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Having demonstrated in the preceding publication the flow synthesis of aryl azides, we describe here a
general protocol for the in-line purification of these versatile intermediates. As part of this investigation,
we evaluated the use of ReactIR 45m as a tool for real-time detection of hazardous azide contaminants.

This azide synthesis and purification process was then incorporated into a multistep flow sequence to
generate a small collection of S-amino-4-cyano-1,2,3-triazoles directly from aniline starting materials in

a fully automated fashion.

Introduction

Following the successful application of aryl azides in the
Staudinger aza-Wittig reaction,! we were interested in exploring
other uses of these valuable building blocks in multistep flow pro-
cesses. Although we were able to make use of a convenient catch-
react-and-release purification in the flow Staudinger procedure, we
were aware that other potential sequences employing aryl azides
might not lend themselves to this method of purification. Given
that the preparation of aryl azides involves the use of toxic anilines
and trimethylsilyl azide, it was of critical importance not only for
product purity but also for process safety to remove any unreacted
starting materials from the flow stream before isolation or further
use. We describe here the development of a general purification
protocol that enables the generation and purification of aryl azides
within a contained flow system, providing safe and efficient access
to clean aryl azides as intermediates or final products.

With pure aryl azides in hand, one can envision a wide range
of possible derivatisation reactions which can be applied to these
versatile intermediates.” Building on previous work with similar
scaffolds,® we were particularly interested in designing a multistep
flow route for the synthesis of the biologically interesting 5-amino-
4-cyano-1,2,3-triazole templates generated by the reaction of aryl
azides with malononitrile.*

As discussed in the preceding publication, safety, product purity
and efficiency — in terms of chemist and laboratory time as well
as materials — are high priorities for the design of flow synthesis
routes.® In order to address the efficiency aspect, we set out to
explore further options for the automation of complex multistep
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flow processes,® with the goal of enabling 24/7 operation by
carrying out multiple sequential reactions in a fully automated
fashion. Here we report on the use of Gilson Trilution LC and/or
Unipoint software’ to successfully automate the flow preparation
of a small collection of 5-amino-4-cyano-1,2,3-triazoles from
simple aniline starting materials.

Results and discussion
Purification of aryl azides in flow

While the flow method for aryl azide generation described in
the preceding publication generally provides aryl azides in high
conversion from the corresponding anilines, the desired azide
products are potentially contaminated with unreacted trimethylsi-
lyl azide (which is readily hydrolysed to toxic, volatile and explosive
hydrazoic acid) and aniline starting materials. When these aryl
azides were carried on directly to the Staudinger reaction in
flow,! these contaminants could be washed to waste and collected
for immediate destruction or disposal. If aryl azides are to be
carried on to further reactions that do not provide this convenient
purification step, however, the benefits of generating aryl azides
in flow are greatly diminished by having to carry toxic materials
through with the desired product. In this case, contamination with
unreacted starting material is not only a concern with respect to
product purity, but presents an unacceptable situation in terms of
process safety.

Therefore, we have developed a scavenging protocol by which
the aryl azide stream can be purified in-line using readily available
and inexpensive scavenger resins, greatly improving both product
purity and process safety. As shown in Scheme 1, following azide
synthesis (1 mmol scale), the reaction stream passes through a
10 mm id. x 8 cm height glass column containing 1.3 g of
polymer-supported sulfonic acid (QP-SA), followed by 1.3 g of
polymer-supported dimethylamine (QP-DMA). The QP-SA traps
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Scheme 1
discolouration indicative of scavenged impurities.

any unreacted aniline whilst at the same time converting any
remaining trimethylsilyl azide to hydrazoic acid, which is in turn
trapped onto the QP-DMA.

Since this scavenging step is necessary for both purity and
safety, it was important to ensure that enough scavenger was
used to completely remove the undesired contaminants. Although
all of the azide syntheses investigated proceeded with at least
80% conversion, this scavenging protocol was tested for its
effectiveness in both a successful reaction and a hypothetical
worst-case scenario in which only a 10% reaction had occurred.
This ‘failed’ reaction was simulated by carrying out the azide
synthesis with only 0.1 equivalent of terz-butyl nitrite, resulting in a
maximum 10% conversion and requiring the scavengers to remove
the remaining 90% of unreacted starting aniline and trimethylsilyl
azide.

The scavenging protocol was evaluated by monitoring the
reaction output for the presence of azide or aniline contaminants in
standard and failed reactions with and without scavenging. Resid-
ual aniline starting material was detected by "H NMR analysis of
the crude output stream (no evaporation). Residual hydrazoic acid
or trimethylsilyl azide was detected by colourimetric evaluation
of the output stream at periodic intervals using a ferric chloride
indicator.?

The substrate 3,5-bis(trifluoromethyl)aniline was chosen for
these control reactions, as the colours of both the aniline starting
material and aryl azide product would not interfere with the
colourimetric analysis. As shown in Fig. 1, it was possible to
clearly detect the presence of trimethylsilyl azide in MeCN by
visual inspection down to a concentration of 0.005 M, and it was
confirmed that none of the reaction components either gave a false
positive or interfered with the detection of trimethylsilyl azide
in a positive control sample. Consequently, flow reactions were
carried out as described above (Scheme 1), with a sample of the
output stream being tested with the ferric chloride assay every two
minutes. The total combined reaction output was also collected
and examined by '"H NMR.

As shown in Table 1, both the successful and failed reactions
without scavenging contained residual aniline and azide starting
materials. However, colourimetric testing and '"H NMR analysis
confirmed that, within the limits of detection, azide synthesis
followed by in-line scavenging (Scheme 1) yields an output stream
free from aniline, trimethylsilyl azide or hydrazoic acid, even in
the case of a failed reaction with less than 10% conversion to the
desired product.

10 mL
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Fig. 1 Ferric chloride controls. Top: Concentration screen of trimethylsi-
lyl azide in MeCN; a positive result (red colour) is clearly visible down to
0.005 M. Bottom: Starting materials and product for test reactions; negative
control vials (-) contain only the reaction component (0.5 M in MeCN),
positive control vials (+) contain the reaction component and trimethylsilyl
azide (1:1, 0.5 M in MeCN).

Evaluation of in-line monitoring of trimethylsilyl azide

While colourimetric testing provides a reliable off-line method
for detection of trimethylsilyl azide or hydrazoic acid, an in-line
monitoring technique would allow real-time detection® of these
undesired materials within a multistep flow synthesis, without ex-
posure to potentially contaminated reaction streams. We therefore
evaluated the potential of monitoring for residual trimethylsilyl
azide or hydrazoic acid using the ReactIR flow cell recently
developed by Mettler-Toledo.'®!! The original diamond (DiComp)

Table 1 Evaluation of scavenging procedure by '"H NMR and FeCl,
Test reaction 'H NMR

(RNH, : TMSN; : --BuONO) Scavenge  (Aniline: Azide)  FeCl,
Standard (1:1:1) No 12:88 +
Standard (1:1:1) Yes Azide only -
Failed (1:1:0.1) No 92:8 +
Failed (1:1:0.1) Yes Azide only -
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sensor for this equipment was not ideal for the monitoring of azide
species due to the inherent ‘blind spot’ of the diamond sensor
(2250-1950 cm™). This allows only weak absorbance in the region
of the normally strong azidle N=N=N asymmetric stretching
bands (v =2160-2120 cm™). We report here upon the evaluation
of a prototype silicon (SiComp) sensor, which does not suffer from
this blind spot, for the in-line detection of trimethylsilyl azide or
hydrazoic acid. As shown in Fig. 2, the sensitivity in the azide

Diamond Sensor

Silicon Sensor

Fig. 2 IR spectrum (4000-650 cm™) of trimethylsilyl azide (0.5 M in
MeCN) using the ReactIR. 7op: Diamond sensor, with grey box indicating
the diamond ‘blind spot’ (2250-1950 cm™). Bottom: Silicon sensor.
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N=N=N asymmetric stretching region is much improved for the
silicon (Fig. 2, bottom) over the original diamond sensor (Fig. 2,
top).'?

We carried out a calibration of the detector using varying
concentrations of trimethylsilyl azide in acetonitrile. As shown
in Fig. 3, the strong N=N=N asymmetric stretching band of
trimethylsilyl azide (v = 2141 cm™) could be clearly detected at
concentrations of 0.05 M or greater. Therefore, the detection limits
of the device would require improvement in order to comfortably
rely on ReactIR as a replacement for the established off-line
colourimetric test to confirm complete azide removal. We were still
interested, however, in evaluating this device as a tool to provide
real-time information about reaction and scavenging processes
within the range of its current sensitivity.

We began by monitoring the simple test case of scavenging
trimethylsilyl azide in isolation. A 0.5 M solution of trimethylsilyl
azide in acetonitrile was pumped at 0.2 mL min™' through a column
packed with either QP-SA or QP-DMA independently, or through
both reagents in series, and the output monitored by both ReactIR
and the ferric chloride assay. Fig. 4 shows an overlay of the IR
spectrum at the most concentrated point in the reaction plug for
each run, along with a reference spectrum of trimethylsilyl azide at
0.5 M. In each case there was agreement between the ferric chloride
test and the ability to detect a N=—=N=N band in the IR spectrum.
Passage of trimethylsilyl azide through either QP-DMA or QP-
SA alone resulted in the detection of an azide species by both
IR and ferric chloride. However, no residual azide was detected
by either method after passage through a combined QP-SA/QP-
DMA scavenging column.

In order to provide useful information about real reactions
and scavenging processes, it is necessary for the ReactIR to
be able to detect trimethylsilyl azide or hydrazoic acid in the
presence of other reaction components, including the azide

I\

L\ = /AP,

N

3900 3800 3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 2600 2500 2400 2300 2200 2100 2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700
Wavenumber (cm-1)

METTLER TOLEDO

Fig. 3

IR spectra (4000-650 cm™) using the ReactIR silicon sensor for a concentration screen of trimethylsilyl azide in MeCN. Red line = 0.5 M, orange

line = 0.05 M, green line = 0.005 M, blue line = 0.0005 M. Inset: Zoom of the azide N—=N=N asymmetric stretching region (2240-2000 cm™). The strong
N=N=N asymmetric stretching band of trimethylsilyl azide (v =2141 cm™) is clearly visible at concentrations of 0.05 M or greater.
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TMSN, Reference
QP-DMA only

QP-SA + QP-DMA

Fig. 4 IR spectra for trimethylsilyl azide scavenging tests, zoomed into
the azide N=N=N asymmetric stretching region (2240-2000 cm™"). Red
dotted line = trimethylsilyl azide reference, dark purple solid line =
QP-DMA only, light purple solid line = QP-SA only, green solid line
scavenging with both QP-SA and QP-DMA.

product. We therefore returned to the synthesis of 1-azido-3,5-
bis(trifluoromethyl)benzene and repeated the control reactions
described in Table 1, with the ReactIR cell incorporated just
prior to the exit of the flow system. The ReactIR results were
validated by comparison with ferric chloride testing and "H NMR
analysis of the output as previously outlined. Fig. 5 shows the
IR reference spectra of the starting materials and 1-azido-3,5-
bis(trifluoromethyl)benzene product. As shown in Fig. 5 (inset),
the detection of undesired trimethylsilyl azide or hydrazoic acid
contaminants by ReactIR may be complicated by the presence and
potential overlap of the N—=N=N asymmetric stretching band for
the aryl azide product (in this case, v=2122 cm™).

Fig. 6 shows the ReactIR results, as well as the '"H NMR and
ferric chloride test results for the standard (left) and failed (right)

1.00
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Product Azide
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synthesis of 1-azido-3,5-bis(trifluoromethyl)benzene. ReactIR re-
sults are again presented as an overlay of the IR spectrum at the
most concentrated point in the reaction plug for each run, along
with reference spectra of trimethylsilyl azide (Fig. 6, red dotted
lines) and 1-azido-3,5-bis(trifluoromethyl)benzene (Fig. 6, blue
dotted lines). In agreement with our previous control reactions,
no undesired azide species were detected by either ferric chloride
testing or ReactIR in the reactions with in-line scavenging (Fig. 6,
solid green lines). The solid purple lines in Fig. 6 represent the test
reactions without scavenging. In the standard reaction without
scavenging (Fig. 6, left, purple line), the small amount of residual
trimethylsilyl azide was detected by the ferric chloride test, but
was not visible in the IR spectrum. In the corresponding failed
reaction, however, the unreacted trimethylsilyl azide can be clearly
detected in the IR spectrum (Fig. 6, right, purple line).

As demonstrated by these control reactions, the ReactIR
cannot yet compete with off-line colourimetric testing for reliable
detection of small amounts of trimethylsilyl azide in reaction
streams. However, the ReactIR can provide important information
in terms of safety in the flow synthesis of aryl azides by enabling
early in-line detection of critical process failure.

Synthesis of 5-amino-4-cyano-1,2,3-triazoles

With access to a flow stream of pure aryl azide, we investigated the
further reaction of these azide intermediates to generate a small
collection of 5-amino-4-cyano-1,2,3-triazoles (Scheme 2) in flow.*

A seemingly straightforward method for the combination of
this azide stream with the base and malononitrile would be to
introduce these components in a third flow stream. However,
working in segmented flow presents a technical challenge in terms

1y
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Fig. 5 Reference IR spectra (4000-650 cm™) for the starting materials and product for scavenging test reactions. Dark blue line = 1-azido-
3,5-bis(trifluoromethyl)benzene product, red line = trimethylsilyl azide starting material, light blue line = 3,5-bis(trifluoromethyl)aniline starting
material, green line = fert-butyl nitrite starting material; each 0.5 M in MeCN. Inset: Zoom of the azidle N—=N=N asymmetric stretching region

(2240-2000 cm™).
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Test Reaction 'H NMR Test Reaction 'H NMR
(RNH,:TMSN;:~-BuONO) Scavenge (Aniline : Azide) FeCl; (RNH,:TMSN;:~BuONO) Scavenge (Aniline : Azide) FeCl;

Standard (1:1:1) No 13:87 + Failed (1:1:0.1) No 91:9 +

Standard (1:1:1) Yes Azide only — Failed (1:1:0.1) Yes Azide only -

Fig. 6 Evaluation of ReactIR monitoring for trimethylsilyl azide scavenging in the flow synthesis of 1-azido-3,5-bis(trifluoromethyl)benzene. Presented
here are ReactIR, '"H NMR and ferric chloride test results for these control reactions. IR spectra (2240-2000 cm™) are representative spectra for the flow
reactions with (green solid line) and without (purple solid line) scavenging, overlaid with reference spectra for trimethylsilyl azide (red dotted line) and
1-azido-3,5-bis(trifluoromethyl)benzene (blue dotted line). Left: Standard reaction with (green) and without (purple) scavenging. Right: Failed reaction

with (green) and without (purple) scavenging.

CN
(See Scheme 1) NC/\CN ,’\,l \
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base w 2
Ar

Scheme 2 General preparation of 5-amino-4-cyano-1,2,3-triazoles.

of the introduction of a third stream of reagents with consistent
stoichiometry relative to the in situ generated intermediate.! In
this case, the azide intermediate exits the scavenging column as a
disperse plug with an unknown and varying concentration profile.
Without the ability to precisely monitor this output and effect
the corresponding delivery of the malononitrile/base stream, it is
a more attractive strategy to introduce them in an immobilised
form.

Immobilisation of malononitrile

We planned to effect conversion to the desired triazole products
by directing the stream of azide intermediate through a column
of malononitrile, immobilised as its corresponding anion on
polymeric support. This would also enable the use of an excess
of malononitrile and base without contamination of the resulting
product stream.

The malononitrile reaction column was thus generated using
Ambersep 900 (A900) hydroxide form resin. Resin loading was
carried out in THF, as co-workers in our laboratory had previously
found A900 hydroxide resin to cause the hydrolysis of acetonitrile
to acetamide. A 15 mm.d. glass column was packed to 3 cm height
with a slurry of A900 hydroxide resin in ethanol. This column was
then washed with dry THF at 1 mL min™ for 20 min, causing
the resin to shrink. The column plunger ends were adjusted to
approximately 1.5 cm height and the column was then loaded by
washing with excess malononitrile (10 mmol, 1 M in dry THF) at
a flow rate of 1 mL min™. The resulting malononitrile column
was washed at 1 mL min™ with dry THF to remove excess
malononitrile and residual water before switching to MeCN for use

in the triazole synthesis. It was found that the loaded malononitrile
column could be stored in a sealed column in THF on the benchtop
for up to 6 weeks prior to use, indicating the potential for this toxic
material to be supplied as pre-loaded cartridges of ready to use
immobilised reagent.

The loading of the final malononitrile resin was difficult to
quantify because the A900 hydroxide resin is supplied water wet,
however, this procedure consistently resulted in a loading of 4—
5 mmol of captured malononitrile per column, based on the
amount of recovered malononitrile. As described below, these
columns were sufficient to effect full conversion of various aryl
azides to the desired triazole products on 1 mmol scale.

Synthesis of 5-amino-4-cyano-1,2,3-triazoles in flow

Azide synthesis and purification was carried out using the general
procedure shown in Scheme 1. The pure azide stream was
then passed directly through a column of supported anionic
malononitrile before exiting the flow system as shown in Scheme 3
(Step 1 only). Early optimisation studies indicated that for some
substrates, the reactions did not proceed to completion at room
temperature. Carrying out the triazole synthesis step at 60 °C by
heating the malononitrile reaction column in the R4 convection
heater resulted in full conversion for a wide range of substrates.
While some of the desired product was obtained by simply
washing the malononitrile reaction column with acetonitrile
following the reaction, low mass returns indicated that the triazole
product was being retained as the corresponding anion in the
malononitrile reaction column.®® A variety of proton sources were
evaluated for the release of the desired product. The most effective
reagent for clean release of the desired triazole products was found
to be malononitrile itself (Scheme 3, Step 2). This did result in
mixed stream of the desired products with malononitrile, however
with the base component immobilised, this excess malononitrile
could be safely and easily removed from the desired products
by evaporation within a contained system using a GeneVac
evaporator (HPLC setting, 60 °C). This release protocol had
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STEP 2: Release

Scheme 3  Flow synthesis of 5-amino-4-cyano-1,2,3-triazoles.

the additional benefit of regenerating the reaction column, which
could be successfully reused for at least six consecutive reactions.™

A collection of 5-amino-4-cyano-1,2,3-triazoles were thus gen-
erated in flow from aniline starting materials as shown in Scheme 4,
with the triazole products being purified simply by evaporation of
solvent and malononitrile. Final products were obtained in 290%
purity as determined by '"H NMR.

Fully automated library synthesis of
5-amino-4-cyano-1,2,3-triazoles in flow

Ideally, automation of flow processes should increase process
efficiency both in terms of chemists’ time and laboratory utility.
Thus, our goal here was to carry out multiple sequential flow
reactions in a fully automated fashion, allowing optimal use of
laboratory facilities through 24/7 working.

Gilson Trilution LC and Unipoint software, while not specif-
ically designed for conducting flow synthesis, allow the control
and integration of various modular components. This enables the
flexible construction of versatile flow platforms for automating
complex multistep sequences. Using these software packages
to control the readily assembled reactor shown in Fig. 7 and
Scheme 4, the products in Table 2 were produced in a fully
automated fashion. With the ability to program the filling of
sample loops from a selection of reagents in an autosampler and
to control switching multiple valves, it was possible to automate
not only Steps 1 and 2 of a single reaction, but also to conduct
multiple sequential reactions without manual intervention.”

In Step 1, Sample Loops A and B were loaded with starting
materials from the autosampler, then switched into line and driven
with a constant stream of MeCN by Pumps A and B. The
starting materials mixed in a T-piece, and the combined flow
stream was directed by Valve A through a CFC, followed by a
scavenging column (selected by Valves B and C). The resulting
azide intermediate then passed into the malononitrile reaction
column, followed by a UV detector. The reactor output was
directed to a collection flask by Valve D.

In Step 2, Sample Loop B was filled with a concentrated solution
of malononitrile, and Valve A was switched to bypass the CFC and

scavenging column. Sample Loop B was switched into line, and
Pumps A and B (1:9) were used to deliver a dilute wash solution of
malononitrile into the system. This released any remaining triazole
product from the reaction column, which exited through the UV
detector and was collected into the same flask.

For each iterative reaction, Valves B and C were used to
switch in a fresh scavenging column and Valve D to select a new
collection flask. In this way, as many as six sequential reactions,
corresponding to 55 continuous hours of reaction time, were
easily performed by the automated reactor with no manual input
required. The reaction sequence included two reaction steps, one
purification step and one release step all carried out within a
contained flow system, and provided the triazole products shown
in Table 2 in good overall yields and purities following only
evaporation of solvent and malononitrile.

While the general automated procedure shown in Scheme 4
provided access to useful quantities of triazole products in good
overall yields and purities for a range of substrates, several
reactions either proved unsuitable for flow processing due to low
solubility of the products (Table 2, Entries 5, 8 and 10) or required
slight modification of the general reaction procedure in order to
obtain the desired triazoles in good yields and purities.

Under the general reaction conditions, 5-amino-1-(4-
methoxyphenyl)-1H-1,2,3-triazole-4-carbonitrile was obtained in
an overall isolated yield of only 10% (although still in >90%
purity as determined by '"H NMR, Table 2, Entry 3a). Further
investigation revealed that this low yield was due to decomposition
of the l-azido-4-methoxybenzene intermediate upon passage
through the QP-SA portion of the scavenging column. This
reaction was repeated with the scavenging column moved to after
the malononitrile reaction column, which resulted in isolation
of the triazole product in superior 73% yield and >90% purity
(Table 2, Entry 3b).

While early optimisation indicated that many azide interme-
diates required heating of the malononitrile column in order to
achieve full conversion to the corresponding triazole products,
the reaction of 1-azido-4-nitrobenzene was found to proceed with
full conversion at room temperature. Reaction of this substrate
at 60 °C, however, led to isolation of the desired triazole (26%)

This journal is © The Royal Society of Chemistry 2011
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STEP 1: React STEP 2: Release
MeCN MeCN MeCN MeCN
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1M, MeCN 4 b 1M, MeCN ¢ 0.5 M, MeCN
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GeneVac E‘ \
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Scheme 4 Automated flow synthesis of 5-amino-4-cyano-1,2,3-triazoles. Step 1: Sample loops A and B are filled by the autosampler, then these starting
materials injected and pumped through the system by Pumps A and B to effect azide generation, scavenging and triazole synthesis. Szep 2: Sample loop B
is filled by the autosampler with a concentrated solution of malononitrile (0.5 m), which is injected, diluted by Pump A and pumped through the system
at 0.05 M. Valve A is now in position 2, allowing the wash solution to bypass the CFC and scavenging column to release the desired product from the
malononitrile reaction column. Triazole products are collected, then purified by evaporation of malononitrile and MeCN in the GeneVac.
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Fig.7 Automated reactor for the flow synthesis of 5-amino-4-cyano-1,2,3-triazoles as depicted in Scheme 4.

contaminated with 4-nitroaniline (5%) (Table 2, Entry 4a), likely
due to decomposition of 1-azido-4-nitrobenzene in the heated
malononitrile column. Thus, for this substrate, the general reaction
procedure was carried out with the malononitrile reaction column
at ambient temperature, providing S5-amino-1-(4-nitrophenyl)-
1 H-1,2-3-triazole-4-carbonitrile in 87% yield and >95% purity
(Table 2, Entry 4b).

Given that the azide generation step proceeded with high
conversion for all substrates examined (86-95%, see preceding
publication, Table 1), the lower overall yields generally observed
for triazole synthesis may indicate similar decomposition of other
azide intermediates in the purification or reaction columns.

Finally, 5-amino-1-(2-iodophenyl)-1H-1,2-3-triazole-4-carbo-
nitrile (Table 2, Entry 6) was found to be a low-melting solid and
proved unsuitable for purification under the general evaporation
conditions. Thus a scavenging process was developed in order to
remove the excess malononitrile within the flow system.

Malononitrile could be successfully removed from the product
stream by including a 15 mm i.d. glass column packed with 1,5,7-
triazabicyclo[4.4.0]dec-5-ene polystyrene (PS-TBD, 11.25 g)** be-

fore the exit of the flow system. This scavenging sequence was
incorporated into the automated reaction process by extending
the overall reaction time and incorporating a second set of column
switching valves for the PS-TBD scavenging resin, making it
possible to fully automate multiple sequential reactions. This
PS-TBD scavenge step provided the desired triazole product
completely free from malononitrile, but unfortunately in only
approximately 80% purity as indicated by '"H NMR. The signifi-
cant impurities were acetamide and cyanoacetamide, along with
two additional unidentified by-products, which were presumably
formed by malononitrile and acetonitrile during the long residence
time in the basic scavenging column. With the toxic malononitrile
sequestered by this in-line scavenging process, these other impu-
rities could be removed by column chromatography to provide
the desired product in high purity and 55% yield (Table 2, Entry
6). Although this scavenging process allows successful removal of
toxic malononitrile in this case, the expense of the PS-TBD reagent
and the additional impurities generated during the scavenging
step render the original evaporation protocol more attractive for
general application.
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Table 2 5-Amino-4-cyano-1,2,3-triazoles generated by the automated flow synthesis shown in Scheme 4

Entry  Aniline Isolated product Isolated yield* Entry  Aniline Isolated product Isolated yield”

=z

CN N.YA

O NH,
N
i 3

83% 8

5
< > I
N
Fs=z
z
—

(@)

z

I

N

2 NH, CN 73% 9 NH» CN 53%
N N
b \ Cl b \
Nay” NH Noy” NH
Cl
Cl
Cl
3 NH> CN Standard: 10% 10 NH, CN N.Y.A
N Modified: 73%? N
N’/ \ 0 NC N/I \
\N NH2 \N \N
~
OMe <> L Q)\NHZ
OMe Br
4 NH, CN Standard: 26% product 11 NH, CN 60%
N + 5% aniline N
N\ Modified: 87%: MR
\N NH2 \N NH2
=
N02
=
N02
5 NH, CN N.Y.? 12 NH, CN 76%
N N
a8 '
N\N NH; N\N NH,
MeO
MeO o}
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6 NH, CN 55%¢ 13 NH, CN 61%
N N
I //ig\ i\
N\ NH; Noy” NH,
F3C CF3

FaC CFs
7 NH, CN 85%
N
3
\N NH,

@ All reactions on 1 mmol scale. ®* Modified procedure: The standard procedure was carried out with the scavenging column (2.6 g QP-SA + 2.6 g
QP-DMA) located after the malononitrile reaction column. ¢ Modified procedure: The standard procedure was carried out with the malononitrile column
at room temperature. ¢ N.Y. = no yield. The automated reactor shut down automatically mid-reaction, due to high system pressure caused by precipitate
formation. The products shown were isolated: by flushing the system with acetonitrile (Entry 5), as the material collected in the output flask before reactor
shutdown (Entry 8), or as crystalline solid recovered from the malononitrile reaction column (Entry 10). ¢ This low-melting solid could not be purified
by evaporation under the general conditions in the GeneVac. Instead, malononitrile was removed in-line with PS-TBD scavenger. The resulting crude
product was contaminated with by-products from the scavenging process, which were removed by column chromatography.
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Conclusions

The method described here for the flow synthesis and purification
of aryl azides provides safe, scalable access to these versatile and
important compounds. This general method can be used to provide
a wide range of aryl azides in high conversions and purities, ready
for isolation as final products or application in a variety of further
transformations, such as the Staudinger reaction' or heterocycle
formation.

The flow synthesis of 5-amino-4-cyano-1,2,3-triazoles involved
four to five unit operations per reaction and accomplished the safe
handling of toxic materials, unstable intermediates and hazardous
reactions within a contained flow system, requiring only evapora-
tion of solvent and malononitrile to furnish the desired products
in high purity. As a result, a small library synthesis involving this
complex multistep flow process was successfully carried out in a
fully automated fashion, conducting up to six sequential reactions
over 55 h with no manual intervention.

The development of improved technologies and techniques for
flow processes and their automation is a significant challenge, but
one which gives us increasing confidence that even longer, more
challenging reaction sequences are possible. These techniques
provide chemists with valuable tools with which to enhance
productivity through an increased working schedule capable of
a 24/7 operating regime.
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