s ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Reductive Synthesis of Azoxypyridines from Nitropyridines Using Hydroxides in Alcoholic Media

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:
Caruana, L., Pistilli, D., Bussolari, A., Toderi, E., Nalin, A., Osti, S., et al. (2025). Reductive Synthesis of

Azoxypyridines from Nitropyridines Using Hydroxides in Alcoholic Media. SYNTHESIS, 57(04), 846-854
[10.1055/a-2492-3780].

Availability:
This version is available at: https://hdl.handle.net/11585/1008299 since: 2025-03-18
Published:

DOI: http://doi.org/10.1055/a-2492-3780

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)
08 September 2026


http://doi.org/10.1055/a-2492-3780
https://hdl.handle.net/11585/1008299

Reductive synthesis of azoxypyridines from nitropyridines using

hydroxides in alcoholic media

Lorenzo Caruana®
Dalila Pistilli®
Alessio Bussolari®
Edoardo Toderi®
Arnaldo Nalin®
Sergio Osti?
Francesco Fontana?
Alfredo Paio®
Nicold Santarelli®
Mariafrancesca Fochi®
Luca Bernardi*®

2 FIS - Fabbrica Italiana Sintetici S.p.A. Via Milano 26, 36075,
Montecchio Maggiore (Italy).

b Department of Industrial Chemistry “Toso Montanari”,
Center for Chemical Catalysis C3, INSTM RU Bologna, Alma
Mater Studiorum — University of Bologna, V. Gobetti 85,
40129, Bologna (ltaly).

luca.bernardi2@unibo.it

Published online
DOI

Abstract The partial reduction of nitroarenes with hydroxides in alcoholic
media is a venerable yet very direct approach to the synthesis of
symmetrical azoxyarenes. Herein, we disclose the first application of this
method to nitropyridines, presenting its adaptation with these challenging
but important substrates.
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Compounds embedding the azoxy functionality (Figure 1) are
of interest in various fields. Azoxy derivatives have found use
as liquid crystals! and energetic materials.2 Aromatic and
aliphatic, symmetrical and unsymmetrical, azoxy natural
products have been isolated.? In line with their supposed
natural function as defensive agents, these compounds are
often characterized by pronounced biological activity and/or
toxicity.* In terms of synthetic utility, the azoxy functionality
has been used as an ortho-directing group in palladium
catalysed aromatic C-H activation reactions, and has been
engaged in [3 + 2] cycloadditions exploiting its 1,3-dipolar
nature.6 Azoxy derivatives have also served as precursors of
azo dies via the Wallach rearrangement.” Lastly, azoxy
impurities are carefully taken into consideration in
pharmaceuticals manufacturing settings.8 Common reactions
such as reductions of nitro groups can form azoxy impurities
that, especially when aliphatic, bear high carcinogenic
potential. Thus, stringent control strategies must be set in place
in these reactions, mandating in some cases the synthesis and
isolation of the putative azoxy impurities for use as analytical
references and/or toxicology tests.
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Figure 1 The azoxy functionality and its relevance.

In fact, during the development of the commercial
manufacturing route of an active pharmaceutical ingredient,
we had to prepare an azoxypyridine as reference, as the route
included a nitropyridine reduction step. Symmetrical
azoxyarenes are typically accessed through the partial
reduction and dimerization of nitroarenes, or via its oxidative
counterpart with anilines (Scheme 1a).° The recent literature
demonstrates notable research activity in this area, reporting
several innovative methodologies that afford symmetrical
azoxyarenes using these strategies.l011 However, we were
attracted by the easiness of a classical method of accessing
azoxyarenes, reported as early as 1845 and involving the
treatment of nitro compounds with hydroxides in alcoholic
media (Scheme 1b).12 It does not involve sophisticated
catalysts, special apparatus and/or activation, and employs



alcohols as convenient reducing agents. Even though this
method had never been applied to nitropyridines, it proved,
after some adaptation, remarkably effective for our target.
Given the prevalence of nitropyridine reduction steps in
pharmaceuticals manufacturing813 we recognized the
usefulness potential of this unprecedented but very attractive
approach to azoxypyridines, and decided to investigate it in
more detail, 4 tackling its challenges — competitive SwAr,
stability of the pyridine ring, over-reduction — and outlining
preliminarily its scope and limitations (Scheme 1c).
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Scheme 1 Synthesis of azoxyarenes and of azoxypyridines (this work).

At the outset, we investigated the reactions of isomeric
nitropyridines 1a-c (Scheme 2). Under standard reaction
conditions (EtOH, finely ground stoichiometric NaOH, heating),
the 2- and 4-nitropyridines 1a and 1c gave exclusively
products resulting from a nucleophilic aromatic substitution of
the nitro group by the ethoxide, instead of the corresponding
azoxy derivatives 2a and 2c, leading to the conclusion that a
nitro group at the activated 2- and 4-positions of the pyridine
ring does not survive under these conditions.!> Attempts to
apply inert atmosphere and a more hindered alcohol (i-PrOH),
typical stratagems favouring the reductive process vs the
SnAr,16 were not successful. On the other hand, subjection of
the 3-nitropyridine 1b to NaOH in EtOH under air resulted in
the observation of the desired azoxy derivative 2b as the major
product of the crude mixture, demonstrating the viability of the
methodology with the pyridine carrying the nitro group at a
less activated position. Azoxypyridine 2b was obtained as a
single Z-isomer,'7 in line with the higher stability of Z-
azoxyarenes compared to their E-counterparts.
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Scheme 2 Reactivity of isomeric nitropyridines 1a-c under hydroxide/alcohol
conditions.

This reaction was thus studied in more detail (Table 1). The
initially applied conditions (entry 1) resulted in fast
consumption of 1b, affording the product 2b in a moderate
40% yield. The crude mixture included minor amounts of
unidentified byproducts and of the fully reduced product 3-
aminopyridine 4b (ca. 10%), while the azopyridine 3b
derivative was not detected. Overall, degradation processes of
the pyridine substrate and/or of the reaction intermediates to
dark and insoluble tars were considered as main responsible of
the discrepancy between conversion (>95%) and yield (40%).
A control experiment demonstrated that the product 2b is
stable within the short timeframe of the reaction.

As a first attempt to improve the yield of the reaction, the
amount of base was lowered, which led to a lower conversion,
but without improvements in terms of selectivity (entry 2).
Increasing the equivalents of base rendered the reaction
dirtier, decreasing its yield (entry 3). We thus moved to test
various alcohols as solvents and reducing agents (entries 4-7).
The reaction in methanol did not proceed, and longer primary
alcohols gave the best results (n-PrOH and n-BuOH, besides
EtOH). i-PrOH could be used in the reaction, but with less
efficiency, perhaps for the lower solubility of the hydroxide in
this medium. These results reflect the order of reactivity of
primary alcohols in related reactions. Interestingly, in a report
describing the preparation of azobenzene from nitrobenzene
using a large excess of base and prolonged reaction times in
alcoholic solvents, azoxybenzene prevailed over azobenzene
when n-butanol, instead of ethanol, was used.2d In our case, n-
butanol gave indeed a small but measurable improvement in
terms of yield of 2b, and was thus selected for subsequent
tests.

The reaction was then performed at 60 °C and at 100 °C
(entries 8,9), and at different dilutions (entries 10,11), but
these modifications did not provide improvements. In the
reaction at higher temperature, some azopyridine 3b formed
too. On the contrary, the use of a mixture of toluene/n-butanol
1:1 as reaction medium, inspired by another literature where
an aromatic solvent was used in combination with PEG-400



and NaOH,2e gave a slightly better yield value (entry 12). This
mixture was employed in the following experiments where
different bases were tested (entries 13-15). These bases gave
comparable results, underlining the similar performances of
different metal cations and alkoxides vs hydroxides in the
reaction. Nevertheless, none of these gave better results than
NaOH. A final adjustment of the reaction conditions entailed
using a slight excess of NaOH, and somewhat longer reaction
times, leading to azoxypyridine 2b in 53% yield and keeping
the aminopyridine co-product 4b at a low 6% level (entry 16).
Product 2b was isolated in 54% yield by column
chromatography (entry 17), confirming the value measured by
1H NMR on the crude mixture using an internal standard (entry
16). Considering the complexity of the process and the
simplicity of the experimental protocol, such yield was
considered as satisfactory despite its moderate value, and
prompted application of these conditions to other 3-
nitropyridine 1 substrates.

Table 1 Screening of reaction conditions for the synthesis of azoxypyridine
2b from 3-nitropyridine 1b: selected results.?

carrying halide substituents could be employed in the reaction
(entries 4,5). The poor yield of the chloride product 2g was in
part ascribed to the formation of the product resulting from the
SvAr of the chloride by the n-butoxide, highlighting the
challenges of these reactions. In fact, using substrate 1i where
the bromide is further activated by a cyanide resulted in the
exclusive formation of a SvAr product (entry 6).

Table 2 Reductive synthesis of azoxypyridines 2 from 5-substituted-3-
nitropyridines 1d-h.?
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1d-i 2d-i R
Entry 1 R? R? 2-Yield® (%)
1 1d Me H 2d-66
2 le Ph H 2e-48
3 1f Morpholin-4-y! H 2f-37¢
4 1g Cl H 2g-27
5 1h Br H 2h-37
6 1i Br CN 2j-<10¢

Y9
e e ey
| Z - \Q N
1b 2 4b
| X
. N~ N/N | XN
=
3b <5%

Entry Solvent (M) Base (equiv) T(°C) t(h) Yield® (%)
2b | 4b
1 EtOH (1) NaOH (1) 80 2 40 9
2 EtOH (1) NaOH (0.5) 80 18 20¢ | <5
3 EtOH (1) NaOH (1.5) 80 1.5 20 <5
4 n-PrOH (1) NaOH (1) 80 1.5 35 10
5 i-PrOH (1) NaOH (1) 80 15 | 24 | 12
6 MeOH (1) NaOH (1) 60 35 | <5¢ | <5
7 n-BuOH (1) NaOH (1) 80 15 | 45 | 7
8 n-BuOH (1) NaOH (1) 60 35 | 35 | <5
9 n-BuOH (1) NaOH (1) 100 | 0.75 | 45¢ | 12
10 n-BuOH (2) NaOH (1) 80 15 | 45 | 6
11 n-BuOH (0.5) NaOH (1) 80 1.5 42 12
12 Toluene/n-BuOH 1:1 (1) NaOH (1) 80 1.5 50 7
13 Toluene/n-BuOH 1:1 (1) KOH (1) 80 0.75 44 9
14 Toluene/n-BuOH 1:1 (1) | n-BuONa (1) 80 0.75 35 10
15 Toluene/n-BuOH 1:1 (1) t-BuOK (1) 80 0.75 | 40 | 10
16 Toluene/n-BuOH 1:1 (1) | NaOH (1.25) 80 1.25 | 53 6

17 Toluene/n-BuOH 1:1 (1) NaOH (1.25) 80 1.25 | 54f

2 Reaction conditions: 1b (1 mmol), solvent, base (finely ground). ® Determined on
a reaction sample by 'H NMR analysis using bibenzyl as internal standard. ¢ 50%
conversion. 4 <10% conversion. ¢ 10% of 3b formed. fYield determined after
purification of 2b by chromatography on silica gel.

3-Nitropyridines carrying different substituents at the 5-
position were thus studied (Table 2).18 Amongst the different
substituents, the relatively inert methyl and phenyl groups (1d
and 1e) did not hinder the reaction, as expected. The
corresponding products 2d and 2e were afforded in 66% and
48% yield, respectively (entries 1,2). A morpholine substituent
was tolerated too, as product 2f was obtained in moderate
yield (entry 3). Remarkably, also pyridine substrates 1g and 1h

2 Reaction conditions: 1 (1 mmol), toluene/n-BuOH 1:1 (1 mL), NaOH (1.25
mmol), 80 °C, 1.25 h. ® Isolated yield after chromatography on silica gel. ¢
Determined by *H NMR analysis using bibenzyl as internal standard. ¢ 2-Cyano-3-
nitro-5-butoxypyridine observed as the major product.

Challenging substrates carrying substituents to doubly
activated positions (by the pyridinic nitrogen and by the nitro
group) were then tested (Scheme 3). Pyridine 1j bearing a
halide substituent at C2 did not undergo the reduction. The
reaction gave exclusively the 3-nitropyridine 1Kk resulting from
SvAr of the chloride by the butoxide (Scheme 3a). A worse
leaving group (a methoxy) at C2 (11) gave an intractable
mixture of azoxy products 21 carrying methoxy and n-butoxy
appendages (Scheme 3b). It was however possible to prepare
of 2- and 6-ethoxy substituted azoxy products by resorting to
degenerate SnvAr reactions, that is, to use ethoxy substituted
pyridines in combination with ethanol as reducing agent, as
shown in Scheme 3c and 3d for 2- and 6-ethoxyazoxy pyridines
2m and 2n. The low yield obtained from pyridine 1n was
initially ascribed to the electronic deactivating effect of the
ethoxy group on the reduction. However, the deactivated
morpholine substrate 10 performed better (Scheme 3e).

Additional 3-nitropyridine substrates that were investigated
without success are 6-methyl-3-nitropyridine 1p, that
oligomerised under the reaction conditions due to its acidity,
the 6-acetamido-3-nitropyridine 1q, that underwent simple
deacylation, and 3-nitropyridine N-oxide 1r, that gave an
intractable mixture of products.
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Scheme 3 Additional 3-nitropyridine substrates 1j,I-o tested in the reaction.

To conclude the study, we decided to take again into
consideration the reactions with 2-nitropyridine substrates.
We envisioned that a group deactivating the SnyAr of the nitro
group, and to a less extent its reduction, might make possible
the reaction forming the azoxypyridine derivative. Given the
tolerance of the reaction to tertiary amines (see products 2f
and 20), we prepared the morpholine substituted pyridine 1s,
and subjected it to the optimized conditions. As shown in
Scheme 4, our hypothesis proved correct, since the azoxy
product 2s was obtained in a satisfactory 60% yield. Similarly,
the piperidine derivative 1t behave well in the reductive
process, delivering the product 2t with an excellent 82% yield.

X
/ﬁ NaOH
N X n-BuOH/toluene 1:1
| 80°C,1horo/n

=
N~ NO,
1s:X=0
1t X = CH, x/ﬁ
k/N | A 6
|
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+

2t: 82% yield

28 60% yield NF @

Scheme 4 Synthesis of azoxypyridines 2s and 2t from 2-nitropyridines 1s and
1t.

As far the reaction pathway is concerned, several intertwined
pathways featuring three distinct N-N bond forming
“dimerization” events have been proposed in the literature, for
the synthesis of azoxyarenes V from nitroarenes I using
alcohols as reducing agents (Scheme 5):

1-In the most frequently proposed pathway, highlighted in
green in Scheme 5, the N-N bond forms during through the
condensation reaction between nitroso (II) and hydroxylamine
(III) intermediates, concomitantly generated by reduction of
nitroarene I. This reaction, leading to azoxyarenes V, proceeds
rapidly in alkaline medium,12¢19 and intercepts the Haber cycle
that connects nitro compounds (I) with the corresponding
amines/anilines (IV) (Scheme 5, black).

2-Alternatively, the N-N bond is built via dimerization of
nitrosoarenes II, resulting in the azodioxy species VIII (Scheme
5, blue pathway). This dimerization tends to be favoured for
electron poor arenes, such as the pyridines employed in this
study. The ensuing reduction VIII - V can occur at high
temperatures with alcohols or even water (releasing H202) as
reducing agents, and does not require a base.20

3-A series of experiments, under diluted conditions and using
excess alkoxides as reducing agents, has suggested instead that
N-N bond formation occurs through dimerisation of a nitroso
radical anion (IX), leading to an azodioxy dianion (X), which
evolves to the azoxyarene (V) by dehydration (Scheme 5, red
pathway).té

This situation involving different reduction and condensation
reactions is further complicated by the expansion of the Haber
cycle to also include other processes (Scheme 5, purple). The
hydroxylamine III can comproportionate with the nitro I giving
2 equivalents of the nitroso species II (I + III — 2 II),2! or
disproportionate giving the amine IV and the nitroso II (2 III -
II +1V).22

Regarding the mechanism of the single reduction steps, both
ionic processes involving hydride donation from the
alkoxide,12¢d.21.23 and single electron transfer reductions,6.24
such as the ones inherent in the “dimerization” pathway 3,
have been proposed in the literature, as exemplified in the
bottom of Scheme 5 for the formation of the nitrosoarene
species I1.25

In this complex scenario, to search for a hint on the mechanism
of the reduction, we performed a reaction with pyridine 1b
using t-BuOH as solvent and KOt-Bu as the base, since
hydroxides are not sufficiently soluble in this solvent. The



reaction furnished moderate amounts of the corresponding
azoxypyridine 2b (ca. 30% yield).26 The capability of an alcohol
lacking a hydride to act as reducing agent in this reaction
suggests that single electron-donation from the alkoxide to the

substrate can be a viable mechanism for the formation of the
nitroso intermediate, according to the literature,'® but the
evolution from the nitroso to the azoxy can follow different
pathways.
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Scheme 5 Top: the Haber cycle (black) and possible reaction pathways leading to the formation of azoxyarenes. Bottom:

nitrosoarenes.

In summary, we have demonstrated for the first time that some
nitropyridines tolerate the convenient but harsh reaction
conditions typical of the appealing synthesis of symmetrical
azoxyarenes by hydroxides in alcoholic media, resulting in a
new and straightforward synthetic approach to azoxypyridines.
Amongst the intricate reaction network involved in the
reduction of nitro compounds, an electron-transfer process
from the alkoxide to the nitro group seems to be a viable
pathway for the azoxypyridine forming reaction. It is tempting
to build on this mechanistic hypothesis in order to expand the
scope of the methodology, despite initial discouraging results.2é

1H and 13C NMR spectra were recorded on a Varian Mercury 300, 400 or
Inova 600 spectrometer. Chemical shifts (6) are reported in ppm relative
to residual solvents signals for H and 13C NMR.27 13C NMR were acquired
with 'H broad-band decoupled mode. High Resolution Mass Spectra
(HRMS) were recorded on a Waters Xevo Q-TOF spectrometer. Infrared
(ATR) spectra were recorded on a Bruker Alpha II spectrometer
equipped with an ATR probe. Signals are reported as strong (s), medium
(m), and weak (w). Melting points (uncorrected) were determined with a

ionic vs radical reductions leading to

Stuart Scientific SMP3 apparatus. Purification of reaction products was
carried out by flash chromatography (FC) on silica gel (230-400 mesh)
or by gravimetric chromatography using 70-230 mesh silica. Analytical
grade solvents and commercially available reagents were used as
received, unless otherwise stated. The preparation of non-commercially
available nitropyridine substrates 1 is detailed in the Supporting
Information.

General procedure for the reductive synthesis of azoxypyridines 2

A toluene/n-BuOH 1:1 mixture (1 M, 1 mL/mmol 1) was added to a vial
equipped with a magnetic stirring bar containing the nitropyridine 1.
NaOH (finely ground, 1.25 equiv.) was added to the vial, and the mixture
immediately heated (pre-heated oil bath) to 80 °C with stirring. After
1.25-1.5 h, the mixture was allowed to cool to RT, and quenched with
water. The product was extracted with CH2Clz, the combined organic
phases dried over MgSOs, filtered, and evaporated under reduced
pressure. Chromatographic purification afforded the azoxypyridine 2 as
a single Z-isomer.

(2)-1,2-Di(pyridin-3-yl)diazene 1-oxide (2b)'’

Following the general procedure using 3-nitropyridine 1b (124 mg, 1
mmol), toluene/n-BuOH 1:1 (1 mL), and NaOH (50 mg, 1.25 mmol), the
title compound was obtained as a brown solid in 54% yield (54 mg, 0.27
mmol), after chromatography on silica gel (EP/EtOAc from 1:1 to 0:1).



Mp 128 - 129 °C.

IR (ATR): 3094 (w), 1579 (m), 1458 (s), 1416 (s), 1297 (s), 1188 (m),
1079 (s), 1015 (s), 910 (s), 814 (s), 690 (s) cm1.

1H NMR (CDCls, 400 MHz): § = 9.53 (d, ] = 2.5 Hz, 1H), 9.20 (s, 1H), 8.79
(dd, ] = 4.8, 1.5 Hz, 1H), 8.73 (ddd, ] = 8.4, 2.4, 1.5 Hz, 1H), 8.59 (d, ] = 4.3
Hz, 1H), 8.56 (ddd, ] = 8.4, 2.6, 1.5 Hz, 1H), 7.48 (ddd, ] = 8.4, 4.7, 0.7 Hz,
1H), 7.41 (dd, ] = 8.4, 4.8 Hz, 1H) ppm.

13C NMR (CDCl3, 101 MHz): § = 152.5, 150.3, 148.2, 144.0, 143.9, 139.8,
131.4,129.8,123.4,123.4 ppm.

HRMS (ESI): m/z [M + H]* caled for CioHoN4O: 201.0771; found:
201.0767.

(2)-1,2-Bis(5-methylpyridin-3-yl)diazene 1-oxide (2d)

Following the general procedure using 3-methyl-5-nitropyridine 1d
(138 mg, 1 mmol), toluene/n-BuOH 1:1 (1 mL), and NaOH (50 mg, 1.25
mmol), the title compound was obtained as a brown solid in 66% yield
(75 mg, 0.33 mmol), after chromatography on silica gel (EP/EtOAc from
3:7 to 0:1).

Mp 125 - 126 °C.

IR (ATR): 3094 (w), 1579 (m), 1458 (s), 1415 (s), 1’297 (s), 1188 (m),
1079 (s), 1016 (s), 910 (s), 814 (s), 690 (s) cm1.

1H NMR (CDCls, 400 MHz): § = 9.29 (d, ] = 2.4 Hz, 1H), 9.01 (d, ] = 2.2 Hz,
1H), 8.59 (d, ] = 1.0 Hz, 1H), 8.52-8.49 (m, 1H), 8.44-8.39 (m, 1H), 8.34-
8.32 (m, 1H), 2.44 (d, ] = 0.7 Hz, 3H), 2.38 (d, ] = 0.7 Hz, 3H) ppm.

13C NMR (CDCl3, 101 MHz): § = 152.9, 150.8, 145.2, 143.7, 141.2, 139.6,
133.6,133.2,131.8,130.0, 18.4, 18.2 ppm.

HRMS (ESI): m/z [M + H]* caled for Ci2H13N4O: 229.1084; found:
229.1087.

(2)-1,2-Bis(5-phenylpyridin-3-yl)diazene 1-oxide (2e)

Following the general procedure using 3-nitro-5-phenylpyridine 1e (140
mg, 0.70 mmol), toluene/n-BuOH 1:1 (0.70 mL), and NaOH (35 mg, 0.88
mmol), the title compound was obtained as a brown solid in 48% yield
(60 mg, 0.17 mmol), after chromatography on silica gel (EP/EtOAc 1:1).

Mp 190 - 191 °C.

IR (ATR): 3055 (w), 1559 (s), 1479 (s), 1456 (s), 1436 (s), 1’305 (m),
1019 (s), 894 (s), 761 (s), 695 (s) cm™L.

1H NMR (CDCls, 400 MHz): § = 9.53 (d, ] = 2.4 Hz, 1H), 9.26 (s, 1H), 9.04
(d,] = 2.1 Hz, 1H), 8.95 (t, ] = 2.1 Hz, 1H), 8.86 (s, 1H), 8.77 (t,] = 2.2 Hz,
1H), 7.70-7.63 (m, 4H), 7.55-7.40 (m, 6H) ppm.

13C NMR (CDCl3, 101 MHz): & 150.9, 148.9, 146.5, 144.1, 142.5, 140.0,
137.0, 136.9, 136.8, 135.9, 129.8, 129.4, 129.21, 129.17, 129.0, 128.5,
127.9,127.3 ppm.

HRMS (ESI): m/z [M + H]* caled for Cz2H17N4O: 353.1397; found:
353.1398.

(2)-1,2-Bis(5-morpholinopyridin-3-yl)diazene 1-oxide (2f)

Following the general procedure using 4-(5-nitropyridin-3-
yl)morpholine 1f (100 mg, 0.5 mmol), toluene/n-BuOH 1:1 (0.5 mL), and
NaOH (25 mg, 0.625 mmol), the reaction afforded the title compound in
37% yield, as determined on the crude mixture by 'H NMR using
bibenzyl as internal standard. Chromatographic purification (EtOAc)
provided a red solid containing the title compound in impure form. Most
impurities could be separated by carefully extracting this solid with Et20
several times. Evaporation of the extracts afforded the title compound
with good purity (ca. 95%, 'H NMR) as a red solid in 22% yield (20 mg,
0.054 mmol).

Mp 164 - 166 °C.

IR (ATR): 3085 (m), 3067 (m), 2954 (m), 2919 (m), 2850 (m), 1560 (s),
1490 (s), 1449 (s), 1355 (s), 1301 (m), 1248 (s), 1111 (s), 1008 (s), 882
(s), 690 (s) cm™L.

1H NMR (CDCls, 400 MHz): § 9.00 (dd, ] = 2.2, 0.5 Hz, 1H), 8.78 (d, ] = 1.9
Hz, 1H), 8.46 (dd, ] = 2.8, 0.5 Hz, 1H), 8.32 (d, ] = 2.8 Hz, 1H), 8.25 (dd, ] =

2.8, 2.0 Hz, 1H), 7.99 (dd, ] = 2.8, 2.1 Hz, 1H), 3.94 - 3.86 (m, 8H), 3.35 -
3.29 (m, 4H), 3.29 - 3.22 (m, 4H) ppm.

13C NMR (CDCls, 101 MHz): § 146.9, 146.8, 144.6, 140.2, 140.2, 139.2,
138.9,134.3,117.4,114.8, 66.6, 66.4, 48.5, 48.0 ppm.

HRMS (ESI): m/z [M + H]* caled for CisH23NeO3: 371.1826; found:
371.1821.

(Z2)-1,2-Bis(5-chloropyridin-3-yl)diazene 1-oxide (2g)

Following the general procedure using 3-chloro-5-nitropyridine 1g (79
mg, 0.50 mmol), toluene/n-BuOH 1:1 (0.5 mL), and NaOH (25 mg, 0.62
mmol), the title compound was obtained as a brown solid in 27% yield
(18 mg, 0.0675 mmol), after chromatography on silica gel (EP/EtOAc
85:15).

Mp 162 - 163 °C.

1H NMR (CDCl3, 300 MHz): & 9.45 (br s, 1H), 9.11 (br s, 1H), 8.86 (br's,
1H), 8.81 (brs, 1H), 8.63 (br's, 1H), 8.61 (brs, 1H) ppm.

13C NMR (CDCl3, 101 MHz): § 151.9, 149.5, 146.1, 144.0, 141.8, 139.9,
132.2,131.9,131.0, 129.9.

IR (ATR): 3036 (m), 2921 (m), 2851 (m), 1563 (m), 1472 (s), 1415 (s),
1291 (s), 1157 (m), 1101 (s), 1008 (s), 936 (s), 893 (s), 687 (s) cmL.

HRMS (ESI) m/z [M + H]* caled for CioHsCl:N4O: 268.9991; found:
268.9985.

(Z2)-1,2-Bis(5-bromopyridin-3-yl)diazene 1-oxide (2h)

Following the general procedure using 3-bromo-5-nitropyridine 1h (106
mg, 0.52 mmol), toluene/n-BuOH 1:1 (0.52 mL), and NaOH (26 mg, 0.65
mmol), the title compound was obtained as a brown solid in 37% yield
(35 mg, 0.097 mmol), after chromatography on silica gel (EP/EtOAc
85:15).

Mp 181 - 182 °C.

IR (ATR): 3026 (m), 2952 (m), 1472 (s), 1407 (s), 1290 (m), 1258 (s),
1065 (br, s), 1005 (br, s), 879 (s), 791 (s), 665 (s), 661 (s) cm™.

1H NMR (CDCl3, 600 MHz): 5 9.48 (d, ] = 2.2 Hz, 1H), 9.14 (d, ] = 2.0 Hz,
1H), 9.00 (t, ] = 2.1 Hz, 1H), 8.91 (d, ] = 2.0 Hz, 1H), 8.75 (t, ] = 2.1 Hz, 1H),
8.72 (d,] = 2.1 Hz, 1H) ppm.

13C NMR (CDCI3, 101 MHz): § 154.1, 151.50, 151.48, 146.3, 144.0, 142.2,
140.2,133.9,132.7,120.4 ppm.

HRMS (ESI): m/z [M + H]* caled for C10H7Br2N4O: 356.8981; found:
356.8976.

(2)-1,2-Bis(2-ethoxypyridin-3-yl)diazene 1-oxide (2m)

Following the general procedure using 2-ethoxy-3-nitropyridine 1m
(168 mg, 1.0 mmol), toluene/EtOH 1:1 (1 mL), and NaOH (60 mg, 1.5
mmol, 1.5 equiv instead of 1.25), the reaction afforded the title
compound in 40% yield, as determined on the crude mixture by 'H NMR
using bibenzyl as internal standard. After three chromatographic
purifications (EP/EtOAc 7:3; CHzClz/EtOAc 95:5; EP/CH2Clz/EtOAc
1:1:0.3) an analytically pure sample of the title compound was obtained
as a brown solid.

Mp 78 - 79 °C.
IR (ATR): 3079 (w), 3063 (w), 2980 (m), 1507 (s), 1381 (s), 1318 (s),
1298 (s), 1242 (s), 1028 (s), 952 (s), 901 (s), 792 (s), 762 (s) cm'L.

H NMR (CDClsz, 400 MHz): & 8.52 (dd, ] = 7.8, 1.8 Hz, 1H), 8.26 (dd, ] =
49, 1.8 Hz, 1H), 8.13 (dd, ] = 5.0, 1.8 Hz, 1H), 7.94 (dd, ] = 7.6, 1.8 Hz, 1H),
6.98 (t,] = 7.7 Hz, 1H), 6.97 (t,] = 7.7 Hz, 1H), 4.52 (q, ] = 7.1 Hz, 2H), 4.51
(9,]=7.1Hz, 2H),1.42 (t,] = 7.0 Hz, 3H), 1.41 (t,] = 7.0 Hz, 3H) ppm.

13C NMR (CDCI3, 101 MHz): § 157.3, 155.9, 148.6, 146.59, 146.56, 134.1,
133.4,131.5,128.2,116.2,116.1, 63.0, 62.6, 14.6, 14.4 ppm.

HRMS (ESI): m/z [M + Na]* calcd for Ci4H16N4NaO3: 311.1115; found:
311.1105.

(2)-1,2-Bis(6-ethoxypyridin-3-yl)diazene 1-oxide (2n)

Following the general procedure using 2-ethoxy-5-nitropyridine 1n (168
mg, 1.0 mmol), toluene/EtOH 1:1 (1 mL), and NaOH (50 mg, 1.25 mmol),



and performing the reaction for 2 h, the title compound was obtained as
a brown solid in 14% yield (20 mg 0.07 mmol), after two
chromatographic purifications on silica gel (EP/EtOAc 7:3; CHzCl2).

Mp 115 - 117 °C.

IR (ATR): 3108 (w), 3088 (w), 2979 (s), 2928 (m), 2907 (m), 1594 (s),
1578 (s), 1465 (s), 1374 (s), 1307 (s), 1257 (br, s), 1126 (s), 1104 (br, s),
1034 (br, s), 1015 (br, s), 923 (s), 835 (s), 794 (br, s) cm.

'H NMR (CDCl3, 400 MHz): 3 9.08 (dd, ] = 2.8, 0.6 Hz, 1H), 8.99 (dd, ] =
2.6, 0.7 Hz, 1H), 8.64 (dd, ] = 9.0, 2.6 Hz, 1H), 8.42 (dd, ] = 9.0, 2.8 Hz, 1H),
6.79 (dd, ] = 9.0, 0.6 Hz, 1H), 6.78 (dd, ] = 9.0, 0,6 Hz, 1H), 4.45 (q,] = 7.2
Hz, 2H), 4.44 (q,] = 7.1 Hz, 2H), 1.42 (t,] = 7.1 Hz, 3H), 1.42 (t,] = 7.1 Hz,
3H) ppm.

13C NMR (CDCl3, 101 MHz): § 165.4, 163.8, 146.4, 142.2, 138.7, 135.5,
135.2,132.6,110.63, 110.60, 62.8, 62.4, 14.6, 14.5 ppm.

HRMS (ESI): m/z [M + H]* caled for CiaHi7N4O3: 289.1295; found:
289.1285.

(2)-1,2-Bis(6-morpholinopyridin-3-yl)diazene 1-oxide (20)

Following the general procedure using 4-(5-nitropyridin-2-
yl)morpholine 10 (209 mg, 1.0 mmol), toluene/n-BuOH 1:1 (1 mL), and
NaOH (50 mg, 1.25 mmol), and performing the reaction overnight, the
reaction afforded the title compound in 50% yield, as determined on the
crude mixture by 'H NMR using bibenzyl as internal standard. After
chromatographic purification (EtOAc) the product contained significant
amounts of 6-morpholinopyridin-3-amine. The residue was dissolved in
CH2Clz, and washed with aq. HCI (0.1 M). The organic phase was dried
over MgSO0s, filtered and evaporated, affording the title compound as a
red solid in 27% yield (50 mg, 0.135 mmol).

Mp > 200 °C.

IR (ATR): 2959 (m), 2901 (m), 2881 (m), 1591 (s), 1491 (s), 1411 (s),
1299 (m), 1240 (s), 1221 (s), 1112 (br, s), 1049 (br, s), 1020 (br, s), 941
(s), 799 (s), 608 (s) cm.

1H NMR (CDCls, 400 MHz): & 9.09 (dd, J = 2.8, 0.6 Hz, 1H), 8.93 (dd, ] =
2.5,0.6 Hz, 1H), 8.72 (dd, ] = 9.3, 2.5 Hz, 1H), 8.33 (dd, ] = 9.3, 2.8 Hz, 1H),
6.67-6.59 (m, 4H), 3.88 - 3.77 (m, 8H), 3.70 - 3.62 (m, 8H) ppm.

13C NMR (CDCl3, 101 MHz): & 159.7, 158.3, 148.2, 143.0, 135.6, 134.1,
132.6,131.4,105.1, 104.9, 66.64, 66.58, 45.24, 45.18 ppm.

HRMS (ESI): m/z [M + H]* calcd for CisH23NeO3: 371.1826; found:
371.1817.

(2)-1,2-Bis(5-morpholinopyridin-2-yl)diazene 1-oxide (2s)

Following the general procedure using 4-(6-nitropyridin-3-
yl)morpholine 1s (105 mg, 0.5 mmol), toluene/n-BuOH 1:1 (1 mL, 0.5 M
instead of 1 M), NaOH (25 mg, 0.625 mmol), the title compound was
obtained as a brown solid in 60% yield (56 mg, 0.15 mmol), after
chromatography on silica gel (CHzCl2/MeOH 95:5).

Mp > 200 °C.

IR (ATR): 3074 (w), 2960 (m), 2894 (m), 2881 (m), 1575 (s), 1483 (s),
1455 (s), 1361 (s), 1305 (w), 1260 (br, s), 1111 (br, s), 923 (s), 812 (br,
s), 623 (s) cm™.

H NMR (CDCls, 400 MHz): $ 8.78 (dd, ] = 9.2, 0.6 Hz, 1H), 8.35 (dd, ] =
3.2, 0.6 Hz, 1H), 8.31 (d, ] = 9.1 Hz, 1H), 8.18 (d, ] = 3.0 Hz, 1H), 7.27 -
7.24 (m, 1H), 7.22 (dd, ] = 9.2, 3.2 Hz, 1H), 3.91 - 3.85 (m, 8H), 3.58 -
3.07 (m, 8H) ppm.

13C NMR (CDCl3, 101 MHz): § 149.2, 148.6, 148.3, 146.2, 136.6, 134.3,
122.1,121.0,119.8,118.1, 66.4, 66.3, 47.5, 47.4 ppm.

HRMS (ESI): m/z [M + Na]* calcd for CisH22Ne¢NaOs3: 393.1646; found:
393.1640.

(2)-1,2-Bis(5-(piperidin-1-yl)pyridin-2-yl)diazene 1-oxide (2t)

Following the general procedure using 2-nitro-5-(piperidin-1-
yDpyridine 1t (104 mg, 0.5 mmol), toluene/n-BuOH 1:1 (1 mL, 0.5 M
instead of 1 M), NaOH (25 mg, 0.625 mmol), and performing the reaction
overnight, the title compound was obtained as a reddish solid in 82%

yield (74 mg, 0.20 mmol), after chromatography on silica gel
(CH2Cl2/MeOH 95:5).

Mp > 200 °C.

IR (ATR): 3069 (w), 2961 (m), 2937 (m), 2848 (m), 1568 (s), 1457 (s),
1362 (m), 1314 (w), 1251 (s), 1218 (s), 1088 (br, s), 1016 (br, s), 794 (s)
cm'L

'H NMR (CDCls, 400 MHz): 3 8.81 (d, ] = 9.2 Hz, 1H), 8.35 (d, ] = 3.1 Hz,
1H), 8.27 (d, ] = 9.1 Hz, 1H), 8.17 (d, ] = 3.0 Hz, 1H), 7.23 (dd, ] = 9.2, 3.1
Hz, 1H), 7.20 (d, ] = 9.1, 3.0 Hz, 1H), 3.78 - 2.89 (m, 8H), 1.76 - 1.62 (m,
12H) ppm.

13C NMR (CDCls, 101 MHz): & 148.9, 148.1, 147.2, 146.6, 136.9, 134.5,
122.0,120.8,119.9,118.0, 48.7, 48.6, 25.3, 25.2, 24.1, 24.0 ppm.

HRMS (ESI): m/z [M + HJ* caled for Cz20H27NeO: 367.2241; found:
367.2237.
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