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ABSTRACT

We present the first electrochemical Hofmann rearrangement for the sustainable and safe synthesis of N,N-disubstituted hydra-

zides from readily available ureas. The process employs a simple undivided-cell set-up with LiCl as a low-cost, environmentally
benign supporting electrolyte and operates efficiently at high current density up to 120 mA/cm?. This strategy accommodates
a broad substrate scope with 36 examples and yields up to 84%. Additionally, the method was found to be both applicable

and scalable for pharmaceutically relevant compounds.

1 | Introduction

The first natural product containing a nitrogen—nitrogen (N—N)
bond was reported back in 1940, isolated from an Australian cycad
plant. Since then, several natural products featuring this moiety
have been identified [1]. Beyond their presence in nature, com-
pounds with N—N bonds have attracted considerable attention
in both pharmaceuticals and agrochemicals, with an increasing
number of related active compounds gaining FDA approval in
recent years [2]. At the same time, hydrazine-based compounds
have also shown great properties in material science, particularly
in the development of organic light-emitting diodes (OLEDs) and
covalent organic frameworks(COFs) [3, 4]. However, in contrast to
analogous C—C and C—N bonds, the formation of N—N bond has
still remained as a major challenge in the synthetic community,
owing to the inherent nucleophilicity of nitrogen atoms. Despite
this, a significant advancement has been made in the last few dec-
ades for the methodologies of N—N bond formation, including but
not limited to N-nitration, N-amination, rearrangement, and tran-
sition metal catalysis [5-7].

On the other hand, N,N-disubstituted hydrazides—a representative
class of N—N bond-containing compounds—have exhibited indis-
pensable bioactivities and significant synthetic value (Scheme 1),

rendering them key target molecules in the construction of
N—N bonds. N,N-Disubstituted hydrazides can be conveniently
obtained via acetylation of the corresponding hydrazines. A general
approach to access N,N-disubstituted hydrazines involves the
reduction of N-nitrosamines (Scheme 2a). However, this method
suffers from several drawbacks: the use of hydride reagents or zinc
in acetic acid often limits functional group tolerance. In addition,
N-nitrosamines are well-known potent carcinogens, and their
N—NO bonds are susceptible to cleavage under strongly reducing
conditions [8-13]. Alternatively, rearrangement reactions have also
been employed as a common strategy to access hydrazides and
hydrazines. The Curtius rearrangement can provide hydrazine
derivatives; however, this approach has seen limited use, likely
due to its potential explosiveness and the low selectivity arising
from the rapid dimerization of N-isocyanate intermediates
[14-16]. In contrast, the Lossen rearrangement, as demonstrated
by Beauchemin and coworkers, offers a reliable route to complex
hydrazine derivatives. Nevertheless, the required precursors involve
multistep syntheses, and the use of bulky leaving groups compro-
mises atom economy (Scheme 2b) [17].

Traditionally, the Hofmann rearrangement has been applied pri-
marily to the synthesis of amines from amides. In general, it can
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SCHEME1 | Selected examples of bioactive molecules with a hydra-
zide structural motif.

also be used directly with readily available ureas as substrates,
eliminating the need for prefunctionalization and thereby improv-
ing atom economy. To our surprise, reports on employing the
Hofmann rearrangement for N—N bond formation are extremely
limited. In the few documented examples, environmentally haz-
ardous oxidants were required, and the scope remained narrow
—factors that collectively restrict the broader applicability of this
approach (Scheme 2b) [18, 19]. In recent years, electrochemical
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methods have emerged as more sustainable and cost-effective
alternatives in organic synthesis [20-26]. A variety of Hofmann-
type rearrangements have been successfully adapted to electro-
chemical conditions [27-33]. Additionally, electrosynthesis has
shown great promise in enabling dehydrogenative N—N coupling
reactions [34-41]. Previously, no electrochemical protocol has
been reported for the Hofmann rearrangement toward the synthe-
sis of hydrazides. To address this gap, we herein present a practi-
cal, sustainable, and scalable method for the transformation of
readily available 1,1-disubstituted ureas into their hydrazides
under mild electrochemical conditions (Scheme 2c). Lithium chlo-
ride was used not only as the supporting electrolyte but also as a
chlorine source capable of oxidizing the urea substrate [42]. The
resulting N-chlorourea undergoes in the presence of methoxide a
Hofmann-type rearrangement to generate the desired hydrazides.
Our method demonstrates remarkable generality by accommodat-
ing N,N-diaryl, N,N-dialkyl, and N-aryl-N-alkyl hydrazides, a scope
of products unmatched by any previously reported approach.

2 | Results and Discussion

In our previous work, a flow-based electrochemical protocol
opting for high current density was developed for the Hofmann
rearrangement of carboxamides [27, 28]. Building upon this
foundation, we initiated our study using the same setup and anal-
ogous reaction parameters (see supporting information). Initial
reaction optimization was performed using a N,N-diarylurea,
which was selected as a representative substrate. To mitigate
polymerization at the position para of the phenyl ring during
electrolysis [43], we employed 1a N,N-bis(4-chlorophenyl)urea
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SCHEME 2 | Conventional methods versus electrochemical Hofmann rearrangement for N,N-disubstituted hydrazides (hydrazines).
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instead of the nonfunctionalized N,N-diphenylurea. Furthermore,
Et,NCl was selected as the supporting electrolyte for the initial
screening.

To optimize the reaction parameters, a design of experiments
(DoE) study was conducted focusing on four factors: concentra-
tion of supporting electrolyte, interelectrode gap, current density,
and amount of applied charge [44]. The DoE results revealed
that, within the range of 0.05-0.15 M, the supporting electrolyte
concentration was the most significant factor positively influenc-
ing the yield (see Supporting Information for details). Increased
amount of applied charge, larger interelectrode gap, and higher
current density also contributed to improved yields, although
their effects were less pronounced. Guided by the trends of DoE,
further linear optimization was performed, ultimately delivering
a very good yield of 87% of 2a (Figure 1). Meanwhile, single
crystals of 2a suitable for X-ray analysis were obtained by slow
evaporation from ethyl acetate. The structure of 2a was thus
unambiguously confirmed by the crystal structure. The length
of the newly formed N—N bond was determined to be 1.389 A,
which falls between that of a typical N—N single bond (1.425 A)
and N=N double bond (1.240 A) [45]. This intermediate bond
length is ascribed to the electron-withdrawing effect by the adja-
cent acyl group, which lowers lone pair repulsion between both
nitrogen atoms [46]. In addition, the N—C(O) bond length was
measured to be 1.359 A, comparable to the N1-C5 bond length
in pyrazole [45], suggesting partial double bond character due to
resonance. This geometric constraint likely restricts free rotation
around the N—N bond, which is reflected in the 'H NMR spectra
of 2a, wherein the methoxy (OCH3;) signal exhibits splitting at
room temperature. A similar phenomenon was also observed
in our previous study on hydrazides [34].

Replacing the chlorine source, which also serves in a dual role as
supporting electrolyte, from Et,NCl to the more economical and
environmentally benign LiCl led to a slight improvement in yield
(Entry 2). Increasing the concentration of LiCl to 0.3 M resulted
in a more pronounced enhancement of yield to 95% (Entry 6).
Interestingly, other halides such as Br™ and I” (Entry 3), which
are often employed in electrochemical Hofmann rearrangements
[27-33], gave no conversion in this reaction—likely due to lower
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0.025 M in MeOH o Y
1.5 equiv. MeONa i
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Entry Deviation Yield?
1 None 87%
2 LiCl instead of Et;NCI 91%
3 Et4NBr or Et;NI instead of Et;NCI 0%
4 Wihtout MeONa 70%
5 Single pass instead of recirculation 80%
6 0.3 M LiCl instead of 0.2 M Et,NCI 95%
7 Ex-cell electrolysis 34%
8 No post-stirring 32%
9 No electricity and stir for 2 h 0%

2Yields were determined by GC-FID using pentamethylbenzene as referrence

FIGURE 1 | Optimization of reaction conditions.

oxidative power of bromine and iodine compared to chlorine.
Furthermore, we observed that addition of base is crucial for
improving the yield (Entry 4), even though methoxide is also
generated at the cathode during electrolysis by reduction of the
solvent. Notably, the reaction could also be performed under single-
pass flow conditions, albeit with a slightly lower yield (Entry 5).
Then, we evaluated an ex-cell version of the electrolysis (Entry 7)
[47, 48], which afforded only a low yield with significant amounts of
nonconverted starting material. This poor performance is likely due
to the use of an undivided cell, which allows for electron shuttling
between the anode and cathode. Another critical factor that should
not be overlooked is poststirring after electrolysis (Entry 8), as the
conversion of the intermediate N-chloro-urea is typically not fast
and requires approximately 2h at room temperature in the case
of the test reaction. No further reaction occurred after stirring
the mixture in the absence of electricity for 2h (Entry 9), which
is indicative of the necessity of electrolysis for this transformation.

With the optimal conditions in hand (Figure 1, Entry 6), we pro-
ceeded to explore the generality of our methodology. The scope
was categorized into three groups: N,N-diaryl hydrazides, N,N-
dialkyl hydrazides, and N-aryl-N-alkyl hydrazides (Scheme 3).
First, we studied the synthesis of N,N-diaryl hydrazides, as our
test substrate belongs to this category. Common halo substituents
such as chloro and bromo were well tolerated at positions para,
ortho, and meta on arene moieties, highlighting the potential
for further functionalization via cross-coupling reactions. In
addition, fluoro-, tert-butyl-, and cyano-substituted products were
obtained in acceptable to synthetically useful yields, whereas
iodo- and nitro-substituted products were isolated in unsatis-
factory yields. However, slight modifications were required for
substrates (for making e.g., 2g, 2h, and 2j, Scheme 3) involving
strong electron-withdrawing groups (EWGs), as within the
N-chloro-urea intermediate the lone pair on the amine nitrogen
is delocalized toward the EWG. Thereby, lowering its nucleophi-
licity and impeding intramolecular attack at the other nitrogen to
facilitate the rearrangement. To overcome this issue, the temper-
ature was raised to 60°C to ensure complete conversion of the
intermediate. Nevertheless, the carbazole derivative (2p) gave
only 32% yield despite the incorporation of two electron-releasing
groups and poststirring at 100°C. This unsatisfactory result can
be attributed to the extensive conjugation between the lone pair
electron on the pyrrolic nitrogen and the z-system. Subsequently,
we applied our method to the synthesis of N,N-dialkyl hydra-
zides. For this type of substrates, 2.5F as amount of applied
charge already proved to be sufficient to deliver satisfactory
yields. In recent years, cyclic amines have attracted increasing
attention in drug design as privileged building blocks for active
pharmaceutical ingredients (APIs) [49-51]. Accordingly, we were
interested to see whether our method could also be applied to
these substrates. Notably, the hydrazine or hydrazide motifs of
certain products presented here (e.g., 3f, 3j, and 3k) have already
been incorporated into bioactive molecules [52-55]. In the end,
we also evaluated our methods on N-aryl-N-alkyl ureas. For this
class of starting materials, we found that lowering the interelec-
trode gap from 1.5 to 1.0 mm and increasing the current density
to 120 mA cm™? significantly improved the yields. Primary (4a)
and secondary (4b) alkyl substituents were well tolerated under
these conditions, whereas tertiary alkyl groups—adamantyl in
this case (4h)—appeared to define the limitation.
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SCHEME 3 | Scope of Hofmann rearrangement to hydrazides.

During the exploration of the synthetic scope, an intermediate
was detected in certain reactions by TLC-MS, which we hypoth-
esized to be an N-chloro-urea, analogous to the N-haloamide
intermediate in the classical Hofmann rearrangement. To vali-
date this assumption, the intermediate (int) was isolated from
a reaction of 1h since the strong electron-withdrawing effect
of the two NO, groups was expected to deactivate the amine
nitrogen and thereby suppress nucleophilic N—N coupling to
afford 2h. This stabilization effect allowed us to purify and char-
acterize this intermediate. Single crystal X-ray analysis confirmed
the proposed structure (Scheme 4a) [56]. Subsequent treatment
of int with 4.4 equiv. MeONa in methanol at 60°C furnished the
corresponding hydrazide in 55% [57].

Hydrazides prepared using our method can be readily converted to
the corresponding hydrazines by simple basic hydrolysis. For
example, treatment of hydrazide 3¢ with aqueous base provided
hydrazine 5 in high yield (Scheme 4b). Compound 5 is a versatile
intermediate: it has been employed as a key building block for the
antidiabetic agent tolazamide [58] and serves as a convenient pre-
cursor for the synthesis of pyrazole derivatives via standard

cyclocondensation protocols [59]. These transformations demon-
strate the practical synthetic utility of our hydrazide products for
downstream elaboration into pharmaceutically relevant scaffolds.
In addition, a scale-up study was performed for the synthesis of
hydrazide 3d. Under the standard electrolysis conditions, the pro-
cess could be scaled up 25-fold, delivering the desired product in
only slightly diminished yield (81%—74%) while requiring an
additional 0.2 F amount of applied charge (Scheme 4c). Moreover,
the product is simply isolated making this transformation cost-
efficient [60]. Based on the identification of the N-chloro-urea
intermediate, a plausible mechanism for the overall transforma-
tion is proposed (Scheme 4d). The sequence closely resembles
previously reported electrochemical Hofmann rearrangements
[27-33]. In this pathway, a reactive N-amino-isocyanate interme-
diate [61] is formed via the base-promoted rearrangement of int.
Notably, int exhibits a significantly longer lifetime than the other
species in the system, and its conversion proceeds rather sluggishly
at room temperature for many substrates, necessitating stirring
after the end of the electrolysis. Accordingly, we postulate that
the rearrangement of int to the N-amino-isocyanate intermediate
constitutes the rate-determining step.

4 of 7

ChemElectroChem, 2026

85U8017 SUOLILLOD 3A 8.0 (el dde 8y} Aq pausenob ae sapie YO ‘88N JO S3|nJ o4 Akeid18uluO A8|IM UO (SUOIPUOO-pUe-SWIBI W0 A8 |ImAtIq 1 jBu1|UO//SANL) SUORIPUOD pUe SWiB | 8L 88S *[9202/90/0T] Uo Ariqiauliu A|Im ‘@1Bojouyos | Ind Iniisul jeunsie Aq TSTOZ9B0/200T 0T/I0pwodAs|imAriq1jputjuo adoune-A1is iweyo//sdiy Wwoiy pepeojumod ‘7 ‘9202 ‘91209612



NO, : ; i NO,
Sl | H
oyt .
0 standard conditions lo)
O2N without post stirring OaN
1h int, 62%?

(b) alkaline hydrolysis of hydrazide to hydrazine and application of hydrazine

(a) isolation of intermediate and the transformation of intermediate into product under basic conditions

molecular structure
confirmed by X-ray analysis

NO, NO,

© 4.4 equiv. MeONa
> o
A

: H
h NN N<
r\ : /O/ \n/ \Cl Meo};éo;gzs : /©/ H e
. ¢}
| ON O,N
B int

Me Me
\ \
k Q‘)J\ \S
N
H

O o NaOH
"‘\NJ\OMe 50°C,3h
H

H,0/MeOH (2/1)

3c 5, 91%"

(c) gram scale reaction

standard method

method A
—_—
N\n/NH2
1x ©

46.3 mg (0.3 mmol) scale
81%2 yield (2.5 F)

1.16 g (7.5 mmol) scale . —
74%2 yield (2.7 F)

(d) proposed mechanism

S, -
\ N\
OCN % H )
Ref. 21 T (oral blood gl lowering drug)
Et0,C—==—CO0,Et N\N
\ pyrazole derivatives
Ref. 22

Et0,C CO,Et

]
| MeOH I
\'N — NS
y” Nso 2 m)kOMe
So 24 ©
MeO N-amino-
isocyanate |
H -
/[L No Cl _N NH,
e
o o 1
o int

MeOH

aisolated yield; Pyield determined by 'H NMR with CH,Br, as internal standard

SCHEME 4 | Mechanistic and application investigation.

3 | Conclusion

In summary, we have developed the first electrochemical Hofmann
rearrangement for the efficient synthesis of valuable hydrazides,
delivering 36 examples with yields of up to 84%. This protocol
employs readily accessible N,N-disubstituted ureas as starting
materials and was systematically optimized by DoE. It displays
broad generality, tolerating three distinct substrate classes and a
wide range of functional groups. A key advantage of this method
lies in the dual role of lithium chloride, which simultaneously func-
tions as halogen source and supporting electrolyte, enabling a
highly streamlined and economical setup. The reaction is readily
scalable, as demonstrated by a 25-fold scale-up with slight increase
of the amount of applied charge. The resulting hydrazides show
excellent downstream utility, being smoothly converted into
hydrazines under basic hydrolysis conditions. Notably, many of
the obtained hydrazides are recognized pharmaceutical building
blocks, highlighting the strong potential of this strategy for API
manufacturing. Moreover, the isolation of the N-chloro-urea inter-
mediate offers clear experimental validation of the proposed mech-
anism. This electrified method can serve to access hydrazine
intermediates in a safer and more sustainable manner.
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