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Continuous amination of aryl/heteroaryl halides
using aqueous ammonia in a Teflon AF-2400
tube-in-tube micro-flow reactor†
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The annual production of primary (hetero)arylamines has exceeded 6 million tons and has been extensively

employed in the pharmaceutical, agrochemical, and materials industries. Catalyst-free and protecting

group-free nucleophilic amination using ammonia represents a green and atom-economical method.

However, due to the innate reactivity, chemical compatibility issue and the safety hazardous properties of

ammonia gas, such transformation is still underused. By implementing a gas-permeable Teflon AF-2400

tube-in-tube system, diffusion of NH3 from aqueous ammonia to a reaction mixture for amination can be

achieved in a continuous flow fashion. In this communication, we herein report the use of aqueous ammo-

nia as the NH3 source in the amination of heteroaryl chorides to generate primary heteroaryl amines, pro-

viding a protocol that is green, economical and safe.

Primary (hetero)arylamines represent one of the most
important chemical motifs which have been extensively
employed in the pharmaceutical, agrochemical, and
materials industries.1 Transformation via nucleophilic
amination of (hetero)arylhalides is increasingly important to
synthesize these amines, and ammonia represents the most
atom-economical nitrogen source. Despite its high abun-
dance (100 million tons per year) and low-cost nature, ammo-
nia is less frequently utilized as the amination reagent,
especially in research laboratories for several reasons. First,
concentrated anhydrous ammonia (both gas and liquid) is ex-
plosive and toxic; the extremely corrosive nature of ammonia
gas means that it may be fatal when inhaled, which promotes
users to seek safer alternatives. Secondly, the nucleophilicity
of ammonia is much weaker than those of other amines.
Common strategies to overcome its low reactivity include the
use of transition-metal catalysis or the use of more nucleo-
philic ammonia surrogates2 which result in low atom- or
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Fig. 1 Utilization of aqueous ammonia in tube-in-tube micro-flow
reactors.
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step-economy, formation of extra waste, and redundant puri-
fication. On the other hand, aqueous ammonia serves as a
convenient, low-cost and safe NH3 source, however, the pres-
ence of excess water is often detrimental to most organic
transformations.

Continuous-flow reactors possess many processing advan-
tages compared to stirred reactor vessels, including improved
thermal management, enhanced mixing control, and access
to larger operating windows.3 When biphasic gas–liquid reac-
tions are conducted in flow reactors, specific surface areas
can greatly exceed those attained in conventional batch reac-
tors due to flow pattern effects.4 This also minimises process
associated risks, such as high-temperature, high-pressure,
toxic or explosive reagents/intermediates. The consistency of
gas/liquid reactions was further improved through the use of
the tube-in-tube reactor developed by Ley's group.5 In the re-
actor design, a gas-permeable membrane Teflon AF-2400 has
been employed to allow a gaseous reactant to diffuse out,
but to keep the liquid within the tube. The successful use of
a tube-in-tube flow reactor has been demonstrated in a range
of organic transformations employing commonly used reac-
tive gases.6 Notably, this technology has been exploited to
provide anhydrous diazomethane, in which, the generation,
separation, and chemical transformations of this explosive
gaseous reagent were integrated into one reactor system.7 In-
spired by this prominent work, we hypothesized that ammo-
nia can diffuse through the AF-2400 tubing at elevated tem-
perature from readily available and safe aqueous ammonia
and can be directly used in amination reactions in flow
(Fig. 1).

To validate our hypothesis, a tube-in-tube reactor was as-
sembled in accordance with Ley's protocol,5a with an inner
gas-permeable AF-2400 tubing containing ammonia water
and an outer stainless-steel tubing containing the reaction
solution. Zaiput back-pressure regulators were placed at the
terminus of the flow system to achieve tunable pressure con-
trol.8 Next, we investigated the concentration of ammonia in

Fig. 2 Plots of ammonia concentration in DMSO against time and
temperature in the tube-in-tube flow reactor.

Fig. 3 Plots of water concentration in DMSO against time and temperature.

Table 1 Optimization of amination using aqueous NH3 in the tube-in-tube reactor

Entry Solvent Rt [min] T [°C] P (inner/outer) [psi] Yielda [%]

1 DMSO 30 150 100/100 57
2 DMSO 30 150 350/300 93
3 DMSO 60 150 350/300 100
4 DMSO 30 100 350/300 29
5 NMP 30 150 350/300 82
6 ACN 30 150 350/300 9
7 MeOH 30 150 350/300 62
8 DMF 30 150 350/300 0

a Isolated yields.
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DMSO by varying the residence time and temperature in the
absence of a reactant via in-line colorimetric flow titration.6b

Both inner and outer tubes were adjusted to 100 psi. As illus-
trated in Fig. 2, the ammonia concentration in DMSO ex-
hibits a bell shape against temperature and reaches a peak at
100 °C. Next, we evaluated the amount of water that diffuses

into the tube-in-tube system under the same conditions. This
measurement was done under an inert atmosphere and de-
termined using Karl Fischer titration. As shown in Fig. 3, the
permeation of water is negligible when reaction is below 50
°C, however, an increasing amount of water is detected at in-
creased residence time and temperature.

Table 2 Evaluation of substrate scope and productivity of amination using aqueous ammonia in the tube-in-tube reactora

Entry Aryl halide Product Conv.b [%] Yieldc [%] Productivityg [mg mL−1 per 10 h]

1 1a 1b 95 93 1402

2 2a 2b 94 90 854

3 3a 3b 60 55 417

4 4a 4b 87 84 637

5 5a 5b 100 97 1261

6d 6a 6b 100 82 582

7 f 7a 7b 100 83 913

8 8a 8b 100 97 967

9 9a 9b 77 70 1055

10 10a 10b 83 80 1078

11 11a 11b 56 52 879

12 12a 12b 94 90 955

13 13a 13b 79 71 759

14 14a 14b 97 94 1345

15d 15a 15b 95 92 903

16d 16a 16b 100 65 683

17e 17a 17b 94 91 1023

18e 18a 18b 100 62 769

a Reactions were all conducted under the conditions shown in Table 1 entry 2. Steady state was achieved after equilibration for 80 mins for all
entries. b Conversions were determined by analysis of the 1H NMR spectra of the crude reaction mixture. c Isolated yields. d At 0.2 M. e At 0.15
M. f Fluoride is permeable in the Teflon® AF-2400 membrane. g With the 1 mL tube-in-tube reactor.
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After establishing the criteria for efficient ammonia up-
take in the tube-in-tube continuous micro-reactor with aque-
ous ammonia, we started to evaluate the amination reaction
using 2-chloro-8-nitroquinoline 1a as the model haloarene
substrate (Table 1). The nucleophilic substitution in the tube-
in-tube reactor (inner/outer ID: 0.04″/0.08″) afforded moder-
ate conversion at 150 °C in DMSO with 30 min residence
time at 100/100 psi inlet/outlet pressure (entry 1). We antici-
pated that an increased pressure of ammonia might improve
the reaction conversion. It is important to note that the ad-
vantage of using aqueous ammonia as the ammonia source
in the tube-in-tube reactor is that a high pressure reaction
system can be easily achieved whereas reaction pressure is
restricted to 8 bar (∼116 psi) when directly using an ammo-
nia gas cylinder. Increasing the inlet/outlet pressure to 350/
300 psi significantly improved the yield (entry 2). The mea-
sured ammonia concentration and water concentration were
4.6 wt% and 20.7 wt%, respectively, under this condition.
The reaction yield could be further improved with longer resi-
dence time (entry 3). Lowering the temperature to 100 °C sig-
nificantly reduced the product conversion (entry 4). DMSO
appeared to be the optimal solvent among the solvents inves-
tigated (entries 5–8). In contrast, when 1a and aqueous am-
monia in DMSO were subjected to a microwave reactor at 150
°C for 30 min, the reaction proceeded sluggishly to afford 1b
in 13% yield. In addition, the reaction was problematic as
high pressure built up (>300 psi) and NH3 escaped violently
when the microwave reactor was vented to release the pres-
surized vial.

The substrate scope was evaluated at 30 min retention
time, and the amination of a remarkable broad scope of
heteroaryl fluorides and chlorides proceeded effectively in
the tube-in-tube reactor under the optimized amination con-
ditions to afford primary heteroaryl amines (Table 2). Chloro-
heteroaryl compounds including pyridine (2a), pyrazine (3a),
pyridazine (4a–6a), thiazole (8a), quinolone (9a–11a), benz-
imidazole (12a), benzoxazole (13a), and phthalazine (14a)
were all good candidates for this transformation. We were
pleased to find that this methodology was applicable towards
more complex substrates such as 15a–18a, yielding the de-
sired amines with high yield and good productivity. These
amines are advanced intermediates in the pharmaceutical in-
dustry and it is crucial to generate them in a green and safe
manner. Chloride was selectively converted to amine in the
presence of bromide functionality (17a).

Diamination was viable using highly electron-deficient
heteroarenes (6a), otherwise the transformation would prefer-
entially stop at mono-amination (14a and 16a). Even though
the nucleophilic substitution of aryl fluoride proceeded much
faster than that of aryl chloride to obtain full conversion
without by-product formation, only 83% of product 6b was
isolated. This was probably due to the permeability of the
fluoride compound through the Teflon AF-2400 tube, as the
aqueous stream became bright yellow after the transforma-
tion. The residence time in the system for each substrate
(from the injection tee mixer to the outlet tee mixer) was 30

min, translating into a scalability of 0.8 mmol per hour. A 10
hour collection was performed for each substrate at the
steady state for yield calculation. The merit of this tube-in-
tube system resides in its ability to perform gas–liquid trans-
formation in a safe and controlled fashion. The risk of explo-
sion and the use of a cumbersome high-pressure gas tank are
avoided, and the tube-in-tube system can exceed the 8 bar
limitation of using the ammonia tank by replacing it with
aqueous ammonia. Due to the difficulty of scaling up the
membrane-type micro-flow reactor,5b a numbering-up strat-
egy can be employed when larger quantity of material is
required.

In conclusion, we have demonstrated that aqueous ammo-
nia can be applied as the ammonia source in the continuous
amination of aromatic and heteroaromatic halides assisted
by a Teflon AF-2400 tube-in-tube reactor. A wide range of
densely substituted aryl/heteroaryl amines can be generated
in high yields with this safe, simple, scalable method with no
additional optimization. With an understanding of ammo-
nia/water distribution in the tube-in-tube reactor under vari-
ous conditions, this technique may allow a plethora of syn-
thetic reactions utilizing aqueous ammonia as the ammonia
source in a safe and effective manner.

Experimental section

A 50 mL round bottom flask was charged with aryl halide
(9.6 mmol) and DMSO (0.4 M, 24 mL), which was stirred un-
der vacuum for 5 min, then backfilled and protected with ni-
trogen. Another 50 mL round bottom flask was charged with
25% aqueous ammonia (24 mL) and protected with nitrogen.
Both solutions were taken up in an Asian pump and intro-
duced into the tube-in-tube reactor (both flow rates at 33.2
μL min−1), and the oil bath was heated to 150 °C. After 80
min of equilibration, the reaction mixture was collected for
10 h in a vial protected under a nitrogen atmosphere.

Saturated NaHCO3 solution was then added to the reac-
tion mixture and extracted with ethyl acetate 3 times. The
combined organic layers were dried using MgSO4, concen-
trated, and subjected to flash column chromatography using
DCM/MeOH 50 : 1 to 10 : 1 as the eluent.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are grateful for the financial support provided by the
Ministry of Education (MOE) of Singapore (R-143-000-665-114,
R-143-000-696-114, and R-143-000-A30-112), GSK-EDB (R-143-
000-687-592), A*STAR RIE2020 AME (A1783c0013) and the
National Natural Science Foundation of China (Grant No.
21702142).

Reaction Chemistry & Engineering Paper

Pu
bl

is
he

d 
on

 2
4 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 N
at

io
na

l U
ni

ve
rs

ity
 o

f 
Si

ng
ap

or
e 

on
 5

/1
9/

20
21

 3
:5

4:
44

 A
M

. 
View Article Online

https://doi.org/10.1039/c8re00216a


350 | React. Chem. Eng., 2019, 4, 346–350 This journal is © The Royal Society of Chemistry 2019

References

1 (a) D. M. Roundhill, Chem. Rev., 1992, 92, 1–27; (b) Y. Aubin,
C. Fischmeister, C. M. Thomas and J.-L. Renaud, Chem. Soc.
Rev., 2010, 39, 4130.

2 J. Kim, H. J. Kim and S. Chang, Eur. J. Org. Chem., 2013, 16,
3201.

3 Selected reviews on continuous-flow chemistry: (a) J. C.
Pastre, D. L. Browne and S. V. Ley, Chem. Soc. Rev.,
2013, 42, 8849; (b) J. Yoshida, Y. Takahashi and A. Nagaki,
Chem. Commun., 2013, 49, 9896; (c) D. T. McQuade and
P. H. Seeberger, J. Org. Chem., 2013, 78, 6384; (d) N. G.
Anderson, Org. Process Res. Dev., 2012, 16, 852; (e) R. L.
Hartman, J. P. McMullen and K. F. Jensen, Angew. Chem.,
2011, 123, 7642 (Angew. Chem., Int. Ed., 2011, 50, 7502);
( f ) D. Webb and T. F. Jamison, Chem. Sci., 2010, 1, 675;
(g) T. Razzaq and C. O. Kappe, Chem. – Asian J., 2010, 5,
1274.

4 C. J. Mallia and I. R. Baxendale, Org. Process Res. Dev.,
2016, 20, 327.

5 (a) M. Brzozowski, M. O'Brien, S. V. Ley and A. Polyzos, Acc.
Chem. Res., 2015, 48, 349; (b) L. Yang and K. F. Jensen, Org.
Process Res. Dev., 2013, 17, 927.

6 (a) U. Gross, P. Koos, M. O'Brien, A. Polyzos and S. V. Ley,
Chem. – Eur. J., 2014, 29, 6418; (b) J. C. Pastre, D. L. Browne,
M. O'Brien and S. V. Ley, Org. Process Res. Dev., 2013, 17,
1183; (c) S. Newton, S. V. Ley, E. C. Arcé and D. M. Grainger,
Adv. Synth. Catal., 2012, 354, 1805; (d) P. B. Cranwell, M.
O'Brien, D. L. Browne, P. Koos, A. Polyzos, M. Peña-Lópeza
and S. V. Ley, Org. Biomol. Chem., 2012, 10, 5774; (e) A.
Polyzos, M. O'Brien, T. P. Petersen, I. R. Baxendale and S. V.
Ley, Angew. Chem., Int. Ed., 2011, 50, 1190.

7 F. Mastronardi, B. Gutmann and C. O. Kappe, Org. Lett.,
2013, 15, 5590.

8 For more information on the tunable back-pressure control,
see: http://www.zaiput.com/back-pressure-regulators.

Reaction Chemistry & EngineeringPaper

Pu
bl

is
he

d 
on

 2
4 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 N
at

io
na

l U
ni

ve
rs

ity
 o

f 
Si

ng
ap

or
e 

on
 5

/1
9/

20
21

 3
:5

4:
44

 A
M

. 
View Article Online

http://www.zaiput.com/back-pressure-regulators
https://doi.org/10.1039/c8re00216a

	crossmark: 


