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Accelerated Preparation of Pyridazines Enabled by High-
Temperature Diazo Cycloadditions in Continuous Flow Mode
Jonathan Devlina and Marcus Baumann*a  

The effective application of continuous flow chemistry for the 
generation of substituted pyridazines via the thermal cycloaddition 
between α-diazo esters and difluorocyclopropenes is reported. 
Replacing DMF with MeCN and using stoichiometric reactant 
amounts at a temperature of up to 150 °C safely afforded the 
pyridazine targets in only 5-15 minutes in yields up to 93%.

Diazo compounds are well established reactive intermediates 
with widespread applications within modern synthetic 
chemistry.1 However, their susceptibility to readily lose 
nitrogen gas in the presence of metals, acids, light or upon 
heating requires great caution when generating and employing 
these species. Most commonly diazo compounds are generated 
by oxidation of hydrazones,2 via diazotisation of amines,3 
through diazo transfer using activated carbonyls,4 or from 
bespoke precursors (e.g., N-nitroso-N-methylurea/MNU5 or 
Diazald®6 to generate diazomethane). Diazo compounds often 
serve as carbene precursors, and their value can be seen in their 
many uses in synthetic chemistry that typically involve insertion 
reactions (in C-H, N-H, O-H and S-H bonds) as well as addition 
reactions across π-bonds. To enable these transformations 
under milder conditions, transition metal catalysts based on 
rhodium or copper are frequently added which is accompanied 
by the loss of nitrogen gas.7 Alternatively, photolysis of diazo 
species provides for a means to generate carbenes as well as 
ketenes allowing for many applications in target-oriented 
synthesis.8 A further reactivity mode of diazo compounds is 
their ability to undergo dipolar cycloadditions affording a 
variety of valuable azaheterocycles.9 However, in this case their 
limited stability must be carefully balanced with the need to 
overcome the energy barrier for such thermally driven reactions 
without triggering the loss of nitrogen gas. Therefore, 

cycloadditions utilising diazo compounds as dipoles can be 
sluggish and difficult to reproduce, especially when reaction 
scale-up is required.

Continuous flow chemistry10 has frequently been employed 
when generating diazo compounds or triggering their onward 
reactions.11 Miniaturisation is the key aspect of lab scale flow 
reactors that limits the amount of reactive species handled at 
any given time, whilst the improved heat and mass transfer of 
these set-ups mitigates safety risks by dissipating heat and 
releasing gaseous by-products in a controlled manner (i.e., 
using back-pressure regulators). Seminal reports highlight the 
use of flow technology for the safe preparation of 
diazomethane,12 as well as the generation of stabilised and non-
stabilised diazo compounds via oxidative means,13 diazo 
transfer strategies14 or via the photolysis of oxadiazolines.15 This 
has also facilitated several important applications under 
thermal as well as photochemical conditions such as the Wolff 
rearrangement of diazo ketones,16 the Arndt-Eistert 
homologation of carboxylic acids17 and the Bamford–Stevens 
reaction.18 While all these applications have in common that 
continuous flow processing facilitates the steady release of 
nitrogen gas using a back-pressure regulator, we noticed that 
related dipolar cycloadditions that retain the nitrogen unit of 
diazo compounds are underexplored despite the clear benefits 
of flow technology.

Scheme 1: Synthesis of fluoropyridazines via thermal [3+2] 
cycloaddition process in batch19 and flow mode.

In this context we wished to explore the use of 
difluorocyclopropene derivatives as dipolarophiles in thermal 
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cycloaddition reactions with α-diazo esters. In a seminal study, 
Cossy and co-workers demonstrated this strategy for the 
assembly of medicinally relevant fluorinated pyridazines 
(Scheme 1).19 While the overall strategy is very appealing, we 
noted several issues with the underlying process as this 
required the use of a 5-fold excess of the α-diazo ester species 
and the use of DMF (listed in the EU as a Substance of Very High 
Concern (SVHC)) as the reaction solvent. Moreover, this 
cycloaddition sequence required extended reaction times 
(typically 0.5-20 days at room temperature) as well as the 
exclusion of light and oxygen which taken altogether precludes 
its use outside academic labs. For several examples that failed 
to produce appreciable yields the authors noted a positive 
effect when increasing the reaction temperature up to 80 °C, 
nonetheless, the overall productivity remained low. Based on 
our experience in safely accelerating the generation of 
important heterocyclic scaffolds exploiting thermal flow 
processing20 we wished to investigate its beneficial effect when 
generating drug-like pyridazines from α-diazo esters and 
difluorocyclopropenes in near-stoichiometric amounts. 

We commenced our studies by evaluating the reaction between 
difluorocyclopropene 1 and ethyl diazoacetate in the presence 
of triethylamine (1.5 equiv.) as a scavenger for HF (Table 1). 
Adjustments from the reported batch procedure were made 
from the outset whereby the reaction mixture was kept under 
an atmosphere of nitrogen rather than argon, and the solvent 
was changed from DMF to MeCN due to the reproductive health 
hazards associated with the former. Moreover, we reduced the 
excess of ethyl diazoacetate from 5 equivalents to 2.3 equiv. in 
our initial trials. 

Table 1: Initial trial reactions forming pyridazine 3a.

excess of 2 time solvent temperature yield
1a,b 5 equiv. 53 h DMF 20 °C 77%
2a,c 2.3 equiv. 48 h MeCN 20 °C 48%
3c,d 2.3 equiv. 3 h MeCN 20 °C 19%
4c,d 1-5 equiv. 1 h MeCN 20-50 °C 1-6%

aoperated in batch; bargon atmosphere, cnitrogen atmosphere, 
doperated in (recirculating) flow mode.

As summarised in Table 1, the adjustments showed that the 
desired product is formed in an acceptable yield of 48% when 
operating this modified batch protocol for 48 hours (entry 2) 
which represents a 29% drop in yield compared to the reported 
batch conditions19 (entry 1). The same conditions were 
subsequently employed when circulating the reaction mixture 
for 3 hours through a plug flow reactor (see ESI for details) 
giving a yield of 19%. While this represents a further drop in 
yield compared to the reported batch method, it indicated that 
these modifications (stoichiometry, solvent, N2 atmosphere) 
allowed for the formation of pyridazine 3a which despite the 

low yield gave a 17-fold improvement in productivity (product 
yield over reaction time). Several further modifications were 
made with a reduced residence time of 1 hour varying the 
temperature from 20°C to 50 °C and the stoichiometry from 1 
to 5 equiv. ethyl diazoacetate, however, the yield of 3a 
remained below 7% in all cases.

Next, the effect of further increasing reaction temperatures in 
flow mode was evaluated whilst retaining the use of only 1 
equivalent of ethyl diazoacetate and shortening the residence 
time to 10 minutes, however, the yield of 3a did not surpass 
10% and large amounts of reactants along with some 
decomposed materials were observed (50-90 °C, Figure 1). 
Despite these setbacks, we next turned our attention to 
superheating the reaction mixture in flow mode which was 
facilitated by using a backpressure regulator set to 8 bar.  This 
strategy would exploit the excellent heat transfer capabilities of 
the flow set-up whereby high spatiotemporal control would 
ensure that all reactants are subjected to the same residence 
time at these elevated temperatures up to 150 °C. Furthermore, 
the miniaturisation of the set-up ensures that the reaction 
safety is not compromised granting the operator access to 
process windows and reaction optimisation aspects that are not 
possible in batch mode. The upper temperature limit was set to 
150 °C as above this value softening of the polymer tubing (PFA) 
may compromise the integrity and safety of the reactor set-up. 
Pleasingly, these changes were met with success when using a 
short residence time of only 5 minutes which was chosen to 
avoid competitive product degradation, affording good yields of 
almost 50% for product 3a (Figure 1). Moreover, while 
increasing the temperature from 140 to 150 °C had little effect, 
passing the reaction mixture for a second time through the set-
up at 140 °C (5 min) an increased yield of 62% was realised. 

Figure 1: Yield of 3a by varying reaction temperature using 1 
equiv. of ethyl diazoacetate and MeCN as solvent.

Encouraged by these results, we studied the effect of residence 
time on product yield by passing the reaction mixture through 
a flow reactor set-up with larger coil volumes (i.e., 10, 20, 30 mL 
– all at 140 °C) which was accomplished by using multiple 
reactor coils of 10 mL volume in sequence. Higher flow rates 
would thereby be applied to achieve the same residence time 
(tRes) when using a larger combined reactor volume which adds 
benefits by increasing mixing. As shown in Table 2, the 
enhanced mixing did indeed increase product formation for 
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analogous reactions with the same residence time (e.g., entry 1 
vs 2 etc.) which amounted to up to 22% leading to the highest 
yield of 84% (entry 5 vs. 6) for fluoropyridazine target 3a. 
Crucially, compared to the original batch protocol this surpasses 
not only reaction yield but also its productivity whilst ensuring 
safety through miniaturisation. The use of three reactor coils of 
10 mL volume each also allowed us to study the effect of using 
a temperature gradient on the reaction performance, however, 
no clear trends were observed (entries 7-9) suggesting a 
consistent temperature of 140 °C is best.

Table 2: Screening of different residence times and 
temperature zones for the formation of pyridazine 3a.

T1 / T2 / T3 tRes (coil 
volume)

yield and 
productivity

1 All at 140 °C 5 min 
(20 mL)

50% 
(6.0 mmol/h)

2 All at 140 °C 5 min 
(30 mL)

60% 
(7.2 mmol/h)

3 All at 140 °C 10 min 
(20 mL)

64% 
(3.8 mmol/h)

4 All at 140 °C 10 min 
(30 mL)

69% 
(4.6 mmol/h)

5 All at 140 °C 15 min 
(20 mL)

62% 
(2.5 mmol/h)

6 All at 140 °C 15 min 
(30 mL)

84% 
(3.4 mmol/h)

Use of temperature gradient:
T1 T2 T3 tRes (coil 

volume)
yield and 
productivity

7 100 °C 120 °C 140 °C 15 min 
(30 mL)

70% 
(2.8 mmol/h)

8 140 °C 120 °C 100 °C 15 min 
(30 mL)

69% 
(2.8 mmol/h)

9 120 °C 140 °C 120 °C 15 min 
(30 mL)

76% 
(3.0 mmol/h)

To investigate the generality of the optimised reaction 
conditions, a set of difluorocyclopropenes was prepared 
allowing us to study the effect of differently substituted aryl 
rings as well as alkyl moieties (see SI for full details). Pleasingly, 
it was found that several fluoropyridazine products were 
accessible in high yields when using the optimal conditions 
described above (140 °C, 15 min, 30 mL coil volume, 1.0 equiv. 
ethyl diazoacetate). The highest yields for further pyridazine 
products were observed when using a naphthyl substituent (3b) 
or a 4-chlorophenyl substituent (3c), whereas 3,4-
dimethylphenyl (3d) and 4-methoxyphenyl (3e) provided 
acceptable yields (Scheme 2). Introducing two phenyl rings on 
the pyridazine scaffold by using the corresponding diphenyl-
difluorocyclopropene was not successful highlighting the 

diminished reactivity of this sterically encumbered 
dipolarophile towards 3f. At the same time, a cyclopropane 
moiety was tolerated despite the harsh reaction conditions 
which indicates the benefit of a short residence time when 
forming product 3g. However, a butyl or hydroxymethyl side 
chain were problematic giving low yields of the corresponding 
products 3h and 3i along with substantial amounts of 
degradation products. Nonetheless, due to the continuous 
processing, small amounts of these targets could be generated 
that may find use in future medicinal chemistry efforts.

Moreover, the formation of pyridazine 3a was scaled to 6 mmol 
affording 1.17 g of this product in a yield of 79% within a 
processing time of 25 minutes. With a productivity of 19 
mmol/h, which represents a 65-fold increase from the original 
batch protocol, this clearly highlights how this flow process 
enables the safe generation of gram quantities of these densely 
functionalised pyridazines.

Scheme 2: Reaction scope under optimised conditions. a >90% 
of cyclopropene remaining; b >90% cyclopropene degradation.

In conclusion, this study describes the superior performance of 
a new high-temperature flow approach over an existing batch 
method for the cycloaddition between difluorocyclopropenes 
and ethyl diazoacetate furnishing versatile fluoropyridazines. 
Key targets such as the replacement of DMF with MeCN and the 
reduction of the excessive use of the hazardous diazo reactant 
were met as part of these efforts. Crucially, through 
miniaturisation flow processing provides for excellent heat 
transfer, spatiotemporal resolution as well as solvent 
superheating which grants a suitable process window to safely 
operate this process generating a set of synthetically valuable 
fluoropyridazine products. Intensification of the reaction 
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conditions in flow mode (i.e., tRes = 5 min, T = 140 °C) leads to 
high productivity (up to 7.2 mmol/h) whilst significantly 
reducing side reactions as well as thermal runaway risks. 
Accessing these heterocyclic targets at gram scale was 
demonstrated highlighting the robustness and efficiency of the 
developed continuous method which lends itself towards 
further exploitations in industrial settings. Whilst flow-based 
diazo chemistry has previously been demonstrated for cases 
retaining the nitrogen unit within the product structure at 
ambient temperature, this work opens new avenues for 
powerful high-temperature applications that are expected to 
enable and impact the uptake of such methods in industry.
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