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Abstract
A vicinal diamine motif can be found in numerous natural compounds and pharmaceuticals, making it an important synthetic 
target. Herein, we report a telescoped synthesis of vicinal diamines under continuous flow conditions. This approach involves 
the electrochemical aziridination of alkenes with primary amines, followed by the strain-release driven ring-opening using 
various nitrogen nucleophiles. The efficacy of the developed method was demonstrated through the synthesis of diverse 
symmetrically and non-symmetrically substituted vicinal diamines, as well as vicinal amino azides, which can be further 
hydrogenated to diamines in flow. Additionally, O-centered nucleophiles were employed for the ring-opening of aziridines in 
our telescoped synthesis, yielding vicinal amino ethers and alcohol. This process offers a streamlined and efficient pathway 
for the direct synthesis of valuable products from readily available starting materials, bypassing the isolation of unstable 
aziridine intermediates.

Keywords  Flow chemistry · Telescoped synthesis · Electrochemical synthesis · Ring-opening · Aziridines · Vicinal 
diamines

Introduction

Vicinal diamines are compounds of profound importance, 
playing pivotal roles across the fields of chemistry, biol-
ogy, and industry (Fig. 1). This structural motif is present 
in multiple natural compounds and pharmaceuticals, each 
exhibiting diverse bioactivities [1] such as anti-viral, anti-
cancer, antihypertensive, and more. The chelating proper-
ties of 1,2-diamines determine their extensive application in 
various industrial processes, including the removal of heavy 
metal ions from wastewater [2]. They also serve as sensors 
[3] in analytical chemistry and find utility in organic synthe-
sis as ligands in transition-metal catalysis [4–6].

Several synthetic routes to vicinal diamines have been 
explored [7, 8], with strain-release driven ring-opening of 
aziridines by nitrogen-centered nucleophiles emerging par-
ticularly advantageous. This approach offers high yields, 
control over stereoselectivity due to the three-membered ring 
structure, and utilizes readily available starting materials [9]. 
The reactivity of aziridines toward nucleophilic ring-open-
ing depends on a substituent attached to the nitrogen atom 
of the aziridine core, dividing them into two categories: acti-
vated aziridines, featuring an electron-withdrawing group, 
and non-activated aziridines, substituted with an electron-
donating group (Fig. 2a). Electron-withdrawing groups, such 
as N-carbonyl or N-sulfonyl groups, stabilize the negative 
charge on the nitrogen atom formed during ring-opening, 
enabling the reaction to proceed without the need for a pro-
moter [10]. On the contrary, N-alkyl or unsubstituted aziri-
dines require activation prior to a nucleophilic attack [11]. 
This activation can be achieved through quaternarization 
[12, 13], protonation by strong Brønsted acids [14] like HCl, 
H2SO4, TfOH, or complexation with Lewis acids. However, 
certain acidic promoters might be incompatible with amines 
as nucleophiles due to their high basicity [14]. Several 
researches have evidence that non-activated aziridines can 
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undergo ring-opening by amines utilizing LiNTf2 [15], PBu3 
[16], LiClO4 [17], B(C6F5)3 [18], yet extended reaction times 
are often required for optimal results.

Conventional methods for the synthesis of non-activated 
aziridines often need purification of sensitive products 

before initiating a nucleophilic ring-opening reaction, mak-
ing these approaches time consuming and wasteful. Due to 
the inherent instability of aziridines, their low reactivity 
toward amine nucleophiles, and the potential toxicity aris-
ing from their alkylating properties [19], the prospect of a 

Fig. 1   Pharmaceuticals and 
ligands containing vicinal 
diamines
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telescopic process for synthesizing vicinal diamines directly 
from simple starting materials in a continuous flow setup 
is highly appealing [20]. In the previous study, we have 
introduced the electrochemical synthesis of non-activated 
aziridines directly from styrene-type alkenes and primary 
amines in a flow microreactor (Fig. 2b) [21, 22]. This strat-
egy significantly reduced the time that unstable aziridines 
were exposed to electrochemical conditions compared to the 
batch process, preventing their decomposition, and mini-
mizing the formation of byproducts [23–25]. The resulting 
aziridines directly underwent Pd-catalyzed hydrogenation in 
flow, as well as nucleophilic ring-opening with thiophenol 
without the need for prior isolation. In this work, we extend 
this methodology by demonstrating a telescoped process, 
where electrochemically synthesized non-activated aziri-
dines were efficiently opened by various nitrogen nucleo-
philes in a continuous flow system.

Results and discussion

During the investigation of the electrochemical aziridina-
tion in continuous flow, we noticed the formation of vicinal 
diamines in the crude mixture. This occurred when the crude 
mixture collected from the electrochemical microreactor was 
left at room temperature for an extended period. This obser-
vation can be explained by the nucleophilic ring-opening 
of aziridines with an excess of unreacted amine, which was 
employed to maximize the yield of the electrochemical 
transformation. The excess of hexafluoroisopropanol (HFIP) 
was also necessary for the efficient hydrogen reduction at the 
counter electrode and stabilization of intermediate radical 

species during the aziridine synthesis. Consistent with lit-
erature findings, HFIP, as a weak organic acid, could acti-
vate the formed aziridine and facilitate the nucleophilic ring-
opening [26]. To our satisfaction, when the crude reaction 
mixture containing model aziridine derived from anethole 
and cyclohexylamine was heated at 60 °C, complete conver-
sion of the starting material into diamine 1 was achieved 
overnight under batch conditions. Based on these results, we 
decided to render the telescoped process in flow by merg-
ing nucleophilic ring-opening reactions with electrochemi-
cal aziridine synthesis (Fig. 3). To achieve this objective, 
a flow setup was constructed, comprising a syringe pump 
connected to the in-house-built electrochemical microreac-
tor [27], a degassing vessel, and an HPLC pump linked to a 
custom-made coil reactor submerged in an oil bath. A back 
pressure regulator was attached to the outlet of the coil reac-
tor, allowing the ring-opening reaction to be conducted at 
elevated temperatures while preventing solvent and amine 
boiling. Directly connecting the electrochemical reactor 
to the coil reactor was not feasible due to the operational 
limitations of the electrochemical reactor, which cannot be 
operated at pressures above 2 bars. Additionally, the hydro-
gen gas formed during the electrochemical step needed to 
be eliminated from the reaction mixture before passing it to 
the HPLC pump. Therefore, the presence of the degassing 
vessel was necessary for these purposes.

While reaction conditions for the electrochemical syn-
thesis of aziridines had been established previously, a brief 
optimization of the ring-opening step was conducted. This 
optimization involved varying the temperature of the oil 
bath and residence time by adjusting the volume of the coil 
reactor. The designed setup ensured complete conversion 
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of the model aziridine within a residence time of 6.7 min 
at 150 °C, yielding desired diamine 1 in 56%. The ring-
opening step proceeded stereoselectively via SN2 mech-
anism providing diamines exclusively as anti-isomers 
[28]. Isopropyl and benzyl amine were also competent 
and corresponding vicinal diamines 2 and 3 were isolated 
in good yields. Additionally, the elongation of the alkyl 
chain and the presence of an additional cycle in alkene 
did not influence the rate or selectivity of the nucleophilic 
opening reaction, as bicyclic diamine 4 and diamine 5 
with a terminal trifluoromethyl group were obtained with 
similar yields. It is worth mentioning that N-isopropyl-
substituted aziridine exhibited lower reactivity under the 
test batch conditions, requiring 48 h for full conversion. 
This highlights the advantage of the flow process, where 
the same conversion is achieved within a few minutes. 
Unfortunately, some aziridines were incompatible with the 
nucleophilic ring-opening reaction, even at elevated tem-
peratures and longer residence times. For example, in the 
reaction involving stilbene-derived aziridine, only traces 
of the diaminated product were detected, whereas aziri-
dines derived from trisubstituted alkenes did not yield any 

desirable product and were prone to unproductive decom-
position at high temperatures.

Next, we turned our attention to the synthesis of non-
symmetrically substituted 1,2-diamines (Fig. 4). This was 
achieved by addition of external amine, distinct from the 
one used during the aziridine synthesis. A 20-fold excess of 
external amine was found to be optimal to almost suppress 
the formation of diamine 1, as further increase did not result 
in any significant yield improvement of targeted diamines. 
In the flow system, external amines were injected from the 
second syringe as an acetonitrile solution into the degassing 
flask, and the flow rate of the HPLC pump was doubled to 
keep the productivity of the telescoped process at the same 
level as previously (see Fig. S2 in SI). Despite the shortened 
ring-opening reaction time, aziridine was fully consumed, 
and diamines 6–9, derived from external primary amines, 
were obtained in 40–51% yields. Even though the formation 
of small amounts of diamine 1 was observed in these experi-
ments, we were able to isolate the desired products 6–9 as 
individual compounds using reverse phase chromatography. 
Moreover, the formation of diamine 1 was completely sup-
pressed, when secondary amines as stronger nucleophiles 
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were used for the ring-opening reaction (products 10–12) 
[29]. However, the additional amino groups in the structures 
of compounds 11 and 12 made their purification more tedi-
ous, which resulted in a considerable reduction of isolated 
yields.

An alternative method for generating a 1,2-diamine moi-
ety involves reduction of vicinal amino azide compounds, 
which can be obtained through nucleophilic ring-opening of 
aziridines by azides [30, 31]. It is important to emphasize 
that azides are potentially explosive compounds that are sen-
sitive to elevated temperatures, light, and shock, and there-
fore should be handled with extra caution [32]. Nevertheless, 
when a reaction involving azides is conducted in a continu-
ous flow setup, the risks are considerably reduced, since only 
small amounts of hazardous chemicals are exposed simulta-
neously to reaction conditions in the active zone of a reactor 
[33, 34]. In our study, sodium azide was selected as a widely 
used and cost-effective reagent for the synthesis of vicinal 
amino azides through the ring-opening azidation of aziri-
dines in flow (Fig. 5a). A solution of sodium azide in an iso-
propanol/water mixture was prepared to ensure homogeneity 

of the reaction mixture and was injected to the coil reactor 
through a Y-mixer by a syringe pump. This modification 
of the reaction setup was necessary because some phase 
separation occurred, causing the HPLC pump to malfunc-
tion, when we attempted to add the azide solution directly to 
the degassing vessel as done previously. As anticipated, the 
nucleophilic ring-opening by sodium azide was highly effi-
cient, even at lower temperatures, completely preventing the 
competing formation of symmetrically substituted diamines 
[35]. The enhanced nucleophilicity and small size of the 
azide anion, in comparison to amine, enabled us to synthe-
size five different amino azides 13–17 with yields up to 71%, 
even in the instances involving sterically hindered aziridines. 
To demonstrate the usefulness of the developed method, the 
derivatization of azidated products was conducted (Fig. 5b). 
First, we transformed amino azide 15 into vicinal diamine 18 
by palladium-catalyzed hydrogenation in continuous flow, 
employing H-Cube® equipment. The flow setup facilitates 
hydrogenation through efficient mass-transfer between gase-
ous and liquid phases, while minimizing the risks associated 
with handling of combustible hydrogen gas, as the active 
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catalyst remains unexposed to oxygen [36]. Despite the 
presence of two N-benzylic groups in compound 15, which 
could potentially undergo hydrogenation, the reaction was 
chemoselective, and only the azido group was reduced to the 
amino group. Lastly, amino azide 13 proved to be a com-
patible substrate for the intermolecular click reaction with 
hexyne, yielding the corresponding triazole 19 in high yield.

Besides amines and sodium azide, we explored the poten-
tial of O-centered nucleophiles to participate in the ring-
opening reaction (Fig. 6). When methanol without additives 
was used as a nucleophile, the mixture containing sym-
metrically substituted diamine 1 and corresponding amino 
ether 20 was obtained. However, the exclusive formation 
of desired amino ether 20 was achieved by adding a 1 M 
solution of hydrochloric acid (10 equiv.) in alcohol to the 
degassing flask. The acidic environment led to the proto-
nation of unreacted cyclohexylamine, hindering its nucleo-
philicity and ensuring the targeted outcome. Although the 
isolated yields of amino ethers 20 and 21 remained consist-
ent compared to the previous results, a significant drop in 
diastereoselectivity was observed. We believe that nucleo-
philic ring-opening of the aziridinium ion proceeds through 
SN1 mechanism under strong acidic conditions, involving 
the formation of the stabilized benzylic carbocation. Thus, 
the nucleophilic attack by alcohols can happen from the both 
sides of the planar carbocation, leading to the formation of a 
mixture of anti- and syn-isomers [37]. In addition, we suc-
cessfully obtained amino alcohol 22 by the slightly modified 
procedure, employing water as a nucleophile. Surprisingly, 

the ring-opening reaction with water showed high stereose-
lectivity, yielding the product as a single diastereomer.

Conclusions

In summary, we have developed a telescoped protocol for 
synthesizing vicinal diamines from internal alkenes and 
primary amines. This method involves the electrochemical 
synthesis of non-activated aziridines in a flow microreactor, 
followed by the ring-opening reaction with N-nucleophiles 
in a self-assembled flow setup. The continuous flow system 
ensured efficient mass and heat transfer, and allowed us to 
use superheated solvents, resulting in considerably reduced 
reaction times compared to traditional batch conditions. We 
obtained symmetrically substituted vicinal diamines using 
an excess of amines employed for aziridine synthesis. Alter-
natively, non-symmetrically substituted vicinal diamines 
were synthesized by adding an excess of external amine 
after the aziridination step. Nucleophilic ring-opening of 
aziridines with sodium azide yielded various amino azides, 
which can be transformed into vicinal diamine and corre-
sponding triazole. Crucially, our continuous flow conditions 
substantially reduced the risks associated with handling haz-
ardous azides compared to batch operations. Additionally, 
the introduction of hydrochloric acid suppressed the nucleo-
philicity of amines and enabled aziridine-opening with water 
and alcohols, broadening the scope of our protocol to vicinal 
amino alcohol and ethers.
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