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Abstract: A wide range of methodologies for the preparation of organic azides has been reported in
the literature for many decades, due to their interest as building blocks for different transformations
and their applications in biology as well as in materials science. More recently, with the spread of
the use of transition metal-catalyzed reactions, new perspectives have also materialized in azidation
processes, especially concerning the azidation of C–H bonds and direct difunctionalization of multiple
carbon-carbon bonds. In this review, special emphasis will be placed on reactions involving substrates
bearing a leaving group, hydroazidation reactions and azidation reactions that proceed with the
formation of more than one bond. Further reactions for the preparation of allyl and vinyl azides as
well as for azidations involving the opening of a ring complete the classification of the material.

Keywords: azide; transition metal catalysis; C-H functionalization; difunctionalization reactions;
hydroazidation; homogeneous catalysis

1. Introduction

Organic azides show a multifaceted interest in various scientific fields such as chemistry, medicinal
chemistry, biology, and material science. In organic synthesis, the azido group is a precursor of amines,
amides, or imines and often found application as key functional group in heterocyclic chemistry and
peptide chemistry [1,2]. Its crucial role in a variety of reactions such as isocyanate or azo-compounds
synthesis, Staudinger reduction, or C–H bond amination has long been known [3–6]. Azides can lose
dinitrogen providing electron-deficient nitrenes, which are intermediates in various reactions and whose
reactivity can be controlled by coordination with transition metal catalysts [7]. An example is given by
the aziridination of olefins usually catalyzed by copper, rhodium, ruthenium, iron, or silver complexes,
which is the methodology of choice for the preparation of this nitrogen-containing heterocycles [8,9].
The azides are exploited in heterocyclic synthesis as 1,3-dipoles with alkynes, alkenes, and nitriles in
[3+2] dipolar cycloadditions to easily obtain 1,2,3-triazole and tetrazole derivatives, also according to
the principle of the “click chemistry” [10–14].

Relatively stable azides are an important structural part of pharmaceuticals endowed with
anti-inflammatory [15] and anti-myeloma [16] activities. The azido functional group is used in
biological chemistry to investigate the cellular metabolism of synthetic azidosugars [17], among which
the azido nucleoside AZT is a well-known example of anti-HIV drug [18,19]. Moreover, biologically
active peptides bearing azide moieties have been prepared under Mitsunobu conditions [20].

Because of the wide interest for the azido group, there is an ongoing need for the development
of synthetic protocols to access organoazides avoiding the use of hazardous reagents or reaction
conditions. In principle, azides are accessible through a large number of methodologies [21,22], most of
which, however, are not applicable on a large scale for safety problems related, above all, to the high
energy of the reagents or reaction intermediates. Aryl azides are usually prepared following classic
procedures of the aromatic chemistry (i.e., using diazonium compounds [23–27] or by nucleophilic
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aromatic substitution [28–30]), whereas nucleophilic substitution of the azide ion on alkyl halides is
the method of choice to access aliphatic azides [31–33]. Typically, the drawbacks of these procedures
lie both in the need for pre-functionalized starting materials and in the formation of hazardous waste.

Great improvements in the synthesis of organic azides have been achieved with the development
of procedures based on the direct C–H functionalization [34–36]. Synthetic approaches based on the
functionalization of ubiquitous and easily available C-H bonds have proven to be highly efficient
for the preparation of many organic compounds. Both carbon-carbon and carbon-heteroatom bonds
are achievable by avoiding the synthetic steps necessary for the pre-functionalization of the starting
materials, considerably reducing the amount of waste materials [37–46]. The interest toward these
strategies has grown with the development of transition metal studies in organic synthesis since their
use in catalytic quantities is often essential to promote reactions of this type.

This review focuses on the new transition metal catalyzed procedures to install the azido group on
organic reagent, highlighting applicability, substrate scopes, and mechanisms of the reaction conditions.
The reactions have been organized on the basis of the type of procedures involved to access the azide
compounds. The first two sections deal with reactions that use substrates bearing a leaving group or
that occur on C-H bonds. Different types of reactions that occur with the formation of more than one
bond have been grouped according to the combination of the generated bonds. Procedures to perform
allylic azide, hydroazidation processes, and azidations involving ring opening complete the review.

2. Azidation of Substrates Bearing a Leaving Group

In the perspective of azidation reactions, nucleophilic substitution of good leaving groups with
azido anion is a valid methodology for the preparation of azido compounds. This approach can be
facilitated by transition metals, allowing the use of unconventional leaving groups.

Palladium catalysis was found to be efficient to prepare azido derivatives from substrates having
-OR as leaving groups. The first Pd(0)-catalyzed azidation to convert allyl acetates and phosphates 1
into the corresponding allyl azides was developed by Taniguchi and co-workers in 1986. As shown in
Scheme 1, this synthetic protocol is based on the use of Pd(PPh3)4 as the catalyst and NaN3 as the azide
source. These conditions were applied to a wide range of allyl derivatives for the selective synthesis
of allyl azides, as a way to access allylamines [47,48]. The plausible mechanism started with the
oxidative addition of the substrate to Pd(0)-species, which gave the (π-allyl)-complex intermediate I-1.
The latter reacted with the azide ion, allowed to obtain the azide-substituted product after inversion
of configuration.

The reactivity of allyl phosphates was proven to be greater than for acetates. It is worth noting the
behavior of the (Z)-4-acetoxy-2-buten-1-yl diethyl phosphate 2, which provides a variety of differently
substituted allyl azides through an amination or alkylation/azidation sequence (Scheme 2). After few
years, Salaün and co-workers reported a similar procedure for the azidation of 1-alkenylcyclopropyl
esters to give alkenylcyclopropyl azides as intermediates to achieve cyclopropylaminoacids [49].

In 1990, the Sinou’s group reported an alternative method for azidation of allyl esters using
trimethylsilyl azide (TMS-N3) as the nucleophile source (Scheme 3) [50]. The reaction requires
anhydrous conditions and undergoes different Pd(0)-catalysts on different substrates in good yields.
Also, in this case, the mechanism of the reaction involves a (π-allyl)-complex, which in turn reacts with
the azide ion as previously shown in Scheme 1.
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Scheme 1. Pd(0)-catalyzed azidation.

Scheme 2. Pd(0)-catalyzed azidation of allyl phosphates.

Scheme 3. Azidation of allyl compounds under anhydrous conditions.



Catalysts 2020, 10, 1173 4 of 59

A stereoselective azidation was used by Pulley and Trost in 1995 as one of the key-step in the
total synthesis of the (+)−pancratistatin (Scheme 4) [51]. The π-allylpalladium chloride combined
with the (1R,2R)-N,N′-bis[2-(diphenylphosphino)benzyl]cyclohexane-1,2-diamine (4) allowed the
desymmetrization of the dicarbonate 3 to form the desired product with satisfactory ee.

Scheme 4. First step of the total synthesis of (+)−pancratistatin.

In 2012, Uria and co-workers reported the direct azidation of the allyl alcohols 5 as a route for the
preparation of allyl azides [52]. The displacement of the OH group with N3 was realized in good yields
employing AgOTf as the catalyst and TMS-N3 as the azide source at room temperature (Scheme 5).
The regioselectivity of the reaction in term of E/Z isomers is over 20:1. Authors suggest that the in situ
formation of triflic acid generated from the [Ag]+ counterion plays as a determinant path to warrant a
Brønsted acid catalysis.

Scheme 5. Silver catalyzed azidation of allyl alcohols.

The azidation process by substitution of unconventional leaving groups can be achieved working
in the presence of iron catalysts.

In 2011, Kim and co-workers published a Fe(III)-catalyzed azidation of benzylic acetates using of
TMS-N3 as source (Scheme 6) [53]. A co-catalytic amount of AgOTf used in combination with FeCl3
increases the speed of the reaction. Studies carried out by the authors provide evidence of the in situ
formation of Fe(OTf)3 as the active species for the catalytic process.

Scheme 6. Azidation via nucleophilic substitution of benzylic acetates.
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The couple FeCl3/TMS-N3 has been successfully used also for the azido glycosylation of glycosyl
peracetates to afford 1,2-trans glycosyl azides as single isomers [54]. When copper powder was added
to the reaction, 1,3-dipolar cycloadditions of azido glycosides with terminal alkynes were proven to
be feasible.

An analogous strategy based on the use of Fe(III) salts for the direct formation of benzyl azides
was proposed by Sawama and Sajiki in two separate articles. In the first one, azidation of the benzylic
silyl ethers 6 was realized employing either FeCl3 or FeBr3 as Lewis acid [55]. As reported in the left
side of Scheme 7, a possible reaction mechanism is based on the formation of the trimeric adduct I-7
arising from 6, the catalyst, and the azide source. (TMS)2O is eliminated from I-7 with generation of
ionic species II-7, which evolves to form the final product 7.

Scheme 7. Silyl ethers as leaving groups for the iron catalyzed azidation of benzylic carbon.

On the other hand, the same methodology was proven to be valuable also for the azidation
of ethyl benzyl ethers or unsymmetrical dibenzyl and cinnamyl ethers 8 (Scheme 7 right side) [56].
The advantages concern about the minor number of synthetic steps, avoiding protection/deprotection
reactions. In this case, the catalytic cycle starts from the interaction between the Lewis acid FeCl3 and
the alkoxy group, with formation of the carbocationic intermediate III-7. The subsequent nucleophilic
addition of the azide ion gives rise to the final product 9.

In the perspective of the selective C–N3 bond formation, decarboxylative azidation is an emerging
strategy for the high stability and easy handling of carboxylic acids. Recently, this strategy has been
applied for the preparation of alkyl azides using silver salts with K2S2O8 as oxidizing agent. Li’s group
applied this strategy for the preparation of alkyl azides from primary, secondary, or tertiary carboxylic
acids with TsN3 or 3-PySO2N3 as possible azide sources (Scheme 8) [57]. The mechanism proposed
by authors is based on a radical decarboxylation step, promoted by a Ag(II) intermediate, in turn
generated by in situ oxidation of AgNO3. The unstable radical species thus formed immediately reacts
with the nucleophile source providing the final azido product.
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Scheme 8. Radical decarboxylation for alkyl azides synthesis.

Jiao, Song, and co-workers confirmed and improved the theory of Li group about silver catalyzed
radical decarboxylation [58]. From the synthetic point of view, the azidation process was carried
out in the presence of AgF and PhSO2N3, as shown in Scheme 9. Density Functional Theory (DFT)
computational studies agree with the initial oxidation of AgF to an Ag(II)-species by K2S2O8 to give an
alkyl radical that reacts with PhSO2N3 to provide the intermediate I-9, which finally evolves to the
final product.

Scheme 9. Synthesis of aliphatic azides via radical dercarboxylative process.

A direct azidation using Cu(OTf)2 as the catalyst and TMS-N3 as the azide source was reported
by Kumar and co-workers as a mild route to convert benzylic alcohols into the corresponding azides
(Scheme 10) [59].
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Scheme 10. Copper catalyzed conversion of benzyl alcohols into the corresponding azides.

Copper catalysis was largely employed for azidation of C(sp2) atoms. One of the first examples
was reported by Zhu and Ma via copper catalyzed coupling of aryl or vinyl iodides or bromides and
NaN3 (Scheme 11) [60]. The reaction was realized with CuI salt as catalyst and l-proline as the ligand.

Scheme 11. Copper catalyzed coupling between NaN3 and aryl halides.

In 2007, Liu and Guo published the synthesis of aryl azides exploiting a copper catalyst and
boronic acids as aryl partner [61]. As shown in Scheme 12, reaction conditions are mild and CuSO4

was proven to be the best copper salt to obtain high yields.
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Scheme 12. Synthesis of aryl azides with boronic acids.

Three years later, Han’s group extended the same strategy with the aryl boronic acids 10 or esters
11 and copper salts in the presence of TMS-N3 instead of NaN3 [62]. Tetrabutylammonium fluoride
(TBAF) was essential for the cleavage of Si–N3 bond from TMS-N3 (Scheme 13).

Scheme 13. Copper catalyzed azidation of aryl boronic acids/esters.

Recently, the conversion of (hetero)aryl and vinyl boronic acids into the corresponding azides
was proven to be feasible in heterogeneous catalysis conditions using the recyclable zeolite Cu(I)-USY
catalyst [63].

The conversion of sulfonamides into sulfonyl azides is achievable working in the presence of
CuSO4 as the catalyst, triflyl azide, and NaHCO3 as the base (Scheme 14) [64]. This procedure is
a valuable alternative for the synthesis of sulfonyl azides avoiding the use of sulfonyl chlorides,
which generate hydrochloric and sulfonic acids by contact with water as well as hydrazoic acid in the
azidation step. No hypotheses about the mechanism of the reaction were provided by the authors.

Scheme 14. Copper catalyzed azidation of sulfonamide with triphlyl azide.
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3. Azidation of C-H Bonds

The functionalization of unactivated C–H bonds represents one of the most challenging
perspectives also for the introduction of an azide group.

In 2012, Jiao proposed the direct azidation of the aryl systems 12 exploiting a primary amine
as the directing group [65]. The reaction conditions (i.e., catalytic CuBr, TMS-N3 as azide source,
and t-butylhydroperoxide (TBHP) as the oxidizing agent at room temperature) and the mechanism are
reported in Scheme 15. The process starts with the coordination of the copper salt to 12, generating
intermediate I-15, followed by the intervention of the azido anion to generate the intermediate II-15,
which evolves to the III-15 species via SET (single electron transfer). The transfer of the azido group
is favored by HBr, generated in the first step, to form the intermediate IV-15, which leads to the
final product 13 by another SET. Reasonably, the diazidation compound 14 arises from 13 through an
analogous reaction path, which involves the unoccupied o-position of the amino group.

Scheme 15. Primary amine as directing group for azidation of aryls.

Some years later, the same approach was exploited for a direct and regioselective azidation of
anilines by use of a Cu(OAc)2 catalyst, NaN3, and H2O2 as the oxidant (Scheme 16) [66]. The reaction
runs in mild conditions in water as solvent through a mechanism analogous to that previously reported
in Scheme 15.

1-Azido-1,2-benziodoxol-3(1H)-one (known as Zhdankin’s reagent or ABX) can be used instead of
NaN3 combined with a Cu(II)-catalyst to accomplish the azidation of the o-position of anilines [67].
This source of the azide circumvents the need of an external oxidant, even if its waste is formed by
higher weight side-products.

Azad and Narula reported the azidation of the 2-aryl-pyridines 15, in which the aza-group also
acts as directing group [68]. Beside catalytic CuI, the azidating reagent is the benzotriazole sulphonyl
azide (BtSO2N3), whereas K2S2O8 is the oxidant in a reaction mixture carried out at high temperature
(Scheme 17). From the mechanistic point of view, after the coordination of pyridine to copper catalyst,
BtSO2N3 leads to the generation of the intermediate I-17. After a step of SET, the delocalization of the
radical on the aromatic ring and the shift of the azido group to the arene to generate intermediate II-17.
Consequently, a second SET allows the leaving of BtH and SO2 with formation of intermediate III-17,
which gives the final product 16 after release of CuI.
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Scheme 16. Copper catalyzed C-H azidation of anilines.

Scheme 17. Pyridine as directing group for the C-H azidation of arenes.

The regioselective control in azidation of heteroarenes was also investigated by Zhu and
co-workers [69]. In the presence of Cu(OAc)2, K2S2O8, tetrabutyl ammonium bromide (TBAB),
DBU, and NaN3 as the azide source, the 8-quinolinyl carboxamides 17 were converted into the
corresponding 5-azido derivatives 18 (Scheme 18). The proposed mechanism involves the intermediate
I-18, arising from the coordination of the quinoline derivative to the Cu(OAc)2, that undergoes addition
of an azido radical via SET giving the intermediate II-18. An oxidative step by atmospheric oxygen
gives the intermediate III-18, that evolves by metal-decomplexation into the intermediate IV-18 and
then into the final quinoline 18 product by losing of proton.

An interesting example of oxidative copper catalyzed catalytic cycle for azidation of arenes
was reported by Wang’s group in 2014 [70]. The reaction allows the conversion of the
azacalix[3]arene[3]pyridines 19 into the corresponding azido derivatives 20 occurring by a catalytic cycle
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that involves an unprecedented Cu(II)−ArCu(II)−ArCu(III)−Cu(I) sequence (Scheme 19). The process
starts with the coordination between 19 and the Cu(II)-catalyst to generate the arylcopper(II)
intermediate I-19, which is oxidized to the intermediates II-19 by free copper(II) ions. The arylcopper(III)
complex II-19 undergoes cross-coupling reaction with nucleophilic azide to produce the aryl azide 20.
Cu(I) separately generated in two different steps of the sequence is oxidized again into Cu(II) by air.

Scheme 18. C-H azidation of quinolines by Cu(OAc)2 catalysis.

Scheme 19. Oxidative copper catalyzed azidation via ArCu(III)-complex.

In 2020, Stahl and co-workers reported a site-selective copper catalyzed benzylic C–H azidation [71].
As shown in Scheme 20, the conditions are based on the presence of Cu(OAc)2 as the catalyst, TMS-N3 as
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the azide source, the 2,2′-bis[(4S)-4-benzyl-2-oxazoline] (21) as the ligand, N-fluorobenzenesulfonamide
(NFSI) as the additive, and MeNO2 as the solvent. The reaction proceeds through a hydrogen atom
transfer to give a benzylic radical species that reacts with a Cu(II)-azide intermediate.

Scheme 20. Oxidative copper catalyzed C(sp3)-H azidation.

An innovative strategy for azidation of (hetero)arenes, involving copper catalysis combined with a
site-selective C-H zincation, was reported in 2017 by Wang and co-workers (Scheme 21) [72]. Reaction
was successful on electron-poor (hetero)arenes employing Zn(TMP)Cl·LiCl or on both electron-poor
and electron-rich (hetero)arenes using LiTMP0.1Li[ZnEt2(TMP)] for the C–H zincation step.

Scheme 21. Zinc-based assisted copper catalyzed azidation of arenes.
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In the last years, stable [Cp*RhIII] complexes were proven to be useful catalysts for C-H
activation/coupling reactions. In this context, Li and co-workers developed a new Rh(III)-catalyzed
C–H azidation procedure for arenes bearing chelating groups [73]. As shown in Scheme 22,
the 2-phenylpyridines differently substituted both on pyridine and on the phenyl ring have
been converted into the corresponding azide derivatives with good yields. The most plausible
mechanism involves an initial interaction between the Rh(III)-catalyst and the substrate to give the
Rh(III)-intermediate I-22, which in turn leads to the intermediate II-22. The active species of azidation
is PhI(N3)OTs, generated in situ by reaction between PhI(OH)Ts and NaN3. II-22 evolves towards the
azido intermediate III-22, which is the precursor of the final product.

Scheme 22. Rh(III)-catalyzed C–H azidation of arenes.

Five years later, Wang and co-workers developed a chemo- and regioselective azidation of the
arenes 22 using Rh2(esp)2–bis[rhodium(tetramethyl-1,3-benzenedipropionic acid)]—as a dirhodium
catalyst and the Zhdankin’s reagent as the azide source (Scheme 23) [74]. This type of procedure
is more effective on electron-rich arenes. The plausible mechanism started with the generation of
the species Rh2(esp)2N3 I-23 beside the 2-iodobenzoxyl radical II-23. The I-23 species reacts with
the substrate forming the carbon-nitrogen bond leading the azidated radical III-23 regenerating the
Rh2(esp)2 catalyst. The azido radical III-23 undergoes hydrogen abstraction by the radical II-23
providing the desired products 23.

Recently, an analogous catalytic system was employed to prepare azide-substituted aromatic
aldehydes [75]. Working with a dirhodium catalyst in the presence of TMS-N3 and diacetoxyiodo
benzene (PIDA) as the oxidizing agent, direct and regioselective C–H azidation was achieved avoiding
the need of protected aldehydes or prefunctionalized arenes (Scheme 24).
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Scheme 23. Dirhodium(II)-catalyzed C–H azidation of arenes.

Scheme 24. Dirhodium(II) direct azidation of aromatic aldehydes.

In 2015, Groves and co-workers developed a Mn-catalyzed aliphatic C–H azidation procedure
(Scheme 25) [76]. Mn(TMP)Cl (manganese tetramethylololpropane chloride) and Mn(salen)Cl were
investigated as catalysts and the optimized conditions were compatible for the azidation of secondary,
tertiary, and benzylic C–H bonds. This method was also effective for the azidation of bioactive
molecules, in particular the use of chiral Mn(salen)Cl provided an enantioselective azidation reaction
for celestolide (70% ee). In the proposed radical mechanism, the Mn(III)-catalyst reacts with sodium
azide and undergoes oxidation by iodosobenzene to the oxoMn(V) intermediate (I-25). The following
hydrogen abstraction step from the substrate is regioselectively dependent on the catalyst ligand
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architecture. Then, the substrate radical evolves by interaction with the Mn(IV)-N3 intermediate (II-25)
to form the C–N3 bond and allowing the regeneration of the catalyst.

Scheme 25. Aliphatic C–H azidation procedure.

In 2013, Gade’s group exploited an iron/silver co-catalytic system for the azidation of the β-keto
esters 24 (Scheme 26) [77]. An iodine(III) compound was used as an azido-transfer reagent, iron(II)
propionate was found as the best catalyst, and silver arylcarboxylates in diethyl ether as solvent gave
better ee values. The silver salt furnishes the counteranion for the iron catalyst, which is coordinated
by the enantiopure pincer ligand 26. The reaction outputs are excellent in terms of yields and
enantioselectivity. This type of reactivity was successfully applied also for the azidation of oxindoles
25. In this case, the active catalyst species was generated in situ between ligand 26 and Fe(OOCEt)2

salt. In this case, the reaction was performed in the absence of silver salts due to the negative effect of
their counteranion on the enantioselectivity of the outcome.

Scheme 26. Iron(II) catalysis for azidation reaction.
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In 2015, Sharma and Hartwig applied the same strategy for the azidation of unactivated tertiary
C–H bonds (Scheme 27) [78]. ABX compound was the azide-transfer reagent, while the enantioselectivity
was achieved with the 2,6-bis[(4S)-(−)-isopropyl-2-oxazolin-2-yl]pyridine ligand (27). When the
substrate bears more than one functionalizable positions, the reaction occurs with a regioselectivity
degree depending on the distance of the electron-withdrawing group from the proximal C–H bond.
The key-step of the mechanism supposed by authors is given by the generation of a tertiary alkyl
radical intermediate.

Scheme 27. Iron catalyzed azidation of unactivated tertiary C–H bond.

One year later, Sharma and Hartwig extended the enantioselective azidation catalyzed by Fe(II) to
natural compounds of biological interest with complex structures [79]. In this case, authors focused
their attention on the activation of benzylic and heterobenzylic C–H bond (Scheme 28). Authors
investigated the azidation of high functionalized C–H bonds in aliphatic chains and cycles, of allylic
position as well as the enantioselective azidotrifluoromethylation of substituted alkenes.

Analogous iron catalyzed reaction conditions have been recently used for the C–H benzylic
azidation using TMS-N3 instead of azido-periodinanes as the azide source [80].

A similar radical-mediated reaction for the azidation of tertiary aliphatic C–H bonds was reported
by Chen and co-workers [81]. The procedure is based on the use of Zhdankin azidoiodinane
reagent, Ru(bpy)3Cl2 as the catalyst, and visible-light irradiation at room temperature. This C(sp3)-H
functionalization provides a potentially useful tool for selectively labeling of organic and biomolecules
being compatible with complex structures.

β-Ketoesters 28 and silyl enol ethers 29 can undergo azidation reaction with Zn(OTf)2 as the
catalyst (Scheme 29) [82]. The use of this cheap and non-toxic reagent in presence of hypervalent
iodine azido-species (IBX-N3) permits to obtain the desired azido products in moderate to good yields
when starting substrates are acyclic keto esters or less reactive silyl enol ether. The reaction can also be
applied in the preparation of tertiary azides, also bearing heteroaromatic rings.
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Scheme 28. Azidation of natural complex molecules via iron catalysis.

Scheme 29. Zn(II) Lewis acid for the azidation of β-keto esters and silyl enol ethers.
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The azidation of benzylic compounds using visible light photochemistry in the presence of
[Cu(dap)2]Cl as catalyst and Zhdankin reagent was reported by Greaney in 2016 [83]. As shown
in Scheme 30, authors propose a radical mechanism which initiates with the homolytic cleavage of
the I-N3 bond by generating azide radicals. After abstraction of a benzylic hydrogen atom from the
substrate 30 with generation of I-30, the propagation continues involving iodane radicals II-30, which
in turn removes a hydrogen atom from the benzyl substrate providing the final product 31.

Scheme 30. Azidation of benzylic compound with photoredox-copper catalysis.

Tertiary azide in naphthalenone derivatives can be prepared by dearomative C–H azidation of
β-naphthols in the presence of catalytic CuBr, TMS-N3, and aqueous TBHP in acetonitrile at room
temperature (Scheme 31) [84]. Using the same reaction conditions, the same group obtained the C–H
azidation of the C2 position of indolyl compounds [85]. These substrates give rise to dearomative
azidation of the C3 position working with I2 as the catalyst instead of CuBr.

Scheme 31. Cu(I)-catalyzed azidation of β-naphthols.
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In 2018, Reiser and co-workers used the same copper catalyst and TMS-N3 as azide source
for the regio- and chemoselective oxyazidation of the vinyl arenes 32 providing the α-azidoketones
33 [86]. Scheme 32 shows that after the oxidation from Cu(I) to Cu(II), the copper species reacted
with TMS-N3 to generate an azide-bridged dimer, which gave an azide radical and a Cu(I) species
through a homolytic dissociation. The azide radical reacted with the olefin to obtain the intermediate
I-32 that trapped O2. In the end, the desired product was obtained from the I-32 specie through a
homolytic dissociation.

Scheme 32. Regio- and chemoselective oxyazidation of vinyl arenes.

4. Azidation Involving the Formation of More Than One Bond

4.1. Amination/Azidation

Copper catalyzed reactions are among the most used to obtain vicinal difunctionalized products.
In a pioneering work on intra-/intermolecular diamination of amino alkenes promoted by copper
complexes, Chemler and co-workers described few examples of aminoazidation reaction using
stoichiometric amount of copper species [87].

A Cu-catalyzed aminoazidation of the unactivated alkenes 34 was performed under neutral
conditions by Fu and co-workers using N-halodialkylamine with AgN3 or NaN3 as azide sources
furnishing the products 35 (Scheme 33) [88]. Reactions were successfully carried out with a wide range
of N-halodialkylamines bearing acetals, unprotected alcohols, or thienyl moieties. The presence of the
bidentate 8-aminoquinoline group tethered on the alkenyl substrate is essential for the outcome of
the reaction. After the generation of the π-olefin intermediate I-33, a single electron transfer process
which involves the N-halodialkylamine affords the Cu(II)-complex II-33 and the aminyl radical III-33.
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The latter coordinates with the Cu(II) complex to give the electrophilic aminyl Cu(II) radical intermediate
IV-33. The following step is the migratory insertion of the olefin into the radical IV-33 supported by
chelation of the bidentate auxiliary with the copper center providing the Cu(III)-intermediate V-33.
The addition of the azide anion to V-33 gives rise to ligand exchange providing VI-33, which evolves
into the aminoazidation product by a reductive elimination process.

Scheme 33. Cu-catalyzed amination/azidation reaction.

In 2014, Studer and Zhang developed a new aminoazidation of alkenes using NFSI
as nitrogen-radical precursor and TMS-N3 as azide source with 1,10-phenantroline as ligand
(Scheme 34) [89,90]. These conditions allow the difunctionalization of different styrene derivatives in
moderate to high yields and the reaction on internal alkenes occurs with high diastereoseletivity.

The mechanism plausibly involves an initial NFSI reduction by the Cu(I)-catalyst to afford two
possible Cu(III)-species (I-34 and II-34), which are both sources of bis-sulfonylamidyl radical. These
latter add to the alkene generating the radical III-34 beside the Cu(II)-species IV-34. The aminoazidation
product can arise either from the reductive elimination of azido-Cu(III) intermediate V-34 or from the
attack of the azide ion on the cationic intermediate VI-34.
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Scheme 34. Aminoazidation of olefins with N-fluorobenzenesulfonamide (NFSI).

Five years later, Zhang and co-workers extended this aminoazidation procedure to
arylcyclopropanes as a route to obtain 1,3-aminoazidation products using bathocuproine 36 as
the ligand (Scheme 35) [91].

Scheme 35. Aminoazidation of arylcyclopropanes with NFSI.

In the field of aminoazidation, Li and co-workers studied an iron catalysis methodology for
the addition of NFSI to olefins in the presence of FeCl2 as catalyst and TMS-N3 as azide source
(Scheme 36) [92]. The reaction proceeds following a radical mechanism and styrene derivatives have
proved to be the best substrates for the process among the non-activated alkenes.

In 2017, Wang and Shen reported a copper catalyzed cyclization/azidation of N-methoxy
alkenyl amides providing an efficient strategy for the synthesis of azido-substituted azaheterocycles
(Scheme 37) [93,94]. Azidoiodinanes were selected as highly electrophilic azide source to overcome the
competition with protonation and β-hydride elimination processes. The reaction could start either by
activation of the alkene by a Cu(II)-catalyst (through the intermediate I-37) or by a Cu(III)-intermediate
II-37, which was generated from the interaction between Cu(I) and ABX. In both cases, the subsequent
step involves an exo or endo cyclization that allows the formation of the final products.
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Scheme 36. Iron catalyzed aminoazidation with NFSI reagents.

Scheme 37. Copper catalyzed aminoazidation of alkenes.

An iron catalyzed intramolecular amination/intermolecular azidation of the unactivated alkenes
37 has been recently reported by Prestat’s group for the aminoazidation of allyl acetoxy carbamates,
ureas, and amides [95]. As reported in Scheme 38, imidazoles, oxazoles, or pyrrolidinones 38 have been
achieved with losing of the OAc protecting group and attack of the nitrogen on the alkenyl moiety.

Recently, an intramolecular palladium catalyzed aminoazidation of unactivated terminal alkenes
in oxidative conditions was developed [96]. The reaction occurs in mild conditions in the presence
of a Pd(II)-catalyst and H2O2 as oxidant agent allowing to obtain five-, six-, and seven-membered
heterocyclic rings through a selective exo-cyclization (Scheme 39). The possible mechanism starts
with the coordination of the Pd(II)-catalyst to the alkenyl double bond giving the π-olefin complex
I-39, followed by the generation of the σ-alkyl-complex II-39. The latter was oxidized to the
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Pd(IV)-intermediate III-39 by H2O2 and, finally, intervention of the azide ion provided the desired
aminoazidation product with regeneration of the Pd(II)-species.

Scheme 38. Aminoazidation of amides, ureas, and carbamates derivatives.

Scheme 39. Aminoazidation of unactivated terminal alkenes in oxidative conditions.

In 2020, an enantioselective Pd-catalyzed azidation of unactivated alkenes in oxidative
conditions has been reported by Liu and co-workers [97]. This procedure was proven
to be efficient for the synthesis of 3-azido-substituted piperidines, achieved by treatment
of 5-aminoalkenes with catalytic Pd(OAc)2, ABX as the azide source and oxidizing agent,
and the (4R,5S)-2-(6-benzhydrylpyridin-2-yl)-4,5-diphenyl-4,5-dihydrooxazole (39) ligand (Scheme 40).
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An electrophilic azidating reagent and a sterically bulky chiral Pyox ligand are essential for the outcome
of the reaction.

Scheme 40. Enantioselective oxidative Pd-catalyzed azidation of unactivated alkenes.

A procedure for the imination/azidation of C-alkenyl O-benzoyl oximes was reported by Yu and
co-workers in 2015 [98]. The reaction, operative in the presence of Cu(I)-catalyst, TMS-N3, and the
1,3-dicarbonyl compound 40 as copper ligand, occurs through a reductive N-O bond cleavage and
subsequent C–N bond formation (Scheme 41). Two possible mechanisms are proposed by authors.
The first one starts with a SET between the substrate and Cu(I) with generation of the iminyl radical
I-41. Its cyclization forms the intermediate II-41 that evolves into the product through oxidation by
the Cu(II)N3 species arising from Cu(II) and TMS-N3. Alternatively, an initial oxidative addition of the
Cu(I)-species to the N–O bond of the substrates results in the intermediate III-41, which undergoes
a ligand exchange between PhCO2

− and N3
− anions giving the cyclization step. The so-formed

intermediate IV-41 gives reductive elimination affording the imination/azidation product.
In 2016, Wan and co-workers developed the diastereoselective azidation of the 1,7-enynes 41,

where transition metals and ligands play a crucial role on the control of the diastereoselectivity [99].
As shown in Scheme 42, trans-products 42 were obtained working with Mn(OAc)3, otherwise cis-ones
43 were achieved using the system Cu(II) as catalyst and 2,2′-bipyridine as ligand. From the mechanistic
point of view, the radical intermediate I-42, possibly generated by a free azidiyl radical addition or an
azide transfer oxidation, undergoes a 6-exo-dig cyclization giving the vinyl radical II-42. This radical
can be trapped by the azido group with releasing of one molecule of nitrogen in the second cyclization
step to afford aminyl radical III-42. Its alkyl radical tautomer IV-42 undergoes an azide transfer
oxidation process giving the final products. The stereodivergent effect could be ascribable to the
different effect of coordination given by the transition metal complex that was used. NFSI and t-butyl
perbenzoate (TBPB) regenerate the catalysts by oxidation of the low-valent metals Mn(II) and Cu(I).
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Scheme 41. Imination/azidation procedure.

Scheme 42. Copper catalyzed azidation/cyclization of 1,7-enynes.
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Analogous conditions based on the copper catalysis for the conversion of 1,n-enynes into fused
pyrroline compounds were reported by Song and Li (Scheme 43) [100].

Scheme 43. Cu-catalyzed azidation of 1,6- or 1,7-enynes.

4.2. Diazidation

In 2015, Loh and co-workers investigated the vicinal diazidation of styrenes by copper catalysis and
found that the use of CuI as catalyst combined with the ABX reagent was effective to obtain 1,2-diazide
derivatives [101]. The change of copper salt and solvent led to the formation of the oxyazidation products
starting from substrates bearing electron-withdrawing as well as electron-donating substituents on the
aromatic ring (Scheme 44).

Scheme 44. Cu-catalyzed diazidation vs. oxyazidation of styrenes.

An alternative Cu-catalyzed olefin diazidation operative with TMS-N3 as the azide transfer
combined with TBPB as the oxidant was reported by Bao and co-workers (Scheme 45) [102].
These conditions, which can be used in water as solvent, worked on both 1,1- and 1,2-disubstituted
olefins. TBPB is assumed to generate the Cu(II)-species I-45 and the t-butoxyl radical. The latter
converts TMS-N3 into the azido radical that adds to the olefin affording the radical intermediate
II-45. Ligand exchange generates the Cu(II)N3 species, which gave the final product after interaction
with II-45.

A few decades ago, in a pioneering work Minisci and Galli reported the diazidation and
alkoxyazidation of alkenes by a radical Fe(II)/Fe(III) process in presence of H2O2 as oxidant
reagent [103,104].
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Scheme 45. Cu-catalyzed diazidation.

More recently, Xu and co-workers focused their attention on iron catalyzed diazidation
of the alkenes 44 with the in situ generated azido-benziodioxole and a Fe(II) salt with the
2,6-bis(4,4-dimethyl-4,5-dihydrooxazol-2-yl)pyridine ligand (46), developing the trans diazidation of a
wide range of olefins [105]. As proposed by Minisci and Galli work, the reaction mechanism is based
on a radical process, involving an Fe(III) species. The intermediate I-46, generated from TMS-N3 and
benziodioxole, in the presence of the iron catalyst is converted into the complex II-46, which finally
evolves in the product 45 (Scheme 46).

Scheme 46. Iron catalyzed diazidation of olefins.
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In 2018, the same authors investigated a diazidation process using the alkenes 47 and exploiting
peroxide agents for the generation of the azido radical to yield products 48 (Scheme 47) [106].
The activation of peroxide by Fe(II) precatalyst may be facilitated by the formation of an
iron-azido-ligand complex I-47 generated in situ, which speeds up the rate-determining C-N3

bond formation.

Scheme 47. Diazidation of alkenes by iron complexes and peroxide agents.

In 2017, Liu and co-workers developed a Pd(II)-catalyzed diazidation of olefins in oxidative
conditions [107]. The optimal results were obtained working with Pd(TFA)2 as a catalyst,
TMS-N3 as azide source, and NFSI as oxidant in the presence of the bidentate nitrogen ligand
4,7-di(4-bromophenyl)-1,10-phenanthroline 49. This reaction is compatible with a wide range of
functional groups as well as with internal alkenes, whereas cyclic alkenes show high diastereoselectivity
when water was used as co-solvent (Scheme 48). A plausible mechanism starts with the oxidation of
the catalyst by NSFI to generate the intermediate I-48, which in turn oxidizes TMS-N3 through a SET
process giving a Pd(III)-species II-48 and an azido radical. The latter reacted with the alkene providing
a carbon radical, which in turn interacts with TMS-N3 yields the Pd(IV)-species III-48 Ligand exchange
and reductive elimination afforded the diazidation product. Alternatively, the Pd(III)-N3 complex
IV-48, arising from II-48 and TMS-N3, could be involved, followed by reaction with the carbon radical
V-48 at the external nitrogen atom giving the product beside the regenerated Pd(II)-species.
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Scheme 48. Pd(II)-catalyzed diazidation of olefins.

In 2017, Lin and co-workers developed an electrochemical protocol for the manganese catalyzed
diazidation of olefins, which is an environmentally friendly way to vicinal diazides [108]. The best
conditions were identified using MnBr2·4H2O as the catalyst, NaN3 as the azide source, LiClO4 as the
electrolyte with an RVC/Pt-cell in MeCN/AcOH (9:1) as solvent (Scheme 49). This procedure resulted
in excellent chemoselectivity and was applicable to alkenes bearing a wide range of substituents.
The selectivity of this process is due to MnBr2 that inhibits competitive side reactions, such as radical N3

dimerization, C–H, or electron abstraction. The azidation reaction proceeds through a radical pathway
promoted by a Mn(II)-N3 species, which is oxidized to the azidyl transfer agent Mn(III)-N3. The π-bond
homolyses of the alkene from the Mn(III)species allows the formation of the diazidated product.

Scheme 49. Electrochemical diazidation of olefins.
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4.3. Hydroxylation/Azidation

In 2015, Jiao and co-workers reported a Mn-catalyzed aerobic oxidative hydroxyazidation of
alkenes as a new synthetic procedure to access to β-azido alcohols, which are very important in
the chemistry of carbohydrates and nucleosides [109]. The optimal conditions were found with
MnBr2, which worked both as catalyst for the generation of azido radical as well as a stabilizer of the
peroxyl radical intermediate and atmospheric oxygen as oxidant (Scheme 50). Further addition of
PPh3 to reduce the peroxy alcohols intermediates provided substituted products from styrenes and
heteroaromatic olefins. The possible reaction mechanism starts with the oxidation of MnBr2 to Mn(III),
which in turn oxidizes TMS-N3 to the azido radical. The latter reacts with the olefin at the sterically
less hindered position to produce the radical intermediate I-50. This intermediate is trapped by O2

giving the peroxy radical II-50, which is converted into the β-azido peroxy alcohol III-50 by a SET and
subsequent protonation. Finally, PPh3 reduces III-50 to form the desired β-azido alcohol.

Scheme 50. Hydroxyazidation of terminal and internal styrenes.
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4.4. Alkoxylation/Azidation

In a frame of a work focused on the difunctionalization of alkenes involving an azidation step,
in 2015, Greaney developed a new way to obtain vicinal methoxyazides (Scheme 51) [110]. Working in
the presence of [Cu(dap)2]Cl as the catalyst, Zhdankin reagent as azide source in methanol with visible
light, the azidomethoxylation of styryl derivatives was achieved. It is worth noting that a diazidation
reaction was observed when the reaction has been performed in the dark. From a mechanistic point
of view, the catalytic cycle seems to proceed via benzyl radical, which undergoes different pathways
according to reaction conditions. In the dark, the lifetime of this species resulted to be long enough
to permit a second azidation step after the first azido radical attack, while in the presence of light,
the oxidation of the benzylic radical takes place, followed by trapping with methanol.

Scheme 51. Cu(I)-catalyzed methoxyazidation.

In the same year, an intermolecular alkoxyazidation of the C2/C3-positions of indoles affording
indolenines and oxindoles was proposed by Jiao and co-workers using catalytic Cu(acac)2 and
azidoiodinane as azide source in alcohols as solvent and alkoxylation agent (Scheme 52) [111].

Scheme 52. Oxoazidation of indoles with 1-Azido-1,2-benziodoxol-3(1H)-one (ABX).

An intramolecular version of this procedure for the dearomatization of indoles has been proposed
by the same authors starting from 3-indolyl-alcohols (Scheme 53, eq. A). In addition, tryptophols can
undergo cyclization/azidation reaction using Cu(OAc)2·H2O as the catalyst, PhI(OAc)2 as oxidant,
and NaN3 as the azide source (Scheme 53, eq. B) [112]. These reaction conditions were proven to be
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suitable for the aminoazidation of tryptamine derivatives. The procedures described in eqs. A and B
of Scheme 53 follow a radical mechanism based on an initial azidation at the indolyl C3-position and
subsequent intramolecular nucleophilic attack at C2-position to obtain the desired product.

Scheme 53. Jiao and Wang’s azidation/cyclization reactions.

In 2015, Buchwald and co-worker developed an enantioselective Cu-catalyzed
procedure of chiral lactones by radical oxyazidation of alkene-containing carboxylic acids
(Scheme 54) [113]. Using Cu(MeCN)4PF6 in the presence of PhI(OAc)2, TMS-N3, and
2,2′-isopropylidenebis[(4S)-4-terbutyl-2-oxazoline] (50) at low temperature, a wide range of
azidolactones containing tetrasubstituted stereogenic centers were obtained in good enantioselectivity.

Scheme 54. Enantioselective Cu-catalyzed cyclization/azidation reactions of alkene-containing
carboxylic acids.
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Two years later, Waser and co-workers also investigated the cyclization/azidation of carboxylic
acids to convert alkene-containing carboxylic acids into lactones using azidoiodinanes (ABX or ADBX)
as the azide source [114]. The reaction can be performed in the presence of a Cu-catalyst combined
with photoredox conditions or a Pd-catalyst giving access to (1,1)- or (1,2)-azidolactones, respectively
(Scheme 55).

Scheme 55. Synthesis of different azidolactones.

Wang and co-workers described a reaction that, starting from alkenyl oximes, leads to
5-azidomethyl-substituted isoxazolines using Cu(OAc)2 as the catalyst and TMS-N3 (Scheme 56) [115].

Scheme 56. Cu-catalyzed synthesis of isoxazoline.

Recently, a fruitful procedure for the synthesis of the 3-azidomethylfurans 52 has been reported
by Ag(I)-catalyzed cyclization/azidation of the 2-(1-alkynyl)-2-alken-1-ones 51 [116]. The scope and
mechanism of the reaction are shown in Scheme 57. After coordination of the Ag(I)-catalyst to the
carbon-carbon triple bond, the intramolecular formation of the C-O bond generates the benzylic
carbocation I-57. The subsequent nucleophilic addition of the azide anion gives the furyl-silver
intermediate II-57, which evolves into the final product by protonation with regeneration of the
silver catalyst.

A regio- and diastereoselective intermolecular oxyazidation of enamides was carried out in iron
catalyzed conditions [117]. The reaction proceeds under mild conditions using FeCl2 as the initiator
radical and azidoperiodinanes as the azide and alkoxyl moiety source. A SET from the iron catalyst to
the hypervalent iodine compound generates the intermediate I-58, which undergoes a second SET and
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addition of the alkoxyl portion to the substrate 53 giving intermediate II-58. Finally, the addition of
azido anion furnishes the product 54 (Scheme 58).

Scheme 57. Ag(I)-catalyzed reaction for the synthesis of 3-azidomethylfurans.

Scheme 58. Iron catalyzed alkoxyazidation of enamides with hypervalent iodine sources.
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4.5. Haloalkylation/Azidation

In 2014, Liu reported the first trifluoromethylazidation of olefins using the
3,3-dimethyl-1-(trifluoromethyl)-1,2-benziodoxole (Togni reagent II) as CF3 source and TMS-N3 in the
presence of a Cu-catalyst [118]. Different compounds were obtained working with aliphatic cyclic
alkenes and aromatic compounds bearing both electron-donating and electron-withdrawing groups
(Scheme 59). The same conditions are fruitful to transform alkynes into 1,2-azido-trifluoromethyl
alkenes that are easily converted into trifluoromethyl-substituted azirines and aziridines [119].

Scheme 59. Trifluoromethylazidation of alkenes with Togni reagent I.

A similar copper catalyzed three-component azidotrifluoromethylation of olefins was proposed
by Yang and co-workers [120]. The use of CuBr as the catalyst and Togni reagent II as the CF3 source
allows the formation of the products in mild conditions.

A copper catalyzed concurrent addition of trifluoromethyl and azide moieties to alkene and
remote α-C-H position of carbonyl groups of the aliphatic keto-olefins 55 allows the formation
of CF3-containing α-azido ketones 56 [121]. The optimal conditions were identified using CuI as
the catalyst, 1-trifluoromethyl-1,2-benziodoxol-3-(1H)-one (Togni reagent II) and TMS-N3 in DCE
as the solvent (Scheme 60). The products could be converted into trifluoromethyl γ-lactams and
spirobenzofuranone lactams in a one-pot process based on the addition of triethylamine. CuI has a
dual role in the mechanism activating the Togni reagent and catalyzing the azidation step. After attack
by the trifluoromethyl radical to the olefin, a siteselective Cu(II)-promoted 1,5-H radical shift occurs
due to the presence of Cu(II). The so-obtained C-radical I-60 is transformed by the azide radical into the
Cu(III)-intermediate II-60, which evolves to the product by reductive elimination. However, a possible
azidation of I-60 by uncatalyzed nucleophilic attack of the azide anion on the carbocationic species
III-60 cannot be ruled out.

In 2014, Masson and Magnier reported two examples of photoredox-catalyzed
azido-trifluomethylation of alkenes. In the first one, α-azido β-trifluoromethyl amines were obtained
in good yields by treatment of enecarbamates with [Ru(bpy)3(PF6)2] as the photocatalyst and Togni
reagent II and NaN3 as the CF3 and N3 sources, respectively (Scheme 61) [122]. The same catalyst used
in the presence of the Umemoto’s reagent (61) and TMS-N3 permits the trifluoromethylation/azidation
of alkenes [123]. The reaction mechanism starts with the irradiation with visible light of ruthenium
catalyst to generate the strong reductant activated species *RuII(bpy)3. This species by SET generates the
CF3 radical and the following intermediates: I-61 and II-61 by addition to substrate 57 or 59, respectively.
Another SET transfer converts RuIII(bpy)3 previously generated from the original ruthenium complex,
leading to the formation of intermediates III-61 and IV-61, which furnish the final products 58 or 60 by
nucleophilic azido addition.
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Scheme 60. Azidation/trifluoromethylation in presence of Togni reagent II.

Scheme 61. Ruthenium catalyzed photoredox azidotrifluoromethylation of alkenes.

A more general ruthenium catalyzed fluoroalkylation/azidation of alkenes has been reported by
Jiao’s group using readily available fluoroalkyl iodides (Scheme 62) [124]. The phase transfer catalyst
BnEt3NBr was added to favor the solubility of NaN3 in the co-solvent system. The reaction plausibly
proceeds through a mechanism in which Ru(II)-catalyst is initially promoted into the excited species



Catalysts 2020, 10, 1173 37 of 59

I-62 by hν irradiation. The reductive quenching of I-62 by NaN3 leads to the formation of an azido
radical with generation of a Ru(I)-complex. This latter promotes the formation of a perfluoroalkylated
radical, which reacts with the compound 62 to furnish the intermediate II-62, finally giving the product
63 by interaction with the azido radical.

Scheme 62. Photoredox azidofluoroalkylation of alkenes via ruthenium catalysis.

An iron catalyzed perfluoroalkylation/azidation reaction of olefins was investigated in 1992 by
Huang and co-worker [125]. FeSO4·7H2O was used as the catalyst with perfluoroalkanesulfinates
and NaN3 (Scheme 63). In the plausible mechanism, the Fenton reagent (FeII-H2O2) has the role of
radical initiator. The Fe(OH)2 species generated in the first step permits the electron transfer on the
intermediates I-63 giving carbocation species II-63 that are converted into the products 64 by attack of
the azide anion.

Scheme 63. Fenton reagent catalyzed radical carboazidation of alkenes.
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Analogous conditions, performed in the presence of 2-(pyridin-2-yl)-4,5-dimethyl-4,5-
dihydrooxazole (67), were applied by Xu and co-workers for the trifluoromethylazidation of the
olefins 65 to obtain precursors of the corresponding amino products (Scheme 64) [126]. Authors
proposed a mechanism based on the formation of the diazido-iron salt I-64, which undergoes addition
of alkyl trifluoromethyl substrate to afford the intermediate II-64 and the radical species CF3. The latter
attacks the olefin giving the complex III-64, which evolves to the intermediate IV-64 with release of
the final product 66.

Scheme 64. Enantioselective azidotrifluoromethylation of olefins via iron catalysis.

An efficient and general iron catalyzed fluoroalkylation/azidation of carbon-carbon multiple
bonds has been reported by Bao and co-workers [127]. The use of fluoroalkyl iodides with catalytic
Fe(OTf)2, TMS-N3, and (TBPB) in DME at room temperature permits the carboazidation of alkenes,
dienes, or alkynes systems in moderate to high yields (Scheme 65). The great number of the synthesized
products, including several fluoroalkylated derivatives, is an index of the versatility of this methodology.

Recently, Bao and Zhang proposed a reaction mechanism for the carboazidation reaction involving
di-t-butyl peroxide (DTBP) supported by DFT studies [128]. As shown in Scheme 66, a SET between
the Fe(II) species and DTBP leads to the formation of intermediate I-66, which is the precursor of the
methyl radical. The interaction of the latter with the alkyl halogen gives an alkyl radical, which reacts
with the olefin leading to iron-complex II-66. A second SET promotes the evolution of the intermediate
II-66 into the final compound.



Catalysts 2020, 10, 1173 39 of 59

Scheme 65. Fe(II)-catalyzed carboazidation of alkenes and dienes.

Scheme 66. Iron catalyzed carboazidation with di-t-butyl peroxide (DTPB).

Analogous conditions were proposed by Chu and co-workers as a tool for the azidochloroalkylation
of alkenes [129]. TMS-N3 and dichloromethane (DCM) are the azide and the chlorine sources,
respectively (Scheme 67). Radical carbon- and/or azido species are generated in situ by DTBP. The iron
catalyst has the double function to favor both the radical formation and the attack of the azido radical.
A suitable choice of the solvent is essential for the outcome of the reaction, because the use of a mixture
of DCM/t-BuOH promotes the formation of the diazidation product.



Catalysts 2020, 10, 1173 40 of 59

Scheme 67. Iron catalysis of alkenes: Carboazidation vs. diazidation process.

Zn(OTf)2 was proven to be an efficient catalyst to promote the bromoazidation of alkenes
using N-bromosuccinimide (NBS) and TMS-N3 as the bromine and azide sources, respectively
(Scheme 68) [130]. These conditions allowed to obtain stereoselectively anti vicinal bromoazides
starting from various alkenes including α,β-unsaturated aryl compounds.

Scheme 68. Zn-catalyzed bromoazidation of alkenes.

4.6. Alkylation or Arylation/Azidation

The carboazidation of alkenes allows to access azide products with rapid increase in the complexity
of the structure.

In 2017, Yang’s group discovered a Fe-catalyzed decarbonylative carboazidation reaction for
the functionalization of the styrenes 68 with aldehydes as reagents (Scheme 69) [131]. The driving
force of the reaction is the releasing of CO from the intermediate I-69, generated from oxidation of
the aldehyde by Fe(III) and DTBP, to give the intermediate II-69. This latter is, in turn, oxidized to
the intermediate III-69, which undergoes nucleophilic attack by the azide anion providing the final
product 69. Alternatively, intermediate II-69 can be attacked by azido radical obtained by oxidation of
TMS-N3.

One year later, the same group proposed a variant of this reaction on the styrenes 70 using alkanes
instead of aldehydes [132]. As reported in Scheme 70, the reaction mechanism to achieve the benzyl
azides 71 has strong analogies with that previously described in Scheme 69.



Catalysts 2020, 10, 1173 41 of 59

Scheme 69. Decarbonylative iron catalyzed carboazidation of styrenes.

Scheme 70. Alkenes iron catalyzed carboazidation of styrenes.

In the field of azidation reactions, very few works exploit the iridium catalysis. One example
based on photoredox catalysis has been recently reported by Lu’s group [133]. The reaction occurs by a
carboazidation process between alkenes and Michael acceptors in the presence of an iridium catalyst,
TMS-N3, and a visible-light source (Scheme 71). The reaction was investigated both in inter- and
intramolecular version and the corresponding products were isolated with moderate or good yields.

A radical carbocyclization/azidation strategy based on the use of non-toxic silver salt for
the conversion of the arylacrylamides 72 into the oxindoles 73 was investigated by Yang’s group
(Scheme 72) [134]. Authors suppose two possible reaction routes, both starting with the generation of
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the AgN3 salt by reaction of TMS-N3 and the silver catalyst. At this point, the silver azide species could
generate the azido radical N3

•, which adds the substrate furnishing the intermediate II-72. Radical
II-72 evolves to intermediate III-72 by C-H activation of the aryl group and the C–C bond formation on
the alkene, with delocalization of the radical on the aromatic system. Finally, radical III-72 is quenched
by SET to give the product and AgNO3 as a precursor of Ag(0) and HNO3. Alternatively, the AgN3

species could form the complex I-72 by addition to the activated double bond, which is later oxidized
to the intermediate II-72 by intervention of the zirconium salt.

Scheme 71. Photochemical carboazidation of alkenes via Ir(I)-complex and visible-light source.

Scheme 72. Radical-silver catalyzed procedure of arylacrylamides.
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The carboazidation process starting from the substrates 74 is possible working with catalytic
AgNO3, TMS-N3, and Ce(SO4)2 in acetonitrile as the solvent (Scheme 73) [135]. As in the mechanism
previously described in Scheme 72, the products 75 arise from the evolution of the intermediate I-73,
generated by reaction of the alkene with the azido radical in turn formed by oxidation of TMS-N3 by
Ce(SO4)2.

Scheme 73. Silver promoted radical carbocyclization for the preparation of oxindoles.

4.7. Cyanation/Azidation

Compounds with azido and cyano moieties are useful tools for the synthesis of amino acids.
For this purpose, in 2014, Wang and co-workers developed a copper catalyzed Markovnikov-type
azidocyanation of olefins (Scheme 74) [136]. TMS-N3 and TMS-CN were used as the azide and nitrile
sources, respectively. PhI(OAc)2 has the dual role to generate the azide radical and to reoxidize Cu(I)
to Cu(II). The plausible mechanism started with the reaction between the azide radical and the alkene,
followed by the generation of a carbocation species, which is trapped by the cyanide anion to furnish
the targeted azidocyano compound.
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Scheme 74. Copper catalyzed azidocyanation of alkenes.

5. Other Preparation of Allylic Azides

An efficient synthesis of allyl azides starting from alkenes under Pd(II)-catalysis in oxidative
conditions was developed by Jiang and co-workers [137]. Heating a mixture of Pd(OAc)2 with NaN3

under oxygen atmosphere in DMSO as the solvent, terminal alkenes were converted into allyl azides
(Scheme 75). By addition of a copper catalyst in the reaction medium, triazole derivatives arising from
1.3-dipolar cycloaddition were achieved.

Scheme 75. Conversion of terminal alkenes into allyl azides in Pd(II)-catalyzed oxidative conditions.

The Pd(0)-catalyzed carboazidation of the allenes 77 with aryl iodides 76 was proven to be
a fruitful procedure to access α-azidomethyl styrenes 78 and 79 (Scheme 76) [138]. Aryl moieties
bearing electron-withdrawing groups gave higher yields than compounds with electron-donating ones.
The same conditions were applied at intramolecular level furnishing the benzopyrane derivative 80 in
high yield. The Pd(II)-intermediate, generated by oxidative addition of the aryl iodide to the catalyst,
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interacts with the allene providing the π-allyl complex I−76. After the nucleophilic attack of azide
anion, the desired azido-substituted product was formed, and the catalyst was regenerated.

Scheme 76. Pd(0)-catalyzed carboazidation of allenes.

Another similar intramolecular procedure for the construction of heterocyclic compounds was
reported by Vicker and co-workers [139]. The treatment of 2-allenyl-substituted aryl iodides with
Pd(PPh3)4 as the catalyst and NaN3 provided the azide-containing products suitable for subsequent
1,3-dipolar cycloaddition reactions (Scheme 77).

Scheme 77. Pd(0)-catalyzed Viker’s azidation reactions.

An innovative work carried out by Muńoz and co-workers in 2014 focused on a gold and silver
catalyzed azidation of the allenes 81 [140]. The methodology, based on the use of (PhO)3PAuCl and
AgOTf as the catalysts, exploits the in situ generation of HN3 from TMS-N3 and CF3CO2H (Scheme 78).
The electronic effects of substituents R1 and R2 seem to be crucial for the control of regioselectivity
towards the less substituted carbon of the allene system. However, as known, allylic azides tend
to equilibrate by [3,3]-sigmatropic rearrangement at room temperature, justifying the formation of
compounds 83 from 82 [141,142].
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Scheme 78. Gold(I)-catalyzed azidation of allenes.

Two years later, Toste and co-workers reported the enantioselective gold catalyzed hydroazidation
of allenes for the synthesis of allylic azides [143]. For the positive outcome of the reaction, acyclic
diaminocarbene (ADC) Au(I)-complexes are required. Interestingly, the enantioinduction obtained
with the same catalyst enantiomer is reversed when the reaction is carried out in the presence of
amines instead of azide. This feature allows access, directly or indirectly, to both enantiomers of the
corresponding allylic amines.

A regio- and stereoselective approach for the conversion of allenamides into allylic azides by
iron(II)-catalysis has been recently reported [144]. This approach, which requires TMS-N3 as the azide
source, affords (E)-allylic azides and features good functional-group compatibility.

6. Hydroazidation Reactions

The hydroazidation of alkenes to give alkyl azides can be accomplished by cobalt catalysis [145,146].
Depending on the ligand structure, the active cobalt complex can be synthesized or generated in situ.
The optimized conditions involve the presence of tosyl azide (TsN3) as the azide source, Co(BF4)2·6H2O,
potassium (E)-2-[(3,5-di-terbutyl-2-hydroxybenzylidene)amino]-2,2- diphenylacetate (84) as the ligand,
terbutyl hydroperoxide (t-BuOOH), a silane, in EtOH as the solvent at room temperature (Scheme 79).
The reaction proceeds through Markovnikov selectivity with formation of alkanes as side products.
1,1,3,3-Tetramethyldisiloxane (TMDSO) furnished high selectivity (20:1) towards the azide product,
whereas the shortest reaction times were observed with PhSiH3.

Scheme 79. Co-catalyzed azidation of alkenes.
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Recently, Wang and Yu proposed an innovative anti-Markovnikov hydroazidation of unactivated
alkenes exploiting an Ir(III) complex for a visible light photoredox protocol (Scheme 80) [147].
The employment of TMS-N3 as azide source, combined with the use of dimethylamino pyridine
(DMAP) and water, permitted to functionalize a wide range of terminal alkenes showing a good tolerance
for nitrogen- and oxygenated functional groups. Mechanistically, the reaction starts with the irradiation
of the iridium catalyst with Blue LED to generate the active species Ir(III)*, which consequently
promotes the formation of the azido radical and of the species Ir(II). The azido radical then reacts with
the substrates to give the radical intermediates I-80, later reduced by the Ir(II) to the anion species
II-80. Finally, these latter are protonated to give the final products by the DMAPH+ cation, formed by
protonation of DMAP in the equilibrium with the in situ formed TMSOH.

Scheme 80. Ir(III) catalyzed terminal alkenes hydroazidation.

Hydroazidation of alkynes is one of the most useful methods for the preparation of vinyl azides.
A significant example of this reactivity catalyzed by silver salts was reported by Jiao and co-workers
in the perspective of the alkynes 85 transformation into nitriles [148]. As described in Scheme 81,
the α-azidostyrenes 86 were achieved working in the presence of Ag2CO3 as the catalyst and TMS-N3

in DMSO, which was the crucial solvent for the success of the reaction. The mechanism proposed by
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authors involved the formation of π-complex I-81 that evolves to the trans-alkenyl intermediate II-81
after azide addition. The product, formed by protonation of II-81, can be transformed into the nitrile
after intervention of hydrazoic acid (HN3).

Scheme 81. Azidation of terminal alkynes for the formation of nitriles.

In 2014, Bi and co-workers applied the same strategy for the preparation of vinyl azides by
hydroazidation of terminal alkynes [149]. Compared to the previous methodology, the addition of
a suitable amount of water was proven to be the key part of the procedure to obtain the vinylazido
compounds in good yields (Scheme 82). The outcome of the reaction is not dependent on the electronic
properties and the steric hindrance of the substituents.

Scheme 82. Azidation of alkynes for the synthesis of azidovinyl-compounds.

In the same year, the group of Bi investigated a chemo- and regioselective hydroazidation of the
ethynyl carbinols 87 [150]. Using their standard conditions, authors achieved 2-azidoallyl alcohols
88 as useful intermediates suitable for other synthetic transformations (Scheme 83). The first step of
the reaction involves the formation of the silver acetylide species I-83, which is converted into the
vinyl-silver intermediate II-83 by addition of HN3, generated in situ by silver catalyzed hydrolysis of
TMS-N3. The products 88 are finally formed by protonation of intermediate II-83 in wet DMSO.
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Scheme 83. Ethynyl carbinols as useful precursors for 2-azidoallyl alcohols.

Very recently, Chandrasekhar and co-workers developed a domino transformation of the
alkynylated cyclohexadienones 89 to obtain the cis-fused bicyclic azido alcohols 90 [151]. The reaction
occurs in mild conditions in the presence of Mn(OAc)3·2H2O, TMS-N3 and O2 with acetonitrile as
solvent at room temperature (Scheme 84). The presence of aryl substituents on the alkyne moiety is
essential for the success of the reaction because the process involves a radical mechanism. Initially,
Mn(III) oxidizes TMS-N3 to the azido radical, which reacts with the alkyne to generate the alkenyl
radical I-84. This intermediate is converted into the bicyclic intermediate II-84 by radical conjugate
addition. This latter traps O2 to give the peroxy radical III-84, which affords the hydroperoxide
intermediate IV-84 through a SET process and is finally converted, through two SET processes, into
intermediate V-84 with release of water and successively in the products 90.

Scheme 84. Procedure for the synthesis of bicyclic azido alcohols.

7. Azidation Involving Ring-Opening

In 2009, Krause’s group exploited the use of Au-salts to perform a ring-opening allylation/azidation
of the 2,5-dihydrofuran compounds 91 affording the 2,6-dien-1-ols 92 (Scheme 85) [152]. The allylation
proceeds regioselectively in the C2-position, whereas the azidation takes place selectively in the
C4-position. The reaction mechanism proposed by authors involves the initial coordination of the
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metal center to the oxygen atom, with opening of the ring and delocalization of the positive charge
(intermediate I-85). The subsequent addition of the azide anion can follow two possible pathways:
The first one gives the intermediate II-85, which rapidly undergoes a [3,3]-sigmatropic rearrangement
to furnish the thermodynamically more stable intermediate III-85. Alternatively, the direct attack of
azide anion on the more substituted carbon of the zwitterionic intermediate I-85 cannot be ruled out.

Scheme 85. Gold catalyzed ring-opening azidation.

2-Aryltetrahydrofuran derivatives underwent ring-opening processes associated to azidation of
the benzylic position when treated with catalytic FeCl3 in the presence of TMS-N3 (Scheme 86) [153].
These conditions were proven to be effective on substrates bearing electron-donating and
electron-withdrawing groups on the aromatic ring, giving 4-azidated primary alcohols and carboxylic
acids, whereas 2-alkylated tetrahydrofurans never produced the azidation products.

Scheme 86. Iron catalyzed ring-opening with azidation of the benzylic position.

An oxidative azidation of cyclobutanols as highly regioselective synthetic procedure to obtain
primary, secondary, and tertiary alkyl azides was reported in 2015 by Zhu and co-workers [154].
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As shown in Scheme 87, working with Mn(OAc)3·2H2O, 2,2′-bipy, TMS-N3, and a benziodoxol (BI–OH)
as the oxidant, a wide range of substituents, including electron-rich substrate, various halides, and
strong electron-withdrawing groups, was compatible with this process. This method also allowed
access to benzocyclic azides with seven to ten membered rings with a ring expansion strategy. The
possible mechanism starts with the reaction between Mn(OAc)3, TMS-N3, and BI–OH, which could
generate a Mn(V)-N3 species I-87. This intermediate, after the interaction with the substrate, gave
II-87, which, through a simultaneous SET, led to the formation of a Mn(IV) intermediate III-87 and
the alkyl radical IV-87. In this way, IV-87 reacted with the III-87 providing the product and catalytic
species able to restart the cycle.

Scheme 87. Oxidative azidation of cyclobutanols.

8. Conclusions

This review is an overview of the procedures based on the use of transition metal catalysts to
achieve azido products. Following the trend of growth in the importance that the use of transition metals
has had, and is still having, in general, in organic synthesis, the reactions catalyzed by transition metals
have made it possible to widely expand the opportunities to access azide compounds. The added value
arising from the easy accessibility of these compounds is given by their possible further transformation
to nitrogen-containing products.
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The utility of this type of reaction is mainly reflected in the possibility (i) to introduce the azide
group on substrates bearing unconventional leaving groups, (ii) to perform direct azidation reactions
on C–H bonds, and (iii) to introduce the azide group simultaneously with another functional group
through difunctionalization reactions on not-activated olefins.

The benefit of using these reaction conditions is most evident in the direct azidation of non-activated
carbon-carbon multiple bonds. Synthetic approaches based on the intervention of directing groups
are also frequent in azidation reactions. The chelating effect of nitrogenous substituents facilitates
selective azidation of aromatic C–H bonds in the ortho position under very mild conditions. On the
other hand, harsher reaction conditions are required for the azidation of aliphatic C–H bonds. NaN3,
TMS-N3, and hypervalent iodine compounds were proven to be the most used azide sources, but the
discovery of new azidation reagents to avoid their potential explosive nature and/or the formation of
waste materials is highly desirable. The mechanism by which the reactions proceed depends on the
type of metal catalyst, even if in most cases, an oxidative single electron transfer (SET) is involved.

The use of innovative and economically accessible transition metal catalysts, such as iron complexes,
seems promising also in this type of reactions. The ongoing effort to optimize the structures of these
catalysts can only bring benefits also in the preparation of azide derivatives.

In the future, despite various options available to ensure different solutions for preparing organic
azides, the attention should be placed on the development of other reaction conditions, mainly suitable
to provide difunctionalization reactions as well as to expand azidations on aliphatic C–H bonds. On the
other hand, the wide plethora of transition metal catalysts and ligands available permits to explore
other possibilities. First of all, the regio- and/or stereodivergent control of the azide synthesis on
substrates bearing similar functional groups is an intriguing perspective. Furthermore, great interest
will be focused on the use of cheaper and more ecofriendly transition metal sources, according to the
principles of the Green Chemistry.
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