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Diazonium salts and flow chemistry are the perfect wedding for a safe handling.  

 

Abstract 

 

This review gives an overview of transformations involving the use of diazonium salts in 

flow. The efficiency of the strategies is critically discussed with a special emphasis on the 

design of the flow devices. If comparative studies with batch chemistry is provided, the input 

of flow chemistry with regard to the reaction yields and safety issues is discussed as well.  

 

 

1. Introduction 

 

Aryl diazonium salts have aroused interest from both academic laboratories and industry for 

their vast synthetic potential.1 These compounds are considered as a class of "super-

electrophiles" due to the high reactivity of the nitrogen function which allows them to react 

under mild conditions. The diazonium function can be reduced into the corresponding 
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hydrazine2 (Scheme 1, A) or formally substituted by a variety of atoms including hydrogen, 

halogens, sulfur, oxygen, nitrogen and carbon following radical or ionic pathways (Scheme 1, 

B).3-5 Moreover, the electrophilic diazonium function allows the addition of nucleophile 

furnishing azo-compounds that are the core element of many dyes and pigments (Scheme 1, 

C).6, 7      

Aryl diazonium salts are traditionally prepared by diazotisation of the corresponding aniline 

with a source of nitrite (NaNO2 or an alkyl nitrite) in the presence of either an inorganic or an 

organic acid (e.g. HCl, HBF4, H2SO4, RCO2H, RSO3H…) acting as a proton donor and a 

counterion. 

 

 

Scheme 1. Synthetic potential of aryl diazonium salts. 
 

Despite their incredibly large spectra of reactivity, aryl diazonium salts are still under-used 

due to their potential hazardous behavior especially on large scale. This major drawback has 

been minimized by a DSC study whereby the authors showed that aryl diazonium tosylates 

could be stable under elevated temperature conditions8 and many industrial processes have 

also been developed under safe conditions.9-14 However, in order to avoid the handling of 

hazardous compounds, many methodologies have been reported whereby aryl diazonium salts 

were generated in situ and further reacted without isolation.15-19    

Regarding the handling of hazardous compounds, continuous flow chemistry has emerged as 

an enabling technology that enhance safety due to the small size of the reactor.20-34 The facile 

automation of flow device, allowing the precise control of the reaction parameters, and the 

high volume to surface ratio, increasing heat and mass transfers, allows a number of benefits 

including increased safety, higher reproducibility and better kinetics. Moreover, the scale-up 

in flow is easier compared to the tedious batch scale-up process by increasing the size and/or 

the number of reactors.35, 36  

In this review, we aim to get a picture of processes involving the use of aryl and even alkyl 

diazonium salts in flow chemistry. Each approach is exposed with the support of selected 

relevant examples and the flow setup is clearly detailed. Whenever possible, comparison with 
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batch chemistry is presented and critically discussed. This review does not cover the use of 

aryl diazonium salts in batch, and the reader can further refer to recently published reviews.4, 

5, 19, 37-41 Importantly, we stress that this review does not address safety investigations of 

diazonium salts, since they largely depend on their structure and is out of the scope of this 

monograph. It should also be mentioned that a recent mini-review briefly discussed the use of 

diazo and diazonium species in flow, but the scope was intentionally restricted to selected 

examples.42 

 

2. Nucleophilic addition on the diazonium function.  

 

Aryl diazonium salts have been discovered by P. Griess in 1858 who worked on the synthesis 

of dyes.43 This seminal discovery has led to intense research efforts focusing on the 

preparation of original azo-dye compounds and has strongly participated to the development 

of the industry of colour chemicals.44-48 This chemistry has been implemented in a flow 

reactor by the group of de Mello, who pioneered the chemistry of aryl diazonium salts using 

microfluidic reactors, through a two-step synthesis including a diazotisation/azo-formation 

sequence.49 To reach this goal, a three-stream micro-capillary flow reactor having a channel 

width of 150 µm and a channel depth of 50 µm was designed (Scheme 2). A first pump was 

fed with a solution of aniline (1 equiv., 0.7 M) and HCl (4.2 equiv.) in DMF/H2O while a 

second pump was fed with an aqueous solution of sodium nitrite (10 equiv.) in DMF/H2O in 

order to complete the diazotisation step at room temperature in a first micro-capillary reactor. 

The resulting flow stream (7 µL/min) was mixed with a basic aqueous solution of β–Naphtol 

1 (1 equiv.) pumped at 7 µL/min and then, the diazonium salt underwent a nucleophilic 

addition at room temperature in a second micro-capillary reactor. According to the authors, 

the diazotisation step was not optimised and the whole process suffered from poor 

conversions (9-52%) on only three examples. 
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NH2

25 °C
60 L

3.5 µL/min

3.5 µL/min

HCl
(4.2 equiv.)

NaNO2

(10 equiv.)

(0.7 M)

DMF/H2O

DMF/H2O

OH
(1.0 equiv.)

NaOH (10 wt.-%)

N

N OH

R1

R2

2a : R1 = R2 = H, 52% conv.

2b : R1 = Me, R2 = H, 23% conv.

2c : R1 = H, R2 = Me, 9% conv.

R2

R1

7 µL/min

1

25 °C
60 L

 

Scheme 2. Flow setup from de Mello and co-workers. 

 

Recently, the group of S. L. Buchwald described an elegant synthesis of benzotriazoles,50 

addressing the recurrent issues of regiocontrol encountered with traditional approaches.51-53 In 

this regard, the authors designed a multistep flow synthesis consisting of a C-N bond 

formation/hydrogenation/diazotisation/cyclization sequence starting from 2-

chloronitrobenzenes and amines (Scheme 3).  

 

 

Scheme 3. General strategy for attaining benzotriazoles. 

 

In a first approach, S. L. Buchwald et al. envisaged the formation of the C-N bond through a 

nucleophilic aromatic substitution. The flow device consisted in a first syringe pump fed with 

chloronitrobenzene (1 equiv., 1 M) and i-Pr2NEt (2 equiv.) in DMA at a 16 µL/min flow rate 

and mixed into a T-shaped mixer with a second flow stream composed of the amine (1.3 

equiv.) at a 8 µL/min flow rate in n-hexanol (Table 1). The SNAr occured in a stainless steel 

coil reactor (700 µL) for 30 minutes at a temperature range of 160-180 °C. The resulting 

mixture was diluted in CH2Cl2 in order to carry out the hydrogenation step at 45 °C whereby 

hydrogen gas was mixed with the liquid flow stream to form a segmented flow stream. The 

Page 4 of 50Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t



5 
 

latter went to a vertically placed packed-bed reactor filled with stainless steel spheres and 5 

wt-% Pd/C particles (250 mg). The authors observed that their hydrogenation step was better 

achieved with a vertically placed reactor. Indeed, reactors packed with stainless steel spheres 

lead to unpredictable packed catalytic beds. Thus, a turbulent flow stream appears for 

horizontally placed reactors resulting in poor mass and heat transfers and therefore in a lower 

efficiency than for a vertically placed packed-bed reactor where the flow stream is closer to a 

laminar flow.21 Then, the last two steps were carried out at room temperature in a PFA coil 

reactor (1 mL) with the use of aqueous HCl (3 M) and aqueous NaNO2 (1.5 M) as diazotising 

agents. Finally, the crude solution was collected and purified to afford the desired products in 

good to excellent yields (63-93%). The reaction scope revealed that the strategy was limited 

to chloronitrobenzenes bearing electron-withdrawing groups in order to achieve the 

nucleophilic aromatic substitution with good conversion while a large variety of both 

aromatic and aliphatic amines were compatible with this multistep process. 

 

Table 1. Flow Synthesis of benzotriazoles through a SNAr strategy. 

 

 

 

With the aim of expanding the reaction scope, the authors developed another strategy 

whereby the C-N bond formation step was performed through a Pd-catalysed Buchwald-
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Hartwig amination. For this second approach, they assembled a new microfluidic system as 

shown in Table 2. In this flow setup, a solution of chloronitrobenzene (1 equiv., 1.2 M), 

amine (1.3 equiv.), aqueous K3PO4 (2 equiv.) and catalyst (2.6-7.8 mol%) in EtOH/Dioxane 

(4/1) went through a packed-bed reactor filled with stainless steel spheres and submerged in 

an ultrasonic bath to avoid clogging issues. The three other steps of the sequence were 

performed following a similar flow setup than that used for the first approach. This 

complementary strategy considerably expanded the reaction scope since both electron-

deficient and electron-rich chloronitrobenzenes were allowed, leading to variously decorated 

benzotriazoles in fair to excellent yields (51-89%).    

 

Table 2. Flow Synthesis of benzotriazoles through a Pd-catalysed amination strategy. 

H2

N

N
N

R2

Diazotization

HClaq

(3 M)
20 µL/min

NaNO2 aq

(1.5 M)
21.3 µL/min

60-80 °C

1 mL
25 °C

Pd
coupling

R2 NH2

(1.3 equiv.) CH2Cl2
H2O

NO2

R1

Cl

(1.2 M)

K3PO4 aq

12.5 µL/min
EtOH/Dioxane (4/1)

(2 equiv.) 20 µL/min

Catalyst
(2.6-7.8 mol%)

12.5 µL/min

EtOH/Dioxane (4/1)

80 °C or 120 °C

Pd NH2
XPhos OMs

Catalyst:

BPR

BPR

BPR

BPRUltrasonic
bath

R1

 

 
a Catalyst loading : 7.8 mol%. b Catalyst loading : 5.2 mol% 

 

Recently, Pasau and Jacq at UCB Biopharma described a sequential multistep flow synthesis 

of 5-amino-2-aryl-2H-[1,2,3]-triazole-4-carbonitriles 654 which are a well-known class of 

antifungal agents.55 The current strategy reported in the literature to reach these compounds is 

a four steps synthesis whereby one of the key steps involves a nucleophilic addition of 

malononitrile onto a diazonium function (Scheme 4). In order to address safety concerns 
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associated with the use of diazonium salts, especially for large-scale reactions, authors 

developed a flow approach.    

 

 

Scheme 4. General strategy to access 5-amino-2-aryl-2H-[1,2,3]-triazole-4-carbonitriles. 

 

Each intermediate was isolated except the diazonium salts since they were trapped in situ by 

the malononitrile moiety. For the diazotisation/diazonium quench sequence, a first pump was 

fed with aniline (1 equiv., 0.4 M) and malonitrile (1 equiv.) in CH3CN while a second pump 

was fed with t-BuONO (1.3 equiv.) in CH3CN. The two flow streams were telescoped in a T-

mixing piece and went through a PFA coil reactor (14 mL) at room temperature. It is 

noteworthy that this transformation did not require the use of an acid, suggesting that a small 

amount of diazonium t-butanolate salt was formed in situ and instantly consumed thanks to 

the nucleophilic addition of the malononitrile. Thus, 2-arylhydrazonomalononitriles 4a-f were 

obtained in very good yields (90-99%, Table 3) on six examples without any problem of 

reactivity whatever the electronic nature of the substituents decorating anilines. This reaction 

was performed on a 40 mmoles scale leading to a maximum throughput of 16.8 mmol/h. 

 

Table 3. Flow Synthesis of 2-arylhydrazonomalononitriles 4. 
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The remaining two steps, i.e. amidine formation and oxidative cyclization, were also carried 

out in flow using two independent two-stream flow devices. The amidines 5 were prepared by 

addition of amines to 2-arylhydrazonomalononitriles 4 (Scheme 5). The reaction setup 

employed two ways equipped with 5 mL injection loops. The first loop was loaded with the 2-

arylhydrazonomalononitriles 4 in EtOH/THF, while the second loop was filled with a solution 

of amines in EtOH. Pumping of each way was conducted at 0.25 mL/min and the flow 

streams met at a T-shaped mixer before entering into the reaction coil (16 mL) held at 100 °C. 

The line was pressurised with a back-pressure regulator at 7 bar and the amidines 5 were 

collected through an UV-triggered fraction collector. Last, the desired triazoles 6 were 

obtained by copper(II)-catalysed oxidative cyclisation of 2-arylhydrazonomalononitriles 5 

(Scheme 6). The reaction setup consisted of two 1 mL injection loops containing the material 

required for the oxidative cyclization that met at a T-piece and entered in a 14 mL coil reactor 

heated at 120 °C. The line was pressurised at 7 bar with a back-pressure regulator immersed 

in a sonication bath to avoid the precipitation of inorganic species leading to clogging issues. 

 

Page 8 of 50Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t



9 
 

Ar NH

N

CN

CN
[0.25 M]

EtOH
0.25 mL/min

EtOH
0.25 mL/min

5 mL

16 mL

100 °C

EtOH/THF

HN HN

HN

NH

HN

O

or

or

[0.25 M]

EtOH

BPR UV

Ar

HN
N

CN
HN

N

X

n
n = 0,1
X = C,O,NH

72-98%

7 bar

5

5 mL

 

Scheme 5. Flow setup for the synthesis of amidines 5. 

 

 

Scheme 6. Flow setup for the synthesis of triazoles 6. 

 

The opportunity to achieve multi-step sequences with a single flow device was studied for the 

synthesis of 2-phenylhydrazonomalono-2-cyanoacetamidine 5 from aniline 7a, malononitrile 

and ammonia (Scheme 7). The 2-phenylhydrazonomalononitrile 4a, prepared as described 

above, was mixed in a T-shape mixer with a 7 M ammonia solution stream in MeOH (35 

equiv.) at a 0.3 mL/min flow rate. The resulting mixture (total flow rate = 0.6 mL/min) went 

through PFA coil reactors (2 x 10 mL) heated at 110 °C and pressurised at 8 bar. For 6.25 

hours of continuous working, more than 4 grams of product 5 (95% yield) were collected in 

good purity after elimination of the volatiles.   
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Scheme 7. Three-step flow synthesis of 2-phenylhydrazonomalono-2-cyanoacetamidine 5. 

 

3. Reduction of the diazonium function 

 

The Knorr cyclocondensation of hydrazines with 1,3-dicarbonyl compounds or their 

surrogates is a well-known transformation that offers a straightforward access to N-aryl 

pyrazoles.56 These heterocycles are key pharmacophores in many marketed drugs such as 

celecoxib, rimonabant, sildenafil as well as crizotinib, and are therefore of high interest in 

medicinal chemistry. While many 1,3-dicarbonyl compounds are commercially available, the 

molecular diversity of commercial aryl hydrazines is quite narrow. One of the most efficient 

way to prepare aryl hydrazines consists in the sequential diazotisation of anilines into the 

corresponding diazonium salts, followed by the reduction of the diazonium function. Owing 

to the potential safety hazard of both diazonium salts and hydrazines, especially for scale-up, 

Li and co-workers developed a continuous flow approach.12 In preliminary optimization 

studies they observed that unreacted t-BuONO, used in a slight excess in the diazotisation 

step, gave rise to several impurities during the reduction step. To address this issue, the 

authors designed an ingenious continuous extraction allowing the separation of the water-

soluble diazonium salt 8a from the unwanted organic-soluble side-products. The flow setup 

consisted of two initial streams each working at 25 mL/min (Scheme 8). The first pump was 

fed with aniline 7b (1 equiv., 0.495 M) and BF3.THF (1.4 equiv.) in 2-MeTHF while the 

second one carried out a solution of t-BuONO (1.7 equiv.) in 2-MeTHF. The two streams met 

at a stainless steel T-mixer before entering in a PTFE 400 mL coil reactor with 8 min 

residence time. The resulting effluent containing the diazonium salt in 2-MeTHF (50 mL/min) 

was mixed with a third stream of water, introduced at a flow rate of 37 mL/min, to give a 

biphasic mixture that was separated in a glass standpipe decanter. The organic phase 

containing impurities was continuously removed while the aqueous layer was poured in a 
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jacketed 75 L reactor containing SnCl2 (3 equiv.) in a mixture of 2-MeTHF and water for the 

reduction of 8a into the corresponding hydrazine. After 2 hours, (3E)-4-(dimethylamino)but-

3-en-2-one was added to the resulting mixture to give, after purification on silica gel, 677 g of 

the expected pyrazole 9 (51% for the three steps). This approach was particularly efficient for 

the preparation of pyrazoles on scale lower than 1 kg. For larger scale, improvements on the 

product purification will be required to avoid the use for several kg of silica gel and tens liters 

of 2-MeTHF as eluent. 

 

400 mL

Water
OMe

NH2

BF3.THF
(1.4 equiv.)

[0.495 M]

2-MeTHF
25 mL/min

2-MeTHF
25 mL/mint-BuONO

(1.7 equiv.)

15-20 °C

37 mL/min

Organic
wastes

N

O

SnCl2
(3 equiv.)

2-MeTHF/H2OOMe

N2BF4

OMe

Br

N
N

Br

In batch

9, 51% (3 steps)
677 grams prepared

7b

8a

Br

 

Scheme 8. Flow synthesis of pyrazole 9 on a kilogram scale. 

 

4.  Formation of C-X bonds 

 

C-halogen bonds. In one of their seminal reports, de Mello and co-workers demonstrated that 

the use of monolithic microfluidic reactors were particularly pertinent with regard to the 

formation of diazonium salts in anhydrous conditions and their subsequent chlorination or 

hydrodediazotisation.57 Indeed, reagents mixing, quench addition and heated dediazotisation 

operations can be safely handled with the support of a single microdevice (Scheme 9). More 

specifically, authors studied the Sandmeyer reaction of aniline, o-toluidine and m-toluidine 

with CuCl2, giving the corresponding chloroarenes. The device, consisting of a glass 

microchip elaborated in-house, includes a first T-shaped inlet followed by a short serpentine 

of 80 mm in length for the diazonium formation and a second inlet channel introducing a 

solution of copper chloride in DMF, followed by a long serpentine of 280 mm in length, 

heated at 65 °C and ended by an exhaust. Remarkably, they demonstrated that on-line Raman 
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spectroscopy can be an efficient real-time tool for monitoring the diazonium formation 

through the glass microdevice. Unfortunately, the process was not optimised and the yields 

for the chloroarenes were not reported excluding a more detailed discussion on the real 

efficiency of such a technology with regard to batch chemistry. 

 

NH2

r.t.
3.2 µL/min

DMF

(0.55 M)

R1

R2 6.4 µL/min
DMF3.2 µL/min

DMF

ONO

(2.4 equiv.)

CuCl2
(1.2 equiv.)

R2

R1

Cl

55-71% GC conv.

65 °C

R1, R2 = H or CH3

 

Scheme 9. Flow setup for the chlorination of anilines. 

 

The Balz-Schiemann reaction is a classic for preparing aryl fluorides from the corresponding 

aryl diazonium salts.58 However, large-scale reactions face several difficulties including: 1) 

the hazardous properties of isolated diazonium salts, 2) the mixing of heterogeneous mixtures, 

and 3) the heat transfer in multi-phasic media. In order to address these issues, Yu et al. have 

developed a continuous flow approach for preparing aryl fluorides by thermally-mediated 

fluorodediazotisation of the corresponding aryl diazonium salts, also prepared in flow.59  For 

some reasons, diazotisation and fluorodediazotisation processes were studied separately, and 

the use of a single flow device allowing the two-step sequence without isolation of hazardous 

diazonium salts was not investigated. The diazotisation was carried out at 25 °C and 

diazonium salts were collected in a flask immersed in an ice-bath (Table 4). The reaction 

setup consisted in a first pump fed with a solution of aniline (1 equiv., 2 M), hydrochloric acid 

(1.8 equiv.) and tetrafluoroboric acid (1.2 equiv.), and a second pump fed with an aqueous 

solution of sodium nitrite (1.05 equiv.). The two streams met in a T-joint and entered in a 2 

mL coil reactor at 6-12 ml/min corresponding to only 15 ± 5 seconds residence time 

according to the aromatic amine. The electronic nature of the substituents did not significantly 

impact the reaction efficiency and the corresponding salts were isolated in high yield (86-

98%). 

   

Table 4. Selected examples of diazonium salts formation in flow. 
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The fluorodediazotisation step was carried out using a simple flow device as depicted in Table 

5. A solution of the diazonium salt was pumped at 4 mL/min into a 4 mL coil reactor heated 

at 110-200 °C and, immediately after, the reaction mixture was cooled in a second coil reactor 

immersed in an ice bath. Surprisingly, authors selected the fluoro compounds 10a-h as 

solvents for the reaction media, limiting this approach to commercially available fluoroarenes. 

Moreover, the dediazotisation step proceeded exclusively with diazonium salts bearing 

electron releasing groups since with m-nitrobenzenediazonium salt 8i the yield fell down to 

35%.  

 

Table 5. Selected examples of the fluorodediazotisation step in flow. 
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F F F

F

FF

FF

Et Cl

Cl F F MeO

MeO

10a, 96% 10b, 92% 10c, 97%

10d, 96% 10e, 79% 10f, 68%

10g, 91% 10h, 35%

MeO

O2N

 

In order to compare their flow approach with a traditional batch process, parallel experiments 

were carried out with two different anilines (Scheme 10). This comparative study showed that 

each step was better achieved in flow whereas the use of electron-poor anilines was 

overlooked. 

 

 

Scheme 10. Batch versus flow synthesis. 

 

Finally, a continuous kilogram-scale process for the manufacture of o-difluorobenzene 10i 

was successfully achieved using the same flow device (Scheme 11).13 The better result 

obtained in flow compared to the traditional batch process was attributed to better mass and 

heat transfers, improving purity and yield. 
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Scheme 11. Batch versus flow synthesis on scale-up. 

 

C-S bonds. The group of S.V. Ley at Cambridge University has also significantly impacted 

this area of research.22, 23, 26 For instance, Ley et al. safely adapted a Sandmeyer-type 

chlorosulfonylation of aryl diazonium salts60 that was initially reported in batch in the late 

1950s by Meerwein.61 Since the original conditions, involving the diazotisation of anilines by 

NaNO2 in aqueous HCl followed by the CuCl2-mediated chlorosulfonylation under an 

atmosphere of SO2, could not be implemented in flow due to the generation of insoluble 

species, they proposed a profoundly modified procedure. In preliminary studies, they 

identified that NaNO2 and CuCl2 were poorly soluble in the reaction media while HCl led to 

corrosion of the pump heads of the flow device. To fix these issues, they replaced NaNO2 by 

t-BuONO and avoided the use of HCl as a source of chloride by employing 

benzyltriethylammonium chloride (BTEAC). They chose to address the insolubility issue of 

CuCl2 by using an immobilised copper catalyst consisting of Amberlyst 21 loaded with CuCl2. 

Since SO2 is highly soluble in CH3CN, this was chosen as co-solvent in association with a 

water immiscible solvent such as dichloroethane or dichloromethane with the aim of using an 

in-line aqueous workup. Unfortunately, authors observed that the active catalyst was a 

solubilised copper species that leached form the support, leading to a rapid deactivation of the 

cartridge. Therefore, they decided to explore the use of a homogeneous copper catalyst 

coordinated with a ligand in order to increase its solubility in organic solvents. After several 

catalyst/ligand combination they found that CuCl2 was rendered soluble in organic solvents 

through coordination with ethylene glycol (EG), a good water soluble ligand that can be 

removed during the aqueous workup. Therefore, the authors designed a three-stream flow 

setup as depicted in Table 6. In a first inlet a solution of aniline (1 equiv., 0.17 M), BTEAC (1 

equiv.) and SO2 (9.5 equiv.) in a mixture of CH2Cl2/CH3CN was mixed in a T-shaped mixing 

chamber with a solution of CuCl2/EG (24.5 mol%) in CH3CN introduced through a second 

inlet. The resulting solution was immediately mixed in a T-piece with a third stream 
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consisting of t-BuONO (2.2 equiv.) in CH2Cl2/CH3CN. The resulting reaction mixture was 

then passed in a 10 mL coil reactor immersed in an ice bath to prevent any uncontrolled 

decomposition of diazonium salts, followed by a second 5 mL coil reactor and a back pressure 

regulator (100 psi), both held at room temperature. During the workup, piperidine or 

morpholine was added to the organic layer in order to avoid the decomposition of sensitive 

sulfonyl chlorides. The substrate scope of the reaction (Table 6) was carried out on thirteen 

examples with low to high yields (25-90%); anilines bearing electron-releasing groups giving 

the lowest yields. Interestingly, authors successfully scaled-up their device by increasing both 

the flow rate and the reactor volume by a factor of 4, in order to keep constant the residence 

time. On a single example, they were able to produce the 2-cyano-3-methyl-benzenesulfonyl 

chloride in 95% yield, corresponding to a throughput of 2 g/h (10 mmol prepared).  

  

Table 6. Flow Synthesis of aryl sulfonylamides (selected examples). 

 

O2N S N

O

O

11d, 81%

O

NC S N

O

O

11a, 83%

S N

O

O

11b, 77%

Me

F

Me S N

O

O

11e, 90%

NO2

S N

O

O

11h, 42%

S N

O

O

11f, 80%

CNMe

F3CO S N

O

O

11c, 85%

Br

MeO S N

O

O

11i, 25%

S N

O

O

11g, 72%

O

NC
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The mechanism of this transformation likely involves an aryl radical intermediate B, 

generated by the cuprous chloride-catalysed homolytic dediazotisation, which reacts with 

sulfur dioxide to give the sulfonyl radical C (Scheme 12). The latter was then converted to the 

sulfonyl chloride adduct D upon oxidation by cupric chloride.  

 

 
Scheme 12. Mechanism of the chlorosulfonylation of diazonium salts. 

 

The construction of C-S bonds from diazonium salts and thiols is a very old process, known 

as the Stadler-Ziegler reaction that has found many applications in industry for manufacturing 

aryl sulfides.62, 63 Noël and co-workers developed a photocatalytic Stadler-Ziegler process 

using a photoredox catalysis and visible light.64 In a first stage of their work, authors 

optimised experimental conditions in batch in order to lower the formation of diarylsulfide 14 

and diazosulfide 15 as by-products (Scheme 13). Along this work they determined that the use 

of t-BuONO as nitrosating agent and TsOH.H2O as proton donor in CH3CN was very efficient 

for the formation of the diazonium salt. The photoredox coupling of the latter with organic 

sulfide 12 proceeded upon light irradiation with a simple household 20 W fluorescent light 

source and 1 mol% [Ru(bpy)3Cl2].6H2O as photocatalyst.  

 

NH2

(1.3 equiv.)

OMe

SH

(1 equiv.)

t-BuONO (2 equiv.)
TsOH.H2O (1.5 mol%)
[Ru(bpy)3Cl2].6 H2O

(1 mol%)

20 W fluorescent bulb
MeCN, 25 °C, 1 h

MeO

S

MeO

S
S

OMe

N
N

S

OMe

86%

12%

1%

13a

14

15

7a

12

 

Page 17 of 50 Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t



18 
 

Scheme 13. Photocatalytic Stadler-Ziegler in batch using visible light. 

 

Having recorded encouraging results with both aryl and alkyl sulfides, authors further 

addressed safety issues associated with hazardous diazonium salts by developing a continuous 

flow approach (Table 7). An operationally simple device was designed, consisting in two 

streams controlled by a single syringe pump. The first syringe was filled with thiol (1 equiv., 

0.3 M), aniline (1.3 equiv.), TsOH.H2O (1.5 mol%) and ruthenium complex (1 mol%) in 

acetonitrile while the second one was filled with t-BuONO (2 equiv.) in acetonitrile as well. 

The two streams met at a T-mixer (500 µm ID) and the resulting flow went through a PFA 

reactor (464 µL) irradiated with a blue LED light. The reactor was coiled around a syringe 

coated with an aluminum foil to refract the light on the tubing and the LED setup was coiled 

in a beaker coated with an aluminum foil as well. The crude solution was collected with a 

total flow rate of 1.86 mL/min in a vial and then purified by flash chromatography. For the 

three examples carried out, extremely low residence times (15 s) were recorded compared to 

the batch process (1 h); the yields in flow being in the same range than those achieved in 

batch. Moreover, with this flow setup, a 78-fold improvement of the throughput compared to 

the corresponding batch experiment was reached (13.2 mmol/h vs. 0.17 mmol/h). Further 

extending the reaction scope to electron-rich anilines and aliphatic sulfides would certainly be 

of great interest for synthetic chemists.  

 

Table 7. Selected examples of photocatalytic Stadler-Ziegler reactions in flow. 

 

 

    
 Flow Batch Flow Flow 

Yield 79% 85% 80% 84% 

Throughput 13.2 mmol/h 0.17 mmol/h 13.4 mmol/h 14.1 mmol/h 
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C-O bonds. The group of Ley has a long standing interest for enabling technologies in flow 

chemistry such as in-situ analysis and in-line workup and purification.65 In this regard, Ley et 

al. have invented a liquid-liquid separation device using computer-controlled pumps and a 

high-resolution digital camera for the diazotisation/hydroxy-dediazotisation of amino acids in 

flow to produce chiral -hydroxyacids 16a-f (Scheme 14).66 The process was carried out in 

water using a two-stream flow device. In the flow setup, an aqueous solution of amino acid (1 

equiv., 0.5 M) and sulfuric acid (1 equiv.) were pumped and mixed with a stream of aqueous 

sodium nitrite (2 equiv.) through a T-shaped mixer. The diazotisation/hydroxy-dediazotisation 

sequence occurred in a 30 mL coil reactor, heated at 60 °C. The flow rate was maintained at 

0.5 mL/min corresponding to 60 minutes residence time. Eventually, to prevent clogging 

issues of the tubing with the most crystalline substrates, lower concentration, higher flow rates 

or the use of acetone as co-solvent were necessary. One of the notable aspect of this work is 

the use of an in-line and automated triple extraction system providing chiral -hydroxyacids 

with >95% of purity as determined by NMR or HPLC.    

 

 

Scheme 14. Schematic representation of the flow device. Reprinted with permission from 

reference [66], copyright 2012 American Chemical Society.     

 

The diazotisation/hydro-dediazotisation/workup sequence was achieved with poor to excellent 

yields (34-92%) of crude products and excellent enantiomeric ratio (up to er 99:1) (Table 8). 

The authors provided evidences for the scalability of the process since the reaction could be 
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conducted continuously with L-valine as substrate for more than 24 hours without manual 

intervention, furnishing >20 g of chiral -hydroxyvaline 16a.  

 

Table 8. Selected examples diazotisation/hydro-dediazotisation of amino acids in flow. 

a Modified conditions (see text). 

 

C-N bonds. The preparation of aryl azides from the corresponding diazonium salts is a well-

known transformation that found many developments.67, 68 Organic azides have been 

intensively used in organic synthesis for the preparation of nitrogen-containing molecules 

including aryl 1,2,3-triazoles.69 Due to safety concerns associated with both diazonium salts 

and aryl azides, Bacchi et al. developped the preparation of 1,2,3-triazoles through a three-

step diazotation/azidation/cyclization sequence in flow.70 The reaction was first examined in 

batch using p-bromoaniline as substrate. While the formation of the diazonium salt and its 

azidation were easily achieved using t-BuONO (1.5 equiv.) and TMSN3 (1.2 equiv.) in MeCN 

at 50 °C, the second step implied a screening of several bases and solvents to avoid the 

formation of insoluble salts initially observed by using EtONa and EtOH. After considering 

EtOH, MeOH, MeCN and 1,4-dioxane as solvents, EtONa, t-BuOK, TEA and DBU as bases 

and different temperature ranging from 60 to 80 °C, it was found that DBU and 1,4-dioxane at 

80 °C afforded a complete conversion in 10 min without any precipitate formation.  

The implementation of this chemistry in flow was allowed with the use of a commercially 

available Vapourtec three-stream flow device (Table 9). The aryl azide was prepared from 

two streams containing respectively a solution of aniline (2 g, 1 equiv.) and TMSN3 (1.2 

equiv.) in CH3CN (2 mL) for the first stream and a solution of t-BuONO (1.5 equiv.) in 

MeCN for the second one. These two streams met at a T-shaped mixer and the 

diazotisation/azidation occurred in a 10 mL coil reactor heated at 50 °C with 20-30 min 
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residence time.  Then, a third stream containing a solution of the β-ketoester (1.2 equiv.) and 

DBU (1.2 equiv.) in 1,4-dioxane was connected to the system through a T-piece and the 

resulting mixture entered in a second 10 mL coil reactor heated at 80 °C with 13-19 min 

residence time. The line was fitted with a back pressure regulator fixed at 250 psi. A complete 

regioselectivity was observed whatever the substrate and fair to good yields were obtained for 

triazole 17a-h (54-79%). It has to be noted that anilines with electron-donating groups were 

less reactive with the enolate than those with electron-withdrawing groups. This drawback 

was circumvented by increasing the residence time. The comparison between batch and flow 

procedure is here not possible since no isolated yields were given for the batch procedure.  

 

Table 9. Three-step sequence for the synthesis of aryl 1,2,3-triazoles in flow. 

NH2

TMSN3 (1.2 equiv.)

(2 g, 1 equiv.)

CH3CN
0.17-0.25 mL/min

t-BuONO
(1.5 equiv.)

R1

CH3CN
0.17-0.25 mL/min

1,4-dioxane
0.19-0.27 mL/min

R2 O

O O

(1.2 equiv.)

DBU (1.2 equiv.)

250 psi
R1

N

N

N R2

O

O

BPR

10 mL

50 °C

2 mL

2 mL

2 mL

10 mL
80 °C

17

 

 

Regarding the preparation of aryl 1,2,3-triazoles, the group of Ley reported a related 

contribution using malononitrile instead of β-ketoesters.71 Therefore, the continuous flow 
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synthesis of 5-amino-4-cyano-1,2,3-triazoles 18a-h was addressed with the use of a two 

stream-flow device (Table 10). A solution of aniline (1 equiv., 1 M) and TMSN3 (1 equiv.) in 

CH3CN was charged in a first 1 mL loop and mixed in a T-piece with a solution of t-BuONO 

(1 equiv.) in CH3CN charged in a second 1 mL loop. The diazotation/azidation occurred in a 

10 mL coil heated at 60 °C with a flow rate of 0.2 mL/min (50 min residence time) and the 

resulting mixture obtained went through a glass column (8 cm length x 10 mm i.d.) containing 

1.3 g of polymer-supported sulfonic acid, followed by 1.3 g of polymer-supported 

dimethylamine. The acid polymer allows the trapping of unreacted aniline and converts TMS-

N3 to hydrazoic acid which is further trapped onto the immobilised amine. For the triazole 

production, the use of an immobilised malononitrile anion was preferred over the use of a 

third stream containing a solution of malononitrile. Authors justified this choice by the 

varying concentrations of the aryl azide in the main stream after having crossed the 

scavenging columns. Therefore, the azide stream was directed into a column (3 cm length x 

15 mm i.d.) containing the malononitrile anion immobilised on a tetraalkylamonium resin and 

heated at 60 °C. Ironically, a third flow (1 mL/min) containing malononitrile, used as a source 

of proton, was finally introduced in a second stage in order to release the triazole and 

regenerate the reaction column. The 5-amino-4-cyano-1,2,3-triazoles 18a-h were prepared on 

1 mmol scale with a high purity after evaporation of the malononitrile with no further 

purification. The authors finally implemented this technology with a fully automated device 

allowing the production of up to 6 different triazoles over 55 hours with no manual 

intervention. 

 

Table 10. Selected examples for the synthesis of 5-amino-4-cyano-1,2,3-triazoles 18a-h. 
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CN

N

N
N

NH2

CN

N

N
N

NH2

N

N
N

CN

N

N
N

NH2

Cl

Cl

CN

N

N
N

NH2

CN

N

N
N

NH2

CF3

F3C

CN

N

N
N

NH2

OMe

18a, 83% 18b, 73%

18h, 61%18g, 76%18f, 60%18e, 53%

18d, 85%

CN

N

N
N

CO2Me

NH2

18c, 0%

CN

NH2

 

 

Ley et al. also demonstrated that the use of aryl azides produced in flow can be involved in a 

flow Staudinger aza-Wittig reaction sequence for the synthesis of imines and secondary 

amines.72 The Staudinger reduction was achieved with a new homemade polymer-supported 

triphenylphosphine reagent (loaded at 1.7 mmol of phosphorus per gram of polymer), leading 

to an immobilised iminophosphorane reagent that further reacted with aldehydes through an 

aza-Wittig reaction. This process was orchestrated in two stages with the elaboration of a first 

flow device dedicated to the sequence diazotisation/azidation/Staudinger reaction, followed 

by the use of a second device allowing the preparation of imines. The reaction setup for the 

preparation of iminophosphoranes consisted in a two-stream flow device (Scheme 15). The 

two ways were equipped with 1 mL injection loops filled with aniline (1 equiv., 1 M) and 

TMSN3 (1 equiv.) in CH3CN for the first one and t-BuONO (1 equiv.) in CH3CN for the 

second one. Each way was conducted at 0.1 mL/min and met in a T-piece before entering in a 

10 mL coil reactor (50 min residence time) heated at 60 °C. The resulting effluent containing 

the aryl azides was then passed through an immobilised triphenylphosphine column (7 cm 

length x 10 mm i.d.) heated at 60 °C and pressurised with a back pressure regulator at 100 psi. 

At a flow rate of 0.2 mL/min the desired iminophosphorane intermediates were immobilised 

on polymer, ready-to-use for the next step after a simple washing to remove the excess of aryl 

azide and impurities.  
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Scheme 15. Flow setup for the preparation of iminophosphorane monoliths. 

 

Thereby, the glass column housing the iminophosphorane monolith was connected to a stream 

of aldehyde (0.1-1 M) in solution in THF or THF/CH3CN (1/1) and heated at 120 °C at a flow 

rate of 0.1 mL/min (Table 11).  With an active loading of the iminophosphorane estimated to 

4.14 mmol, the aza-Wittig reaction was carried out with a maximum of 2 mmol of aldehyde in 

order to assure a high conversion. The reaction products were easily isolated as imines 19a-d 

after evaporation of the solvent or eventually as amines after an off-line reduction with 

NaBH4. Good to high yields were obtained using the 1-azido-4-methoxybenzene while no 

reaction was observed starting from 1-azido-4-nitrobenzene except in reaction with 4-nitro-

benzaldehyde where a moderate yield was obtained. These results revealed the poor reactivity 

of iminophosphoranes substituted with electron-withdrawing groups, limiting the scope to 

electron-rich substrates. Moreover, while both electron-rich and electron-poor aldehydes were 

reactive, ketones failed to react except for isatin. 

 

Table 11. Selected examples of the flow synthesis of imines. 
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Imines being moisture sensitive compounds, the authors set a fully automated multistep flow 

process up incorporating an additional reduction step for the preparation of the secondary 

amines 20a-d (Table 12). For this purpose, a monolithic borohydride reagent housed in a 

glass column and heated at 70 °C was added in the main line (0.1 mL/min) together with an 

additional stream of trifluoroethanol (0.1 mL/min) which was found to be beneficial for the 

rate of the reduction. Upon exiting the supported borohydride column, the main stream (0.2 

mL/min) passed through a column containing a polymer-supported sulfonic acid acting as a 

trap for the secondary amine and allowing impurities to be washed to waste. This column 

allowed an in-line catch-and-release purification step, since the secondary amine can be 

recovered in good yield and purities upon using an additional stream of ammonia (2 M) in 

MeOH at a flow rate of 0.5 ml/min.   

 

Table 12. Flow setup for the automated synthesis of secondary amines  

120 °C

P

Ph

Ph

N

Ar

THF
0.1 mL/min

R

O

[0.5 M]

Ar
NH

R

trifluoroethanol
0.1 mL/min

NEt3BH4

70 °C

SO3H
100 psi

H

BPR

1 mL 25 °C

Step of
release

NH3 [2 M]
MeOH 0.5 mL/min

20
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Moses and Spiteri also adapted a reaction involving aromatic azides generated from 

diazonium salts in flow. They previously reported a work devoted to the batch synthesis of 

amides involving aromatic azides and thioacids in the presence of 2,6-lutidine and under 

microwave heating73 but safety concerns encouraged them to propose a flow version of this 

preparation.74 To achieve this goal, a Vapourtec device equipped with a R4 reactor and three 

different pumps was connected to a CEM Discovery microwave reactor (Table 13). The 

process was carried out using a three-stream flow device. A solution of aniline (1 equiv.; 

0.125 M), TMSN3 (1 equiv.) in CH3CN was charged in a 2 mL loop and mixed through a T-

shaped mixer with a second 2 mL loop charged with a solution of t-BuONO (1 equiv.) in 

CH3CN. The diazotisation/azidation occurred in a 10 mL PFA coil tube reactor heated at 60 

°C. The flow rate was maintained at 0.2 mL/min, corresponding to 50 min residence time. 

The resulting effluent was telescoped with a third stream containing the thioacetic acid (1.3 

equiv.) and 2,6-lutidine (1.3 equiv.) solubilised in a mixture of H2O and CH3CN (1/1) in a 

second mixing T-piece. The resulting effluent was directed to a 10 mL microwave reactor 

chamber irradiated at 80 °C (150 W) at 0.4 mL/min. Both the electronic nature and the 

position of the substituents on the aryl ring dramatically influenced the reaction. While aniline 

bearing electron withdrawing groups located at meta and para positions afforded good to high 

yields (up to 100%), poor yields were observed with ortho-substituted anilines and aromatic 

rings decorated with electron donating groups (5-30%). A gram-scale amide preparation, 

using p-nitroaniline and thiobenzoic acid, was successfully achieved over 18 h of continuous 

flow synthesis with 86% yield of 21d. However, it is noteworthy that lower yields were 

obtained in flow compared to the batch procedure.73 

 

Table 13. Three-step sequence for the synthesis of aryl aromatic amides in flow. 
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5. Formation of C-C bonds 
 

With no doubt, transition-metal catalysis has strongly contributed to the return to prominence 

of aryl diazonium salts in organic synthesis as powerful aryl halide and aryl sulfonate 

surrogates. This widespread attention, has obviously led to applications in flow chemistry. For 

instance, Wirth et al. performed the first Heck-Matsuda reaction carried out with a flow 

device from para-substituted anilines.75 They designed a flow device working with an unusual 

segmented flow that improve the mixing efficiency through an internal circulation (Table 14). 

The segmented phase, introduced through an additional syringe pump, was a linear alkane 

(hexane, heptane, nonane or decane) non miscible in the organic phase. The flow device, 

consisting of five streams supplied by syringe pumps, was designed in order to carry out a 

diazotisation/cross-coupling sequence. Thus, the diazotisation step consisted of two streams 

containing respectively the aniline (1 equiv., 0.1 M) in DMF and t-BuONO (4 equiv.) in a 
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mixture of acetic acid (22 equiv.) and DMF. A third syringe pump, introducing the 

segmenting phase, was placed before the mixing chamber. The diazotisation step occurred in 

a reactor of 30 L at 0 °C corresponding to a residence time of 3.2 min. The diazonium 

stream was telescoped in a second mixing chamber by two additional syringe pumps 

respectively fed with alkenes (1 equiv.) and palladium acetate as catalyst (10 mol%) at 

ambient temperature. The coupling step was achieved in a second reactor of 543 L to give 

styrenes and stilbenes in low yields for electron-rich anilines and modest to excellent yields 

for neutral and electron-deficient anilines. The overall process was achieved with a 

remarkable 27 minutes residence time. Interestingly, a high regioselectivity at the diazonium 

function was observed for the coupling carried out with the p-iodoaniline and methyl acrylate. 

 

Table 14. Heck-Matsuda reaction carried out in segmented flow. 

NH2

R1

DMF

DMF

t-BuONO (4 equiv.)
AcOH (22 equiv.)

Hydrocarbon

Segmenting
phase

R2

Pd(OAc)2
(10 mol%)

DMF

R2

0.1 M
(1 equiv.)

R1

DMF

30 µL

0 °C

543 µL

25 °C

22-23
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In order to demonstrate the utility of their methodology generating the diazonium salt in situ, 

the authors carried out the Heck-Matsuda reaction from the commercially available p-

nitrobenzene diazonium tetrafluoroborate salt 8k and several alkenes (Scheme 16). 

Interestingly, the yields reached for the coupling products were in the same range than those 

obtained for the diazotisation/cross-coupling sequence in flow, highlighting that the formation 

of the diazonium salt in situ is more convenient since it proceeds under safe conditions. 

 

 

Scheme 16. Heck-Matsuda coupling in flow from isolated diazonium salts. 

 

Surprised by the low yields obtained by Wirth and co-workers for several coupling products, 

Organ et al. assumed that they could originate from an unwanted competing 

hydrodediazotisation process.76 Thereby, the stability of diazonium salts was carefully 

monitored by 1H NMR and the authors clearly showed that the salts were stable in d4-MeOD 

at room temperature up to 48 hours while the unwanted dediazotisated by-product was 

observed after only 30 minutes at 0 °C in d7-DMF. Thereby, Organ et al. explained the 

moderate yields obtained by the group of Wirth by the extensive decomposition of the 

diazonium salt in DMF. With these preliminary results in hand, the authors designed a 

reaction setup consisting of two syringe pumps and containing the required material for the 

multicomponent process that occurred in a single reactor in a mixture of DMF and MeOH. 

Briefly, the first syringe pump was fed with a solution of aniline (1 equiv., 0.24 M) and olefin 

(2.2 equiv.) in MeOH while the second syringe pump was fed with a solution of 

methanesulfonic acid (1 equiv.), t-BuONO (2.2 equiv.) and palladium acetate (2 mol%) in 

DMF. The two resultant streams met into a mixing chamber and the reaction occurred into a 

coil reactor (1152 µL) at room temperature. Depending of the electronic nature of the anilines, 

the process was achieved with flow rates ranging from 3 to 12 µL/min corresponding to 

residence times of 6.4 and 1.6 hours respectively. The scope of the reaction included the 

coupling of electron-deficient and neutral anilines with methyl acrylate in modest to excellent 

yields (53-98%) while electron-rich anilines were overlooked.  
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Table 15. Multicomponent diazotisation/Heck-Matsuda reaction carried out in flow. 

 
a Pd(OAc)2 5 mol%. 

 

At the time Organ and co-workers published their remarkable results, our group was working 

on a significant different reaction setup using homogeneous and heterogeneous palladium 

catalysts. Indeed, while the group of Organ privileged a multicomponent approach, we opted 

from our side for a two-step diazotisation/cross-coupling sequence.77 Our strategy came from 

preliminary results conducted in batch on the diazotisation of 4-bromoaniline 7d into the 

corresponding diazonium salt 8l and its subsequent coupling with methyl acrylate (Scheme 

17). We monitored this transformation, conducted in d4-MeOD at 25 °C, by 1H NMR and 

observed that the process carried out sequentially required a maximum of 120 min to reach 

>90% NMR yield of the coupling product 22k while the multicomponent approach required 

1080 min (18 h) to attain a similar yield. From these results we concluded that a sequential 

strategy was at least 9 times faster than a multicomponent one.  
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Br

NH2 MeSO3H (2.3 equiv)
t-BuONO (1.5 equiv)

d4-MeOD, 25 °C

Br

N2X

Br

NH3X

+

Pd(OAc)2 (2.2 mol%)

CO2Me

(2.2 equiv)

Br

O

OMe

7d

8l 24

22k, 91% (NMR yield)

90 min

30 min

(X = MeSO3
-)

Br

NH2
MeSO3H (2.3 equiv)
t-BuONO (1.5 equiv)

Pd(OAc)2 (2.2 mol%)

CO2Me

O

OMe

7d 22k

(2.2 equiv)

Br

d4-MeOD, 25 °C
t = 120 min, 75%
(NMR yield)

t = 1080 min, 88%
(NMR yield)  

Scheme 17. Sequential versus multicomponent approach in batch. 

 

With these results in hand, we set a three-stream flow device up (Table 16). The injection 

loop A (5 mL) was filled with aniline (1 equiv., 0.1 M) and methanesulfonic acid (1 equiv.) in 

MeOH while the injection loop B (5 mL) was loaded with t-BuONO (1.5 equiv.) in MeOH. 

Pumping of each way was adjusted at 0.1 mL/min with two independent pumps. The two 

streams met at a T-shaped mixer (150 µL) and the resulting flow stream went through a PEEK 

coil reactor (0.1 or 5 mL) where the diazotisation occurred. Then, the stream containing the 

diazonium salt was telescoped in a second mixing chamber (150 µL) with a solution of 

palladium acetate (0.5 mol%) and methyl acrylate (4.4 equiv.) in THF coming from a third 

pump (0.1 mL/min). The resulting mixture entered in a second PEEK coil reactor (5 mL) and 

the desired product was collected. Compared to the Organ’s strategy, we obtained coupling 

products in slightly lower yields but a higher throughput was achieved thanks to lower 

residence times.  

 

Table 16. Sequential diazotisation/Heck-Matsuda reaction carried out in flow. 
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5 mL

NH2

CO2Me

O

OMe

[0.1 M]

CH3OH
0.1 mL/min

CH3OH
0.1 mL/min 5 mL

Pd(OAc)2

MeSO3H (1 equiv.)

t-BuONO
(1.5 equiv.) THF

0.1 mL/min

(4.4 equiv.)

(0.5 mol%)

R

R

5 mL

0.1 or 5 mL

40-60 °C

A

B

22

 

O

OMe

O

OMe

O

OMe

O

OMe

O

OMe

O2NMeO2C NO2

O2N OMe

MeO

Reactor A = 5 mL

22k, 78% 22b, 54%a

Reactor A = 0.1 mL

22m, 74% 22f, 71% 22e, 71%

S

MeO2C

OMe

O

22l, 75%b

O

OMe

Br

O

OMe

NO2Me

O

OMe

NO2MeO

22g, 74% 22n, 75% 22o, 87%

a 4.10-3 M Pd(OAc)2. b 1.10-3 M Pd(OAc)2. 

 

With the aim to develop a more sustainable process for the Heck-Matsuda reaction in flow, 

we used commercially available PdEnCat®30 as an immobilised palladium catalyst. Although 

the Heck-Matsuda reaction was already described with heterogeneous catalysts,78-86 this work 

was the first example of a heterogeneous Heck-Matsuda reaction in flow. The reaction setup, 

consisting of a three-stream flow device as depicted in Table 17, was similar to that designed 

for the homogeneous catalysis but the PEEK coil reactor B was replaced by an Omnifit-type 

glass column loaded with PdEnCat®30. Moreover, with this heterogeneous process, residence 

times were considerably lowered up to 225 seconds for the diazotisation/coupling sequence 

and a two-fold increased concentration of reagents was used, resulting in a drastically 

improved throughput. It should be noted that the concentration of palladium residues, 
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measured by ICP-MS in the crude solution was in the range of 1 to 7 ppm, being in the 

acceptable limit for pharmaceutical agents. 

 

Table 17. Sequential diazotisation/Heck-Matsuda reaction carried out in flow with an 

heterogeneous palladium catalyst. 

O

OMe

O

OMe

O

OMe

O

OMe

O

OMe

O2NMeO2C

NO2O2N OMe

MeO

Reactor A = 5 mL

22b, 51% 22l, 69%

Reactor A = 0.1 mL

22m, 80% 22f, 66%

22n, 67%22g, 85%

Me

S

MeO2C

OMe

O

 

 

Beside Pd-catalysed reactions, the Meerwein arylation, involving the addition of aryl 

diazonium salts onto olefins via an aryl radical intermediate, recently rose up as a useful 

transformation for C-C bond formation.41, 87 Following this growing interest, the group of 

Buchwald reported an iron-catalysed Meerwein arylation of vinyl ethyl ethers in flow leading 

to arylacetaldehyde.88 While the Meerwein arylation usually involves a copper-catalysed 
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homolytic dediazotisation, S. L. Buchwald showed in a preliminary optimization studies that 

ferrocene displayed a remarkable activity for the studied transformation. The 

diazotisation/arylation sequence was carried out with a flow device assembled from syringe 

pumps as depicted in Table 18. A solution of aniline (1 equiv., 0.3 M) and hydrochloric acid 

(2.5-3.2 equiv.) in acetone was mixed with an aqueous solution of sodium nitrite (1.09 equiv.) 

in a T-shaped micromixer through two independent syringe pumps each adjusted at 50 

L/min before entering into a PFA tubing reactor (63-300 µL). The flow stream containing 

the diazonium salt was then mixed with a solution of ethyl vinyl ether (10 equiv., 50 µL/min) 

in acetone and immediately after, this resulting mixture was straight mixed with a solution of 

ferrocene (10 mol%, 50 µL/min). The reaction mixture was allowed to go through a PFA 

tubing reactor (1.7 mL) whereby the arylation step occurred. The scope of the reaction, 

evaluated on a collection of 24 anilines, revealed that the reaction was rather insensitive to the 

electronic nature of the anilines and was compatible with aminopyridines, giving 

arylacetaldehydes in fair to good yields (59-76%).    

      

Table 18. Sequential diazotisation/Meerwein arylation of vinyl ethyl ether in flow.  

NH2

R

EtO

0.3 M

(10 equiv.)

R

63-300 µL 1.7 mL

HCl
(2.5-3.2 equiv.)

NaNO2

(1.09 equiv.)

H2O or
H2O/acetone (1/1)

50 µL/min

50 µL/min

50 µL/min

50 µL/min

Cp2Fe
(10 mol%)

O

H

Acetone

Acetone

Acetone

0 °C
Sonicator

25
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a Isolated as the corresponding alcohol after reduction with of the crude solution with NaBH4. 

 

Following the work of Buchwald, the group of Kulkarni also contributed to the continuous-

flow Meerwein arylation using methyl methacrylate and acrylamide as radical acceptors and 

copper(I) as catalyst.89 Similarly to Buchwald’s approach, they opted for a reaction setup 

consisting of a four-stream flow device composed of four independent syringe pumps as 

depicted in Table 19. In preliminary studies, they carefully studied the effect of various 

parameters including the temperature of the three coil reactors, the catalyst nature, the 

residence time, as well as the concentrations of reagents and catalysts. In the optimised setup, 

the first stream containing a solution of aniline (1 equiv., 0.25 M) and concentrated HCl (10 

equiv.) in a mixture of water/acetone/methanol (1/2/1) was mixed with a second stream 

containing an aqueous solution of NaNO2 (3.8 equiv.) in a micromixer immersed in an ice 

bath. The diazotisation occurred in a coil reactor (2 mL) and the resulting stream was 

telescoped with a solution of the olefin (5 equiv.) in acetone. For an efficient mixing the 

stream was passed into a 1 mL coil reactor held at 18 °C and then, a fourth stream containing 

HCl and CuCl was introduced through a micromixer, allowing the Meerwein arylation in a 

9.5 mL coil reactor maintained at 35 °C. Unfortunately, the flow rate and the copper 

concentration were not mentioned by the authors. The arylation of acrylamide and methyl 

methacrylate were described on a representative set of four anilines with low to good yields 

(18-76%); methyl methacrylate being the radical acceptor that usually gave the higher yields. 

Interestingly, the arylation of acrylamide in batch mode systematically gave lower yields, 

highlighting the usefulness of continuous-flow processes. 
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Table 19. Sequential diazotisation/Meerwein arylation of acrylamide and methyl 

methacrylate in flow. 

 

 

 

 

The group of Ley investigated the generation of benzyne 27 in flow from the corresponding 

benzene diazonium-2-carboxylate 8l and its subsequent reaction with furans 28a-b (Scheme 

18).90 Usually, o-trimethylsilylphenyl triflate or 2-(trimethylsilyl)iodobenzene are traditional 

benzyne precursors because of their less hazardous properties that diazonium salts. However, 

a multistep synthesis of these compounds is needed prior to use whereas anthranilic acid 7e is 

commercially available. Thus, to address safety concerns associated with the use of 

diazonium salts, Ley and co-workers developed a flow approach monitored by mass 

spectrometry. 
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Scheme 18. Synthesis of Diels-Alder adducts from a benzyne intermediate. 

 

The use of an on-line miniature ESI mass spectrometer coupled to a two-stream flow device 

allows the observation of reactive intermediates and competing reaction paths. Moreover, this 

analytical technique proved to be useful to optimize reaction conditions (reactor temperature 

and residence time) thanks to peak height trends on mass spectrum. An off-line LC/MS 

analysis was also used in order to corroborate the on-line ESI-MS data. At an early stage of 

their work, the diazonium conversion was not complete and the ESI-MS were able to analyze 

diazonium and by-products ion peaks.  

The flow setup consisted of two pumps working at 0.125 mL/min each (Scheme 19). The first 

one was fed with a solution of anthranilic acid (1 equiv., 0.2 M) in CH3CN while the second 

one was fed with a solution of furan or 1,5-dimethylfuran (1.2 equiv.) and t-BuONO (1.2 

equiv.) in CH3CN. The two flow streams met at a T-mixing piece and went through a 5 mL 

coil reactor heated at 50 °C and pressurised at 34 bar. For safety reasons, the reactor outlet 

went to a saturated aqueous Na2S2O3 solution to quench unreacted hazardous species. 

Unfortunately, authors did not mention the yields obtained for both transformations. 
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Scheme 19. Flow synthesis of Diels-Alder adduct using an on-line mass spectrometer.  

 

6. Grafting reactions of carbon based nanomaterials 

 

One of the main drawbacks of flow chemistry is the recurrent clogging issues occurring with 

highly crystalline or poorly soluble reagents.91 This is one of the main reason for which multi-

physical composition of reagents are usually unsuitable for flow chemistry. To tackle this 

drawback, the use of specifically designed reactors and conditions that allows a high 

dispersion of the material in the solvent has provided successful results.92-102    

Gasparini, Maggini and co-workers have described the functionalisation of single wall carbon 

nanotubes (SWNTs) with 4-methoxybenzenediazonium salt 8h using a Coflore® agitated cell 

reactor allowing better heat and mass transfer with mixtures containing gaseous, liquids and 

solids compared to traditional micro-reactors.103 The 20 mL Coflore® reactor is composed of 

ten reaction cells containing freely moving hastelloy agitators and connected by channels of 4 

mm in diameter (Figure 1).  
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Figure 1. Schematic representation of the Coflore® agitated cell reactor. Reprinted with 

permission from reference [103], copyright 2012 Tekno Scienze Publisher.     

 

The reactor was coupled to the main flow line containing a mixture of pristine SWNTs, 4-

methoxyaniline and i-pentylnitrite introduced through an injection loop (Figure 2). It is not 

clear whatever DMF or 1-cyclohexylpyrrolid-2-one was used as the solvent since both are 

mentioned in the article. Anyway, optimization studies showed that the optimal grafting 

conditions were reached at a low flow rate (0.12 mL/min), corresponding to a residence time 

of 120 min, and with an excess of the diazonium salt (5 equiv.). The degree of 

functionalisation of the SWNTs in these conditions, expressed as the ratio between the mole 

of functional group and the moles of carbon in the tubes, reached 4.10-2, corresponding to 1 

functional group every 25 carbon atoms. The advantages of flow chemistry compared to a 

standard flask synthesis was evidenced by a two-fold higher productivity reaching 1 mg/h/mL 

thanks to a lower reaction time (30-120 min vs. 15 h).      
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Figure 2. Functionalisation of SWNTs by diazonium salts enabled by flow chemistry. 

Reprinted with permission from reference [103], copyright 2012 Tekno Scienze Publisher.     

 

Another successful application of flow chemistry consists in patterning narrow lines of 

metals, polymers, and inorganic crystals onto various support at the interfacial mixing region 

of a two-stream laminar flow.104 In this event, Downard and co-workers described the surface 

patterning of a pyrolyzed photoresist film with aryl diazonium salts using a two-stream flow 

device.105 The setup consisted in 2 inlets respectively containing a solution of the triazene 30 

in aqueous KCl (0.1 M) for the first one, while an aqueous solution of 40% HBF4 (0.2M) was 

introduced through the second inlet (Figure 3).  

 

HBF4 [0.2 M]

N
N

N

CH2NH2

MeMe

After grafting

CH2NH2

30

KCl [0.1 M]

 

Figure 3. Illustration of the surface patterning with diazonium salts 
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The course of the stream was controlled by a poly(dimethylsiloxane) (PDMS) mold of 100 

M in width, 50 M in height and 12 mm in length, that was sealed onto the pyrolyzed 

photoresist film. Impressively, the functionalisation of the carbon surface occurred at the 

interface of the two solutions, drawing a line of grafted film significantly narrower than the 

microchannel. The line width of the grafted film depends on the flow rate since the effects of 

diffusion increase as the contact time between the two solutions become more important. For 

instance, at 0.2 mL/min the line width is approximately 15 M near the inlet and 

progressively broadens down the channel with a very rough grafted film ranging from 5-250 

nm in height. As expected, at a ten-fold higher flow rate, the line is only 800 nm in width and 

2.4 nm in height (Figure 4). The grafted film can be easily recovered by removing the mold 

and washing the surface with water.   

 

 

Figure 4. Patterning of pyrolyzed photoresist film using a two-stream flow setup. Reprinted 

with permission from reference [105], copyright 2013 Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

 

7. Conclusion 

  

There are not so much species that display a so broad reactivity than diazonium salts in the 

tool box of organic chemists. However, the hazardous behavior of diazonium salts, heaping 

opprobrium on this class of extremely useful reagent, has severely limited their use. Though, 

chemists have many tools available to predict or evaluate their stability. The emergence of 

flow chemistry as an enabling technology, ideally suited for the handling of hazardous 

species, is largely participating in the recent prominence of diazonium salts. Indeed, with 
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specifically designed flow devices, the isolation of diazonium salts is not required anymore. 

Moreover, the small size of reactors and the facile automation of devices significantly 

enhance safety since the continuous flow can be stopped at any time in case of the emergence 

of an uncontrolled process. In this review we carefully examined the various situations in 

which diazonium salts have been successfully used in continuous flow processes. Especially, 

we took a close look to the flow setup so that this contribution can serve as a useful textbook 

for chemists not well versed with flow chemistry. We believe that these pioneering studies 

will further inspire organic and material chemists in designing chemical routes involving flow 

chemistry and diazonium salts. 
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