH2Cl2 (50 mL/mmol) was stirred for 4 h at room

temperature. The obtained crude mixture was used for the poly-

merization without purification.

Procedure for the preparation of nickel complex 12
crystals
The following manipulations were performed under an inert

atmosphere using standard glove box techniques. A solution of

the prepared ligand 3b (66 mg, 0.11 mmol) in 40 mL of dry

CH2Cl2 was slowly added to NiBr2(dme) (34 mg, 0.11 mmol).

The resultant mixture was stirred for 1 h at room temperature.

Then, the stirring was stopped and the mixture was allowed to

stand overnight at room temperature. Green colored needle-like

crystals of 12, suitable for X-ray analysis were obtained.

Procedure for the homopolymerization of ethylene
To a 2 L autoclave reactor, 1,000 mL of dry toluene and

MMAO (500 equiv, 6.5 wt % in toluene) were added. The

resultant mixture was heated to 60 °C, then the crude nickel

complex (1 equiv) was injected under an ethylene pressure of

400 psig, which was fed continuously at that pressure over the

course of the reaction. After being stirred for 0.5 h, ethanol was
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added to quench the polymerization, and ethylene was vented.

The resultant mixture was collected, and concentrated in vacuo

to afford a crude polymer. Polymerization activities were calcu-

lated from the mass of the crude polymer that was obtained.

Procedure for the copolymerization of ethylene with
polar monomers
To a 2 L autoclave reactor, 1,000 mL of dry toluene and

comonomers (500 equiv) along with MMAO (500 equiv,

6.5 wt % in toluene) were added. The resultant mixture was

heated to 60 °C, then the crude nickel complex (1 equiv) was

injected under an ethylene pressure of 400 psig, which was fed

continuously at that pressure over the course of the reaction.

After being stirred for 1 h, ethanol was added to quench the

polymerization, and ethylene was vented. The resultant mixture

was collected, and concentrated in vacuo to afford the crude

polymer. Polymerization activities were calculated from the

mass of the crude polymer that was obtained.

Procedure for the homopolymerization of propene
To a 2 L autoclave reactor, MMAO (500 equiv, 6.5 wt % in

toluene) and 750 mL of propene were added. Then the crude

nickel complex (1 equiv) was injected with nitrogen. The resul-

tant mixture was heated to 60 °C. After being stirred for 1 h,

ethanol was added to quench the polymerization, and propene

was vented. The resultant mixture was collected, and concen-

trated in vacuo to afford a crude polymer. Polymerization activ-

ities were calculated from the mass of the crude polymer that

was obtained.
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Abstract
We present the solid phase synthesis of carbohydrate-functionalized oligo(amidoamines) with different functionalization patterns

utilizing a novel alphabet of six differently glycosylated building blocks. Highly efficient in flow conjugation of thioglycosides to a

double-bond presenting diethylentriamine precursor is the key step to prepare these building blocks suitable for fully automated

solid-phase synthesis. Introduction of the sugar ligands via functionalized building blocks rather than postfunctionalization of the

oligomeric backbone allows for the straightforward synthesis of multivalent glycoligands with full control over monomer sequence

and functionalization pattern. We demonstrate the potential of this building-block approach by synthesizing oligomers with

different numbers and spacing of carbohydrates and also show the feasibility of heteromultivalent glycosylation patterns by

combining building blocks presenting different mono- and disaccharides.
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Introduction
Multivalent carbohydrate ligand–protein receptor interactions

play a key role for many events in glycobiology such as

cell–cell or pathogen recognition [1]. Therefore, carbohydrate

functionalization of non-natural materials such as polymers or

dendrimers allows for bioactive materials that are used to

modulate cellular behavior [1-3]. Since single carbohydrate

ligand–protein interactions are usually weak [4], several sugar

ligands have to be introduced in order to achieve the desired

biological effect [4]. This multivalent presentation of ligands

then results in an increased binding affinity to the targeted

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Peter.Seeberger@mpikg.mpg.de
mailto:Laura.Hartmann@mpikg.mpg.de
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protein receptors [4]. It is well understood that the number and

spacing of ligands have a tremendous influence on the resulting

binding and thus biological properties [5-7]. Therefore, in order

to understand and explore these interactions and their potential

for biomedical applications, a more detailed look at the binding

mechanisms as well as structure–activity relationship studies of

multivalent glycomaterials is required.

Multivalent sugar presentation has been realized on a variety of

different scaffolds such as polymers [8,9], dendrimers [10] or

naturally-occurring scaffolds such as peptides [11-13] or

oligonucleotides [14]. Such constructs have contributed to our

current understanding of multivalent interactions [5]. Neverthe-

less, binding studies on multivalent compounds with different

scaffold architectures or combinations of different sugar ligands

are limited due to the often undefined chemical composition,

limited variations in architecture and functionalization as well

as unspecific biological activity of the scaffolds. Precision

oligo/polymers are a novel class of defined artificial scaffolds

having the potential to bridge this current gap of artificial

carbohydrate presenting scaffolds and to be an important plat-

form for structure–activity relationship studies [15-17]. Preci-

sion macromolecules combine the advantages of synthetic scaf-

folds such as polymers with the advantages of naturally-occur-

ring scaffolds such as peptides as they are highly defined, versa-

tile in their structure (linear or branched) [18] and biocompat-

ible with a decreased risk of inherent immunogenicity [19].

Recently, we showed that monodisperse, sequence-defined

glycooligomers obtained by sequential addition of building

blocks on solid support are valuable tools for tuning and under-

standing carbohydrate–lectin interactions [20]. Carbohydrate

conjugation was achieved by copper-catalyzed azide alkyne

cycloaddtion (CuAAC) of carbohydrate ligands on alkyne

presenting oligomers [21]. As an alternative conjugation ap-

proach to CuAAc, a very efficient thiol–ene coupling (TEC)

[22-25] protocol in a continuous flow photoreactor was devel-

oped involving post functionalization of alkene presenting

oligomers by thioglycosides [26]. The flow system allows for

precise control over the reaction conditions, is easy to scale up

and provides efficient irradiation of the samples by virtue of a

sub-millimeter path length. Continuous removal of the desired

product minimizes unwanted secondary reaction pathways [27-

39]. We also introduced the so-called building block approach

in the context of thiol–ene coupling via the continuous-flow

technique. A first example involved conjugating a glucose

ligand to a building block and subsequent solid phase assembly

of a glycooligomer [26].

When compared to postfunctionalization, the building-block ap-

proach allows not only control of the ligand positioning, but

also enables well-defined sequences with different types of

ligands: Simply by choosing from an alphabet of building

blocks, applying them for solid-phase synthesis and final

cleavage from the resin, the desired multivalent structures can

be obtained. Heteromultivalent glycooligomers presenting

different sugars at different positions along the scaffold should

be accessible by combining different carbohydrate functional-

ized building blocks and without the requirement of complex

protecting group or sequential functionalization strategies [40].

In order to explore the feasibility of the building-block ap-

proach for the synthesis of precision glycooligo/polymers, in

this work we report on the reaction of several thioglycosides

and the double bond presenting diethylenetriamine succinic acid

building block (DDS) 1, giving access to a small alphabet of

carbohydrate-functionalized building blocks. TEC in flow

enabled determining the reactivity of each thioglycoside at

>275 nm, leading to optimized reaction conditions for the

production of six glycosylated building blocks (Figure 1). These

building blocks can then be used for the assembly of monodis-

perse, sequence-defined glycooligomers via fully automated

standard amide coupling. Straightforward variations in the scaf-

fold architecture, number and distance of sugar ligands as well

as the sequence-defined introduction of different sugars are

demonstrated by choosing different building block combina-

tions during solid-phase synthesis.

Results and Discussion
For the preparation of the desired sugar building blocks double-

bond presenting building block DDS 1 and thioglycosides 2–7

are required. The large scale synthesis of DDS 1 was achieved

according to a published procedure [26]. The required β-thio-

glycosides 2–7 were prepared via their corresponding glycosyl

bromides followed by SN2 displacement of the anomeric bro-

mide with thiourea [41] or Na2S/CS2 [42].

DDS 1 and thioglycosides 2–7 were subjected to TEC in flow at

>275 nm (Scheme 1). A FEP flow photoreactor equipped with a

Pyrex-filtered medium pressure Hg lamp (400 Watt, λmax =

366 nm) cooled to room temperature was employed [43].

Continuous reagent delivery was ensured by a standard com-

mercially available syringe pump (for details see Supporting

Information File 1). Reactivity evaluation studies were per-

formed utilizing a 2 mL FEP loop, for the gram-scale produc-

tion of glycosylated building blocks a 5 mL FEP loop was used.

This particular photochemical set up (Figure 2a) allows for

several reaction parameters to be studied for later high scale

synthesis of the glycosylated building blocks 8–13 while using

only small amounts of reagents for optimization. As thiol–ene

addition is strongly concentration dependent [26], similar

concentrations for thioglycosides 2–7 during TEC are required

for a valid comparison. Due to reagent solubility, a concentra-
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Figure 1: Versatile synthetic strategy for access to multivalent glycoligands: First, the building block DDS 1 is functionalized with different acetyl-
protected thioglycosides 2–7 via thiol–ene addition in flow at >275 nm, resulting in a building block alphabet of six different glyco-building blocks 8–13.
These building blocks are then applied for the solid-phase synthesis of sequence-defined glycooligomers 14–16.

Scheme 1: Carbohydrate functionalization of DDS.
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Table 1: Overview of the preparation of glycosylated building block and used upscale conditions.

Building block Thiol component Equiv Residence time Conversion Yield

β-GlcS_DDS 8 β-Glc(OAc)4-SH 2 1.5 30 min 95% 84%
β-GalS_DDS 9 β-Gal(OAc)4-SH 3 1.5 30 min 94% 81%
β-RhaS_DDS 10 β-Rha(OAc)3-SH 4 1.5 30 min 95% 89%
β-GlcNAcS_DDS 11 β-GlcNAc(OAc)3-SH 5 2 30 min >95% 81%
β-GalNAcS_DDS 12 β-GalNAc(OAc)3-SH 6 2 30 min >95% 85%
β-LacS_DDS 13 β-Lac(OAc)7-SH 7 1.5 30 min 84% 70%

tion of 0.1 M could be only realized by premixing all reagents

before injection. In this case it is important to notice that no

background reactivity could be measured when performing the

reaction without irradiation under similar flow conditions.

Figure 2: a) Schematic diagram of the TEC photoflow reactor. b) Plot
of residence time versus conversion for the addition of the
β-Glc(OAc)4-SH 2, β-Gal(OAc)4-SH 3 and β-Lac(OAc)7-SH 7 to the
DDS building block 1.

Integration of the HPLC UV-signals at 254 nm was used to

establish residence time versus conversion plots (Figure 2). The

plots showed close to complete conversion within 30 min resi-

dence time and 1.5 equiv of thioglycoside β-Glc(OAc)4-SH 2

(95%) or β-Gal(OAc)4-SH 3 (94%) (Figure 2; Glc and Gal).

Similar reactivities were also observed for monosaccharides

4–6, supporting the substrate scope of this approach and its suit-

ability to access a library of differently glycosylated building

blocks. Referring to larger thio-substrate β-Lac(OAc)7-SH 7 a

diminished reactivity with the same previously mentioned reac-

tion conditions was determined (Figure 2b; Lac).

With optimized reaction conditions in place, large amounts of

glycosylated building blocks are required to support solid phase

oligomer synthesis. Large scale production of glycosylated

building blocks 8, 9, 10 and 13 relied on the previously estab-

lished conditions (30 min; 1.5 equiv thioglycoside; 0.1 M).

Although the reactivity of aminoglycosides 5 and 6 is in the

same range as that of glycosides 2–4, we chose a higher excess

of thiol component (2 equiv) for the production of glycosylated

building blocks 11 and 12, resulting in >95% conversion and an

easy purification of the reaction mixture. Using this process,

gram quantities of glycosylated building blocks 8–13 were

obtained in 70–89% isolated yield after purification (Table 1).

With the isolated and characterized glyco-building blocks 8–13

obtained via TEC in flow, we then assembled three different

glycooligomers 14–16 (Figure 3) to show the potential of the

building block approach for the straightforward synthesis of a

variety of differently glycosylated structures. The oligomer syn-

thesis is based on standard peptide synthesis protocols and

amide formation via activation of the building blocks’ free

carboxy group, coupling to the solid support followed by depro-

tection of the amino group (Figure 3). This allows us to synthe-

size chemically defined oligomers with full control over the

monomer sequence [15,16,18,26] using differently functional-

ized and spacer building blocks. Due to the use of fully func-

tionalized building blocks the desired product can be obtained

directly after cleavage from the resin and after overall deprotec-

tion.

In order to be suitable for solid-phase synthesis, the building

blocks have to be soluble in DMF or NMP, permanent protec-

tive groups have to be stable towards piperidine exposure and

the activated species should selectively react with primary

amines without prior decomposition. Indeed, all glyco-building

blocks described here, fulfil these criteria and can be applied for
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Figure 3: Solid phase coupling procedure and the obtained homo- and heteromultivalent glycoligands 14–16.

sequential coupling under PyBop or HATU activation and

Fmoc deprotection with 25% piperidine in DMF on solid

support (Figure 3). Final deprotection from the resin was

performed with TFA/DCM mixtures, followed by acetyl depro-

tection in solution under Zemplén conditions [44]. Although the

glycosylated building blocks 9–13 suffer from steric hindrance

and have a relatively high molecular weight in comparison to

amino acids, they show remarkably good coupling efficiency

during amide bond formation on solid support. Glycooligomer

14, combining three ß-GalS_DDS and three amino-diethoxy-

acetic acid (AEEAc) building blocks in alternating sequence,

was accessible in high yields (81%) and purity (94% deter-

mined via integration of the HPLC signal at 214 nm) by refer-

ring only to single coupling (5 equiv) for one hour using PyBop

activation (see Supporting Information File 1). After diethyl

ether precipitation no further purification of compound 14 was

necessary. This structure represents an example for a combina-

tion of glycosylated and non-glycosylated building blocks that

allows for the variation of the density, number and spacing of

sugar ligands along the scaffold. In order to test whether the
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building block approach is also suitable for the direct introduc-

tion of larger sugar ligands such as the Lac disaccharide, we

synthesized structure 15 presenting three Lac ligands placed

right next to each other in a short oligomer chain. Indeed,

depending on the building blocks applied and oligomer struc-

tures targeted, different activating reagents are required.

Glycooligomer 15 introducing Lac groups was obtained as

highly pure material after solid-phase synthesis using HATU

activation instead of PyBop followed by HPLC purification.

Another important advantage of the presented building block

approach is the straightforward access to so-called heteromulti-

valent glycooligomers. Here different sugar ligands are

presented at different positions along the oligomer chain. To

date, such heteromultivalent systems are mainly obtained by

functionalization with mixtures of sugar ligands that do not

allow for a precise positioning of the different sugar ligands

[9,45]. Alternatively, a polymer-analogue strategy is required

where different functional groups are placed along a polymer

chain that allow for orthogonal conjugation strategies intro-

ducing the different sugars sequentially [37,46]. Our approach

simply relies on choosing from our differently glycosylated

building blocks that are introduced in the desired pattern by

automated solid-phase synthesis. As a proof of principle we

synthesized glycoligand 16 as a multivalent scaffold that

presents two different monosaccharides. β-GlcNAc and β-Gal

are exposed in alternating fashion with an overall oligomer

length of six building blocks and a molecular weight of

3000 Da. Similar to glycooligomer 15 this structure was

obtained as highly pure material after solid-phase synthesis

using HATU activation and HPLC purification.

Conclusion
In this article we reported on the synthesis of glycosylated

building blocks via photochemical thiol–ene chemistry in a

continuous-flow reactor using five different monosaccharides

and one disaccharide. We showed that this flow set up provides

excellent conversion rates with several substrates. All monosac-

charides were shown to react under the same conditions with

equivalent conversion rates, whereas the peracetylated β-thio-

lactose as a disaccharide showed slightly diminished reactivity.

Additionally, these small scale reactions were transferred into

the gram-scale production of six different glycosylated building

blocks.

These carbohydrate presenting building blocks were then

applied for solid-phase synthesis resulting in three monodis-

perse, sequence-defined glycooligomers with different glycosyl-

ation patterns. The building-block approach for the synthesis of

glycooligomers thus allows for the control of the ligand posi-

tioning as well as the straightforward introduction of defined

sequences of different types of ligands. Ongoing studies focus

on the synthesis of a larger set of different glycooligo/polymers

and the evaluation of their binding properties as sugar mimetics.

For example, homomultivalent oligomer 14 and analogues are

characterized for their interactions with asialoglycoprotein

receptors, while heteromultivalent oligomer 16 represents a

potential mimic of poly(lacNAc), which is known to be an

important naturally-occurring galectin binder.

Experimental
General TEC procedure. A photoreactor was set up using

5 mL (for optimization reactions 2 mL) loop of FEP tubing

around a Pyrex and a medium pressure Hg lamp [26,43]. A

recirculating chiller (Huber Unistat 360, filled with spectroscop-

ically pure water as coolant) was used to maintain the reactor at

a temperature of 25–30 °C (for further details see Supporting

Information File 1). Using a syringe pump (Harvard PHD2000),

a solution of DDS 1 (1.0 equiv), acetyl-protected thioglyco-

sidesglycoside 2–7 (1.5–2.0 equiv) and acetic acid (3 equiv) in

degassed methanol was injected into the photoreactor. The

entire reactor output was collected and evaporated under

reduced pressure to afford the crude material.

β-GlcS_DDS (8): A solution of acetyl protected β-thioglucose 2

(1.35 g; 3.69 mmol, 1.5 equiv) and DDS 1 (1.25 g; 2.46 mmol,

1.0 equiv) in MeOH (24 mL) and AcOH (0.42 mL) (residence

time, 30 min; flow rate 167 μL min−1) was reacted under photo-

chemical conditions according to the general TEC procedure.

The reactor outcome was concentrated and purified via silica

chromatography (DCM/MeOH + 1% AcOH 15:1) giving com-

pound 8 (1.8 g; 84%). The analytical data is in accordance with

published data [26].

β-GalS_DDS (9): A solution of acetyl protected β-thiogalac-

tose 3 (1.35 g; 3.69 mmol, 1.5 equiv) and DDS 1 (1.25 g;

2.46 mmol, 1.0 equiv) in MeOH (24 mL) and AcOH (0.42 mL)

(residence time, 30 min; flow rate 167 μL min−1) was reacted

under photochemical conditions according to the general TEC

procedure. The reactor outcome was concentrated and purified

via silica chromatography (DCM/MeOH + 1% AcOH 15:1)

giving compound 9 (1.74 g; 81%). IR (film) ν: 2945, 1748,

1225 cm−1; [α]D
20 −32.19 (c 1, MeOH); 1H NMR (400 MHz,

CDCl3) 7.76 (d, J = 7.5, 2H), 7.58 (d, J = 7.4, 2H), 7.39 (t, J =

7.4, 2H), 7.30 (t, J = 7.4, 2H), 7.07–6.83 (m, 1H), 5.86–5.64 (m,

1H), 5.47–5.35 (m, 1H), 5.19 (t, J = 9.8, 1H), 5.10–4.97 (m,

1H), 4.65–4.27 (m, 3H), 4.25–3.80 (m, 4H), 3.62–3.18 (m, 8H),

2.73–2.53 (m, 4H), 2.52–2.29 (m, 4H), 2.12 (s, 3H), 2.05–1.99

(m, 6H), 1.97 (s, 3H), 1.76–1.50 (m, 4H); 13C NMR (100 MHz,

CDCl3) (mixture of rotamers) 175.0, 173.1, 172.9, 170.7, 170.4,

170.2, 169.9, 156.9, 143.9, 143.9, 141.4, 141.4, 127.9, 127.2,

125.2, 125.1, 120.2, 120.2, 84.1, 74.5, 72.0, 67.5, 67.5, 67.0,

61.5, 48.5, 48.3, 47.3, 45.9, 40.1, 39.9, 39.3, 38.6, 32.6, 32.4,
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30.9, 29.8, 29.4, 29.4, 29.3, 24.5, 24.5, 20.9, 20.8, 20.8, 20.7;

HRMS (ESI) m/z: [M + Na]+ calcd for C42H53N3O15SNa,

894.3095; found, 894.3096; RP-HPLC analysis, 5% to 95%

MeCN in 10 min, retention time = 8.1 min.

β-RhaS_DDS (10): A solution of acetyl protected L-β-

thiorhamnose 4 (1.13 g; 3.69 mmol, 1.5 equiv) and DDS 1

(1.25 g; 2.46 mmol, 1.0 equiv) in MeOH (24 mL) and AcOH

(0.42 mL) (residence time, 30 min; flow rate 167 μL min−1)

was reacted under photochemical conditions according to the

general TEC procedure. The reactor outcome was concentrated

and purified via silica chromatography (DCM/MeOH + 1%

AcOH 17:1) giving compound 10 (1.78 g; 89%). IR (film) ν:

2940, 1745, 1630, 1224 cm−1; [α]D
20 −5.83 (c 1, MeOH); 1H

NMR (400 MHz, CDCl3) 7.74 (d, J = 7.5, 2H), 7.57 (d, J = 7.4,

2H), 7.38 (t, J = 7.3, 2H), 7.29 (t, J = 7.6, 2H), 6.96 (br s, 1H),

5.86–5.65 (m, 1H), 5.30 (dd, J = 3.3, 1.5, 1H), 5.22–5.16 (m,

1H), 5.14 (s, 1H), 5.07 (t, J = 9.8, 1H), 4.46–4.26 (m, 2H),

4.24–4.12 (m, 2H), 3.67–3.09 (m, 8H), 2.82–2.23 (m, 8H),

2.17–2.09 (m, 3H), 2.04 (s, 3H), 1.97 (s, 3H), 1.73–1.56 (m,

4H), 1.19 (d, J 6.2, 3H); 13C NMR (100 MHz, CDCl3) (mix-

ture of rotamers) 175.3, 175.2, 174.9, 174.8, 173.1, 172.9,

170.4, 170.1, 170.1, 157.3, 156.9, 143.9, 143.9, 141.4, 141.4,

127.9, 127.2, 125.2, 125.1, 120.1, 120.1, 82.3, 71.8, 71.3, 69.7,

67.3, 67.0, 48.5, 48.2, 47.3, 46.2, 45.9, 40.1, 39.8, 39.2, 38.6,

32.6, 32.4, 31.1, 30.8, 30.8, 29.7, 29.4, 29.2, 29.1, 24.5, 24.4,

21.1, 20.9, 20.8, 17.5, 17.5;; HRMS (ESI) m/z: [M + Na]+ calcd

for C40H51N3O13SNa, 836.3040; found, 836.3056; RP-HPLC

analysis, 5% to 95% MeCN in 10 min, retention time = 7.8 min.

β-GlcNAcS_DDS (11): A solution of acetyl protected

β-thioglucosamine 5 (0.72 g; 1.97 mmol, 2.0 equiv) and DDS 1

(0.5 g; 0.99 mmol, 1.0 equiv) in MeOH (10 mL) and AcOH

(0.17 mL) (residence time, 30 min; flow rate 167 μL min−1)

was reacted under photochemical conditions according to the

general TEC procedure. The reactor outcome was concentrated

and purified via silica chromatography (DCM/MeOH + 1%

AcOH 10:1) giving compound 11 (0.70 g; 81%). IR (film) ν:

2940, 1744, 1654, 1229 cm−1; [α]D
20 +25.65 (c 2, MeOH); 1H

NMR (400 MHz, CDCl3) 7.77–7.71 (m, 2H), 7.57 (d, J = 7.3,

2H), 7.37 (t, J = 7.4, 2H), 7.33–7.25 (m, 2H), 5.21–4.99 (m,

2H), 4.64–4.50 (m, 1H), 4.41–3.99 (m, 6H), 3.72–3.56 (m, 1H),

3.51–3.17 (m, 8H), 2.76–2.52 (m, 4H), 2.50–2.28 (m, 4H), 2.02

(s, 3H), 2.00–1.95 (m, 6H), 1.89 (d, J = 9.1 Hz, 2H), 1.75–1.42

(m, 2H); 13C NMR (100 MHz, CDCl3) (mixture of rotamers)

174.8, 174.7, 173.2, 171.2, 171.2, 171.1, 170.1, 169.5, 169.5,

157.2, 157.0, 143.8, 141.3, 127.9, 127.2, 125.1, 120.1, 83.7,

83.7, 75.7, 74.1, 68.6, 68.6, 67.0, 66.9, 62.4, 53.0, 53.0, 48.2,

47.9, 47.2, 46.1, 45.8, 39.7, 38.5, 38.3, 32.3, 32.1, 30.9, 29.8,

29.3, 29.3, 28.3, 23.9, 23.8, 23.1, 20.9, 20.8, 20.7; HRMS (ESI)

m/z: [M + Na]+ calcd for C42H54N4O14SNa, 893.3255; found,

893.3263; RP-HPLC analysis, 5% to 95% MeCN in 10 min,

retention time = 7.1 min.

β-GalNAcS_DDS (12): A solution of acetyl protected β-thio-

galactosamine 6 (0.72 g; 1.97 mmol, 2.0 equiv) and DDS 1

(0.5 g; 0.99 mmol, 1.0 equiv) in MeOH (10 mL) and AcOH

(0.17 mL) (residence time, 30 min; flow rate 167 μL min−1)

was reacted under photochemical conditions according to the

general TEC procedure. The reactor outcome was concentrated

and purified via silica chromatography (DCM/MeOH + 1%

AcOH 10:1) giving compound 12 (0.73 g; 85%). IR (film) ν:

1746, 1655, 1236 cm−1; [α]D
20 +145.42 (c 2, MeOH); 1H NMR

(400 MHz, CDCl3) 7.77–7.69 (m, 2H), 7.56 (d, J = 7.3, 2H),

7.36 (t, J = 7.4, 2H), 7.32–7.23 (m, 2H), 5.39–5.25 (m, 1H),

5.14–5.01 (m, 1H), 4.57 (t, J = 10.5, 1H), 4.41–3.94 (m, 6H),

3.90–3.77 (m, 1H), 3.54–3.04 (m, 8H), 2.78–2.52 (m, 4H),

2.51–2.27 (m, 4H), 2.10 (s, 3H), 2.05–1.84 (m, 9H), 1.79–1.45

(m, 4H); 13C NMR (100 MHz, CDCl3) (mixture of rotamers)

175.2, 174.8, 174.7, 173.1, 173.0, 171.5, 171.3, 170.8, 170.7,

170.5, 170.5, 157.2, 143.8, 143.8, 141.3, 128.0, 127.2, 125.2,

125.1, 120.1, 84.2, 84.0, 74.3, 71.7, 71.6, 67.0, 66.9, 61.8, 61.8,

49.2, 48.2, 47.8, 47.3, 46.2, 45.8, 39.7, 38.5, 38.4, 32.3, 32.1,

30.7, 30.6, 29.7, 29.6, 29.4, 28.4, 28.3, 23.9, 23.8, 23.2, 23.2,

20.8, 20.7; HRMS (ESI) m /z :  [M + Na]+  calcd for

C42H54N4O14SNa, 893.3255; found, 893.3247; RP-HPLC

analysis, 5% to 95% MeCN in 10 min, retention time = 7.1 min.

β-LacS_DDS (13): A solution of acetyl protected β-thiolactose

7 (0.79 g; 1.18 mmol, 1.5 equiv) and DDS 1 (0.4 g; 0.79 mmol,

1.0 equiv) in MeOH (7.9 mL) and AcOH (0.17 mL) (residence

time, 30 min; flow rate 167 μL min−1) was reacted under photo-

chemical conditions according to the general TEC procedure.

The reactor outcome was concentrated and purified via silica

chromatography (DCM/MeOH + 1% AcOH 15:1) giving com-

pound 13 (0.65 g; 70%). IR (film) ν: 1750, 1230, 1051 cm−1;

[α]D
20 −35.00 (c 2, MeOH); 1H NMR (400 MHz, CDCl3) 7.72

(d, J = 7.5, 2H), 7.55 (d, J = 7.5, 2H), 7.37 (t, J = 7.3, 2H),

7.29–7.25 (m, 2H), 5.31 (s, 1H), 5.16 (dt, J = 9.2, 3.1, 1H), 5.06

(t, J = 7.9, 1H), 4.96–4.85 (m, 2H), 4.47–4.04 (m, 9H),

3.87–3.71 (m, 2H), 3.55 (br s, 1H), 3.45–3.29 (m, 8H),

2.63–2.54 (m, 4H), 2.44–2.29 (m, 2H), 2.34–2.27 (m, 2H); 2.11

(s, 3H), 2.06–2.05 (m, 3H), 2.02–1.98 (m, 12H), 1.93 (s, 3H),

1.67–1.52 (m, 4H); 13C NMR (100 MHz, CDCl3) (mixture of

rotamers) 174.9, 174.7, 172.8, 172.7, 170.6, 170.5, 170.3,

170.3, 170.1, 170.0, 169.8, 169.8, 169.7, 169.7, 169.6, 169.1,

169.1, 157.0, 156.7, 143.8, 143.7, 141.3, 141.2, 127.8, 127.7,

127.1, 125.0, 125.0, 120.0, 120.0, 101.0, 83.2, 76.1, 73.8, 70.9,

70.6, 70.3, 69.1, 66.9, 66.8, 66.6, 62.2, 62.1, 60.8, 60.8, 48.3,

47.9, 47.1, 46.00, 45.6, 39.9, 38.9, 38.4, 32.4, 32.2, 30.7, 29.7,

29.6, 29.5, 29.2, 29.1, 24.2, 20.8, 20.7, 20.7, 20.6, 20.4; HRMS

(ESI) m/z: [M + Na]+ calcd for C54H69N3O23SNa, 1182.3940;



Beilstein J. Org. Chem. 2013, 9, 2395–2403.

2402

found, 1182.3956; RP-HPLC analysis, 5% to 95% MeCN in

10 min, retention time = 9.3 min.

H 2 N-β -GalS_DDS-AEEAc-  β -GalS_DDS-AEEAc-

β-GalS_DDS-AEEAc-CONH2 (14): Compound 14 (30 mg,

16.2 μmol) was obtained as white hygroscopic powder after

cleavage from the resin, precipitation into diethyl ether and

deactylation with a yield of 81%. MALDI–TOF–MS: [M +

Na]+ calcd for C75H135N13O33S3Na, 1864.83 (monoisotopic);

found, 1864.63; RP-HPLC analysis 5% to 95% MeCN in

10 min, retention time = 3.9 min.

AcHN-β-LacS_DDS-β-LacS_DDS-β-LacS_DDS-EDA (15):

Acetyl protected compound 15 was cleaved from the resin and

precipitated into diethyl ether. The crude material was purified

via preparative RP-HPLC (5 to 95% MeCN in 30 min) and

freezed-dried. After final deactylation compound 15 (11 mg,

5.6 μmol) was obtained as white hygroscopic powder with 28%

y i e l d .  M A L D I – T O F – M S :  [ M  +  H ] +  c a l c d  f o r

C79H140N11O40S3, 1978.84 (monoisotopic); found, 1979.06;

[M + Na]+ calcd for C79H139N11O40S3Na, 2000.82 (monoiso-

topic); found, 2000.88; [M + K]+ calcd for C79H139N11O40S3K,

2016.80 (monoisotopic); found, 2017.01; RP-HPLC analysis

5% to 50% MeCN in 30 min, retention time = 5.9 min.

AcHN-β-GlcNAcS_DDS-β-GalS_DDS-β-GlcNAcS_DDS-β-

GalS_DDS-β-GlcNAcS_DDS-β-GalS_DDS-β-EDA (16)

Acetyl protected compound 16 was cleaved from the resin and

precipitated into diethyl ether. After deactylation in solution, the

crude material was purified via preparative RP-HPLC (5 to 50%

MeCN in 30 min) and freezed-dried. Compound 16 (12.6 mg,

4.2 μmol) was obtained as white hygroscopic powder with 21%

y i e l d .  M A L D I – T O F – M S :  [ M  +  N a ] +  c a l c d  f o r

C124H217N23O49S6Na, 3027.34 (monoisotopic); found,

3027.71; RP-HPLC analysis 5% to 50% MeCN in 30 min,

retention time = 7.8 min.

Supporting Information
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Abstract
A continuous-flow asymmetric organocatalytic photocyclization–transfer hydrogenation cascade reaction has been developed. The

new protocol allows the synthesis of tetrahydroquinolines from readily available 2-aminochalcones using a combination of photo-

chemistry and asymmetric Brønsted acid catalysis. The photocylization and subsequent reduction was performed with catalytic

amount of chiral BINOL derived phosphoric acid diester and Hantzsch dihydropyridine as hydrogen source providing the desired

products in good yields and with excellent enantioselectivities.

2457

Introduction
Tetrahydroquinolines [1-4] represent a well-known structural

motif found in a large number of biologically active natural

products. Optically active tetrahydroquinolines are important

building blocks for the pharmaceutical and agrochemical indus-

tries. Due to their importance, new and efficient procedures for

their synthesis have been developed. Among the synthetic

protocols developed for the preparation of optically active

tetrahydroquinolines, the asymmetric hydrogenation of substi-

tuted quinolines represents the most widely used and efficient

method to prepare this class of N-heterocyclic compound

[5-17].

In the past years, continuous-flow chemistry has received

considerable attention and microstructured continuous-flow

devices have emerged as useful devices for different chemical

reactions [18-22]. Microreactor technology offers numerous
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Scheme 1: Photocyclization–reduction of 2-aminochalcone.

Scheme 2: Experimental setup of continuous-flow photocyclization–reduction cascade.

practical advantages such as better reaction yield due to

enhanced mixing quality, better control of reaction variables,

reduced safety hazards, reduced reagent consumption, enhanced

heat and mass transfer due to the high surface-to-volume ratio

and rapid experimentation and optimization.

Recently, microreactor devices have been adopted for photo-

chemical applications and microflow photochemistry has

emerged as efficient synthesis tool [23-31]. The narrow inner

dimensions of microfabricated reactors is advantageous for

photochemical synthesis since it allows better light penetration

and uniform irradiation through the entire reactor and the

complete reaction medium, in comparison with reactions

performed in conventional batch systems.

Here we report the development of continuous-flow photo-

chemical reaction in combination with asymmetric Brønsted

acid catalysis for the synthesis of optically active tetrahydro-

quinolines. Readily available substituted 2-aminochalcones

were envisioned to undergo photocyclization to the corres-

ponding quinolines which in the presence of a chiral BINOL-

derived phosphoric acid diester and Hantzsch dihydropyridine

as hydride donor [32-37] could provide the desired enantioen-

riched tetrahydroquinolines (Scheme 1) [38].

Results and Discussion
The continuous-flow microreactor system for the experiment

was set up according to Scheme 2. The flow device was set up

with multiple commercially available glass reactors connected
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Table 1: Optimization of the Brønsted acid catalyzed transfer hydrogenation of quinolines.a

Entry Conc. [mol/L] Temp. [°C] Time [min] Flow rate [mL min−1] Yield [%]b ee [%]c

1 0.1 40 60 0.1 59 93
2d 0.1 40 60 batch 7 95
3 0.1 55 60 0.1 64 96
4 0.05 55 60 0.1 74 94
5 0.05 55 120 0.05 79 88
6 0.03 55 60 0.1 82 94
7d 0.03 55 60 batch 29 96
8 0.03 55 120 0.05 88 83

aReaction conditions: 1a, 4 (2.4 equiv), 3 (1 mol %) in CHCl3, irradiation with a TQ 150 high pressure mercury lamp. bIsolated yields after column
chromatography. cDetermined by chiral HPLC analysis. dPerformed under batch condition.

in parallel and placed in a water bath [39]. The light required to

perform the reaction is supplied from a high-pressure mercury

lamp located outside of the reactor. The lamp consists of a

double-jacketed water-cooled pyrex immersion well. The

reagents were degassed and introduced into the microreactor

using a programmable syringe pump. The product solution was

collected in a flask wrapped with aluminium foil to prevent

further irradiation.

Our initial investigation of reaction conditions involved the

photocyclization–reduction cascade of 2-aminochalcone 1a in

the presence of Hantzsch dihydropyridine 4 as hydrogen source

and catalytic amount of chiral Brønsted acid 3. The effect of

temperature, flow rate and concentration on the reaction yield

and enantioselectivity are summarized in Table 1. As shown in

Table 1, performing the reaction in a pyrex test tube (i.d.:

12 mm; λ > 300 nm) with 1 mol % of Brønsted acid 3 at 40 °C

for 60 min afforded the product in 7% isolated yield and 95%

enantioselectivity (Table 1, entry 2). Conducting the reaction

using the same light source and under the same reaction condi-

tions in a single pass flow reaction showed a noticeable impact

on the yield as the product 2a could be isolated in 59% yield

and 93% enantiomeric excess (Table 1, entry 1 vs entry 2).

Improvement of the reaction yield shows the superior perfor-

mance of the microflow reactor since the light penetration

through the microchannels was significantly increased. A slight

improvement of yield was achieved when the reaction was

carried out at 55 °C (Table 1, entry 3).

Noticeable improvement on the chemical yield was observed

when the reaction was conducted at a lower concentration

providing the product in 74% isolated yield and 94% enan-

tiomeric excess (Table 1, entry 4 vs entry 3). Further decrease

of the concentration to 0.03 M gave the best result affording the

product in 82% yield (Table 1, entry 6). It is worth mentioning

that decreasing the flow rate had only a minimum effect on the

yield but resulted in significant loss of enantioselectivity

(Table 1, entry 5 vs 4). This result indicates that the residence

time plays a crucial role in this photocyclization–reduction

cascade. Due to prolonged irradiation of the reaction mixture,

an undesired background reaction initiated by photoexcited

dihydropyridine occurred leading to the loss of enantio-

selectivity [40,41].

With the optimized reaction conditions in hand, the substrate

scope of this new photocyclization–asymmetric transfer hydro-

genation sequence was examined. The results are summarized

in Table 2. In general, different 2-aminochalcones bearing

substituted aromatic residues on both ketone and enone moieties

underwent the desired photocyclization and subsequent asym-

metric reduction to afford the corresponding tetrahydroquino-

lines in good yields and high enantioselectivities.

Conclusion
In conclusion, we have demonstrated the great potential of a

new continuous-flow microreactor system for the photocycliza-

tion–reduction cascade of 2-aminochalcones. Under the contin-
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Table 2: Scope of the continuous-flow photocyclization–asymmetric reduction domino sequence.a

Entrya Substrate 1 Product 2 Yield [%]b ee [%]c

1

1a 2a

82 94

2

1b 2b

88 96

3

1c 2c

73 91

4

1d 2d

71 91

5

1e 2e

63 89

6

1f 2f

73 90

7

1g 2g

75 88

8

1h 2h

64 90
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Table 2: Scope of the continuous-flow photocyclization–asymmetric reduction domino sequence.a (continued)

9

1i 2i

57 91

aReaction conditions: 1, 4 (2.4 equiv), 3 (1 mol %) in CHCl3 (0.03 M) at 55 °C, flow rate 0.1 mL/min, residence time = 60 min, irradiation with a TQ 150
high pressure mercury lamp. bIsolated yields after column chromatography. cDetermined by chiral HPLC analysis.

uous-flow condition a variety of substituted 2-aminochalcones

underwent the photocyclization and the subsequent transfer

hydrogenation to afford a series of differently substituted

tetrahydroquinolines in good yields and with excellent enantio-

selectivities. This efficient protocol for the synthesis of tetrahy-

droquinoline from readily available 2-aminochalcone provides

an attractive alternative to the existing procedures and serves as

a basis for further exploration of this new concept.
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Abstract
2-Chloro-3-amino-4-picoline (CAPIC) is a strategic building block for the preparation of nevirapine, a widely-prescribed non-

nucleosidic reverse transcriptase inhibitor for the treatment of HIV-infected patients. A continuous synthesis to the bromo deriva-

tive of a CAPIC intermediate, 2-bromo-4-methylnicotinonitrile, that terminates in a dead-end crystallization is described. The route

uses inexpensive, acyclic commodity-based raw materials and has the potential to enable lower cost production of nevirapine as

well as other value added structures that contain complex pyridines. The route terminates in a batch crystallization yielding high

purity CAPIC. This outcome is expected to facilitate regulatory implementation of the overall process.
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Introduction
Nevirapine (3) was the first commercially available non-nucleo-

side reverse transcriptase inhibitor (NNRTI), and has remained

an important medicine in the management of human immunode-

ficiency virus (HIV) [1,2]. Nevirapine combined with lamivu-

dine (3TC) and azidothymidine (AZT) or tenofovir (TDF) is

one of the preferred first-line combination drug therapies

recommended by the World Health Organization (WHO) [3-5].

WHO initiatives are expected to increase the demand for nevi-

rapine over the next 10 years (Figure 1) [6]. Although several

viable NNRT substitutes for nevirapine are available, nevi-

rapine manufacturing requirements will remain high because

clinicians are reluctant to change treatment once a successful

combination therapy is identified and many remain healthy with

the nevirapine based combinations. Furthermore, the recent

development of an extended release dosage form of nevirapine

that enables once a day administration is expected to further

increase market demand [6-8]. The high demand coupled with

the financial burden associated with long-term HIV treatments

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:mcquade@chem.fsu.edu
http://dx.doi.org/10.3762%2Fbjoc.9.292
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Scheme 1: Commercial building blocks to nevirapine.

has resulted in shortages and patients opting to reduce dosing

which increases development of resistant strains [9-12]. This

confluence of increased demand and cost provides an opportu-

nity to reevaluate both the chemistry as well as the manufac-

turing platforms by which this drug can be produced.

Figure 1: The estimated demand of for nevirapine until 2015 [6].

The two key Food and Drug Administration (FDA) registered

starting materials in the commercial nevirapine process are

2-chloro-3-amino-4-picoline (CAPIC) (1a) and 2-cyclopropyl-

aminonicotinic acid (2-CAN) (2) (Scheme 1) [13]. The CAPIC

process comprises approximately 64% of the total production

cost. Based on our previous experience with the development of

the current commercial batch processes for nevirapine [13] and

its pyridine precursors [14], we have started a program to define

lower costs nevirapine processes. After a cost of goods analysis,

we have come to the conclusion that the most promising cost

saving path forward is through the use of acyclic, commodity-

based starting materials in the assembly of the active pharma-

ceutical ingredient (API) (analysis will be included on future

publications). We hypothesized that by both reducing the cost

of goods via chemistry changes and reducing the unit opera-

tions the most significant cost reduction could be achieved.

Herein, we demonstrate a proof of concept flow synthesis of the

key intermediate used to produce the bromo derivative of the

CAPIC precursor, 2-bromo-4-methylnicotinonitrile (6b). The

synthesis telescopes three steps using substantially less expen-

sive starting materials.

Flow or continuous chemistry is alternative to batch chemistry

where reactions are performed by passing reagents through

devices containing small-dimensional channels as opposed to

using batch reactors [15-17]. Flow reactors are particularly ad-

vantageous in multistep syntheses where telescoping steps

avoids isolation of dangerous and/or unstable intermediates and

reduces solvent usage and waste production incurred through

intermediate purifications [18-27]. The large surface to volume

ratios found in the small channels allow for more efficient

mixing and heat transfer often resulting in shorter contact times

[28,29]. Consequently, flow chemistry allows chemists to

expand their window of process operability by working at

elevated temperatures and pressures to increase reaction rates

and decrease catalyst loadings [30-33]. Unlike scaling-up batch

reactions, which requires additional optimization, scaling-up

flow processes only requires implementing multiple reactors to

work in parallel [29].

We have recently developed a method to synthesize polysubsti-

tuted 2-halonicotinonitriles in high yields via enamine inter-

mediates 5 by reacting alkylidene malononitriles in the pres-

ence of acetic anhydride with N,N-dimethylformamide dimethyl

acetal (DMF-DMA) [34]. Previous attempts to synthesize the

nicotinonitriles via enamines resulted in poor yields due to

dimerization of the starting alkylidene malononitrile [35-37]. A

high yield enamine approach allows us to begin the synthesis

from the commodity chemicals (acetone and malononitrile) and

bypass the pyridone intermediate used in the original CAPIC

synthesis (Scheme 2a) by effecting the ring closure under

Pinner reaction conditions (Scheme 2b) [14].

We set out to investigate the possibility of performing a contin-

uous synthesis of 2-bromo-4-methylnicotinonitrile starting from

acetone and malononitrile (Scheme 3) using the Vapourtec R

series reactor system [38]. The batch synthesis commences with

a Knoevenagel reaction condensing malononitrile and acetone

catalyzed by aluminum oxide producing isopropylidene-

malononitrile (4) [39,40]. The penultimate enamine 5 results by

treating 4 with DMF-DMA in the presence of acetic anhydride,

and ultimately 2-bromo-4-methylnicotinonitrile (6b) is

produced after 5 is treated with HBr in acetic acid. Transferring

the batch synthesis into a semi-continuous process requires one

to consider solvent exchanges and byproducts that might

complicate downstream operations.

We immediately recognized the water formed in the Knoeve-

nagel condensation would quench the DMF-DMA in the second

step. In addition, our batch Knoevenagel condensation was base
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Scheme 2: a) Current commercial process to CAPIC and b) newly developed batch synthesis to CAPIC and its bromo derivative.

Scheme 3: Proposed synthesis to 2-bromo-4-methylnicotinonitrile using a continuous approach with the considerations for each reaction. i. Knoeve-
nagel condensation to produce the isopropylidenemalononitrile (4). ii. Reaction of the isopropylidenemalononitrile with DMF-DMA to produce an
enamine (5). iii. Dead end cyclization to the desired 2-bromo-4-methylnicotinonitrile (6b) using HBr.

catalyzed and we discovered that base increased dimer byprod-

ucts in the enamine step. Therefore, we chose to employ a solid

basic reagent that would simultaneously catalyze the Knoeve-

nagel reaction and confine the reagent to the first step, as well

as a solid desiccant to remove the water. Previously we have

used solid catalysts and/or solid reagents in a number of contin-

uous processes [41-44]. Another challenge was the need to

increase the rate of enamine 5 formation. Under some condi-

tions, the enamine step required up to 24 hours [34]. Factoring

these and other considerations, we designed the process shown

in Scheme 3 with a summary of considerations for each step.

Results and Discussion
We began our investigation by optimizing the enamine forma-

tion (5, Figure 2) because we predicted that success with this

central step would help define the flanking reactions. Initial

batch studies revealed that the reaction occurred rapidly (1 h) in

toluene (1.0 M) heated to 45 °C to produce 4 in 94% yield [34],
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Figure 2: a) Flow scheme to produce the enamine intermediate 5 from isopropylidenemalononitrile (4) (see Supporting Information File 1 for details).
b) Coil temperature effect on yield at a 0.10 M reaction concentration with a 2 min residence time.

Table 1: Concentration screen for enamine formation.

Entry Reaction concentration (M) Residence time (min) Coil temperature (°C) Yield (%)a

1 0.10 2 100 68
2 0.20 2 95 93
3 0.40 2 95 96
4 0.60 2 95 98
5 0.80 2 95 97
6 0.98 2 95 97

aDetermined by GC analysis using mesitylene as an internal standard. See Figure 2a for flow scheme.

but the product precipitated and these conditions were rejected

to avoid reactor clogging. Based on literature precedent and our

own screening, we discovered that DCM solubilized 4, 5, and

6b (Scheme 3). In batch, use of DCM would require non-tradi-

tional glassware because temperatures exceeding the standard

boiling point at atmospheric pressure were required to avoid

unwanted dimer formation unless low reaction concentrations

(0.10 M) were used. A flow reactor is ideal for performing reac-

tions well outside of normal operating conditions and we

pushed forward seeking high temperature conditions using

DCM [45].

When screening conditions, we initially investigated the effect

temperature had on the reaction at a 0.10 M concentration

(Figure 2b). Placing backpressure regulators after the heated

coil allowed the temperature of the reactor coil to be raised far

above the boiling point of DCM. As shown in Figure 2b,

increasing the temperature to 80 °C provided 67% yield with a

2 min residence time. We then examined reaction concentra-

tions to reduce the volume of DCM (Table 1). We were not

only able to increase the concentration to 1.0 M by heating to

95 °C, but were also able to increase yields to >93% with a

2 min residence time. In comparison, our batch method with

similar concentration conditions in toluene was complete in 1 h

with 94% yield [34]. These flow conditions were high yielding

in one thirtieth of the reaction time. This example underscores

the benefit of operating outside of normal process windows

[45]. Attempts to increase the reaction concentration beyond

1.0 M led to reactor clogging due to the limited of solubility of

5.

We proceeded to develop a continuous process by coupling the

enamine step with the Knoevenagel condensation (Scheme 4).

To achieve this, we included two columns: a packed-bed of

Al2O3 to catalyze the reaction and a packed bed of 3 Å molec-

ular sieves to absorb water before the addition of DMF-DMA

(Scheme 4). The mass of each solid used (2.00 g of Al2O3 and

1.50 g molecular sieves) was chosen based on the size of the

available columns. Assuming that the Knoevenagel conden-

sation occurred primarily in the Al2O3 column, we only varied

the temperature of the Al2O3 column. The Al2O3 column

temperature was initially set to 25 °C which yielded 91% of 5

from acetone and malononitrile (Table 2, entry 2). We observed

that the Al2O3 column reactor temperature increased during the
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Scheme 4: Flow scheme to produce the enamine 5 starting from acetone and malononitrile (See Supporting Information File 1 for details).

Table 2: Screened conditions for formation of 5 starting from acetone and malononitrile.

Entry Al2O3 column temperature (°C) 3 Å MS column temperature (°C) Residence time of coil (min)a Yield (%)b

1 25 20 2 NAc

2 25 20 4 91
3 20 25 4 91
4 10 25 4 92
5 35 20 4 88
6 50 20 4 88
7 75 20 4 84
8 95 20 4 81
9 95 20 6 81

aCoil temperature was 95 °C. bDetermined by GC analysis using mesitylene as an internal standard. cThe fast flow rates needed for this residence
time caused the pressure of the system to exceed the maximum limit. See Scheme 4 for flow scheme.

reaction and thus examined the use of temperatures below

25 °C. Cooling the column did not provide any observable

improvement (Table 2, entries 3 and 4) prompting us to exam-

ine higher temperatures. Heating the column past 25 °C

increased the byproduct formation which lowered the yield

(Table 2, entries 5–8). Increasing the residence time through the

alumina column had no positive impact on yield (Table 2, entry

9).

The successful combination of the Knoevenagel/enamine steps

prompted us to evaluate the stability of this two-step system.

We often find that when multisteps are combined the system

stability can become an issue. To measure the stability, we ran

the reaction under the optimized conditions and monitored the

product distribution. When the aforementioned optimized

column temperatures were used (20 °C Al2O3 column, 25 °C

3 Å MS column), the alumina column begins to fail (Figure 3).

At a collection time of 12 min (Table 2, entry 3), the yield is at

its maximum at 91%. However, by ~17 min, the yield drops to

48%. We speculate that at high reactant concentrations the

water produced fouls the Al2O3 column. This conjecture is

supported by the increased production of 7 when excess

malononitrile reacts with DMF-DMA (Scheme 5). Heating the

column to 95 °C allowed the Al2O3 column to remain activated

longer. Despite the fact that higher alumina column tempera-

tures result in less than optimal yields of the enamine, we exam-

ined the system stability at 95 °C. As can be seen in Figure 3,

increasing the alumina column temperature provides improved

stability compared to 25 °C; however, the column performance

exhibits shallow decline over the first 37 min and then fails

rapidly beyond 37 min. The fact that we can resurrect the

column performance somewhat suggests that this stability issue

can be addressed when and if this process is implemented on

scale. To demonstrate that further gains in stability are possible,

we examined the impact of reaction concentration on column

stability.

Process chemists often seek the highest operating concentra-

tions to reduce solvent costs. Recognizing this aspiration, we

performed the aforementioned Knoevenagel reaction at 2.0 M.

Considering that many process reactions run at 0.20 M, this

starting concentration was high. The high starting concentra-
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Figure 3: Comparing the long-term stability of the Al2O3 and 3 Å MS columns when the Al2O3 column temperature (20 °C and 95 °C) and Knoeve-
nagel reaction concentration (2.0 M and 0.50 M) are varied. The time between 0 and 13 min was the equilibration period.

Scheme 5: Several byproducts were observed when producing 5 starting from acetone and malononitrile. 7 is formed from excess malononitrile when
the Knoevenagel reaction does not go to completion. The formation of dimers 8a and 8b can begin at any point during the reaction.

tion also allowed us to realize a 1.0 M reaction concentration

once addition of the acetic anhydride and DMF-DMA

(Scheme 4). While the higher the concentration the better, our

prior efforts have revealed that packed-bed catalyst stability can

rapidly decline at high concentrations while at lower concentra-

tions can run for an extended length of time [44]. With this in

mind, we lowered the Knoevenagel concentration to 0.50 M.

This setup also resulted in the residence time in the Al2O3

column and 3 Å MS to reduce from 2.88 min and 2.72 min to

0.90 min and 0.85 min respectively. The faster residence time

could account for less water absorption in the Al2O3 column.

Because we can still hold the acetic anhydride/DMF-DMA

concentrations high lowering the Knoevenagel concentration

only results in the enamine concentration decreasing by factor

of 1.25 (0.40 M). As shown in Figure 3, reducing the

Knoevenagel to 0.50 M and heating the alumina column

to 95 °C results in a dramatic improvement in system stability.

The output of the enamine, however, remains similar. The reac-

tion at a 1 M concentration would produce approximately 7 g of

enamine product within the 24 min window and at a 0.4 M

concentration approximately 5.8 g in the 42 min window. While

we are bolstered by these improvements, we suggest that a

commercial version of this process must address how to achieve

long-term stability at the higher concentrations.
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Scheme 6: Flow scheme to produce 2-bromo-4-methylnicotinonitrile (6b) in 81% yield from 4 with a 1 M concentration and 2 min residence time in
the coil (See Supporting Information File 1 for further details).

Scheme 7: Reactor scheme for the continuous synthesis of 2-bromo-4-methylnicotinonitrile (6b) with an average of 69% yield. The reaction concen-
tration within the columns was 0.50 M, while the reaction concentration in the coil was 0.40 M. The residence time in the Al2O3 column was 0.90 min,
in the 3 Å MS column 0.85 min, in the coil 4 min, and the reaction time for the cyclization to occur to produce 6b was 45 min (See Supporting Informa-
tion File 1 for further details).

Creating a chemical process for an active pharmaceutical ingre-

dient is a careful integration of chemical and regulatory chal-

lenges. While from an academic standpoint a completely

continuous process provides the opportunity to advance process

chemistry/technology, a new process can often require signifi-

cant investment for regulatory validation. We wish to imple-

ment our technology as quickly as feasible and to do so we want

to avoid potential regulatory problems. Therefore, we have

opted to carry out the Pinner cyclization as terminal cyclization/

crystallization step where the already validated material could

be collected. To optimize the cyclization step, we combined

only the enamine/cyclization steps to reduce system complexity.

When we subjected 25 mL of the enamine 5 output to a solu-

tion of HBr in AcOH for 45 min (55 °C) the desired nicotinoni-

trile 6b crystallized out of solution in 81% overall yield

(2-steps, Scheme 6). While our intent was not to create a

completely continuous process at this time, commercially avail-

able reactors that can handle strong acid are available and this

step could easily be achieved in flow (for an example of an

strong acid resistant reactor, see reference [38]).

We completed the process by integrating all three steps together

using the lower concentration Knoevenagel condensation

(0.50 M) with the heated Al2O3 column at 95 °C due to its long-

term stability (Scheme 7). We ran 100 mL of material through

the process and after simple trituration with water 69% (5.4 g

for 100 mL) of the desired 2-bromo-4-methylnicotinonitrile

(6b) was obtained and was analytically pure as determined by
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elemental analysis. We have also performed the enamine

cyclization using HCl instead of HBr and have produced the

registered chloride in 81% yield [34].

Conclusion
Here, we have demonstrated the semi-continuous synthesis of

2-bromo-4-methylnicotinonitrile starting from acetone and

malononitrile by utilizing solid Al2O3 and 3 Å MS columns and

decreasing the reaction time of the enamine formation to a

matter of minutes using DCM conditions outside of normal

process windows. The cyclization under Pinner conditions using

the crude output from the Knoevenagel/enamine steps provides

an overall yield of 69% (>88% yield per step). While the Al2O3

column is stable for a limited time (between 24 and 42 min

depending on the reaction concentration used), the current solu-

tion would be to simply replace the columns throughout the

production process or implement larger columns. At the current

state, the amount of Al2O3 and molecular sieves needed for

every one gram of 2-bromo-4-methylnicotinonitrile is 0.37 g

and 0.28 g respectively. Despite the limited stability, the

amount of Al2O3 used in flow to produce 5.4 g of 2-bromo-4-

methylnicotinonitrile is less than the amount of Al2O3 required

for the batch process (about 0.98 g is needed per 1 g of product

[34]). We also predict that by replacing the alumina columns

with a soluble base and a water/base separation a stable, higher

concentration process can be easily achieved from our prelimi-

nary results [22,46]. Finally, we have demonstrated that from a

simple acyclic precursor, 2-bromo-4-methylnicotinonitrile can

be achieved in a three-unit operation process yielding high

purity crystalline materials. The chloride product is already

registered and suggests that this strategy could be implemented

in existing nevirapine processes.

Supporting Information
The Supporting Information describes synthesis and

characterization data of all substances given in this article,

reactor setup, operational details and screening conditions.
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Abstract
The palladium metal catalysed Heck reaction of 4-iodoanisole with styrene or methyl acrylate has been studied in a continuous plug

flow reactor (PFR) using supercritical carbon dioxide (scCO2) as the solvent, with THF and methanol as modifiers. The catalyst

was 2% palladium on silica and the base was diisopropylethylamine due to its solubility in the reaction solvent. No phosphine

co-catalysts were used so the work-up procedure was simplified and the green credentials of the reaction were enhanced. The reac-

tions were studied as a function of temperature, pressure and flow rate and in the case of the reaction with styrene compared against

a standard, stirred autoclave reaction. Conversion was determined and, in the case of the reaction with styrene, the isomeric product

distribution was monitored by GC. In the case of the reaction with methyl acrylate the reactor was scaled from a 1.0 mm to 3.9 mm

internal diameter and the conversion and turnover frequency determined. The results show that the Heck reaction can be effectively

performed in scCO2 under continuous flow conditions with a palladium metal, phosphine-free catalyst, but care must be taken when

selecting the reaction temperature in order to ensure the appropriate isomer distribution is achieved. Higher reaction temperatures

were found to enhance formation of the branched terminal alkene isomer as opposed to the linear trans-isomer.
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Introduction
The use of cross-coupling reactions between organometallic

reagents and organic halides as a straightforward method of

carbon–carbon bond formation has gained much popularity over

the past three decades. The development of these cross-coupling

methods has undoubtedly revolutionalised the protocols for the

construction of natural products, building blocks for supra-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:p.styring@sheffield.ac.uk
http://dx.doi.org/10.3762%2Fbjoc.9.325


Beilstein J. Org. Chem. 2013, 9, 2886–2897.

2887

molecular chemistry, self-assembly of organic materials and

polymers, and lead compounds in medicinal chemistry from

simpler entities [1]. These include the Suzuki, Kumada, and

Heck reactions. Among these, the palladium-catalysed Heck

reaction [2] is one of the most explored families of such reac-

tions. In the Heck reactions, a vinylic hydrogen is replaced by a

vinyl, aryl or benzyl group through reaction with a halide com-

pound. This reaction has been recognised as an indispensably

simple yet effective method for molecular structure elaboration.

The Heck reaction is a useful component of the chemist’s

toolkit as it allows carbon chain extension, with the addition of

an alkene motif, using catalytic C–C bond formation chemistry.

Traditionally, Heck reactions have been performed using homo-

geneous palladium catalysts with added phosphines, either as

free reagents, coordinated discrete ligands or built into the

ligand system itself. In recent years there has been a drive to

develop phosphine-free catalysts and systems to ease sep-

aration and reduce both cost and product contamination [3].

Further efforts have focused on the development of heteroge-

neous catalysts or immobilised homogeneous catalysts, particu-

larly for use in continuous flow reactor systems [3-6].

The yield and selectivity of Heck reactions are profoundly

influenced by a number of variables, such as the nature of the

base, solvent, catalyst and operating conditions. The addition of

base is necessary to neutralise the halide acid formed in the

reaction, which would otherwise become detrimental to the

reaction system. A wide array of bases, organic and inorganic,

has been investigated. Among them, tertiary amines such as

triethylamine (Et3N), tributylamine (Bu3N) and alkali salts like

carbonates, acetates or phosphates play crucial roles [7]. Solu-

bility of the base and its basicity in the appropriate solvents are

criteria that need to be considered.

Traditionally, most Heck reactions are carried out in polar

aprotic solvents, such as N,N-dimethylformamide (DMF),

1-methyl-2-pyrrolidone (NMP) and N,N-dimethylacetamide

(DMA), though other organic solvents, such as toluene, hexane,

methanol and ethanol have been utilised [6]. In addition, the

reactions have been carried out in biphasic mode using a mix-

ture of solvents, such as ethylene glycol and toluene [8]. The

drive to carry out reactions in environmentally benign media

also led to studies being carried out in “green” (environmen-

tally friendly) solvents, such as aqueous media, some supercrit-

ical fluids (SCFs), ionic liquids and even “solventless” systems

[9-12]. Pioneering work using SCFs as reaction media was

carried out independently in the late 1990s [13,14] using a

palladium complex with fluorinated phosphine ligands. Most of

the published results utilising supercritical fluid media have

been based on homogeneously-catalysed stirred reactions, using

custom-built constant volume high pressure autoclaves. Natu-

rally this triggers the question about the possibility of using

continuous reactions, an issue which this paper addresses. For

continuous flow systems the catalyst stability is important as it

must be used over numerous runs without catalysts degradation,

metal leaching or reduction in activity through impurity deposi-

tion [12,15]. Virtually all forms of palladium have been used as

catalysts for the Heck reaction. A wide array of combinations

depending on the components of the catalytic system is

possible, for example the catalyst can present as nanoparticles,

ligand-less, unsupported or supported among other forms [16].

Practically speaking, heterogeneous catalysts provide benefits

such as ease of separation and recovery from the reaction mix-

ture. In general, heterogeneous catalysts tend to be more robust

and stable under harsh reaction conditions, such as elevated

temperatures and can be easily stored over longer periods,

which in turn provides the possibility of by-passing the use of

expensive, sensitive ligands and inert atmospheres [17]. The

catalysts can be reused and recycled either as they are or after

some form of regeneration [17]. The types of heterogeneous

catalyst can be further categorised by their support, with exam-

ples including polymers, dendrimers, mesoporous materials,

zeolites, metal oxides, and carbon.

Reactions using palladium supported on mesoporous materials

have been reported by numerous authors. Among them, Zhao et

al. [18] studied the coupling of non-activated aryl iodides with

different alkenes using Pd-MCM-41-NH2. Other examples

include Pd-FSM 16 (functionalised with pyridine-carboimine or

quinoline-carboimine) [19], oxime carbapalladacycle anchored

on several mesoporous materials [20], and a palladium

bipiyridyl complex anchored on nanosized MCM-41 [21].

Furthermore, a myriad of zeolites have been applied in Heck

reactions, with examples including: modernite, HY or beta

[22,23], montmorillonite [24], layered double hydroxides

(LDH) [25]. Heterogeneous catalysts also lend themselves

particularly well to continuous processing. One such example is

reported by Karbass et al. [26], who carried out continuous flow

reaction using Pd(0) derived from [Pd3(OAc)6] supported on

polymeric monoliths containing methylimidazole, an ionic-

liquid (IL) moiety in near-critical ethanol. It is thought that the

resins act as catalysts to release active palladium-species into

solution. It also appeared that the IL-like unit was capable of

capturing and stabilising the catalytically active soluble palla-

dium species that are generated during the reaction. The reac-

tion system eliminated the requirement of an inert atmosphere.

Reactions between iodobenzene and methyl acrylate achieved

85% yield and 100% selectivity to trans-methyl cinnamate at

200 °C and 80 bar. The reaction system was then extended to

acrylonitrile as the olefinic substituent, and achieved a yield of

66% and 70% trans-selectivity under similar conditions [26].
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Scheme 1: General Heck reaction showing the possible isomers that can be produced.

Other examples of carbon–carbon cross-coupling reactions util-

ising continuous flow systems were also reported. However,

conventional organic solvents were required either during the

reaction or for the extraction progress [3,4,26-31].

The majority of the examples of catalysts discussed employ

phosphines as electron-donating ligands but this is undesirable

as they are toxic, air-sensitive, and moisture-sensitive [32]. An

excess amount of phosphine and palladium are normally

required under the Heck reaction conditions as they are suscep-

tible to decomposition. Unfortunately, an excess of phosphine

reduces the reaction rate, while higher quantities of palladium

result in potentially significant increased production costs [33].

Palladium on a magnesium–lanthanum mixed oxide support

(Pd/MgLaO) was reported to be an efficient, thermally stable

and highly active heterogeneous catalyst in the Heck reactions

of styrene and halides, including iodides, chlorine substituents,

and both activated and non-activated bromine [32]. It has been

rationalised that the MgLaO support itself appears to act as a

base, which in turn acted as an electron-donating group relative

to Pd, thereby eliminating the requirement of the phosphine

ligand. The catalyst can also aid the reaction without requiring

an inert atmosphere.

In this paper we report the Heck reaction between 4-iodo-

anisole and either styrene or methyl acrylate in a continuous

flow reactor. The solvent system used was a mixture of scCO2

and THF/methanol which contained the alkene and the organic

base, DIPEA. In order to reduce the complexity of the system,

palladium metal supported on silica was used as catalyst and no

phosphines were added. While this was likely to reduce the

activity of the system over homogeneously catalysed reactions

using complexes with elaborate ligand design, it would also

make purification simpler.

Results and Discussion
Two reactions were studied using continuous flow chemistry as

shown in Scheme 1. In both cases 4-iodoanisole was used as the

aryl halide. The alkene used was either styrene to yield the stil-

benes 1 or methyl acrylate to yield the cinnamate ester 2. For

each reaction there are three possible regioisomers. The thermo-

dynamically favoured trans- (t) isomer is most common in stan-

dard organic solvents although under certain conditions the cis-

(c) isomer can be formed under kinetic control. The third possi-

bility is the geminal or branched (b) isomer which is usually

formed where a cationic intermediate forms that facilitates

migration of the σ-Pd–C bond from the terminal alkenic 1-pos-

ition to the 2-position. In the majority of publications, the for-

mation of the branched isomer is either not observed or not

reported. Certainly for activated alkenes the branched isomer

rarely forms [12], however we have reported previously that it

can be observed in both homogeneous and heterogeneously

catalysed reactions and also under conditions of continuous

flow [5].

Synthesis stilbenes under stirred tank and
continuous flow conditions
The synthesis of 4-methoxystilbene (1) was carried out under

continuous flow conditions and also in a stirred autoclave

reactor to compare the processes. In the autoclave reaction

(Figure 1) a single composition was investigated corresponding

to the concentrations in the continuous flow reaction set for a

scCO2/organic solution ratio of 5:1. The pressure of the auto-

clave was set as close to 200 bar as possible, however because

no back pressure regulator was present this was achieved by

setting the applied pressure at 167 bar then increasing the

temperature to 145 °C to attain reaction temperature and a pres-

sure close to 200 bar. Because the autoclave is a sealed system

it was difficult to take samples on a regular basis. Therefore, the
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Figure 1: Schematic diagram of the stirred autoclave reactor. Pickel’s pump NWA PM101 was used to achieve supercritical pressure.

Figure 2: Schematic diagram of the continuous flow system. The reactor shown is the 3.9 mm i.d. PFR. For the 1 mm i.d. reactor this was a coil of the
300 cm or 100 cm tube according to the specific reaction.

reactor was run for 24 hours and the sample then analysed after

de-pressurising the system. A total conversion of 94% was

obtained (GC analysis relative to the limiting reagent 4-iodo-

anisole), with 77% conversion to the t isomer and 17% to the b

isomer. No c isomer was detected. This gave a t/g ratio of 4.5 to

1. The remaining analysis corresponded to unreacted 4-iodo-

anisole.

Continuous flow reactions
All reactions were performed in 300 or 100 cm stainless steel

tubular plug flow reactors (PFRs) of 1 mm internal diameter. A

larger diameter (3.9 mm) PFR was also used as a comparison in

one example (Figure 2). Initial studies used flow rates

commensurate with the concentration used in the autoclave

reactor.
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Figure 3: Total conversion of 4-iodoanisole as a function of reactor run time for three reaction temperatures.

Residence time in the continuous flow
reactors
The volume of the unpacked 1 mm diameter reactors in the

styrene and methyl acrylate reactions were 2.36 and 0.79 mL

respectively. The reactors containing catalyst with packing were

found to have a porosity of 0.80, so neglecting packing

swelling, the total volumes available for flow for the 300 cm

and 100 cm length reactors were 1.89 and 0.63 mL respectively.

Unless otherwise stated, the scCO2 flow rate was 0.1 mL min−1

while the organic flow rate was precisely varied over the range

shown in Table 1 to give the total flow rates shown. The range

of possible residence times on each reactor are also given in

Table 1, based on the total flow rates and effective reactor

volumes.

Table 1: Correlation of reaction flow rates to reactor residence times.

Flow rates, mL/min Residence times, min

scCO2 Organic Total
300 cm
reactor

100 cm
reactor

0.1 0.033 0.133 14.2 4.7
0.1 0.025 0.125 15.1 5.0
0.1 0.02 0.12 15.7 5.2
0.1 0.017 0.117 16.1 5.4
0.1 0.014 0.114 16.5 5.5
0.1 0.013 0.113 16.7 5.6
0.1 0.011 0.111 17.0 5.7

Because of the piping pre- and post-reactor there was a volume

through which flow was possible but without reaction. There-

fore, after the commencement of organic solution flow, samples

were not collected over the initial 2 hour period to allow transit

of the fluids through the reactor system. The reactor was oper-

ated over an eight hour period taking the first sample at 3 hours

unless otherwise shown and then at regular intervals.

In the initial flow studies, the scCO2 flow rate was set at

0.1 mL min−1 and the organic solution flow rate at 0.02 mL

min−1. The temperature was controlled to ±0.1 °C using a

Memmert oven. Three reaction temperatures were chosen: 145,

155 and 165 °C. The first samples were analysed 3 hours after

the organic flow was started to allow complete flushing of the

complete reactor system with reagents. Samples were then

taken at regular intervals over an eight hour period. Figure 3

shows the total conversions obtained for combined t and b

isomers. No c isomer was observed in any of the reactions

carried out.

The first feature of note is that the initial conversion at all

temperatures is low. The system takes time to reach equilib-

rium as the catalyst becomes conditioned so therefore requires a

start-up procedure before reaching full conversion capacity.

At 145 °C, conversion of 47% is achieved with a t/b ratio of 6:1

although the system is far from running at equilibrium conver-

sion. Curve fitting shows that after 24 hours approximately 60%

conversion would be achieved. Therefore on comparable

timescale the continuous flow reactor gives a lower conversion

but with a slightly improved selectivity for the conversion to the

t isomer. Increasing the temperature to 155 °C resulted in 75%

conversion after 8 hours with a t/b ratio of 4:1. At 165 °C the

conversion was 86% after 8 hours although the t/b ratio has

decreased to 3:1.
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Figure 4: Total conversion of 4-iodoanisole at 155 °C and 200 bar as a function of reactor run time for different combined flow rates and therefore
residence times. The values of the total flow rates given in the legend are mL min−1.

Figure 5: Total conversion of 4-iodoanisole as a function of reactor run time at 145 °C and at 200 (●) and 250 (ο) bar CO2 pressure.

The effect of overall flowrate through the reactor was deter-

mined by changing the organic flow rate while keeping that of

the scCO2 constant at 0.1 mL min−1. Therefore, the concentra-

tion of the organic reagents increased with increased flow. The

temperature was maintained at 155 °C and the pressure at

200 bar throughout. Figure 4 shows the reaction profile for the

rates studied. Optimum conversion of 76% was observed at

0.12 mL min−1. At faster flows the conversion decreased with

the lowest conversion (1%) was observed for the fastest flow

rate of 0.133 mL min−1. At slower flow rates the conversion

decreased away from the optimum value showing the process to

be a compromise between flow rate and reaction rate.

Increasing the pressure from 200 to 250 bar had a dramatic

effect on conversion. The continuous flow reaction was

repeated at 145 °C and flow rate of 0.12 mL min−1 but at

250 bar scCO2 pressure. The results are shown in Figure 5.

While the conversion increased to 48% at 200 bar with

continued use until the reaction was stopped, there was less than

5% conversion in all cases when the pressure was increased to

250 bar. At this time we cannot account for this almost

complete inhibition of the reaction at increased pressure so we

are carrying out further studies to elucidate the precise mecha-

nism. We are also investigating the effect of pressure over an

extended range to consider solutions at sub- and near-critical
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Figure 6: Conversion of 4-iodoanisole to methyl 4-methoxycinnamate (●) at 155 °C and 200 bar as a function of reactor run time. The open symbols
are the conversions to the different isomeric products for the reaction of 4-iodoanisole with styrene for comparison.

pressures to determine the optimum conditions for conversion

and selectivity in continuous flow systems. Furthermore, it was

noted that while there was a dramatic change in conversion, the

t/b ratio remained unchanged at 6:1.

Synthesis of methyl 4-methoxycinnamate
under continuous flow conditions
An activated alkene, methyl acrylate was reacted with 4-iodo-

anisole under catalytic PFR conditions and the conversion and

product distribution monitored. A column containing the 2%

Pd/SiO2 catalyst with Chromosorb packing (1:3) was

constructed with dimensions 100 cm × 1 mm by cutting fresh

sections of the 300 cm tubes used for the reactions previously

described using styrene. Each reactor therefore contained

15.7 μmol Pd dispersed throughout the volume. The pressure

was maintained at 200 bar and 155 °C throughout and the total

flow rate was set to be 0.12 mL min−1 using a scCO2 flow rate

of 0.1 mL min−1. The residence time on the reactor was calcu-

lated as 5.2 minutes. Including flow in the upstream and

downstream pipework then the total time on the system was

84 minutes so the first sample was taken after 90 minutes.

Figure 6 shows that reaction between 4-iodoanisole and methyl

acrylate proceeded more rapidly than the reaction with styrene

under the same operational conditions. The conversion reached

equilibrium after only 3.5 hours with a conversion of 4-iodo-

anisole of 90 ± 3%. Comparisons between methyl acrylate and

styrene also shows that the latter requires a reaction run time of

about 6 hours to achieve comparable yields and conversion. The

increased reactivity of methyl acrylate over styrene can be

explained in terms of the increased resonance stabilisation of

the intermediate through electron delocalisation over the ester

carbonyl motif.

Another aspect of interest is the product selectivity in the reac-

tions involving 4-iodoanisole and methyl acrylate. The terminal

product, methyl trans-methoxycinnamate (2t) was obtained

exclusively, whereas in the system using styrene, a mixture of

the trans-linear (1t) and terminal-branched (1b) isomers were

observed with the composition dependent on the system

temperature. This may be explained due to a steric effect [34].

In the case of methyl acrylate, proper alignment of the double

bond for migratory insertion is hindered by the presence of the

methyl group, thereby favouring the formation of the terminal

arylation product. The presence of the methyl group on methyl

acrylate might have a more profound impact on steric limita-

tion than the phenyl group of styrene. The results shown here

are consistent to published literature utilising 4-iodoanisole and
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Figure 7: Comparison of conversion as a function of reactor run time for the reaction of methyl acrylate in the 1 mm × 300 cm (ο) and 3.9 mm × 9 cm
(●) plug flow reactors over the Pd-SiO2 catalyst.

Figure 8: TOF values for the 1 mm (ο) and 3.9 mm (●) PFRs at a total flow rate of 0.12 mL min−1, 155 °C and 200 bar for the reaction of 4-iodo-
anisole with methyl acrylate.

methyl acrylate in the presence of ruthenium- and platinum-

complex catalysts, in which complete regioselectivity towards

the trans-isomer was achieved [19].

Having obtained encouraging conversions in the 1 mm diam-

eter reactor, it was decided to scale the reaction out to a 3.9 mm

internal diameter PFR. The 9 cm long reactor was packed with

the catalyst and packing material and the reaction carried out

under identical reaction conditions to those used in the 1 mm

reactor. Accounting for the 0.80 porosity of the reactor filled

with the packed catalyst, the total available volume for fluid

flow in the 3.9 mm reactor was 0.88 mL with a residence time

at a combined flow rate of 0.12 mL min−1 of 7.3 minutes.

Figure 7 shows that the yields obtained in the 1 mm PFR are

slightly lower than those achieved in the 3.9 mm reactor,

however the mass of catalyst was also lower. Furthermore, the

3.9 mm PFR gave complete conversion of the starting material

after only 4 hours flow and this conversion was maintained

while flow continued. In order to study the effects of the cata-
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Figure 9: Turnover frequencies of the Heck reactions at 155 °C using styrene (ο) as combined isomeric products, and methyl acrylate (●) as a func-
tion of reactor run time for the 1 mm internal diameter plug flow reactors.

lyst amount, the turnover frequency (TOF) was also calculated

and this is shown in Figure 8. It is clear that within experi-

mental error that the TOFs in the two reactor configurations are

essentially identical which is encouraging in terms of the ability

to both scale up and scale out the reactions. The TOF is defined

as the number of moles of substrate converted per mol of cata-

lyst per unit time. For a continuous flow system this can be

defined in terms of the molar or volumetric flow rates (uM or

uV), the conversion as a mol fraction (x) and the number of mol

of substrate at the start of the reaction (nS) and the number of

mol of catalyst (nCAT) as shown in Equation 1.

(1)

The TOFs were also calculated for the reactions of styrene and

methyl acrylate with 4-iodoanisole in the 1 mm PFRs in order

to normalise with respect to catalyst concentration as the

lengths of the reactor and therefore residence times for the same

flow rate differed three-fold. The results are shown in Figure 9

and emphasise the more reactive nature of the methyl acrylate

as a substrate. Indeed the methyl acrylate is almost four times

more reactive than styrene under identical conditions of

temperature and pressure.

Conclusion
Supercritical carbon dioxide (scCO2) can be effectively used as

a reaction solvent for the palladium metal-catalysed Heck reac-

tion between an aryl halide and an alkene under continuous

flow conditions in a plug flow reactor (PFR). The efficiency of

the reaction depends on the nature of the alkene used, the

temperature and pressure of the reaction and the flow rate of the

reagents over the fixed bed catalyst. It was found that increasing

the temperature of the reaction between 4-iodoanisole and

styrene resulted in an increased conversion but that the distribu-

tion of isomers was affected with more of the branched,

germinal addition isomer being produced at higher tempera-

tures. In the case of reaction with methyl acrylate as the alkene,

only the single trans-substituted isomer was produced.

Increasing the pressure from 200 to 250 bar in the PFR had the

dramatic effect of almost completely inhibiting the reaction.

The turnover frequency is, as expected, considerably higher

when methyl acrylate is used instead of styrene. However, there

is very little change in the TOF for methyl acrylate when the

internal diameter of the PFR was increased from 1.0 to 3.9 mm.

This is encouraging for the design of continuous flow reactor

systems as the TOF is essentially insensitive to diameter scaling

over the length scales studied and hence there are good

prospects for scaling the flow to handle bigger substrate inven-

tories.

Experimental
Reagents and instruments
All reagents were purchased from Sigma-Aldrich unless other-

wise stated and were used as received without further purifica-

tion. The supported catalyst, 2% palladium on silica was

purchased from Johnson Matthey.

Gas chromatography–mass spectra GC–MS analyses (EI and CI

modes) were performed using a PerkinElmer GC–MS with a

30 m × 0.25 mm × 0.25 μm Phenomenex-ZB5 column by Jane

Stanbra and Simon Thorpe in the Department of Chemistry, The
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University of Sheffield. The oven temperature programme was

60–260 °C at 10 °C/min with a final temperature isothermal

hold for 10 minutes, corresponding to a total run time of

30 minutes. The MS mass limit was set at between 50 and

450 Da. GC analyses were carried out using a Varian 3900 GC

fitted with an autosampler (AS 8400) and a flame ionisation

detector (FID) on a 15 m × 0.25 mm × 0.25 μm CP-Sil 5CB

Chrompak Capillary Column. The oven temperature

programme was set to ramp from an initial temperature of 50 °C

(held for 1 minute) to 250 °C (held for 0.5 minutes) at a rate of

20 °C/minute, totalling to a run time of 11.5 minutes. The

temperatures of the injector and the FID were set at 200 and

250 °C respectively.

Inductively coupled plasma-atomic emission (ICP-AE) analyses

were performed on a Spectro Ciros CDD instrument (Spectro-

Analytical, UK) by Alan Cox and Neil Bramall, Department of

Chemistry, The University of Sheffield. The catalyst particles

were rinsed with organic solvents (diethyl ether, THF and

methanol, 2 × 5 mL each), followed by distilled water

(2 × 5 mL) and dried under vacuum prior to analysis. During

the sample preparation step, the catalyst sample was quantita-

tively transferred to a clean (acid-washed) tube and 6 mL of

concentrated hydrochloric acid and 2 mL of concentrated nitric

acid were added. The sample was placed in a dri-block which

was thermostatically controlled with the temperature gradually

raised to 150 °C. The sample was then maintained at this

temperature for 1 hour. After this digestion period, the sample

was left to cool and quantitatively transferred to a 50 mL tube

and topped up to 50 mL with 1% nitric acid. The element of

interest (palladium) was measured against a calibrated sample

prepared from known standards. The sample was introduced to

the instrument using a flow regulated pump. On reaching the

nebuliser, the liquid sample met argon gas, generating a spray

of droplets. The heavy droplets were captured by the spray

chamber walls and were pumped to a waste container. The fine

droplets (ca. 2% of the sample) passed through the spray

chamber and into the argon plasma (ca. 7000 °C) via the torch.

The resulting atoms and ions were excited and emitted light of

characteristic wavelengths (Pd measured at 340.458 nm). The

light was detected by charged coupled devices (CCD chips)

mounted on the spectrometer. The concentration of Pd was then

calculated using the instrument software. ICP–AE analysis gave

the concentration of palladium metal on the silica gel support as

0.02 g or 0.189 mmol Pd/g. This was later diluted with Chro-

mopac for use in the flow reactors at a ratio of 1:3 catalyst/

packing.

Stirred autoclave reactions
The autoclave reaction set-up is shown schematically in

Figure 1. A standard reaction solution made from 4-iodoanisole

(1 equivalent, 3.5105 g, 15 mmol), styrene (2 equivalents,

3.1245 g, 30 mmol), N,N-diisopropylethylamine (DIPEA,

2 equivalents, 5.23 mL, 30 mmol) and dissolved in THF

(15 mL) and methanol (15 mL each) was prepared and stirred

thoroughly until completely mixed. The ratio of organic to

scCO2 used in the autoclave corresponded to the 5:1 volumetric

ratio used in the continuous flow reactions. The tetrahydrofuran

and methanol were used to dissolve the organo iodide and act as

a miscible, polar modifier to enhance the solvating properties of

the scCO2. The 60 mL autoclave was charged with 2.4 mL of

the reaction solution, corresponding to 4% of the autoclave

volume. 2% Palladium on a silica support catalyst (20.4 mg,

2.463 mmol) was then added and the autoclave sealed and

inserted into a pre-heated aluminium heating block (external

temperature 145 °C, internal temperature 120 °C). After a

period of 30 minutes the remaining reactor volume (57.6 mL)

was pressurised with scCO2 at 167 bar using a Pickel’s pump

NWA PM-101 operating in constant pressure mode. The reac-

tion was stirred for 24 hours at a rate of 145 rpm. To work-up

the reaction mixture, the autoclave was allowed to cool to room

temperature and then slowly depressurised by venting the CO2.

The reaction mixture remaining in the autoclave was then

dissolved in additional tetrahydrofuran, before extracting into

diethyl ether and washing with water. The resulting organic

mixture (top layer) was then withdrawn and dried over magne-

sium sulfate then analysed by gas chromatography using a

Varian 3900 GC with reference to standard solutions of trans-4-

methoxystilbene.

Continuous flow reactions
Particles of the catalyst, 2% Pd on silica, (250 mg) thoroughly

mixed with the packing material (Chromosorb 750;

100–120 mesh; 750 mg) were packed into standard HPLC

columns (length 300 cm, internal diameter 1 mm). The columns

were laid out straight and a small pressure (1 bar) was applied

to fill the material into the column. No vacuum was used. The

catalysts were dispersed in a uniform manner through the whole

length of the column, and finally the ends plugged with 25 μm

stainless steel frits. For the reaction with methyl acrylate, the

column was cut into 100 cm sections. The unpacked volume of

the 300 cm long reactor was 2.36 mL and the 100 cm long

reactor 0.79 mL. In all cases the columns were then coiled a

small volume within the cavity of a Memmert oven. The setup

for the continuous flows is shown schematically in Figure 2.

The reactor was connected to the fluid delivery system using

standard Swagelok fittings, and housed in a Memmert oven

with custom fitted inlet and outlet ports. Supercritical carbon

dioxide was generated by passing the feed from a CO2 cylinder

(BOC, liquefied at 15 °C, 50 bar pressure) through a Jasco

PU-1580-CO2 supercritical pump. The system was first satu-
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rated with CO2 at high flowrates (1 to 2 mL) until the desired

pressure was reached, followed by gradual reduction of the CO2

flowrate to the target value. The system was heated up when the

reactor was saturated with CO2 at 200 bar. When the desired

temperature was reached, the system was left to equilibrate for a

further period of 15 minutes. Pumping the organic reaction mix-

ture (4-iodoanisole, 15 mmol; styrene, 30 mmol; N,N-diiso-

propylethylamine, 30 mmol; tetrahydrofuran, 15 mL; methanol,

15 mL) was achieved using a Jasco PU-1580 HPLC pump set at

constant flow mode. The organic reaction mixture was pumped

at a variety of flowrates while maintaining constant scCO2

flowrate of 0.1 mL/min for all runs. The entire system pressure

was controlled by a Jasco PU-1580-81 back pressure regulator

(BPR). Samples were collected at regular intervals using vials

placed underneath the BPR outlet port. The CO2 evaporated

immediately on de-pressurisation leaving a solid residue

containing the mixture of products. The samples were then

analysed by gas chromatography (GC) and GC-mass spectrom-

etry (GC–MS) against known calibration standards of the

starting material and products. At the end of reaction, the

system tubing and reactor were flushed with CO2 and the

organic solvent mixture (THF and methanol) for a further

period of 6 hours to remove any products, byproducts and unre-

acted organic reagent.

A larger continuous flow reactor with 3.9 mm internal diameter

of length 9 cm was also used as a comparison to assess the

effects of scaling up the flow reactor. This was constructed

from stainless steel tubing with 25 μm steel frits at each end,

connected to the solvent delivery system using standard ¼ inch

Swagelok fittings. The reactor body was filled with the 1:3

(w/w) mixture of the 2% palladium on silica catalyst and Chro-

mosorb packing material. The unpacked volume of the reactor

was 1.075 mL.

Sample analysis
To work up the reaction, the raw sample was diluted with

diethyl ether (2 × 3 mL), then washed with an equivalent

volume of distilled water to dissolve the halide salt formed.

Diethyl ether (2 mL) was added to a GC vial and 5 drops of

solution from the organic top layer of the extraction mixture

was withdrawn using a Pasteur pipette and added into the GC

vial. The solution was thoroughly mixed and analysed by GC

and/or GC–MS.
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Abstract
This review highlights the state of the art in the field of continuous flow nitration with miniaturized devices. Although nitration has

been one of the oldest and most important unit reactions, the advent of miniaturized devices has paved the way for new opportuni-

ties to reconsider the conventional approach for exothermic and selectivity sensitive nitration reactions. Four different approaches

to flow nitration with microreactors are presented herein and discussed in view of their advantages, limitations and applicability of

the information towards scale-up. Selected recent patents that disclose scale-up methodologies for continuous flow nitration are also

briefly reviewed.
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Review
1 Introduction
Nitration of aromatics is one of the oldest and industrially most

important reactions. A reaction between an organic compound

and a nitrating agent leads to the introduction of a nitro group

onto a carbon, nitrogen or oxygen atom of that organic com-

pound [1]. Among the earliest reports are those of Faraday

nitrating benzene, the synthesis of nitrobenzene by Mitscher-

lich [2] using benzene and fuming nitric acid, and the use of

mixed acids (nitric acid and sulfuric acid) for aromatic nitration

by Mansfield [3]. In general, nitration reactions are fast and

highly exothermic. Typically, the nitration of aromatic com-

pounds is acid-catalyzed and it involves an electrophilic substi-

tution where the nitronium ion (NO2
+) acts as the reactive

species [4-6].

Based on estimations of 2007 and the proposed world produc-

tion capacity, the overall world production of nitric acid in 2012

is assumed to be close to 78 Mi TPA, of which 85% is used for

the production of ammonium nitrate as fertilizer and 6% for

production of nylon. The remaining 9% – that is about 8 Mi

TPA – are used for the nitration of aromatics [7]. Nitro deriva-

tives of aromatic compounds are used in variety of basic chemi-

cals, specialty chemicals, and knowledge chemicals. They are

also employed in dyes, perfumes, pharmaceuticals, explosives

[8], intermediates, colorants, and pesticides. In general, the

annual demand for nitric acid grows in the range of 3 to 6%. A

large proportion of nitric acid consumed during aromatic nitra-

tion is directed towards the synthesis of aniline derivatives,

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:aa.kulkarni@ncl.res.in
http://dx.doi.org/10.3762%2Fbjoc.10.38
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Figure 1: Analysis of the literature on aromatic nitration over the last 50 years. Numbers next to each nitrating agent correspond to the percentage of
literature in which the respective agent is used for nitration.

which are produced by nitration followed by reduction. These

aniline derivatives find applications in insecticides, pigments,

dyes, resins, textiles, elastomers, plant growth regulators,

pharmaceuticals, fuel additives, antioxidants, and rubber accel-

erators. In the leather industry m-nitrophenol is used as a fungi-

cide and p-nitrophenol as a chemical intermediate for leather

preservatives. 2,4-Dinitrophenol is useful for the manufac-

turing of photographic developers and serves as a wood preser-

vative and also as an insecticide. 4-Amino-2-nitrophenol and

2-nitro-p-phenylenediamine are components of permanent hair

dye products and fur dye. Several aniline derivatives are also

used for the synthesis of various dyes [9], the first one being the

aniline Yellow [10] reported in 1880. The history of the rele-

vance of nitration for the dye and colorant industry covers more

than a century. Nitro derivatives of the toluene diisocynate are

employed in the manufacturing of flexible polyurethane foams,

which are used in transformation, furniture, and carpet

underlay. 2,4,6-Trinitrotoluene is a military and industrial

explosive. Nitro derivatives of glycerine, urea and naphthalene

also exhibit explosive properties. Some of the aniline based

dyes were used for medical applications, too. The extension of

the aniline based medicines led to hundreds of drugs [11],

which were used for medication during and after World War II

(1939–45). Several nitro derivatives are applied to the synthesis

of the respective amino groups, which form important building

blocks in the synthesis of active pharmaceutical ingredients

(APIs). Almost 65% of APIs requires at least one nitration step

in the whole process. Among the other basic chemicals that are

used in significantly large quantities are a large number of

organic molecules, e.g., nitrobenzenes, nitrophenols, nitro-

toluenes, nitroxylenes, nitronaphthalenes, nitrohaloaromatics,

nitroanilines, nitrotoluidines, imidazole derivatives, nitro-

ketones, pyridine and quinoline derivatives, and nitro alcohols.

Thus, part of the human life and life style is dependent of nitra-

tion as a unit reaction.

In general, several types of nitrating agents are used for nitra-

tion. A literature search covering the last 50 years is presented

in Figure 1. One third reports on nitrations of organic substrates

with sulfuric acid and nitric acid as the nitrating agents.
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However, the use of other activating agents (e.g., acetic anhy-

dride) is not uncommon. Typically, nitrations with undiluted

nitric acid generate water that leads to the dilution of the nitric

acid, so that the concentration of the nitronium ions and thus the

reaction rates are reduced. It also gives a lower selectivity due

to the oxidation of the aromatic substrate. The isolation of the

product from the organic phase is problematic, even after

complete conversion is achieved. Nitric acid is commonly used

in excess and it can form a complex with the organic products,

so that only after reaction, significant dilution with water allows

separating the organic phase from the diluted nitric acid. The

sulfuric acid in so-called “mixed acid”, i.e., a mixture of HNO3

and H2SO4, catalyzes the generation of nitronium ions and

extracts water, which is generated from the dissociated nitric

acid. Usually, the sulfuric acid is used in excess in the prepar-

ation of the mixed acid. Therefore, in the presence of sulfuric

acid nitrations are usually faster and selective. A variety of

other acids including solid acids can be used in place of sulfuric

acid to enhance the rates of nitration. This review focuses on

continuous nitration under flow conditions, while the mecha-

nisms of nitration will not be discussed in detail, as they are

well understood [12]. In the absence of any other acid, nitric

acid alone can act as a self-protonating agent or self-catalyst in

which one molecule of nitric acid protonates a second one

leading to the formation of a nitronium ion [13]. The electro-

philic nitration is the most common reaction. It proceeds

through the nitronium ion NO2
+ as an electrophilic species. One

of the most widely accepted mechanism for the electrophilic

nitration involves the sequence of reactions depicted below

[12]:

(1)

(2)

(3)

(4)

In the first step, the presence of a strong acid catalyst HA proto-

nates HNO3 thereby releasing the reactive species NO2
+ and

water in the second step. Both of these steps are rapid and re-

versible. The third step is much slower – and hence rate-

controlling – than the reverse of the second step due of the pres-

ence of water and the poor solubility of the aromatic species in

the mineral acid medium. In the rate-controlling step the nitro-

nium ion attacks the aromatic ring to give an intermediate

carbocation, which deprotonates rapidly to afford the nitroaro-

matic product in the final step. Therefore, nitration in mineral

acid exhibits a second-order kinetic behavior, first-order in

HNO3 as well as in the aromatic substrate. However, the reac-

tion rates strongly depend upon the strengths of the cumulative

acid [14]. The strength of the nitric acid and the quantity of the

sulfuric acid necessary for a given nitration depend on the sub-

strate and the desired extent of nitration. The weight ratio of

consumed sulfuric acid to the weight of water in the final acid

(spent acid) after the nitration is complete is termed the dehy-

drating value of sulfuric acid (D.V.S.). The D.V.S. value is esti-

mated by multiplying the mol ratio of sulfuric acid to water

with 5.444. This is one of the most common parameters for

exploring the nature of a substrate that undergoes nitration [15].

However, the nature of nitration and the corresponding heat

effects largely depend upon the nitrating agent, the conditions

of the nitration, and the reactivity of the aromatic substrate [16].

Generally, the economics of a nitration process largely depends

on the procedure used to remove the water from the system and

the regeneration of the dehydrating agent [17]. Theoretically,

the application of undiluted nitric acid – usually used in excess

– is expected to avoid the use of water. In practice, however, the

separation of nitroarenes is facilitated in the diluted nitric acid.

Nitration with diluted nitric acid generates the nitronium ion in

the following manner:

(5)

In general, this approach is not considered economically

feasible, so that most nitrations are carried out with the next

cheapest nitrating agent i.e., a mixture of nitric and sulfuric

acids. If they are used in excess, both of them are usually

treated by neutralization, by feeding the weak nitric acid to an

absorption tower, or recovered from the spent acid. Generally,

the latter two options are not viable unless the quantity is very

large. A simple neutralization is unacceptable given stringent

environmental regulations. Adherence to regulations and

requirements adds to the process costs [17].

2 Nitration: modes and systems
Conventional aromatic nitration usually follows a batch or a

semi-batch approach, where the mixing of reactants and the

reaction itself are carried out very slowly [18,19]. Some of the

most important concerns, which do not allow for an easy scale-

up include: (i) an inadequate heat transfer area (20–100 m2/m3),

(ii) an inhomogeneous system, mainly due to immiscible

substrates and inefficient mixing, leading to mass transfer limi-

tations, (iii) batch to batch variation in the degree of conversion,

yield and selectivity, (iv) prolonged reaction times, (v) reac-

tions at very low temperatures to reduce the rate of heat genera-

tion, (vi) the use of excess nitrating agent, mainly the spent

acid, which occupies significant volume, has to be neutralized
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thereby needing large quantity of water, and generates inor-

ganic salts. As one or more of these limitations are experienced

in every batch operation it is necessary to check their feasibility

for continuous flow processing. Such transformations from

batch to flow have been carried out for a lot of reactions and

many continuous nitration plants of commercial scale exist.

However, the real challenge is in taking-up such an exercise for

products where these transformations will not only help to over-

come safety issues, but also significantly enhance the yield of

the desired isomer. Having the importance of nitration in mind

and considering the challenges industrial nitration is faced with

in terms of the sustainability of individual processes a few large

scale consortia have focused on continuous flow nitration using

miniaturized devices [20,21].

An analysis of the literature shows that as many as 45% of the

nitrations are for liquid phase systems both homogeneous

(miscible) and heterogeneous (immiscible) with only 24% for

homogeneous systems. Most of the remaining examples involve

the substrate in solid phase. Only very rarely is the nitration of

gases reported in the literature. Thus, suitable devices and

equipment for nitrations are determined by the phases involved

and their activity. The presence of multiple phases clearly indi-

cates the choice of substrates explored in the nitrations reported

so far and the use of solvents for specific substrates, mainly to

maintain the system in liquid phase (although immiscible).

More details on the selection of the experimental setup will be

elaborated in section 3.

In this review, we analyze recent studies on continuous flow

nitration using miniaturized flow reactors. We provide a guide-

line that helps to quickly decide under which conditions it is

worthwhile to conduct continuous flow nitration from a prac-

tical point of view. Key features of this report are: (a) a

thorough overview on continuous flow nitrations, (b) a discus-

sion on general issues that have to be considered when conduct-

ing continuous nitrations, (c) how data from individual reac-

tions are collected and analyzed in order to devise scale-up or

numbering-up processes or extend the approach for the contin-

uous preparation of other derivatives and (d) guidelines

supporting to identify the best setup for continuous flow nitra-

tions using microreactors.

3 Continuous flow nitration
During World War II, both batch and continuous flow nitration

were conducted for the production of different nitroarenes (e.g.

nitroglycerin, ethylene glycol dinitrate, diethylene glycol dini-

trate, cyclotrimethylenetrinitramine, pentaerythritol tetranitrate,

nitrocellulose, etc.). Continuous processes were enforced as

they allowed to retain the same scale of operation while keeping

the plant size limited [17]. Continuous apparatus for the nitra-

tion of solid materials and the production of solid nitrated com-

pounds were commercially used in several European countries.

Yet, as of today, a large number of nitrations are still conducted

in batch mode across the world. The primary reasons for the

batch mode approach are the small scale and infrequent produc-

tion owing to multipurpose facilities. However, even these

small production centers leave a large chemical footprint.

Therefore, many examples of efficient continuous flow nitra-

tions have been established in the last few years.

The initial development and demonstration of the continuous

flow synthesis using miniaturized devices or microreactors took

place in academia and research institutions. The benefits of the

approach are particularly evident for highly exothermic reac-

tions and for reactions involving unstable intermediates. Later,

this approach was adopted by the industry and feasibility

studies on microreactors provided concepts for pilot plant

development and commercial scale manufacturing. Early explo-

rations included the nitration of aromatic substrates. Selected

references on continuous flow nitration are given in Table 1. In

the following, we analyze and discuss important points

collected from the literature, which are relevant for the experi-

mental setup, the scale of operation, the reproducibility, the lack

of data etc. This examination may be helpful to decide whether

the current level of knowledge is sufficient to extend the

approach of continuous flow nitration to other aromatic

substrates and whether the available data are sufficient to for a

scale-up.

3.1 Analysis of the literature
The literature that covers continuous flow nitration can be

coarsely classified on the basis of (a) the nitrating agent, (b) the

type of reaction device, (c) the property of the system being

homogeneous or multiphase, and (d) the exothermic extent of

individual reactions. A typical experimental setup for contin-

uous flow nitration includes pumps for the dosing of reactants, a

micromixer for the rapid and efficient mixing of these reactants,

and a residence time unit, which may be either a microfluidic

device with channels or a tube.The residence time unit is either

immersed in a constant temperature bath or has built-in cooling/

heating systems to maintain a specific temperature. A schematic

of such a setup is shown in Figure 2. In Table 1 specific para-

meters are shown to provide a firsthand overview of the typical

conditions and setups. In general, the heat of reaction for all of

them ranges from −73 to −253 kJ/mol, and almost all substrates

are in liquid phase, propane being the sole exception. Typical

residence times are between 5 s to 15 min corresponding to an

average heat release rate of −10 to −50 kJ/s/mol. These numbers

require a heat transfer area per unit volume between 300 and

2540 m2/m3, which corresponds to channel diameters in the

range of 0.0016 to 0.013 m. These dimensions are actually close
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Table 1: Summarized literature survey on continuous flow nitration using microreactors (NA: nitric acid, Org: organic substrate).

No. Author (year) Substrate Experimental conditions % Conversion
[% selectivity]
(% yield)

Temp.
(°C)

τ (min) Nitrating agent

1 Denton et al. [22] 2-nitropropane 204–232 10 70% HNO3
(NA/Org = 1)

50

2 Veretennikov et al. [23] chlorobenzene 65 10 97% HNO3
(NA/Org = 3)

99

3 Anderson [24] 2-amino-6-chloro-4-hydroxy-
1,3-diazine

45 2.5 90% HNO3
(Org + H2SO4)

85

4 De Jong et al. [25] 2-amino-4-chloro-6-hydroxy-
pyrimidine
(+ H2SO4)

45 7 h 90% HNO3
(NA:Org = 3.09:1)

81.60

5 Dagade et al. [26] toluene 120 – NA:Org = 0.59:1 55
[73]

6 Panke et al. [27] pyrazole-5-carboxylic acid
(+ H2SO4)

90 35 HNO3 + H2SO4 (73)

2-methylindole
(+ H2SO4)

3 0.8 NaNO3 + H2SO4 (70)

pyridine N-oxide
(+ H2SO4)

120 78 Nitrating mixture (78)

toluene
(+ Ac2O + H2SO4)

30 70 neat HNO3 –

7 Antes et al. [28] toluene −10 3 s NA:Org = 2.56:1 89–92
8 Ducry and Roberge [29] phenol 45 NA:Org = 1.8:1

(Org:AcOH = 1:6)
75
[79.4]
(o:m ~ 1.1)

20 15 NA:Org = 1.4:1 77
[74.6]
(o:m ~ 1)

Figure 2: Schematic of a typical experimental setup for aromatic nitra-
tion. The circular segment shown inside the thermostat is usually a
micromixer.

to the channel diameters used in most of the experiments. In this

review, we have classified the literature on the basis of the

nitrating agent, so that the comments on hydrolytic termination,

isolation and other work-up aspects can be separately applied

for each class.

3.1.1 Nitration with mixed acids. As mentioned above 30% of

reported nitrations utilize mixed acids as a nitrating agent. The

nature of mixed acids varies from system to system. In one of

the first feasibility studies under continuous flow conditions

Burns and Ramshaw [42] used a simple T-junction with three

intersecting channels followed by a coiled capillary (length

~30 cm and 180 cm, i.d. ~0.127 mm to 0.3 mm), which served

as a microreactor system. The reactor coil was placed on a hot

plate that was insulated with layers of polyurethane foam to

ensure a minimum heat loss. The experimental setup resembles

the schematic shown in Figure 2. It was observed that the

concentration of nitrobenzene increases with reactor length at

different concentrations of the sulfuric acid in nitric acid. The

initial nitration rates were governed by the kinetics and by mass

transfer limitations. Both of these regimes strongly depend on

the concentration of sulfuric acid given at a fixed wt % of nitric

acid. In case of toluene nitration, at a given fixed composition

of the nitrating agent the initial rate doubles with an increase in

the reactor temperature from 25 °C to 60 °C over a wider range

of inlet flow ratio of the two phases. Interestingly, the initial

reaction rates are reported to be higher when the inlet velocity

of the reacting mixture is increased, a fact later elaborated in

detail by Dummann et al. [43].
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Table 1: Summarized literature survey on continuous flow nitration using microreactors (NA: nitric acid, Org: organic substrate). (continued)

9 Kulkarni et al. [30] salicylic acid 50 7 HNO3 + AcOH
(AcOH:Org = 10)

100

10 Pelleter & Renaud [31] 3-methylpyrazole
(+ H2SO4)

65 90 69% HNO3
(NA:Org = 13)

[88]

3-ethyl-1H-pyrazole
(+ H2SO4)

65 25 69% HNO3
(NA:Org = 33)

[55]

11 Yang et al. [32] benzene 75 72 s NA:Org = 3.1:1 44.70
[99.9]

12 Kockmann & Roberge [33] phenol 20 65% HNO3
(NA:Org = 1.4:1)

77
[74.6]

13 Shen et al. [34] isooctanol 35 7.2 s Nitrating mixture
(NA:Org = 1.5:1)

98.20

14 Kulkarni et al. [35] benzaldehyde 5 Nitrating mixture
(NA:Org = 3.5:1)

100

15 Brocklehurts et al. [36] 8-bromo-1H-quinolin-2-one 90 3 100 % HNO3
(NA:Org = 20:1)

100

1-benzosuberone 10 5 (NA:Org = 10:1) 79
16 Knapkiewicz et al. [37] 2-isopropoxybenzaldehyde 10 5.4 s red fuming HNO3

(NA:Org = 6.47:1)
(Org +
dichloromethane)

65

17 Löwe et al. [38] propane 385–455 1 s (NA/Org = 1) 2
18 Gage et al. [39] N-(5-bromo-4-methylpyridine-

2-yl)acetamide
0–5 11 h Fuming HNO3 +

H2SO4
(NA/Org = 1.1)
(Org+SA)

50
[99]

19 Yu et al. [40] p-difluorobenzene 30–70 0.3–1 Nitrating mixture
(SA/NA = 1.8)

98
[99]

20 Chen et al. [41] N-(1-ethylpropyl)-3,4-xylidine 60–90 0.8–9 s HNO3 65–98%
(NA/Org = 4.3)

100
[92–99]

21 Burns and Ramshaw [42] benzene and toluene 25 to 60

Scheme 1: Nitration of substituted pyrazole-5-carboxylic acid 1. T = 90 °C, residence time = 35 min, yield: 73% [27].

Continuous flow nitration of a few important arenes using the

standard nitrating mixture in a CYTOS microreactor was

carried out by Panke et al. [27]. The nitration product of

1-methyl-3-propyl-1H-pyrazole-5-carboxylic acid is an inter-

mediate for the “life-style drug” Sildenafil® (Scheme 1). Simi-

larly, nitration of 2-methylindole, pyridine N-oxide and toluene

(also with an acetyl nitrate Ac2O/HNO3 mixture) were

conducted. The conventional procedure for the conversion of

2-methylindole (4) into 2-methyl-5-nitroindole (5) relies on the

addition of NaNO3 in H2SO4 to the starting material

(Scheme 2) over a period of 1.5 hours. This helps to maintain

the internal temperature at 0 °C and gives 80% yield. The

continuous laboratory scale process required only 0.8 minutes at

Scheme 2: Nitration of 2-methylindole (4). T = 3 °C, residence time =
48 s, yield: 70%. [27].

3 °C to obtain 70% yield of the desired nitro derivative. For the

nitration of pyridine N-oxide (6), which requires a higher

temperature (~120 °C), the approach using a microreactor

resulted in a yield of 78%, an improvement compared to the
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Scheme 4: Nitration of toluene (8). Method 1: H2SO4/HNO3, T = 65 °C, residence time = 15 min. Method 2: Ac2O/H2SO4/HNO3, T = 30 °C, resi-
dence time = 70 min (higher selectivity and major products 2-nitrotoluene (9) and 4-nitrotoluene (10) were obtained in 54% and 39%, respectively)
[27].

Figure 3: Graphical presentation of a microreactor used for double nitration and the schematic of the experimental setup. The microreactor includes a
built-in facility for heat transfer. Reproduced with permission from [41]. Copyright 2013 The Royal Society of Chemistry.

conventional approach (72% yield, Scheme 3). The authors

carried out the continuous nitration of toluene (8) with the

nitrating mixture H2SO4/HNO3 and with acetyl nitrate gener-

ated in situ from HNO3 and Ac2O (Scheme 4). The first method

resulted in >98% conversion and 48%, 36% and 8.2% yields,

respectively, for ortho-, meta- and para-mono-nitro isomers.

The second method led to a complete conversion with 54%,

39% and 2.7% yields, respectively. The yield of the secondary

nitration products was smaller in the presence of acetic anhy-

dride. This observation is important as nitrations that involve

acetic anhydride are inherently unsafe, yet the range of conver-

sion and the yields that are achieved will be different depending

upon the mechanism.

Scheme 3: Nitration of pyridine-N-oxide (6), T = 120 °C, residence
time = 80 min, yield: 78% (72% in the flask experiment) [27].

In general, the dinitroaniline derivatives are produced by nitra-

tion of anilines. Chen et al. [41] studied the one-step dinitration

that yields N-(1-ethylpropyl)-3,4-dimethyl-2,6-dinitroaniline.

Under conventional conditions of nitration, oxidation or over-

nitration of aniline derivatives is unavoidable, as the reaction

rates are strongly limited by interfacial mass transfer due to

biphasic conditions. The selectivity of the isomer of interest can

be increased by avoiding any pre-protection of the amino

groups of aniline derivatives. All the experiments have been

carried out in a microreactor (0.2 mL volume) with very high

heat and mass transfer coefficient allowing excellent tempera-

ture control (<±2 °C) (Figure 3). In the conventional two-step

approach the aniline solution (30 wt %) is treated with diluted

nitric acid as the first step [44], and after isolation the inter-

mediate is again treated with additional concentrated nitric acid

as the second step. The reaction time is 4 hours and the reaction

gives 89% yield of pendimethalin (N-(1-ethylpropyl)-3,4-

dimethyl-2,6-dinitroaniline) and N-nitrosopendimethalin with a

molar ratio of 7:3. Higher concentrations of nitric acid gave

higher degrees of conversion. When carried out in a microre-

actor the same reaction gives 100% conversion and 97% yield

with 3 mol equivalents of nitric acid at 60 °C. The process

could be scaled-up up to 432 tons per year and the protocol has

been adapted for other aniline derivatives.

Continuous flow nitration of 2-amino-6-chloro-4-pyrimidinol

(14) for the synthesis of 2-amino-6-chloro-5-nitro-4-pyrim-

idinol (15) and its stable diisopropylamine salt using 90% nitric

acid in sulfuric acid are reported by De Jong et al. [25]

(Scheme 5). The substrate is dissolved in sulfuric acid and the
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reaction is carried out in a translucent Teflon tube immersed in

a constant-temperature bath. Typical residence time of the reac-

tion mixture in the tube was approximately 2.5 min and the

outlet mixture was quenched in a tank containing cold water.

Scheme 5: Nitration of 2-amino-6-chloro-4-pyrimidinol (14) [25].

In another study, Kulkarni et al. [35] showed that the nitration

of benzaldehyde (16) can be carried out in a safe manner in a

continuous mode using a microreactor system (Scheme 6). The

performance of this two phase reaction critically depended on

the choice of a micromixer. The availability of high heat

transfer area helped to increase the reaction temperature to

reduce the reaction time to 2 min. Efficient mixing, which can

be achieved by using structured micromixers, i.e., caterpillar

micromixer, was favored over the simple T-micromixer. The

experimental setup consisted of two syringe pumps, which

pump the reactants – a nitrating mixture and benzaldehyde –

through 20 mL glass syringes connected to SS316 tubes by a

glass-to-metal PTFE connector. After the micromixer a

hastelloy tube (1.38 mm i.d. and 6 m long) acted as a residence

time unit immersed in a thermostat maintained at 5 °C. The

contact angles of the aqueous phase on the SS316 ensured that

it remained in the continuous phase, while benzaldehyde was

present in the form of discontinuous slugs. The authors

observed that the rate constant of the reaction leading to the for-

mation of the meta-isomer was higher and the rate of change in

the ratio of isomers increased with increasing amounts of nitric

acid. The greatest mol fraction of the meta-isomer 17 was

obtained when the HNO3 was employed in 3.5 equivalents of

16. The same reaction was conducted with a nitrate mixture

composed of sulfuric acid, nitric acid and acetic anhydride,

which led to a homogeneous system. However, an over-oxi-

dation of 16 was encountered due to the presence of acetic

anhydride, so that benzoic acid was formed. The poor solubility

of benzoic acid in the aqueous phase led to an immediate clog-

ging of the tubular reactor. This undesired clogging occurred

under a wide range of temperature and residence time condi-

tions thereby preventing a successful nitration. This example

illustrates that a homogeneous reaction mixture is not a suffi-

cient condition to successfully transform a known nitration into

continuous mode, the handling of the solubility of the unde-

sired solid has to be considered as well. This issue was finally

dealt with by dissolving the benzoic acid in a suitable solvent

(n-hexane), which also reduced the reaction time to a few

seconds. However, even though the conversion of benzalde-

hyde was complete, the presence of acetic anhydride resulted in

a significant change in the isomeric ratio and yielded many

undesired products. In another example, continuous flow nitra-

tion of salicylic acid (19) with HNO3/AcOH was performed by

Kulkarni et al. [30] in a SS316 tubular microreactor. Com-

pound 19 was completely converted to mono-nitro derivatives

in less than 7 min, and afforded 5-nitrosalicylic acid (20) as the

major product (Scheme 7). A large excess of acetic acid in the

reaction mixture was necessary to avoid precipitation of the

desired product 20. The authors reported the formation of

byproducts when the reaction was conducted at higher tempera-

tures. Continuous operation for 2 hours consistently yielded the

same composition at the outlet. In a more detailed work, these

authors showed the importance of heat transfer for the contin-

uous flow nitration of salicylic acid, as poor heat transfer can

give a higher conversion rate but lower selectivity for the

desired product. Contrary to a patent description [45], glass is

less suited than metal SS316 or Hastelloy due to lower thermal

conductivity. Thus, the choice of material of the reactor plays a

significant role in controlling the yield and selectivity of the

desired product.

Scheme 6: Nitration of benzaldehyde (16) [35].

Scheme 7: Nitration of salicylic acid (19) [30].

Ducry and Roberge [29] used a glass microreactor with

<0.5 mm channel width and 2.0 mL internal volume for the

continuous flow nitration of phenol (Scheme 8). The nitration

was investigated with a wide range of phenol concentrations as

well as different equivalents of HNO3. Acetic acid was used as

a solvent. Experiments were also carried out with 10% water

instead of an organic solvent. In the absence of a solvent the

results from the continuous flow experiment turned out to be

superior to batch experiments with a significant increase in the

formation of mono-nitro products. The authors reported that
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Scheme 8: Nitration of phenol (22) yielding mono-nitro isomers 23 and 24 as main products, hydroquinone (25), dinitrophenols (26 and 27), and poly-
meric side products.

with 1.4 equivalents of nitric acid at 20 °C a yield of 77% of

mono nitrophenols can be achieved.

An important example of continuous flow nitration leading to

alkyl nitropyrazoles was reported by Pelleter and Renaud [31].

The nitration products 3-methyl-4-nitropyrazole (29), 3,5-

dimethyl-4-nitropyrazole (31) and 3-ethyl-4-nitropyrazole (32)

were obtained with nitrating mixture and were expected to show

detonating properties under severe confinement (Scheme 9).

This flow synthesis did not allow the pressure inside the reactor

to undergo rapid variations in a short time, thereby increasing

the safety of this synthesis approach. The experimental setup for

this nitration is shown in Figure 4. The set-up is similar to the

systems used in the literature except that a back pressure regu-

lator was used to ensure that any pressure variations during syn-

thesis are suppressed to avoid any critical situation. It is impor-

tant to note that the pyrazole was nitrated after dissolving it in

the sulfuric acid. For a reactor of 10 mL volume, the tempera-

ture was maintained at 65 °C, and the hydrolysis was carried out

by dropping the reaction mixture into a cold aqueous solution

saturated with potassium carbonate. The residence time for the

synthesis of compounds 29 and 31 was 90 minutes, while it was

25 minutes for compound 32. The formation of dinitro deriva-

tives can be prevented by a strict temperature control. While the

authors indicate that a higher amount of products may be

synthesized by increasing the number of micromixers and

extending operating hours, specific calculations on the

economic viability are not given. A longer residence time leads

to lower flow rates and thus to laminar flow conditions. In spite

of a higher heat transfer area, such conditions do not offer high

heat transfer rates and result in axial dispersion. Consequently,

restricting the temperature below 65 °C can avoid the dinitro

products, ensuring that the reaction mixture is locally homoge-

neous. One of the ways to reduce the axial dispersion is a

segmented flow, which is implemented by using an inert gas or

immiscible inert liquid. However, under such conditions it is

essential to ensure a continuous mixing along the length of

reactor. In this report, the authors used excess acid. While it

may be required for a reaction to keep the entire mixture homo-

geneous, the overall process suffers from a neutralization step to

isolate the product. However, since the large-scale synthesis of

Figure 4: Photograph of the experimental setup for the synthesis of
alkyl-nitropyrazoles. IMM’s SIMM-V2 micromixer was used to ensure
better mixing at the cost of pressure drop. Reproduced with permis-
sion from [31]. Copyright 2009 The American Chemical Society.

Scheme 9: Synthesis of 3-methyl-4-nitropyrazole (29) and 3,5-
dimethyl-4-nitropyrazole (31) [31].

nitropyrazoles is not a safe reaction under batch conditions, the

continuous flow synthesis is the process of choice.

Henke and Winterbauer [46] reported a corrosion resistant

microreactor built up of PTFE and tantalum for the simulation
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of different nitration reactions. The microreactor proposed for

this adiabatic nitration included components made in tantalum

and PTFE connected in series. In the reactor, the dimensions of

the components vary along the length and thus they induce

mixing, initially of sulfuric acid with nitric acid and later with

benzene. Orifices with different diameters induce different flow

regimes in the reactor. The authors claim this microreactor has

infinite scalability, as it is based on the addition of different

components in sequence. In one of the first reports on the

continuous flow nitration of benzene without the use of sulfuric

acid Othmer et al. [47] used a column (1 inch diameter and

1.22 m long) that was attached to a reflux condenser, which led

into a decanter. It was reported that the continuous nitration

plant is advantageous over the batch process in terms of greater

production capacity per man-hour and per square foot of floor

space. Furthermore, the mixed acid can be avoided. The raw

material costs are also lower due to a virtually quantitative

conversion. However, the major disadvantages of the contin-

uous process are associated with the comparatively higher costs

of the reactor and additional equipment materials, which are

required to be composed of stainless steel or other resistant ma-

terial.

Dummann et al. [43] used a capillary-microreactor for studying

the nitration of a single aromatic ring. The authors did not

provide details about the specific aromatic substrate. Neverthe-

less, the observations are useful in giving a fair idea on what to

expect and what to consider from a nitration reaction in general.

In their approach they restricted their analysis to the nitration of

monocyclic aromatic substrates with mono and dinitro deriva-

tives as products and a phenolic byproduct. The experimental

setup consisted of a Y-piece followed by a capillary-microre-

actor (PTFE capillary ~ i.d. = 0.5 to 1.0 mm) immersed in a

thermostated jacket. This jacket was maintained at a constant

temperature between 60 to 120 °C by using a countercurrent

flow of silicone oil at high flow rates. This setup is similar to

the one shown in Figure 2, but adds a quenching line to quench

the reaction inline by rapidly reducing the temperature to 20 °C

for a specific section of the reaction tube. The reaction is carried

out under pressure (~4 bar) to avoid any degassing from the

reaction mixture. From various experiments under different

conditions the authors observed that increasing the flow

velocity actually increases the degree of conversion along with

an increase of the byproduct due to parallel reaction and reduces

the byproduct due to sequential reaction. Consequently, control-

ling the residence time distribution and the heat transfer rates

allows for a restricted formation of byproducts from the sequen-

tial reaction. With an increase of the fluid velocity the overall

mass transfer coefficient was found to increase. It seems that a

higher fluid velocity facilitates the rapid mixing of the two

reagents and thereby enhances the heat generation rate in the

system. Given a constant heat transfer area, although the heat

transfer coefficient increases with an increasing velocity, a

higher rate of heat generation causes a rise in the local tempera-

ture thereby enhancing the rates for parallel reactions. A control

of the residence time supports the avoidance of byproducts from

sequential reactions. This observation is common for all

systems and thus it is necessary to optimize the energy balance

in the system depending on the heat transfer rates, the heat of

the reaction and the inlet flow rates.

Veretennikov et al. [23] reported on the continuous flow nitra-

tion of chlorobenzene (33) for the production of mono-

nitrochlorobenzene (34, 35) by using 75–97% nitric acid in a

series of continuous stirred reactors (Scheme 10, Figure 5). The

reactors were made from 1Cr18Ni10Ti steel and the reactor

volume was 60 mL. The experiments were carried out over a

range of 65–85 °C at a molar ratio of nitric acid to chloroben-

zene in the range of 1.5 to 3. The authors have reported the

highest yield of mono-nitrochlorobenzene (98.2%) at a molar

ratio of 3 with 90% nitric acid, 75 °C and 45 minutes residence

time. The third reactor is used for hydrolysis by water addition.

The authors have quantitatively measured the role of hydrolysis

on the basis of the precipitated products and suggested a method

for the selective separation of nitrobenzene 34 by exploiting the

principle of preferred solubility domain.

Scheme 10: Nitration of chlorobenzene (33) [23].

Figure 5: Continuous flow nitration of chlorobenzene (33) with nitric
acid in a sequence of continuously stirred reactors [23].
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Scheme 11: Nitration of 2-isopropoxybenzaldehyde (36) by using red fuming nitric acid [37].

Figure 6: Silicon-glass microreactor by Knapkiewicz et al. [37]. (A) Layout of the microreactor with a built-in micromixer, (B) schematic of the experi-
mental setup. Reproduced with permission from [37] Copyright 2012 The American Chemical Society.

In a similar approach, a single continuous glass/Teflon stirred

tank (CSTR) with a volume of 1.06 L (d = 9.5 cm, h = 15.1 cm)

was used by Quadros et al. [48] for the adiabatic nitration of

benzene witth mixed acids. The pilot-scale continuous stirred

reactor was operated at a temperature range of 80–135 °C with

4.9–5.6 wt % HNO3. At fixed residence time and fixed concen-

tration of sulfuric acid, adiabatic rise in the local temperature

was observed. The fraction of mono-nitrobenzene in the reac-

tion mixture increased with increasing impeller speed, which

clearly indicated that the reaction was mass transfer limited.

The authors showed that the kinetic parameters are a function of

the sulfuric acid concentration, which acts as a catalyst. While

the adiabatic operation was shown to work in this case, the set

of optimal conditions or the effect of various parameters on the

yield of the product was not reported.

3.1.2 Nitration with fuming nitric acid. The use of sulfuric

acid or any other acid in combination with nitric acid leads to

the rapid generation of nitronium ions in their ionic form stabi-

lized by water. However, the application of these nitration

conditions under continuous flow conditions in a pilot plant

setup or commercial large-scale process, results in economic as

well as environmental problems as the sulfuric acid has to be

neutralized and substantial amounts have to be separated, which

entails additional process equipment of the plant. Fuming nitric

acid allows for the avoidance of sulfuric acid and also reduces

the chemical footprint of the nitration systems. We discuss here

the flow nitration with fuming nitric acid without reviewing the

mechanism in detail.

The continuous flow nitration of 2-isopropoxybenzaldehyde

(36) with red fuming HNO3 has been reported for the first time

by Knapkiewicz et al. [37] (Scheme 11). The product

2-isopropoxy-5-nitrobenzaldehyde (37) is an intermediate to

obtain a nitro-substituted Hoveyda–Grubbs catalyst. Scale-up

based on the conventional batch approach yielded a higher

extent of the undesired regioisomer 38 (37% rise than the

laboratory scale batch). The selectivity of the desired product 37

was improved under flow conditions. A continuous flow

silicon-glass microreactor equipped with multiple functionali-

ties such as multistream micromixer, reaction channel, large-

area cooling chamber, and five integrated miniature tempera-

ture sensors was used (Figure 6). At the reactor outlet com-

pound 37 was collected in ice water for 120 min followed by

separation and isolation of the organic layer. While the batch

experiment yielded only 30% of the desired nitro derivative 37,
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Scheme 12: Synthesis of nitropyridine (40) [39].

Figure 7: Schematic of the experimental setup involving a pressure based charging system [39]. Reproduced with permission from [39]. Copyright
2012 The American Chemical Society.

the continuous flow process yielded close to 67% yield at a

comparable scale.

Gage et al. [39] developed a simple and practical flow reactor to

produce nitropyridine in an exothermic nitration reaction (ΔH ~

−167 kJ/mol). Their approach is suitable for large-scale produc-

tions of up to hundreds or thousands of kilograms of nitroaro-

matics, Typically nitropyridine is prepared in batch mode by

dissolving 5-bromo-2-amino-4-methylpyridine (39) in concen-

trated sulfuric acid, to which fuming nitric acid is added at

25−33 °C. The reported yield of the desired product is 52−55%

(Scheme 12).

The experimental setup included the feed vessels, the mixer, the

residence time loop, and a collecting vessel, all of which are

connected by stainless steel tubing and ports (Figure 7). The

reactant 39 was dissolved in H2SO4 (1/3 wt/wt) and HNO3/

H2SO4 (~1/12 wt/wt). 97% conversion is achieved in

20 minutes residence time at 50–55 °C reactor temperature.

Scale-up was possible by using a larger apparatus consisting of

a 45 m long reactor tube (15 mm i.d.) with a total volume of

7.95 L. The flow of reactants was achieved by applying

nitrogen pressure on the feed tanks (Figure 7). The authors

demonstrated their concept for larger flow rates (70 mL/min)
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Scheme 13: Nitration of p-difluorobenzene (42) [40].

with an isolated yield of 59% for nitropyridine 40. However, the

approach requires a pre-calibration of the flow meters

depending upon the density of the fluids. Although the reported

variation in the flow rates was 4%, this results in a variation of

the local concentration, so that an inhomogeneous conversion

pattern is obtained. Obviously, the scale-up experiments gave

much lower yields than the theoretical value, which indicates

that temperature control is an important issue to ensure the

desired heat transfer. Furthermore, uniform distribution of resi-

dence time and continuous product monitoring is necessary to

avoid a runaway reaction in the flow reactor.

Yu et al. [40] reported on the continuous flow process for the

synthesis of 2,5-difluoronitrobenzene (43) via nitration of

p-difluorobenzene (42) with a nitrating mixture composed of

2.0 equiv concentrated sulfuric acid and 1.1 equiv fuming nitric

acid (Scheme 13). Two different approaches were tested. In the

first approach, the reactants were continuously mixed by using a

T-mixer followed by a tubular reactor maintained at a constant

temperature (10–15 °C). Hydrolysis was carried out with ice

water (~20 mol per mol of the reactant). The usage of a single

tube facilitated a higher isolated yield of isomers 43 and 44 with

increasing residence times. However, the conversion was only

76% and an increase of the temperature entails a higher amount

of byproducts. Although the authors regard the phase sep-

aration accountable, usually it remains in the slug flow unless

the aromatic substrate is soluble in the nitrating agent. Typi-

cally the slug flow gives excellent interfacial mass transfer rates

due to continuous surface renewal as the slugs travel through

the tubular reactor. Thus, the phase separation actually may not

be the reason for the lower conversion. An increased conver-

sion could be possible by further increasing the residence time

or by providing the necessary concentration of nitric acid to

achieve the desired D.V.S. value for this system. The mass

transfer rates can be enhanced by increasing the flow rates.

However, for a given tubular reactor at a constant flow rate the

reaction rates can be enhanced by increasing the temperature.

Furthermore, a smaller concentration of nitronium ions also

affects the reaction rates, provided the nitric acid is used in

significant excess [16]. The residence time was varied by using

tubes of different lengths at identical flow rates. This approach

is particularly important because a change of flow rates to vary

the residence time usually entails different implications, such as

influencing the mixing and heat transfer during mixing of the

reagents. At a fixed tube length smaller residence times are

achieved by increasing the flow rates leading to a better mixing

and a better convective heat transfer. However, high flow rates

lead to an increased overall heat generation rate for a fixed heat

transfer area, which can enhance the reaction rates. On the other

hand, a variation of the tube lengths for fixed flow rates gives

more consistent data as the inlet conditions are fixed and the

flow pattern or the velocity profiles in the reactor remains

unchanged due to constant flow rates.

In order to achieve complete conversion the experimental setup

(Figure 8) involved three sections. The first two sections were

run at a residence time of 1 min while the third one was run

with a residence time of 20 s. Each section was maintained at a

different temperature, more specifically 30–35 °C, 65–70 °C

and −5 to 0 °C, respectively. The role of the last segment was to

quench the reaction. This setup is reported to achieve 98% yield

for the desired product at a rate of 6.25 kg/h. Lower reaction

rates due to the continuously reducing concentration of nitric

acid along with the reactor length was compensated by an

increase of the temperature and also by keeping an optimal resi-

dence time. The observations indicated that the smaller diam-

eter reactor tubes yielded more side products. On the other

hand, a larger diameter reactor led to lower conversion rates.

Although the authors have recycled and reused the nitrating

mixture by adding make-up nitric acid for some of the experi-

ments, further optimizations are necessary to achieve an

economical process.

In a novel approach, Antes et al. [28] disclosed (i) online moni-

toring of nitrations in microreactors by using FTIR microscopy

as well as thermographic methods and (ii) the continuous sep-

aration and detection of the nitration products by using HPLC.

In order to avoid a post treatment of the mixed acids in the

conventional approach, the authors used fuming nitric acid. The

experimental setup comprised three independent pumps for

toluene, fuming nitric acid, and ice-water. The reaction took

place in a silicon microreactor consisting of nine reaction chan-
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Figure 8: Schematic of the flow reactor arrangement. Reproduced with permission from [40]. Copyright 2013 The American Chemical Society.

nels in parallel (0.25 mm channel width) with a G-shaped

micromixer. The design has G-shapes in alternate directions,

which cause a continuous change in the flow direction, splitting

and recombining. The highest yields for mono-nitrotoluenes

(89–92%) were obtained at −10 °C and in a residence time of

3 s by using 2.56 equivalents of nitric acid per mol of toluene.

The experiments using the microreactor yielded a 10% rise in

the para-isomer compared with the industrial batch process. A

similar approach was used for the nitration of thioureas, and the

authors showed by online FTIR spectroscopy that the mecha-

nism of the nitration of thioureas is based on subsequent nitro-

sation and nitration steps.

The same group also analyzed continuous processes to perform

the strongly exothermic nitration of naphthalene (47)

(Scheme 14) with N2O5, both in the gas phase and in the liquid

phase [49,50]. The authors reported that the nitration with the

conventional batch method requires a cooling to temperatures

between −50 to −20 °C, while the same reactions can be carried

out in a microstructured flow reactor at 30 °C with a residence

time of just 3 s. The outlet product composition contains both,

the mononitro derivatives as well as the dinitro compounds. In

macroscopic batch reactors the isomer ratio of 50 and 51 is

always ca. 1:3.6, while the flow synthesis yielded more 1,5-

dinitro compound 50 (50:51 ~1:2.8). The isomer ratio of mono-

nitronaphthalene products 48:49 could also be changed to 32:1

in a microreactor, while the typical isomer ratio in industrial

processes is 20:1.

In another example of producing energetic materials using

microreactors, Shen et al. [34] reported the two phase nitration

of isooctanol and a mixed acid to produce 2-ethylhexyl nitrate.

A SS316 microreactor was used, in which the mixing of the

reagents occurred after the distribution of the first reactant

Scheme 14: Nitration of naphthalene (47) [34].

(Figure 9), and the reaction took place in 78 mm long parallel

microchannels (0.5 mm × 0.5 mm) connected to a common

outlet. The hydrolysis and instantaneous termination of the

nitration reaction occurred outside the microreactor by rapid

dilution of the reaction mixture with an ice-water mixture at

0 °C. The experimental observations showed that for an iden-

tical residence time and in the presence of 2% H2O (by mass),

the conversion of isooctanol was unaffected by changing the

sulfuric acid concentration from 67% to 86% (by mass). The

amount of sulfuric acid and the residence time corroborated the

expected trends in this two phase nitration reaction. However,

the authors have justified their observations on the basis of the

interfacial mass transfer rates. For this system, the range of flow

rates covers different flow regimes, namely, the parallel flow

with a smooth interface, the parallel flow with a wavy interface,

and the chaotic thin striations flow. Since the overall reaction

rates are controlled by interfacial mass transfer, an increase in

the linear velocity results in higher average reaction rates. An

excellent mixing and control on mass transfer rates allows

carrying out this reaction safely and stably in the specially
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Figure 9: Structure of the microreactor. (A) Top view (1, 2 – inlets, 3 – mixing points, 4 – outlet). (B) Lateral view of the inlets for the microreactor.
Reproduced with permission from [34]. Copyright 2009 Elsevier.

designed microreactor at 25-40 °C with 98.2% conversion of

isooctanol an no byproducts.

3.1.3 Vapour phase nitration. In an early study on the contin-

uous flow nitration of 2-nitropropane (52), Denton et al. [22]

demonstrated that high pressure and high temperature condi-

tions, i.e., 900 to 1200 psi and 203–232 °C, using an equimolar

nitric acid (70%) gives about 50% yields per pass (Scheme 15).

Their reaction assembly consists of a stainless steel preheater

tube (outer diameter of 6.24 mm) passed through a 40 inch long

20 mm outer diameter. The reactor was packed with glass beads

to increase the contact surface and mixing [51]. A water

condenser was used for quenching the reaction by cooling, fol-

lowed by a pressure reduction to atmospheric pressure by using

a needle valve, which was further cooled by means of an ice

condenser followed by a gas–liquid separator.

Scheme 15: Nitration of 2-nitropropane (52) [38].

Similar to the aforementioned study, Löwe et al. [38] reported

the vapor phase nitration of propane in a multistep microreactor

in a highly sophisticated and safe system. Different steps in the

process are integrated in a single reactor. While the reaction

occurs at high temperature (380–450 °C), the quenching was

performed by hydrolysis as well as by rapid cooling of the

diluted reaction mixture. The term per-pass conversion is used

when the unreacted reactant is recycled back to the inlet. If no

such recycling is carried out, the per-pass conversion is esti-

mated on the basis of the total reactant used in the reaction. The

per-pass conversion was maintained at 2% at the cost of selec-

tivity for 2-nitropropane (52), which gets significantly affected

by the residence time. The authors employed an integrated

single flow reactor composed of a special stainless steel alloy

(1.4361, X1CrNiSi18154). Electrical heaters and two inte-

grated water coolers were used for heat transfer in different

sections of the integrated reactor. The integration of these func-

tions in one setup facilitates the handling of hazardous chemi-

cals at higher temperatures and avoids any release of toxic gases

into the environment.

A corrosion resistant glass syringe pump was used for pumping

the nitric acid to the evaporator section, which upon mixing

with pre-heated propane proceeded to the heated reaction

section, whose temperature was maintained between 380 and

455 °C. At the outlet of the reaction section, the reaction mix-

ture was diluted with water by an integrated caterpillar micro

mixer and subsequently sparged through an ice-water filled

flask to condense volatile nitric compounds outside the inte-

grated microreactor. Reaction optimization was conducted over

a wider range of mol ratio of the reactants (propane:HNO3 ~ 0.5

to 6), different residence times (0.4 to 2.5 s), and gas flow

velocities between 5 and 0.9 m/s. An analysis of the exit stream

revealed the formation of 2-nitropropane, 1-nitropropane and

nitroethane. At a residence time of 1 s, the yield of 2-nitro-

propane was independent of the temperature. However, an

increase in temperature entailed a decrease in the yield of

1-nitropropane and vice versa for nitroethane. At a constant

temperature the mol fraction of 2-nitropropane was (i) inde-

pendent of the residence time at a constant inlet mol ratio and

(ii) decreased with an increasing inlet mol ratio of propane to

nitric acid. The authors concluded that the microstructured reac-

tors are not advantageous for this case, because the rapid

quenching of the radical chain mechanism causes a lower

conversion. The important consequences of this work are (i) the

development of an integrated microreactor concept, (ii) issues

related to safety and operation are improved significantly to

ensure that the toxic chemicals do not escape throughout the

process, (ii) the authors conclude by saying that a holistic

process design approach should not be overlooked without

focusing entirely on using the “micro reactor” concept.
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Figure 10: Schematic of the continuous nitration system reported in CN103044261A [56].

3.1.4 Nitration with solid acid catalysts. The continuous flow

vapour phase nitration using a solid acid catalyst has also been

explored [26]. It is known that the solid acid catalysts, i.e., ZSM

and other zeolite catalysts, can improve the selectivity of

p-nitrotoluene in a conventional reactor using a mixed acid as

the nitrating agent [52,53]. Continuous flow nitration of toluene

in a packed bed microreactor using concentrated nitric acid as

the nitrating agent was reported by Halder et al. [54]. Different

‘solid acid’ catalysts were studied to identify the right catalyst

that would yield better isomer distribution. In such cases, self-

protonation of nitric acid drives the reaction rapidly, and the

isomer ratio of nitrotoluenes remains similar to the standard

nitrating mixture and without byproducts. However, in the

microreactor, concentrated nitric acid reacted very rapidly in the

absence of any sulfuric acid or a solid acid catalyst. Nitric acid

and toluene were brought into contact by using a SS316L

T-mixer (1.58 mm inner diameter) at room temperature. The

immiscible reactants were passed through a tubular microre-

actor (SS316L, i.d. = 0.775 mm, l = 8.5 cm) packed with

different solid acid catalysts (Stevens catalysts A and B, ZSM-

5-280). In the fixed bed microreactor, 13 mg of catalyst

(dp = 75–150 μm) was packed over 6.0 cm distance, after which

the remaining reactor length was filled with smaller inert glass

beads (20 mg, dp = 63–75 μm) to prevent the carryover of any

fine catalyst particles and subsequent clogging of the filter

placed at the end of the reactor. The nitration was terminated by

collecting the product in a sodium carbonate solution. Most of

the conversion took place outside the solid acid catalyst bed.

Moreover, the nitration of toluene with 90 wt % nitric acid

using a microreactor was found almost entirely preceded under

kinetic control. However, with only nitric acid as the nitrating

agent, the nitrotoluenes were generated in a low yield. The for-

mation of water adversely affected the availability of nitronium

ions. This can be overcome by using sulfuric acid which reacts

with the formed water. Thus, the optimal conditions can be

achieved by increasing the temperature to a limit that does not

lead to runaway conditions.

Recently, Yang et al. [32] studied the nitration of benzene in a

continuous flow microreactor loaded with a microfiber struc-

tured Nafion/SiO2 solid acid catalyst. The catalyst was prepared

by using the solgel technology that leads to coating on the

surface of the microchannel reactor (thickness ~200–400 nm

particles). Consequently, a slightly porous surface is formed

that is able to improve the mass transfer rates in close prox-

imity to the reactor wall. At 75 °C and a 36% (w/w) loading of

the microstructured solid acid catalyst, the authors have

reported 44.7% conversion of benzene with a 99.9% selectivity

of nitrobenzene. At an equivalent conversion level, the

microstructured Nafion/SiO2 catalyst was 600 times more effec-

tive in terms of activity per acid site compared to the liquid

sulfuric acid. However, in order to practice this approach, the

following information may be useful: (i) the longevity of the

catalyst (turn over number) under different situations, (ii) the

stability of the catalyst and the support under different aqueous

and organic compositions, and (iii) the method of catalyst depo-

sition.

3.2 Analysis of recent patents
The continuous flow nitration of naphthalene-2,7-disulfonic

acid leading to 1,8-dinitronaphthalene-3,6-disulfonic acid has

been disclosed in CN102320995A [55] using mixed acids

(Figure 10). The inventors have studied the performance by

varying the reaction temperature between 35 and 120 °C and the

reaction time up to 120 minutes. Examples were reported for

the nitration at 50 °C for a residence time of 60 minutes that

allowed an adiabatic temperature of less than 160 °C. Addi-

tional examples with a tubular reactor equipped with packing

Raschig rings and SV static mixers are also mentioned.

In a very interesting method disclosed in CN103044261A [56],

continuous centrifugal extractors were used for nitrations. The

simultaneous addition of the mixed acid solution as a heavy-

phase and the raw material (substrate) as a light-phase to

different centrifugal extraction separation devices facilitates the
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reaction and extraction to be achieved simultaneously. The

system works in a counter current mode. The reaction tempera-

ture and the rotating speed of the centrifuge were varied

between 10 to 160 °C and 800–2000 r/min, respectively. The

invention claims to achieve a continuous compact automated

device that can be used for the large-scale production and isola-

tion of the organic and aqueous streams. The inventors reported

the nitration of aromatic hydrocarbons, namely benzene,

toluene or chlorobenzene and polyhydric alcohols such as gly-

cerol or 1,2,4-butanetriol. The flow reactor size is claimed to be

reduced to 0.6 to 1% of the conventional batch reactor for iden-

tical production capacity.

In a novel approach, US20130197268A1 [57] discloses an

invention for the continuous nitration of benzene with a mix-

ture of nitric acid and sulfuric acid under adiabatic conditions

for producing nitrobenzene. The sulfuric acid was recovered

and recycled by evaporating water, unreacted benzene and

nitrobenzene by low pressure distillation. The heat integration

was achieved by using the adiabatic heat for benzene recovery,

and the pre-purification of nitrobenzene by distillation.

4 Nitration: from laboratory synthesis to
process
Continuous flow nitration using miniaturized devices is an

excellent approach to avoid issues related to heat transfer, mass

transfer, homogeneity inside the reactor, and mixing. Large-

scale continuous flow nitration was implemented in selected

cases, mainly for basic organic substrates. At this stage,

aromatic nitrations, whose process economics are significantly

affected by the selectivity of specific isomers, are considered

for the continuous flow approach. In addition to a few impor-

tant issues, two parameters that help to tune the isomeric ratio

of products will be discussed with the objective to illustrate the

development from a synthesis procedure to an actual process.

4.1 Nitrating agents used under continuous flow
conditions
For industrially important aromatic nitrations the conventional

nitrating mixture (40:60) and the mixture of sulfuric acid with

fuming nitric acid are the nitrating agents of choice. The advan-

tages of using the nitrating mixture as nitrating agent are known

and the use of sulfuric acid in large quantity, which promotes

the generation of nitronium ions and the absorption of the

generated water is ideally suited for many cases. In Figure 1 an

overview of the industrial relevance of nitrating agents is

presented. About 30.5% of these nitrations specifically rely on

the classical nitrating mixture as preferred nitrating agent. The

trapping of water is crucial to avoid dilution and the crunch of

nitronium ion. The neutralization of acids and the removal of

salts formed during neutralization are costly and unavoidable

steps if nitrations are carried out in large scale. The presence of

sulfuric acid in large quantity reduces the actual production

capacity from a given reactor. On the other hand, fuming nitric

acid as nitrating agent allows circumventing the use of sulfuric

acid and thereby simplifies neutralization and salt separation

steps. However, it needs to be noted that the handling and the

storage of fuming nitric acid is not safe. There are great future

prospects for conducting aromatic nitration under continuous

flow conditions. To foster nitration under continuous flow

conditions, it is necessary to develop continuous (i) dilution,

neutralization, extraction and salt separation steps while using

the nitrating mixture and (ii) dilution, extraction and possibly

enrichment of acid by evaporation and its recycling while using

the fuming nitric acid. The amount of sulfuric acid and/or nitric

acid strongly depends on the activity of the organic substrate. It

is always useful to prepare the nitrating mixture with different

compositions of HNO3 (fuming or concentrated) and H2SO4

inline before the mixture comes in contact with the organic sub-

strate. Similarly, the use of different mol ratios of the nitrating

agent with respect to the organic substrate can also be explored

at laboratory-scale development. Such practices will save a

significant amount of time for a given study and for exploring

the parametric effect.

4.2 Heat management in nitration
With respect to the heat management in continuous flow nitra-

tion, the approaches, which are found in the literature can be

classified in two categories. The first approach uses the

microreactors or flow reactors with built-in channels as depicted

in Figures 3, 6, 9 or zones for heat transfer. i.e., integrated

microreactors [38], where the heat transfer occurs from one or

two faces of the microchannel with most of the channels having

a square or rectangular cross-section. In the second approach

the flow reactor is immersed inside a constant temperature bath

as depicted in Figures 2, 4, 7 and 8. In this case, the constant

temperature is guaranteed by the constantly circulated heat

transfer fluid with an external temperature control. In general,

the rate of heat removal strongly depends on the heat transfer

area, the thermal conductivity of the device material, the super-

ficial velocity of the heat transfer fluid, the superficial velocity

of the reacting fluid, and the specific heat capacity of the

reacting fluid. Thus, for the devices with build-in heat manage-

ment system the actual area available for heat transfer is only

half of the total reacting fluid wetting area. On the other hand,

the immersed systems provide a complete exposure to the heat

transfer fluid. Thus, identical heat transfer rates can be achieved

with either a lower heat transfer fluid temperature or a lower

flow rate of heat transfer fluid for the immersed microfluidic

systems compared to the built-in channels. Generally, the

immersed systems with external temperature control are less

sophisticated and are therefore cheaper. The advantage of the
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integrated microreactors is in their compactness. Immersed

microreactors are advantageous due to their simplicity and

smaller number of connections. In practice, the nature of heat

transfer remains more or less the same. The modularity of the

entire system and the utility costs are essential factors for

choosing which heating mode to choose for scale-up.

4.3 Interfacial reactions: real and apparent kinetics
The nitration of organic substrates using different nitrating

agents can be classified based on whether the reaction is homo-

geneous or heterogeneous (multiphase). Taking into account the

liquid phase substrates alone, almost 78% of the reactions

reported in the literature, are two-phase reactions based on an

analysis similar to the one depicted in Figure 1. In such systems

the reaction takes place only after one of the reactants diffuses

into the other. Thus, the rate of mass transfer controls the reac-

tion rates. As a result, the actual reaction kinetics reported in the

literature does not always explicitly indicate whether the mass

transfer limitation was overcome. While this limitation actually

renders much of the data from the literature on conversion and

selectivity from experiments using round bottom flask or stirred

systems useful only in terms of the products, it cannot be

directly utilized for the estimation of kinetic parameters of

experiments under different conditions. The Taylor flow or

dispersion achieved in miniaturized systems significantly

reduces the mass transfer limitations. To achieve reliable data,

the flow rates should be adjusted in a way that avoids very long

slugs. Although most of the regime maps in the literature are

subject to the physical properties of the fluids as well as the

channel dimensions and shape, an approximate analysis of flow

regimes may be useful to ensure that the mass transfer limita-

tions are overcome.

4.4 Handling of solids
A large proportion of either the organic substrates or their nitro

derivatives reported in the literature are solids. In the conven-

tional method the nitration of solid substrates is facilitated by

using either a solvent in large excess – typically a weak acid,

which does not get nitrated such as acetic acid – or sulfuric

acid. The latter is mainly used for deactivated substrates to not

only facilitate the dissolution of the substrate, but also form a

complex, which increases the activity of the substrate for

getting nitrated. On the other hand, a solid product precipitating

during the reaction, results in a significant increase in the

viscosity of the solution. While the use of techniques like reac-

tions under sonication to prevent wall adhesion or particle

agglomeration, inducing mechanical vibrations to the system to

keep the solids in suspension, and the usage of high flow rates

to ensure that the superficial flow velocity is higher than the

settling velocity of solids is feasible, an optimal combination of

using solvents in adequate quantity and maintaining a high

superficial velocity are best suited to prevent precipiation.

However, given a complex geometry of a microreactor the low

pressure zones inherently enhance the possibility of particle

accumulation in these zones even at high velocities. In labora-

tory equipment the simplest concept to avoid clogging relies on

dilution.

4.5 Reliability of the analysis and establishing mass
balance
For most nitrations, the products and the reactants are very

poorly soluble in the aqueous phase, which comprises diluted

nitric acid or diluted spent acid. In most of the cases, although

the outlet product mixture is extracted by using a common

organic solvent such as toluene, ethylene dichloride, hexane,

ether, a certain fraction of the mono and dinitro derivatives and

the reactant remain the aqueous phase. Consequently, an

analysis based on the organic phase alone may not result in

conclusive information about the extent of the reaction. Further-

more, ignoring the composition of the aqueous phase leads to an

inaccurate measurement of the extent of byproducts. These

points become important when the reactant has certain, even

very small impurities, which may get nitrated rapidly and

remain dissolved in the highly polar acidic medium. In most

cases, publications about continuous flow nitration do not indi-

cate whether the aqueous phase was also analyzed. Moreover, it

is essential to establish the exact mass balance for a given reac-

tion, so that the efficacy of the process can be evaluated.

5 Conclusion
The analysis of the literature clearly indicates that it is feasible

for anyone to setup a flow reaction system for the nitration of

aromatic substrates. Flow setups allow for the rapid screening

and optimization of parameters to achieve optimal conditions

for the nitration of arenes. In most cases, the reaction needs to

be terminated by inline hydrolysis. Semi-batch hydrolysis

should be avoided, as the dilution of excess acid does not occur

uniformly. This can pose a problem at a later stage because of

the high concentration of the nitrated product in the presence of

an excess of the nitrating agent. It is quite common that either

the reactant or the nitro derivative may have limited solubility

in the reaction mixture, which poses a significant challenge in

ensuring that the flow synthesis can operate continuously.

Depending upon its density the precipitate generated during the

reaction may respond differently to the flow conditions and the

geometry of the channels. One of the ways to overcome the

situation is by using a solvent [58] with a good solubility for the

organic substrates/products at the cost of increasing the volume

of the reactor. Furthermore, an additional purification step, typi-

cally distillation, is required. While these procedures are routine

on a laboratory scale they may not be suitable for large-scale



Beilstein J. Org. Chem. 2014, 10, 405–424.

423

manufacturing. In such cases, it is possible to avoid the need of

an additional reagent or dilution with a substrate (if in liquid

phase) that serves as the solvent.

In practice, nitrations are followed by a reduction step to end up

with an amino group. Commonly, nitrations yield several prod-

ucts as discussed in Schemes 4, 6, 8 and 14, which impedes

direct hydrogenation. Thus, the separation of isomers after the

nitration is an essential step. It will always remain a challenge

to develop a liquid phase nitration that selectively yields only

one nitro isomer or to achieve a separation protocol for the

mixtures of reduction products, namely for different amines.

Due to safety issues fuming nitric acid was only rarely used

under batch conditions. However, fuming nitric acid becomes

an option with the continuous flow approach, as safety issues

can be better handled. This approach will also help to estimate

the kinetic parameters for nitration in a more accurate manner,

so that it is possible to have a good control on the temperature

inside the reactor.

Now that the continuous flow nitration has emerged as an estab-

lished technique that helps to control the yield of the desired

isomer to some extent, it is necessary for the chemists and

chemical engineers to work together for optimizing single

protocols based on detailed mathematical analysis. The key is to

understand the rate-controlling step, which can be interfacial

mass transfer, kinetics or even thermodynamics as in the case of

a solubility limited reaction.

Acknowledgements
The author wishes to thank the IndusMagic program of CSIR

for supporting the work on continuous flow nitration. The help

of Ms. Yachita Sharma in providing the Schemes in a suitable

format is acknowledged. This review article is dedicated to Dr.

Ramesh A. Joshi of the Organic Chemistry Division of the

CSIR-National Chemical laboratory, Pune on his 61st birthday.

References
1. Panja, C. New Synthetic Methods Based on Electrophilic

(Superelectrophilic) and Nucleophilic Reactions. Ph.D. Thesis,
University of Southern California, Los Angeles, 2006.

2. Mitscherlich, E. Pogg. Ann. 1834, 31, 625.
3. Olah, G. A.; Malhorta, R.; Narang, S. C. Nitration Methods and

Mechanisms; Wiley-VCH: New York, 1989.
4. Hughes, E. D.; Ingold, C. K.; Reed, R. I. Nature 1946, 158, 448.
5. Halberstadt, E. S.; Hughes, E. D.; Ingold, C. K. Nature 1946, 158, 514.

doi:10.1038/158514b0
6. Halberstadt, E. S.; Hughes, E. D.; Ingold, C. K. J. Chem. Soc. 1950,

2441–2452. doi:10.1039/jr9500002441
7. Maxwell, G. R. Synthetic Nitrogen Products: A Practical Guide to the

Products and Processes; Kluwer: New York, 2005; pp 213–250.
8. Urbanski, T. Chemistry and Technology of Explosives; Pergamon

Press, PWN-Polish Scientific Publishers: Warszawa, 1964; Vol. 1.

9. Venkataraman, K. The Chemistry of Synthetic Dyes; Academic Press:
New York, 1952; Vol. 1.

10. Auerbach, G. Text. Color. 1880, 2, 137–139.
11. Wagener, D. J. T. The History of Oncology; Springer, 2009;

pp 150–151.
12. Ingold, C. K. Structure and Mechanism in Organic Chemistry, 2nd ed.;

Cornell University Press: New York, 1969.
13. Kanhere, J. M.; Chandalia, S. B. Ind. J. Tech. 1981, 19, 5.
14. Deno, N. C.; Peterson, H. J.; Sacher, E. J. Phys. Chem. 1961, 65,

199–201. doi:10.1021/j100820a002
15. Groggins, P. H. Unit Processes in Organic Synthesis, 3rd ed.;

McGraw-Hill Book Co.: New York, 1947.
16. Hoggett, J. G.; Moodie, R. B.; Penton, J. R.; Schofield, K. Nitration and

aromatic reactivity; Cambridge University Press: Cambridge, 1971.
17. deC Crater, W. Ind. Eng. Chem. 1948, 40, 1627–1635.

doi:10.1021/ie50465a014
18. Albright, L. F.; Carr, R. V. C.; Schmitt, R. J. Nitration 1996, 623, 1–9.

doi:10.1021/bk-1996-0623.ch001
19. Zaldívar, J. M.; Molga, E.; Alós, M. A.; Hernández, H.;

Westerterp, K. R. Chem. Eng. Process. 1996, 35, 91–105.
doi:10.1016/0255-2701(95)04119-2

20. New-Eco-efficient Industrial Process Using Microstructured Unit
Components. http://www.nepumuc.info/project_summery.htm
(accessed Jan 10, 2014).

21. Indus Magic. http://www.indusmagic.org (accessed Jan 10, 2014).
22. Denton, W. I.; Bishop, R. B.; Nygaard, E. M.; Noland, T. T.

Ind. Eng. Chem. 1948, 40, 381–384. doi:10.1021/ie50459a004
23. Veretennikov, E. A.; Lebedev, B. A.; Tselinskii, I. V.

Russ. J. Appl. Chem. 2001, 74, 1872–1876.
doi:10.1023/A:1014840627266

24. Anderson, N. G. Org. Process Res. Dev. 2001, 5, 613–621.
doi:10.1021/op0100605

25. De Jong, R. L.; Davidson, J. G.; Dozeman, G. J.; Fiore, P. J.; Giri, P.;
Kelly, M. E.; Puls, T. P.; Seamans, R. E. Org. Process Res. Dev. 2001,
5, 216–225. doi:10.1021/op000298d

26. Dagade, S. P.; Waghmode, S. B.; Kadam, V. S.; Dongare, M. K.
Appl. Catal., A 2002, 226, 49–61. doi:10.1016/S0926-860X(01)00882-1

27. Panke, G.; Schwalbe, T.; Stirner, W.; Taghavi-Moghadam, S.; Wille, G.
Synthesis 2003, 2827–2830. doi:10.1055/s-2003-42491

28. Antes, J.; Boskovic, D.; Krause, H.; Loebbecke, S.; Lutz, N.;
Tuercke, T.; Schweikert, W. Chem. Eng. Res. Des. 2003, 81, 760–765.
doi:10.1205/026387603322302931

29. Ducry, L. A.; Roberge, D. M. Angew. Chem. 2005, 117, 8186–8189.
doi:10.1002/ange.200502387

30. Kulkarni, A. A.; Nivangune, N. T.; Kalyani, V. S.; Joshi, R. A.;
Joshi, R. R. Org. Process Res. Dev. 2008, 12, 995–1000.
doi:10.1021/op800112u

31. Pelleter, J.; Renaud, F. Org. Process Res. Dev. 2009, 13, 698–705.
doi:10.1021/op8002695

32. Yang, J.-L.; Li, J.-F.; Lu, Y. Acta Phys.–Chim. Sin. 2009, 25,
2045–2049. doi:10.3866/PKU.WHXB20090926

33. Kockmann, N.; Roberge, D. M. Chem. Eng. Technol. 2009, 32,
1682–1694. doi:10.1002/ceat.200900355

34. Shen, J.; Zhao, Y.; Chen, G.; Yuan, Q. Chin. J. Chem. Eng. 2009, 17,
412–418. doi:10.1016/S1004-9541(08)60225-6

35. Kulkarni, A. A.; Kalyani, V. S.; Joshi, R. A.; Joshi, R. R.
Org. Process Res. Dev. 2009, 13, 999–1002. doi:10.1021/op900129w

36. Brocklehurst, C. E.; Lehmann, H.; La Vecchia, L.
Org. Process Res. Dev. 2011, 15, 1447–1453. doi:10.1021/op200055r

http://dx.doi.org/10.1038%2F158514b0
http://dx.doi.org/10.1039%2Fjr9500002441
http://dx.doi.org/10.1021%2Fj100820a002
http://dx.doi.org/10.1021%2Fie50465a014
http://dx.doi.org/10.1021%2Fbk-1996-0623.ch001
http://dx.doi.org/10.1016%2F0255-2701%2895%2904119-2
http://www.nepumuc.info/project_summery.htm
http://www.indusmagic.org
http://dx.doi.org/10.1021%2Fie50459a004
http://dx.doi.org/10.1023%2FA%3A1014840627266
http://dx.doi.org/10.1021%2Fop0100605
http://dx.doi.org/10.1021%2Fop000298d
http://dx.doi.org/10.1016%2FS0926-860X%2801%2900882-1
http://dx.doi.org/10.1055%2Fs-2003-42491
http://dx.doi.org/10.1205%2F026387603322302931
http://dx.doi.org/10.1002%2Fange.200502387
http://dx.doi.org/10.1021%2Fop800112u
http://dx.doi.org/10.1021%2Fop8002695
http://dx.doi.org/10.3866%2FPKU.WHXB20090926
http://dx.doi.org/10.1002%2Fceat.200900355
http://dx.doi.org/10.1016%2FS1004-9541%2808%2960225-6
http://dx.doi.org/10.1021%2Fop900129w
http://dx.doi.org/10.1021%2Fop200055r


Beilstein J. Org. Chem. 2014, 10, 405–424.

424

37. Knapkiewicz, P.; Skowerski, K.; Jaskólska, D. E.; Barbasiewicz, M.;
Olszewski, T. K. Org. Process Res. Dev. 2012, 16, 1430–1435.
doi:10.1021/op300116j

38. Löwe, W.; Wei, G.; Jiang, M.; Hofmann, C.; Kost, H.-J.; Schütt, C.
Green Process. Syn. 2012, 1, 439–448. doi:10.1515/gps-2012-0054

39. Gage, J. R.; Guo, X.; Tao, J.; Zheng, C. Org. Process Res. Dev. 2012,
16, 930–933. doi:10.1021/op2003425

40. Yu, Z.; Lv, Y.; Yu, C.; Su, W. Org. Process Res. Dev. 2013, 17,
438–442. doi:10.1021/op300350v

41. Chen, Y.; Zhao, Y.; Han, M.; Ye, C.; Dang, M.; Chen, G. Green Chem.
2013, 15, 91–94. doi:10.1039/c2gc36652e

42. Burns, J. R.; Ramshaw, C. Chem. Eng. Commun. 2002, 189,
1611–1628. doi:10.1080/00986440214585

43. Dummann, G.; Quittmann, U.; Gröschel, L.; Agar, D. W.; Wörz, O.;
Morgenschweis, K. Catal. Today 2003, 79–80, 433–439.
doi:10.1016/S0920-5861(03)00056-7

44. McDaniel, L. A. Nitration processes. U.S. Patent US4621157, Nov 4,
1986.

45. Roberge, D.; Ducry, L. Nitration of activated aromatics in
microreactors. WO-Patent WO2007/087816 A1, Aug 9, 2007.

46. Henke, L.; Winterbauer, H. Chem. Eng. Techol. 2005, 28, 749–752.
doi:10.1002/ceat.200500096

47. Othmer, D. F.; Jacobs, J. J., Jr.; Levy, J. F. Ind. Eng. Chem. 1942, 34,
286–291. doi:10.1021/ie50387a007

48. Quadros, P. A.; Oliveira, N. M. C.; Baptista, C. M. S. G. Chem. Eng. J.
2005, 108, 1–11. doi:10.1016/j.cej.2004.12.022

49. Antes, J. T.; Marioth, E.; Schmid, K.; Krause, H.; Loebbecke, S. In Int.
Microreactor Tech. Symp. (IMRET4), Atlanta, USA; 2000; p 194.

50. Loebbecke, S.; Tuercke, T.; Marioth, E.; Schmid, K.; Krause, H. 31th
Int. Annu. Conf. ICT Karlsruhe, Karlsruhe; 2000.

51. Su, Y.; Chen, G.; Yuan, Q. Chem. Eng. Sci. 2011, 66, 2912–2919.
doi:10.1016/j.ces.2011.03.024

52. Kwok, T. J.; Jayasuriya, K.; Damavarapu, R.; Brodman, B. W.
J. Org. Chem. 1994, 59, 4939–4942. doi:10.1021/jo00096a042

53. Bernasconi, S.; Pirngruber, G. D.; Kogelbauer, A.; Prins, R. J. Catal.
2003, 219, 231–241. doi:10.1016/S0021-9517(03)00201-X

54. Halder, R.; Lawal, A.; Damavarapu, R. Catal. Today 2007, 125, 74–80.
doi:10.1016/j.cattod.2007.04.002

55. Jianhua, W. Method for performing tubular continuous nitrification on
naphthalene-2,7-disulfonic acid during production of H acid. Chinese
Patent CN102320995A, Jan 12, 2012.

56. Liang, X. H. M. Safe production method of nitro-compound. Chinese
Patent CN103044261A, April 17, 2013.

57. Knauf, T.; Racoes, A.; Rausch, A. K.; Wulf, D. Method for producing
nitrobenzene by adiabatic nitriding. U.S. Patent US20130197268 A1,
Aug 1, 2013.

58. Henderson, R. K.; Jiménez-González, C.; Constable, D. J. C.;
Alston, S. R.; Inglis, G. G. A.; Fisher, G.; Sherwood, J.; Binks, S. P.;
Curzons, A. D. Green Chem. 2011, 13, 854–862.
doi:10.1039/c0gc00918k

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.10.38

http://dx.doi.org/10.1021%2Fop300116j
http://dx.doi.org/10.1515%2Fgps-2012-0054
http://dx.doi.org/10.1021%2Fop2003425
http://dx.doi.org/10.1021%2Fop300350v
http://dx.doi.org/10.1039%2Fc2gc36652e
http://dx.doi.org/10.1080%2F00986440214585
http://dx.doi.org/10.1016%2FS0920-5861%2803%2900056-7
http://dx.doi.org/10.1002%2Fceat.200500096
http://dx.doi.org/10.1021%2Fie50387a007
http://dx.doi.org/10.1016%2Fj.cej.2004.12.022
http://dx.doi.org/10.1016%2Fj.ces.2011.03.024
http://dx.doi.org/10.1021%2Fjo00096a042
http://dx.doi.org/10.1016%2FS0021-9517%2803%2900201-X
http://dx.doi.org/10.1016%2Fj.cattod.2007.04.002
http://dx.doi.org/10.1039%2Fc0gc00918k
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.10.38

	Abstract
	Introduction
	Results and Discussion
	Experimental setup
	Device 1: Imine formation
	Device 2: Imine reduction

	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Fabrication of the catalytic tubular reactors
	Hydrogenation of p-nitrophenol in the catalytic flow reactors
	Catalytic activity of the reactors
	Transfer hydrogen from formic acid to p-nitrophenol
	Long-term stability

	Conclusion
	Experimental
	Materials and reagents
	Fabrication of tubular reactors
	Hydrogenation of p-nitrophenol
	Instruments


	Supporting Information
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General procedure for the alcohol oxidation in flow
	Large scale oxidation of benzyl alcohol in flow
	Procedure for the aldehyde and diamine condensation

	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General Information
	Determination of the copper contents of the triazole products
	General procedure for the CF reactions
	Measurement of the residence time on the catalyst bed

	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Materials
	Methods
	Set up of the flow microreactor
	Synthesis of the catalytic polymer coating
	Kinetic study
	Substrate scope
	On-line UV–vis detection

	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Formation of the triphenylphosphine monolith
	Loading the monolith to give the active Ramirez brominating species
	Ramirez gem-dibromoolefination reactions in flow
	Utilising the loaded monolith for the Appel reaction in flow

	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Flow synthesis
	Univariate optimization
	Multivariate optimization
	FLLEX module

	Conclusion
	Experimental
	Physical and spectroscopic measurements
	Chip dimensions
	Univariate optimization
	Multivariate optimization
	FLLEX experiment


	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Experimental
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Interfacing the spectrometer to the flow unit
	Testing the interface: The synthesis of 3-acetylcoumarin
	Expanding the technique to other reactions
	The Knovenagel condensation
	The Claisen–Schmidt condensation
	The Biginelli reaction


	Conclusion
	Experimental
	General experimental
	Apparatus configuration
	Typical procedure for monitoring the formation of 3-acetylcoumarin (1)
	Typical procedure for monitoring the Knoevenagel reaction
	Typical procedure for monitoring the Claisen–Schmidt reaction
	Typical procedure for monitoring the Biginelli reaction


	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis of pyridines in a continuous flow reactor
	Introduction to the Bohlmann–Rahtz pyridine synthesis
	Bohlmann–Rahtz pyridine synthesis in batch and flow

	Synthesis of dihydropyridines in a continuous flow reactor
	Introduction to Hantzsch dihydropyridines
	Hantzsch dihydropyridine synthesis in batch and flow


	Conclusion
	Experimental
	Diethyl 4-(trimethylsilylethynyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (15d)

	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Experimental setups
	Irradiation conditions and light penetration
	[2 + 2]-Cycloadditions with cyclopentene
	[2 + 2]-Cycloadditions with 2,3-dimethylbut-2-ene
	Reactor comparison

	Conclusion
	Experimental
	General
	Irradiations

	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Method
	Measuring the internal temperature of the reactor
	Data evaluation


	Results
	Characterization of IR sensors
	Model construction for IR sensor 1
	Model construction for IR sensor 2

	Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Comparison of direct and indirect enzyme immobilization
	Comparison of thermal stability of TA immobilized by two different methods
	Optimization of immobilization time
	The phenylserine synthesis in batch using free enzyme
	Product inhibition study
	Synthesis of phenylserine by using immobilized TA in a microreactor
	Effect of temperature
	Effect of flow rates
	Mass transfer calculations
	Free enzymes in flow using a capillary microreactor
	Long term enzyme stability


	Conclusion
	Experimental
	Materials
	TA immobilization
	Immobilization at different incubation times
	Enzyme reactions
	Batch reactions
	Flow reactions
	Immobilized enzyme reaction using micro flow

	Analysis of the reaction
	Determination of conversion (yield)
	Determination of enantiomeric excess (ee) and diastereomeric excess (de)


	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General
	Experimental details
	General procedure for the preparation of nickel complexes 12 and 13
	Procedure for the preparation of nickel complex 12 crystals
	Procedure for the homopolymerization of ethylene
	Procedure for the copolymerization of ethylene with polar monomers
	Procedure for the homopolymerization of propene


	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis stilbenes under stirred tank and continuous flow conditions
	Continuous flow reactions
	Residence time in the continuous flow reactors
	Synthesis of methyl 4-methoxycinnamate under continuous flow conditions

	Conclusion
	Experimental
	Reagents and instruments
	Stirred autoclave reactions
	Continuous flow reactions
	Sample analysis

	Acknowledgements
	References
	Abstract
	Review
	1 Introduction
	2 Nitration: modes and systems
	3 Continuous flow nitration
	3.1 Analysis of the literature
	3.2 Analysis of recent patents

	4 Nitration: from laboratory synthesis to process
	4.1 Nitrating agents used under continuous flow conditions
	4.2 Heat management in nitration
	4.3 Interfacial reactions: real and apparent kinetics
	4.4 Handling of solids
	4.5 Reliability of the analysis and establishing mass balance

	5 Conclusion

	Acknowledgements
	References

