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Solvent- and Catalyst-Free Huisgen Cycloaddition to
Rufinamide in Flow with a Greener, Less Expensive
Dipolarophile
Svetlana Borukhova,[a] Timothy No�l,*[a] Bert Metten,[b] Eric de Vos,[b] and Volker Hessel*[a]

The 1,2,3-triazole moiety constitutes an interesting class of het-
erocycles that displays many useful biological activities, such
as anticonvulsant,[1] anti-HIV,[2] antiallergic,[3] and antimicrobial
activity against Gram-positive bacteria.[4] One of the best-sell-
ing five-membered heterocyclic
pharmaceuticals of recent years
is an antiepileptic drug that con-
tains a 1,2,3-triazole moiety
called Rufinamide (1).[5] It pre-
vents seizures by deactivating
sodium ion channels and is cur-
rently used in the treatment of
the Lennox–Gastaut syndrome.[6]

Rufinamide is manufactured by
Eisai under its commercial
names of Inovelon and Banzel.

Various industrial synthetic
routes have been disclosed in
the patent literature over the
past three decades.[7] The forma-
tion of 1,2,3-triazole precursor
through a 1,3-dipolar Huisgen
cycloaddition of 2,6-difluoroben-
zylazide (2) with an appropriate
dipolarophile is a key step in the
synthesis of Rufinamide (Scheme 1).

Table 1 lists the various commercially available dipolaro-
philes, which have been utilized so far. 2-chloroacrylonitrile re-
sults in a regioselective addition, yielding the desired 1,4-cyclo-
adduct in good yield (Table 1, entry 1).[7a] However, it is

a highly toxic and flammable substance, which, in combination
with the explosive nature of organic azides, causes significant

safety issues for scaleup. Propiol-
ic acid is less toxic and is, due to
the higher electronic deficiency,
more reactive (Table 1,
entry 2).[7b] Nevertheless, a transi-
tion-metal catalyst is required to
induce a high regioselectivity. In
addition, the benefits of catalyst
use becomes controversial when
high purity standards for active
pharmaceutical ingredients

(APIs) are taken into consideration.[8] Similar arguments hold
for methyl propiolate (Table 1, entry 3).[7c] Apart from toxicity
and regioselectivity issues, the high cost of the starting materi-
al is a hurdle for the selection of this synthetic route for pro-
duction scale. Recently, Mudd and Stevens reported a greener
route, utilizing a nontoxic and inexpensive (E)-methyl 3-me-
thoxyacrylate (3) as a dipolarophile (Table 1, entry 4).[9] Perfect
regioselectivity towards the desired 1,4-cycloadduct is afforded
due to the presence of a methoxy leaving group. Scheme 2
shows the mechanism of this transformation: an initial Huisgen
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Scheme 1. General synthetic sequence towards Rufinamide (1).

Table 1. Overview and comparison of patented (entries 1–3) and alternative (entry 4) syntheses with respect to
the choice of dipolarophile used in the 1,3-dipolar Huisgen cycloaddition to afford 1,2,3-triazole, the precursor
of Rufinamide.

Entry Dipolarophile �R Toxicity
(NFPA[a])

Cost[b]

[$ mol�1]
t
[h]

Yield
[%]

T
[8C]

Equiv-
alents

Solvent/Additives

1[7a] �CN 4 12 24 72 80 1.5 neat

2[7b] �COOH 3 13 2 80 25 1
water–tBuOH/ascorbic
acid/CuSO4

3[7c] �COOMe 2 45 5 48 65 1 water

4[9] �COOMe 0 2 28 85 135 1.2 neat

[a] National Fire Protection Association. [b] 2-chloroacrylonotrile—5 kg for $ 680 (AOKBIO) ; propiolic acid—
10 kg for $ 1840 (Beta Pharma Scientific) ; methyl propiolate—1000 kg for $ 530 kg (D-L Chiral Chemicals) ; (E)-
methyl 3-methoxyacrylate—10 kg for $160 (Apichemical).
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cycloaddition is followed by an elimination of methanol.
Consequently, the desired regioisomer can be obtained with-
out any additives; this feature avoids a meticoulous purifica-
tion afterwards. However, this route requires 28 h of reaction
time for a completion when performed at 135 8C under sol-
vent-free conditions. Apart from the long reaction time, the re-
action temperature is very high for a conventional batch oper-
ation in the pharmaceutical industry. This is especially true
when the exothermic nature of the reaction is taken into ac-
count. Moreover, solvent-free large-scale batch processing of
organic azides at high temperature is not recommendable in
view of the limited stability of these compounds. This might
lead to a runaway decomposition with gas formation and con-
comitant pressure buildup.

Extended reaction times can be shortened significantly by
intensifying the intrinsic kinetics of the reaction in a microreac-
tor environment.[10] Such intensification can be achieved by
using so-called Novel Process Windows (NPW), which address-
es this issue through a chemical intensification using elevated
temperatures, pressures, and increased reaction concentra-
tions.[11] In addition, the NPW concept introduces a process-
design intensification stage for which the goal is to simplify
the initial design of the process by integration of several
stages within the process.[12] Continuous microflow processing
is a very desirable feature in pharmaceutical industry because
it allows a high degree of control over reaction parameters,
a higher safety, a reduced manual handling, a flexibility of pro-
duction volume, an easier reproducibility, a possibility of reac-
tion telescoping, and a potential for inline purification.[13] Re-
ducing the size of equipment to the microscale allows to in-
crease heat- and mass-transfer and to safely operate super-
heated, runaway, and other harsh process conditions.[14]

A decision on the favorability of switching from batch to
flow usually depends on the outcome of life cycle assessment
(LCA) and cost analysis.[15] Such methodology has guided
recent microreactor developments.[16, 17] The methodology typi-
cally starts with lab- and production-scale considerations,
which are centered around a target reaction.[15, 16] Recently, LCA
investigations were extended to a full industrial process scale
including downstream purification.[17] Yet, it should be noted
that such cost/LCA evaluations for microreactor technology are
still rare and often have to use assumptions because the tech-
nology is still under development.[16a, 17a,b] In this manuscript,
the aspects of comparison presented in Table 1 serve as selec-
tion criteria and allow for a practical decision tree when green
chemistry and engineering policies are considered.[18] As such,
the need for a more complex and time-consuming analysis can
be avoided.

Based on this background,
a collaboration between aca-
demia and industry is presented
that realizes a new process by
embracing green chemistry and
green engineering principles. It
starts off with a combined cost–
sustainability-guided choice of

the dipolarophile and proceeds with microflow-process intensi-
fication to accelerate the reaction to obtain a process that is
productive and safe for industrial implementation. Although
cost arguments are considered through the raw material price
and the potential for a patent-free process, environmental ar-
guments relate to toxicity, raw material, and solvent use in ad-
dition to generated waste.

Herein, we present an alternative, intensified method to pro-
duce 1,2,3-triazole ester, a key intermediate for the production
of Rufinamide (1). The novelty of the proposed synthesis lies in
its continuous nature, the decrease in the reaction time from
hours to minutes, and the utilization of a greener and less ex-
pensive starting compound under solvent- and catalyst-free
conditions. In addition, purification is integrated within the re-
action step, demonstrating an application of process-design in-
tensification.

We commenced our investigations by verifying the batch
procedure described by Mudd and Stevens.[9] The original pro-
cedure required two intermediate additions of 3, at 2 and 18 h
after start, to reach full conversion. The desired product is re-
ported to be purified through recrystallization from methanol
(MeOH).[9] In our hands, a single addition of 3 resulted in 43 %
yield after 1 h and 78 % isolated yield after 12 h of reaction
time, as shown in Figure 1. We observed that, upon cooling
the reaction mixture to room temperature, the target com-
pound crystallized rapidly.

To avoid clogging issues within the microcapillary reactor
and, consequently, facilitate the transition from batch to con-
tinuous-flow, we followed the reaction progress in batch under
more diluted conditions by using N-methyl-2-pyrollidone
(NMP) as a highly polar solvent, which could solubilize all reac-
tants and products. However, poor conversions were observed
under these diluted reaction conditions; only 13 % and 16 %
yield were reached within the first hour of reaction with 0.5
and 1 m 2,6-difluorobenzyl azide (2), respectively.

Based on our observations in batch, we built a microcapillary
assembly as shown in Figure 2. One of the very first require-
ments for continuous-flow operations is to ensure a complete
homogeneity of the reaction mixtures.[19] Due to the rapid de-
crease in reaction rate under diluted homogeneous reaction
conditions as observed in batch, the use of solvent-free reac-
tion conditions was preferred to attain a higher reaction rate.
However, it was observed that target compound 4 was spar-
ingly soluble under these neat reaction conditions, therefore
requiring special handling when 100 % conversion is desired.
Nevertheless, we envisioned that continuous-flow processing
was feasible when the entire reactor coil [stainless steel capilla-
ry tubing, 750 mm inner diameter (ID), 4.7 m length] was main-
tained at a temperature above the melting point of the prod-

Scheme 2. Proposed mechanism for 1,3-dipolar cycloaddition followed by an elimination of methanol.
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uct [m.p. (4) = 136–137 8C]. Moreover, purification could be in-
tegrated by introducing a stream of acetonitrile (ACN) (10:1,
v/v ; ACN/product stream) or MeOH (15:1, v/v ; Methanol/prod-
uct stream), which yielded the crystalline product in a collection
tank upon cooling. The analytically pure compound could be
collected by simple filtration. Notably, it was found that the T-
mixer, used to merge the reaction and ACN or MeOH, needed
to be heated to the reaction temperature to avoid uncontrolla-
ble crystallizations. The combined diluent and reaction stream

was subsequently cooled down
to 60 8C prior to passing it
through a back pressure regula-
tor (BPR, 1000 psi). This BPR en-
sured that a steady continuous
flow was maintained within the
capillary microreactor and pre-
vented boiling of 3 (b.p. =
155 8C).

One of the key parameters to
accelerate the reaction rate is
the use of elevated tempera-
tures. Microreactor technology
enables a safe and reliable use
of such harsh reaction condi-
tions, which are otherwise diffi-
cult to attain on a batch
scale.[20, 21] Figure 3 depicts the
temperature dependence of the
catalyst- and solvent-free Huis-
gen cycloaddition yielding 4 in
continuous-flow with a residence
time of one hour. At 140 8C, 56 %
yield could be obtained within
1 h. The optimal reaction tem-
perature was 200 8C, which re-
sulted in the formation of 4 in
82 % yield. A further increase of
the reaction temperature result-
ed in a decrease in yield.

Although 1 h residence time is
still acceptable for basic investi-
gations in continuous-flow
chemistry, it is far from ideal
from a production point of view.
Thus, we decided to study the
reaction behavior in more detail
by performing differential scan-
ning calorimetry (DSC). As an ad-
ditional advantage, solvent-free
conditions afford more accurate
modeling due to the absence of
solvent–reactant interactions.
Based on the energy evolution,
the DSC experiments predicted
that, although 1 h is required to
obtain full conversion at 200 8C,
only 5 min might be necessary

to afford the same result at 240 8C (Figure 4). It should be
noted that the observed energy evolution might not only be
due to the exothermic [3+2] cycloaddition, but could also be
due to the decomposition of starting materials.

It is generally known that azides are heat sensitive and de-
compose rapidly at elevated temperatures with concomitant
evolution of nitrogen gas.[22] To study the decomposition rate,
pure 2 was introduced into the microreactor assembly and
subjected to elevated reaction temperatures (Figure 5). At a re-

Figure 1. Progress of the [3+2]-cycloaddition of 2,6-difluorobenzyl azide (2) with (E)-methyl 3-methoxyacrylate (3)
at 135 8C under solvent-free or diluted conditions in batch.

Figure 2. Schematic representation of the microcapillary assembly for the solvent- and catalyst-free Huisgen cyclo-
addition of 2 with 3. More details are provided in the Supporting Information. The photograph shows the precipi-
tation of product 4. (BPR = back pressure regulator).
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action temperature of 200 8C, only 4 % of the azide was de-
composed after a residence time of 10 min. However, at
230 8C, already 34 % of 2 was decomposed within 10 min resi-
dence time, as was evident from the increased nitrogen gas
evolution. Analysis of the reaction sample by means of GC–MS
revealed the formation of 2,6-difluorotoluene and 2,6-difluoro-
benzyl amine together with some other minor decomposition
products. These results demonstrate the existence of a sensitive
balance between decomposition rate of the reagents and ac-
celeration of the reaction rate in the formation of the desired
compound at elevated reaction temperatures. To fine-tune the
operating conditions, we investigated the influence of the resi-
dence time on the yield of 4 at temperatures ranging from

200 to 240 8C and residence
times ranging from 2.5 to
15 min. HPLC results suggested
that 210 8C was the optimal reac-
tion temperature. Isolated-yield
experiments on a large scale
(20 mmol) revealed that the
highest yield was obtained after
a residence time of 10 min, re-
sulting in 83 % yield (4.2 g prod-
uct, 30 min collection time) in
the first crop (Table 2, Entry 2).
A second crop obtained from
the mother liquor increased the
total yield to 86 %.

To summarize, we have inves-
tigated the potential of the
Novel Process Windows concept
on an industrially relevant exam-
ple, that is, the synthesis of
a key intermediate for the pro-
duction of Rufinamide. A contin-
uous-flow process was devel-
oped for the formation of the

1,2,3-triazole precursor through a 1,3-dipolar Huisgen cycload-
dition of 2,6-difluoro-benzylazide and (E)-methyl 3-methoxya-
crylate under catalyst-free and solvent-free reaction conditions.
Moreover, we have achieved a switch to a greener and less ex-
pensive dipolarophile possible while adhering to green
chemistry and green engineering principles. It was found that
the use of elevated temperatures boosted the reaction rate
significantly, allowing the synthesis of the 1,2,3-triazole precur-
sor in only 10 min residence time. Clogging was efficiently
avoided by working at reaction temperatures above the melt-
ing point of the target compound. In addition, by introducing
a recrystallization solvent purification was realized upon prod-
uct collection. Finally, it was shown that continuous-flow proc-
essing, as shown herein, constitutes an environmentally
benign alternative for procedures currently used in industry.

Figure 3. Temperature influence on the [3+2]-cycloaddition of 2 with 3 under solvent-free and catalyst-free reac-
tion conditions in continuous flow.

Figure 4. Differential Scanning Calorimetry predictions for the [3+2]-cycload-
dition of 2 with 3 at different reaction temperatures under solvent-free reac-
tion conditions.

Table 2. Isolated yields of Rufinamide precursor at 210 8C.

Entry Residence time[a]

[min]
Weight of 4[b]

[g]
Isolated yield[b]

[%]

1 5 3.6 71
2 10 4.2 83
3 20 3.9 78
4 25 3.8 76
5 30 3.5 70

[a] Residence time is calculated based on the nominal flow rate. [b] Isolat-
ed yield on a 20 mmol scale. Yield is based on collection of crystals from
the first crop.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemSusChem 0000, 00, 1 – 6 &4&

These are not the final page numbers! ��

CHEMSUSCHEM
COMMUNICATIONS www.chemsuschem.org

www.chemsuschem.org


Experimental Section

A microcapillary system was assembled, as shown in Figure 2, uti-
lizing HPLC pumps, a stainless steel microcapillary reactor, heating
and cooling oil baths, and a BPR. The HPLC pumps could operate
at pressures up to 400 bar, whereas the BPR provided an opportu-
nity to keep the system under its specific pressure. Knauer HPLC
pumps of Smartline 1050 series were used. A stainless-steel capilla-
ry of 750 mm ID [1.59 mm outer diameter (OD)] along with all the
fittings and a T-mixer were purchased from VICI VALCO. Inline BPRs
of a fixed pressure (35–69 bar) were purchased from IDEX Health
and Science. A Lauda Proline 8 thermostat was used for heating,
and a Eco Silver immersion thermostat was used for cooling. The
residence time was manipulated by changing the flow rate of the
reacting mixture. Premixed reactants were pumped by pump A
into a capillary reactor (750 mm ID and 4.7 m long). A BPR was
placed between the HPLC pump and the capillary micro reactor to
prevent backflow and to ensure a constant flow of reactants
through the capillary reactor. The diluent was pumped by pump B
through a coil of (750 mm ID and 0.5 m long) immersed in hot oil
bath. The stream exiting the capillary micro reactor was combined
with the stream of recrystallization solvent in a T-mixer (0.5 mm
bore, stainless steel). This mixer was immersed in a hot oil bath to
prevent rapid precipitation of the target material. To achieve suffi-
cient mixing, 1 m tubing with 1 mm ID was added after the T-
mixer. The diluted stream was then passed through a 0.5 m long
coil immersed in a cooling bath. A BPR was placed after the cool-
ing bath.

Typical flow procedure for methyl 1-(2,6-difluorobenzyl)-1H-1,2,3-
triazole-4-carboxylate (4): The reagent mixture was prepared by
mixing 2,6-difluorobenzyl azide (0.2 mol, 33.8 g), 3 (0.3 mol, 35.4 g),
and 1,3,5-trimethoxybenzene (20 mmol, 3.4 g). Prior to sample col-

lection, the experimental setup
was flushed at room temperature
with the reaction mixture and di-
luent at 1 and 6 mL min�1, respec-
tively. Flow rates were then de-
creased to the desired residence
time (e.g. , 0.207 mL min�1 for
10 min) for the reaction mixture.
Diluting with 10 and 15 volumes
of ACN or MeOH with respect to
the stream exiting the capillary mi-
croreactor was needed. Next, heat-
ing and cooling baths were turned
on and set to the desired tempera-
ture. The cooling bath was kept at
60 8C regardless of the tempera-
ture of reaction mixture. After
flushing the reactor assembly with
three reactor volumes to ensure
steady-state data collection, three
samples were collected. The collec-
tion time of one sample was
equivalent to the residence time
(one reactor volume). Samples
were further diluted by using five
reactor volumes of an ACN/water
(50:50) mixture prior to HPLC anal-
ysis.

Procedure to obtain isolated yields
of 4 : The same procedure de-
scribed above was utilized. After

flushing with three reactor volumes to ensure steady-state data
collection, one sample was collected. The collection time was
equivalent to �3 reactor volumes. Upon cooling, off-white crystals
precipitated. The filtered product was then dried under vacuum
overnight, weighed, and analyzed. m.p. = 136–137 8C; 1H NMR
(400 MHz, [D6]DMSO): d= 8.85 (s, 1 H), 7.50 (t, J = 16 Hz, 1 H), 7.16
(m, J = 12 Hz, 2 H), 5.73 (s, 2 H), 3.81 ppm (s, 3 H); 13C (100 MHz,
[D6]DMSO): d= 162.49 (d, J = 8 Hz), 160.99, 160.00 (d, J = 7 Hz),
138.94, 132.30 (t, J = 10 Hz), 129.89, 112.38 (m, J = 12 Hz), 111.26 (t,
J = 19 Hz), 51.24, 41.79 ppm (t, J = 3 Hz); HRMS calcd. for
C11H9F2N3O2Na 276.0561, found 276.0566 [M+Na+] .
1H chemical shifts are reported in ppm downfield from tetrame-
thylsilane (TMS), whereas 13C chemical shifts are reported down-
field from TMS with the resonance of the [D6]DMSO as the internal
standard.
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Figure 5. Top: Decomposition rate of 2 at different reaction temperatures in continuous-flow. Bottom: Color
change observed upon decomposition of 2. The numbering on the vials is matched with the one in the top
graph.
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Solvent- and Catalyst-Free Huisgen
Cycloaddition to Rufinamide in Flow
with a Greener, Less Expensive
DipolarophileGive it a flow: A continuous-flow pro-

cess for the synthesis of a 1,2,3-triazole
precursor of Rufinamide has been devel-
oped. The protocol involves a solvent-
and catalyst-free operation and utilizes

reaction temperatures above the melt-
ing point of the target product to pre-
vent microreactor clogging, resulting in
a decrease of the operating time from
hours to minutes.
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