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ABSTRACT

The synthesis of organic azides and their synthetic utility at the chemical
laboratory scale raise an ethical and professional issue as potential highly
energetic substances (HEDM). Among the new experimental methods,
micro-reactor technology represents an ideal system for the safe and large-
scale synthesis of potentially explosive substances, such as organic azides.
This technology has opened opportunities for green and sustainable
chemical synthesis, for example with the utilization of micro-reactors for
intensifying catalytic biomass conversion. This provides a concise overview
on green process intensification in micro-reactors for the synthesis of
value-added chemicals and fuels from biomass. From the synthetic point of
view, organic azides are known as versatile precursors of reactive species
- nitrenes and nitrenium ions - as well as numerous highly nitrogenous
compounds such as aziridines, azirines, triazoles, triazolines, tetrazoles
and substances due to the transformation of the azido group into other
functional groups such as triazenes, aza-ylides, isocyanates, amines. This
versatility of the organic azides has been widely used in the search for
new drugs over the last thirty years within the concept of ‘Click Chemistry’
(1995-2025).

Keywords: Organic Azides, Click Reaction, Micro-Reactor, Nitrogen
Pharmacological Active Substances, Triazole, Triazolium, Anticancer,

Antibacterial, Anti-Inflammatory.
INTRODUCTION

More than a century and a half after the discovery of phenyl azide (Peter
Grief3, 1864) numerous synthetic methods for the preparation of organic
azides are reported in the literature, but no natural product containing
the azido group (-N3) is known [1-4]. In the last thirty years, enormous
progress has been made in the synthesis of new organic azides, due to the
easy accessibility by different synthetic methods and also stimulated by

important discoveries such as azidothymidine (AZT), the first antiviral
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drug effectively used in HIV therapy [5].

Recently the ‘Click Chemistry’ concept introduced by Barry
Sharpless [6] in the preparation of 1,2,3-triazoles by the
reaction of azides with olefins-catalyzed with copper salts,
has led to a renewed interest in the synthesis of new azides.
At the same time, in parallel with the preparation of aromatic
azides (Ar), there has been a growing interest in the synthesis
of heteroaryl (Et) and heteroaroyl (EtC=0) azides and in
their use as starting material for transformation into other
functional groups, reactive species, and - by ring enlargement
or contraction - into new nitrogen-containing heterocycle [7].
Previous practical applications of 1,2,3-triazoles in agriculture
and medicine led us, in the years 1995-2000, to an agreement
with the National Cancer Institute (NCI, anticancer) and the
National Institute of Allergy and Infectious Diseases (NIAID,
anti-TB) for the primary and in vitro evaluation of a series
of heteroaryl triazoles, some of which showed biological

interaction values higher than 90% [8,9].

Currently about 1,000 publications per year are dedicated to

organic azides, which find application in civil and industrial

activities as propellants, explosives, in the preparation
of cross-linked polymers, in the vulcanization of rubber,
as reactive dyes, as blowing agents and as biological and

pharmacological active substances [1-4,10,11].

From the synthetic point of view, organic azides are known
as versatile precursors of reactive species - nitrenes and
nitrenium ions - as well as numerous highly nitrogenous
compounds such as aziridines, azirines, triazoles, triazolines,
tetrazoles and substances due to the transformation of the
azido group into other functional groups such as triazenes,

aza-ylides, isocyanates, amines.

The chemical reactivity of the covalent azido group: depends
on its ground-state electronic structure, characterized by
three nitrogen atoms linearly linked by bonding and non-
bonding electron pairs. The extensive synthetic utility of this
functional group is generally attributed to the weight of its
energetic structure, which is a combination of the dipolar
contributions to the mesomeric forms, as schematically

illustrated in Figure 1.

1) Fragility: thermal dissociation to nitrene (S or T) and molecular nitrogen.
L S Alye Alhv
N=N=N =— N-N=N — Ar—N: o Ar—N
(@) ®) -N;
1) Flexibility: generation of !,3-allyl dipole from an allyl propargylic structure.
Af\ - s Ar\ T e Ar\ r,rN,Q_
N=N=N —» N—N=N N I"j_
(@) (b) (c)
I11) Availability: with electrophiles and nucleophiles.
E* A
—_——t M~ *
Ar_ 4 N—E
N—N=N
(b) .H.I.L.... Ar\‘ i
N=N-N_
Nu

Figure 1. Schematic illustration of the reactivity of organic azides (ArN3) with.
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The structures (a-c) are in turn influenced - by delocalization
- by the nature of the organic substrate, on which the azido
group exerts an electrical inductive and resonance effect (I =
0.48, R =-0.40), close to that of the halogens chlorine (I =0.42,
R =-0.24) and bromine (I = 0.45, R =-0.22).

Theazido group therefore belongs to the class of pseudohalides
(-X=Y=Z; where X, Y,Z,=C, O, N, S, Se, Te), which are the anions
(or functional groups) of the corresponding pseudohalogens,
such as isocyanates, isothiocyanates, thiocyanates,
selenocyanates, etc., but from which it differs by a tendency
to have a lower chemical reactivity and a general greater

structural stability.

The dipolar structures (a and b) were proposed by Linus
Pauling in 1933 [12] and later confirmed with molecular
models, in particular the linear structure of the allenyl
propargylic type (b), explains the easy thermal and/or
photochemical decomposition that leads to the generation of
the singlet (S°) or triplet (T1) nitrene species and of molecular
nitrogen, while the angular structure of the allyl type (c)
explains the characteristic reactivity as a 1,3-dipole. The
regioselectivity of reactions with nucleophiles - formation
of triazenes (R-N,--Nu) - or electrophiles - formation of
nitrenium ions (R-N*-E) - is explained on the basis of the
mesomeric structures with attack on the 1N nitrogen of the

electrophiles (E*), while the nucleophiles (Nu’) on 3N).

Therefore, the thermal decomposition (DT) of aromatic and
heteroaromatic azides, under ‘controlled conditions’ and
in the presence of appropriate reagents, occurs with loss of
molecular nitrogen and formation of a nitrene species, which
in turn can generate a large variety of products depending on
the environment, the substrate, the substituents and/or the
energy source (thermal, chemical or photochemical). The
intermediate nitrene generated by DT can exist either in the
singlet electronic state (S°) or in the triplet state (T') and this
differentiates the final products and the reaction mechanism
(intramolecular rearrangement, intermolecular C-H and N-H

insertion, radical coupling or cheletropic reaction) [13].

There are many promising techniques for the synthesis of
organic azides, some of which are unsuitable for the synthesis
of simple heteroaromatic azides, but commonly applied for
the synthesis of aromatic azides: a) reaction of hydrazine
derivatives and nitrous acid; b) reaction of anionic amines
with sulfonyl azides; c) reaction of diazonium salts with the

azido ion; d) addition of halogen azides or hydrazoic acid to

olefins; e) reaction of alcohols and hydrazoic acid; f) reaction
of Grignard reagents and sulfonyl azides; g) nucleophilic
aromatic substitution (SNAr) of a nucleofuge with the
azido ion. Aliphatic azides are easily synthesized by: a) the
classical nucleophilic substitution reaction of halogens - or
other leaving groups such as sulfonates, sulfites, carbonates,
thiocarbonates and sulfonium salts - with the azido ion; b)
from epoxides or aziridines by ring opening in the presence
of the azido ion; c) alkyl azides from alkyl amines; d) from
diethyl azidicarboxylate-triphenyl phosphine (Mitsunobu
reaction); e) alkyl azides from a nucleophilic carbon atom and

deactivated sulfonyl azides [14-20].

Acylazides - used in the Curtius rearrangement to isocyanates
- are obtained: a) from a carboxylic acid, sodium azide and
ethyl chloroformate via a mixed anhydride; b) directly from
acid chlorides, anhydrides and direct conversion of carboxylic
acids; c) direct conversion of an aldehyde; d) reaction of

acylhydrazines.

Typically, all these reactions are carried out on a chemical
laboratory scale in order to produce final azides with
optimized yields, ranging from 70 to 90%, and the least
number of by-products. In five-membered heterocyclic
systems, where nitrogen-functionalized examples are limited,
the ‘azido transfer’ reaction between tosyl azide and an
organometallic derivative represents an alternative-and/
or complementary method to the nucleophilic aromatic
substitution (SNAr) reaction in which the regioselectivity
between the 2- and 3-positions of the pentatomical ring is
ensured by the protonelithium and halogen-lithium exchange

reactions, respectively.

The extension of the Peter Smith protocol [21] - originally
applied to aromatic Grignard reagents - to organic lithium
derivatives in pentatomical hetero-aromatic systems has
produced a remarkable amount of new heteroaryl azides.
The reaction mechanism involves the formation of a lithium
salt of a heteroaryltriazene (Et-N,-SO,To- Li*), whose
fragmentation in a buffered aqueous solution of PYROFOS
(Na,P,0,), leads to the final azide and lithium-tosylate. The
heteroaryl azides obtained are poorly stable when the azido
group is placed in the -a position to a heteroatom, while in
the -B position they show stability comparable to that of aryl
azides. The asymmetry of the heteroaryl ring (Et) multiplies
the number of final products that can be obtained, each with

its own structural and chemical characteristics, while the

]
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functionalization with electron-donating (ED) or withdrawing

(EW) substituents in turn, can give rise to specific reactions in

‘controlled conditions’ as illustrated in Figure 2.
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Figure 2. General reactivity of heteroaryl azides. i) formation of amines by reduction of the azido group;
ii) generation of nitrene by thermal dissociation of the azido group; iii) formation of nitrenium ions by
chemical dissociation of the azido group with Lewis acids; iv) 1,3-dipolar cycloaddition (1,3-DC) in the
presence of olefins; v) concerted ring-opening reactions with dissociation of the azido group in the 2-

position.

Alternatively, lithium salts of heteroaryltriazenes can be used
in the synthesis of 1,3,3-trisubstituted heteroaryltriazenes
(Et-N=N-NRR"), which find applications in many fields,
including tumor therapy [22].

Most chemical researchers are aware of the great synthetic
importance of organic azides along with their various
applications in modern chemistry, however, some azides -
or their precursors and/or reagents such as sodium azide
(NaN,), tosyl azide (TosN,), trimethylsilyl azide (TMSA),
diphenylphosphoryl azide (DPPA), tributyltin azide (TBSnA)
azidoacetic acid ethyl ester (AAE), tetrabutylammonium azide

(TBAA) - are dangerous substances especially in the case

where more than one azido group is present in the molecule.

Of course, it is not easy to identify exactly the threshold of
explosive hazard, however, it is established that molecules fall
within the safety norm in which the ratio between the number
of atoms in the molecule and the number of nitrogen atoms is
less than three: (C, O, S...)/N <3 [23].

Serious chemical laboratory accidents have been reported

during handling of sodium azide (LD, =27mgkg?’) - reacts
in water with Brgnsted acids to form toxic and explosive
hydrogen azide HN3 or with halogenated solvents (CH,CI,
and CHCL) in dimethyl sulfoxide (DMSO) forms extremely

explosive diazidomethane CH,(N,), and triazidomethane

IIII https://doi.org/10.30654/M]JPS.10051



ISSN : 2474-753X

Mathews Journal of Pharmaceutical Science

CH(N,), - as well as during vacuum distillation of TosN, an
explosion occurred attributable to the formation of the N, ion

- due to excess heat.

The azido ion -N, reacts with heavy metals to give

azides, explosive compounds sensitive to thermal,
light, impact and friction stresses [24]. The sensitivity
to impact of metal azides, which represents a type of
mechanical stability, decreases in the following order:
copper>lead, mercury>nickel>cobalt>manganese>barium>
strontium>calcium>silver>thallium>zinc>lithium = non-
explosive, while relative to friction sensitivity the order
changes. For example, silver azide is about 10 times more

sensitive to friction than lead azide.

The progress made in recent years in the study of molecular
dynamics and in particular on the energetic effects that
accompany a reaction (thermodynamics) and the time
required for the reaction to take place (kinetics) in relation to
the molecular structure, i.e. the relative stability of reagents
and products, allow chemical research not only to evaluate
but also to ‘predict’ chemical risk; as recent studies based on
quantum mechanical calculationmethods (B3LYP, HF, MP2 etc.)
associated with thermal analyses carried out by differential
scanning calorimetry (DSC) have demonstrated. Thermal
analysis (DSC) together with the values of temperature,
enthalpy and entropy of decomposition provides information
on the strength and intensity of thermal decomposition
reactions (DT), in fact, the shape and width of the exothermic
decomposition peak represents a qualitative indicator of their

reactivity and impetuosity [25].

Recent DT studies carried out with the application of
molecular models and experimental thermal analyses on
various aryl and heteroaryl azides, have highlighted a great
structural dependence of the thermal phenomenon. The
application of mass spectroscopy (EI) - together with the
techniques mentioned - allowed the identification of the
first fragmentation process of tosyl azide, consisting in the
elimination of the N3 ion - rather than the fragmentation of

the azido group.

The structural dependence of the thermal stability of a
series of ortho- and para-substituted aromatic azides was
obtained by means of significant parameters such as the
energy profiles (enthalpy, entropy, AH) and the pressure
variations (AP), the start and end temperatures of the process
and the decomposition kinetics. Equally important was the
identification of the nature of the extruded gases and the
reaction fragments (TGAFTIR) and their characterization
also from the point of view of the health risk [26]. In addition
to the evaluation of the dangerousness of the precursors
and of the final products, sometimes, in the case of risky
chemical reactions, it is necessary to perform a process safety

assessment.

It has been possible to control the conversion of a heteroaryl
hydrazine derivative (I) to azide with nitrous acid (Figure 3)
using an ARC (Accelerating Rate Calorimeter) reactor, which
provides adiabatic calorimetric data (pressure, kinetics and
temperature) in a controlled laboratory environment by

modeling a large-scale reaction on a smaller one [27].

N-N 0-5°C N=N
I | NH
A BN ).
R N H NaNO,/HCI R N,N:N
NH,

Figure 3. Diazotization reaction: treatment of the acid aqueous solution of hydrazine -1,2,4-triazolamino

with two equivalents of sodium nitrite at low temperature results in elimination of the amino group,

as molecular nitrogen (N2), and the transformation of the hydrazine group into an azido group, with

formation of the final product 5-substituted-3-azido 1,2,4-triazole.

The recent introduction of continuous-flow synthesis in a
micro-reactor is proposed in many cases as a complementary
and safe technology compared to traditional laboratory or
industrial-scale synthesis technologies. The small reaction

volumes of the microsystem together with the high heat and

https://doi.org/10.30654/M]JPS.10051

mass transfer enable reaction performed with higher yields
respect the conventional reactors and applied to various
type of reaction [28]. The smaller volume of substances used
and the accurate control of the reaction conditions make the

micro-reactor an ideal system for the synthesis of potentially
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explosive substances such as organic azides [29-32]. The
possibility of extending the continuous flow technique also
to reactions involving azido derivatives - for example the

reactions described in Figure 2 and the synthesis of triazoles

NH3 X HCI
R NC
R
MR & RTU
" R
0.48 M in water ——
NaNO,
1.3 Min water
T=79C
NaN, t= 10-15 min
1 M in water
2010 Sigma-Aldrich

and tetrazoles [33] substitutes for sodium azide in airbags -
opens great prospects for the chemical and pharmaceutical

industries in particular.

Ny
A
A
: product i
T-plece | |Extacion onganic sovent (0.5 M)
T=0C Ut -
(unreacted diazo salt
T NaNO,, NaN,, water)
TBME l

Figure 4. Typical preparation of organic azides by continuous diazotization of amine and azidation of the of the

diazonium salt in a MR BAP (Buchs Azide Process, variation ISQ).

Examples are given in the synthesis of furanic platform
chemicals and their derivatives from mono- and disaccharides,
liquid-phase oxidation and hydrogenation of lignocellulosic
biomass derivatives, and biodiesel synthesis. Finally, an
outlook is provided for future research directions, including
among others solid (catalyst, feed and product) handling
strategies, process integration in cascades or one micro-
reactor, expanding biomass transformation database, photo-
catalysis and use of novel solvents in micro-flow. Some recent
literatures reported the incorporation of 1,2,3-triazole ring
as the cap group-linking moiety into SAHA (suberoylanilide
hydroxamic acidlike). Histone deacetylase (HDAC) inhibitors
are a new class of antineoplastic agents identified by their
ability to reverse the malignant phenotype of transformed
cells [34-44]. The structure-activity relationship of the
resulting triazole-linked hydroxamates displayed a cap-
group-dependent preference for either five- or six-methylene
spacer groups. Chen P.C. et al. identified compounds, that
were several folds more potent than SAHA. A subset of these
compounds also inhibited the proliferation of DU-145 cells.
Due to their anticipated resistance to intracellular peptidases,
these triazole-linked HDAC inhibitors were expected to

display improved in vitro activity relative to the common

amide-based inhibitors. All these research confirmed that the
1,2,3-triazole ring actively participate to the interaction with
the HDAC active site.
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