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Going beyond the conventional approach of pairwise conjugation between two molecules, the
integration of multiple components onto a central scaffold molecule is essential for the development of
high-performance molecular materials with multifunctionality. This approach also facilitates the creation
of functionalized molecular probes applicable in diverse fields ranging from pharmaceuticals to
polymeric materials. Among the various click functional groups, the azido group stands out as a
representative click functional group due to its steric compactness, high reactivity, handling stability, and
easy accessibility in the context of multi-azide scaffolds. However, the azido groups in multi-azide
scaffolds have not been well exploited for site-specific use in molecular conjugation. In fact, multi-azide
compounds have been well used to conjugate to the same multiple fragments. To circumvent problems

Received 5th July 2024, of promiscuous and random coupling of multiple different fragments to multiple azido positions, it is
Accepted 29th July 2024 imperative to distinguish specific azido positions and use them orthogonally for molecular conjugation.
DOI: 10.1039/d4cc03359k This review outlines methods and strategies to exploit specific azide positions for molecular conjugation

in the presence of multiple azido groups. Illustrative examples covering di-, tri- and tetraazide click
rsc.li/chemcomm scaffolds are included.

1. Introduction

Faculty of Pharmaceutical Sciences, University of Toyama, 2630 Sugitani, Toyama Couphng reactions to combine molecules into a smgle mole-
930-0194, Japan. E-mail: tanimoto@pha.u-toyama.ac,jp cule play a key role in the functionalization of compounds for a

Takenori Tomohiro received both
BSc (1986) and PhD degrees
(1992) from the University of
Tsukuba. He had worked at the
National Chemical Laboratory
for Industry (1986-2002). During
this period, he worked as a post-
doctoral fellow at the University
of Oxford for two years from 1992
and as a visiting professor at the
Louis Pasteur University in Stras-
bourg (2002). He joined the
faculty at the Toyama Medical

Hiroki Tanimoto received his BS
degree in 2004 and his PhD
degree in 2009 from Keio
University in Japan (Professor
Noritaka Chida). After one year
as a postdoctoral fellow at
Vanderbilt University in the
United States (Professor Gary A.
Sulikowski), he joined the faculty
of Nara Institute of Science and
Technology (NAIST) in Japan in
2010 to start his academic career
as an assistant professor. In

i Takenori Tomohiro ' e
2020, he was appointed as an and Pharmaceutical University

associate professor at the University of Toyama. His main (Currently University of Toyama) in 2002 as an associate professor
research focuses on new synthetic methods including click and is now full professor. His research interests are in the areas of
strategies, synthesis of alkaloids, heterocycles, and functional chemical biology related to biomolecular interaction and medicinal
materials toward chemical biology. chemistry.

Hiroki Tanimoto

12062 | Chem. Commun., 2024, 60, 12062-12100 This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0002-4121-6807
https://orcid.org/0000-0002-3935-3079
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cc03359k&domain=pdf&date_stamp=2024-08-01
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc03359k
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC060084

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 30 1403. Downloaded on 16/11/1404 01:01:07 ..

(cc)

Feature Article

(a)

R\
N"-N*=N

Organic

azides

View Article Online

ChemComm

[ Multicomponent integration onto one scaffo/d]

(c)

Multi-click

N3
ey Multi-azide &/
F e | hub scaffolds >

Multifunctional
materials

This review 2

modular hub

scaffolds This review

Long synthetic steps for
introduction of each click group
to a modular hub molecule

‘/ Flexible choice of click groups
and their positions

in reactivity of azides

b Azido group
; to address this issue

Easy introduction to multiple
positions in the substrates ;

%_NS even in a single step

‘/ Accessibility to the sterically
hindered click reactive sites

'
'

Understanding the differences : x Difficulty with site-selective and

multicomponent conjugation !
(especially selectivity 1

Fig. 1

among alkyl azides)

(a) Representative click conjugation functional groups. (b) Strategy for the synthesis of multifunctional materials using multi-click modular hub
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wide range of functional materials. In particular, click chem-
istry, which facilitates the formation of robust chemical bonds
between two or more components, has been operated under
mild conditions."™ This property allows click conjugation
reactions to be performed under aqueous, open-air, and even
live-cell conditions with simple experimental manipulations,
which has gained worldwide research applications. Today, click
chemistry is well-established in a variety of research and
development fields, including medicine, pharmaceuticals, poly-
mers, applied materials chemistry, and chemical biology.®™°
Conjugation between the pair of azido and ethynyl (alkyne)
functional groups is a representative method of click reactions.
Over time, numerous functional group pairs have been devel-
oped to achieve faster, more bioorthogonal, and site-selective
click conjugation (Fig. 1(a)).>***71%:2°

After the development of click chemistry, a multi-click
modular hub strategy has emerged to integrate multiple com-
pounds onto a single scaffold compound beyond the

This journal is © The Royal Society of Chemistry 2024

conventional one-to-one click conjugation (Fig. 1(b)).>*>* Click
chemistry proves advantageous in this context due to the well-
developed and established click reactions and functional
groups that facilitate coupling between specific functional
groups. Thus, the incorporation of multiple and appropriate
click functional groups onto a hub molecule becomes highly
efficient for the precise synthesis of multicomponent-
integrated functional materials. These include versatile
element-block polymers,>?® dendrimers,***° and high-
performance chemical probes with multi-responsive, multi-
color, and multi-point recognition or cross-linking sites.*'*
Despite its utility, the introduction of multiple click func-
tionalities onto a hub molecule is a complex undertaking that is
far from straightforward. The multi-step process requires the
sequential introduction of each click group prior to conjugation,
resulting in lengthy synthetic procedures. In addition, the step-
wise introduction of different click groups is challenging, espe-
cially when dealing with non-bench stable click functional groups.
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On the contrary, among the various click functional groups,
the azido group has held a prominent position since the early
stages of click chemistry research.” As a result, various methods
of combining molecules have emerged. Advantageous features of
the azido group include: (1) easy introduction into single and
multiple positions of substrate molecules using inorganic azide or
sulfonyl azide reagents via Sy2, SyAr, cross-coupling, or diazo
transfer reactions; (2) sufficient stability for easy handling; (3)
compact size, which facilitates access to hindered target positions
for click reactions; (4) various click conjugation methods have
been developed, such as Staudinger-Bertozzi ligation,*™*° CuAAC
(copper-catalyzed azide-alkyne cycloaddition),”™** and SPAAC
(strain-promoted azide-alkyne cycloaddition).**™*® These robust
reactivities have also found applications in main-group element
chemistry.*® In addition, the azido group is efficient for macro-
cyclization through intramolecular reactions.”® Moreover, the
clickability of organic azides has recently been exploited for the
direct detection of endogenous biomarkers related to oxidative
stress-induced diseases and their radioisotope therapy in the
causative pathogenic tissues.”>®

For these valuable points, especially on synthetic merit,
multi-component conjugation with the molecules possessing
multiple azido groups, multi-azide compounds have been
focused as multi-click hub compounds (Fig. 1(c)).>* At first
sight, multi-azide compounds appear to undergo unselective
and promiscuous conjugation with azido groups at different
sites. However, understanding the characteristics and differ-
ences of each functional group allows its versatile use even in
the presence of multiple identical groups. In the case of
hydroxy and amino groups, regioselective protection and func-
tionalization have been successfully achieved through the
strategic use of the steric environment and the substituent
difference between alkyl and aryl positions.”® > As with these
functional groups, targeting a specific position of the azido
group in the presence of multiple azido groups also becomes
feasible by identifying differences in its properties and sur-
rounding environment. Recent advances have led to the devel-
opment of methods for linking multiple molecules into easily
synthesized multi-azide compounds with precise control over
linkage positions. As a result, multi-azide molecules now serve
as molecular hubs capable of integrating various functional
molecules in a targeted manner by orthogonally utilizing the
multiple azido groups. The development of this technique
holds great promise for the rapid and easy synthesis of multi-
functional molecular probes and polymeric materials. In this
context, we provide a comprehensive review of the strategy for
the site-selective coupling reaction of azido groups in multi-
azide compounds, facilitating multicomponent conjugation.

2. A brief review of the basic properties
of organic azides, including common
handling and recautions

Before discussing specific cases, a brief overview of organic
azides is provided to elucidate their basic properties. The azido
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(N3) group is a 1,3-dipolar functional group consisting of three
nitrogen atoms linked in a linear (but slightly bent) fashion
(Fig. 2(a)).*° Currently, the azido group is widely recognized
as a click-functional group in numerous applications. It is also
incorporated into the structure of certain pharmaceutical mole-
cules such as zidovudine (azidothymidine, AZT, Retrovir) and
azidocillin. Conversely, only one example has been documen-
ted as a natural product.”>”>

While the internal (N1) and terminal (N3) nitrogen atoms
are negatively charged, the N1-N2 bond is longer than the N2-
N3 bond. As the negative charge disappears through reaction at
N1, the remaining diazonium moiety (N2-N3) exhibits high
reactivity due to its strong electrophilicity. Consequently, the
organic azide reaction is commonly conceptualized as involving
the diazonium moiety of N2-N3 and N1 of the amide anion.
In principle, N1 functions as a nucleophile, N3 as an electro-
phile, and N1-N3 as a 1,3-dipolar entity (Fig. 2(b)). Since
the nucleophilicity of organic azides tends to be low in inter-
molecular reactions, the electrophilic and 1,3-dipolar
properties of organic azides are used for coupling reactions
including click conjugation. The electrophilicity is involved in
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Fig. 2 A brief review of organic azides: (a) resonance structures of organic
azides and the examples of bloactlve or natural azides. (b) Reaction
properties of the organic azides. (c) General preparation methods.
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Staudinger-Bertozzi ligation®*° and sulfo-click reactions, while
the 1,3-dipolar reactivity is associated with SPAAC*>™® and enolate/
enamine-mediated triazole synthesis (see Section 4.2). In addition,
in terms of nucleophilicity, the metal coordination step at the N1
position is a critical component in CuAAC.**™**

Typical methods for the synthesis of organic azides are
shown in Fig. 2(c).”® Alkyl azides are commonly prepared by
Sn2 reactions of the corresponding halides or sulfonates with
commercial sodium azide. In the case of tert-alkyl azides, Sx1
reactions using Lewis acids are the method of choice. Diazo
transfer reactions are accessible to primary, secondary, and
tertiary alkyl azides. Aryl azides are typically synthesized by
cross-coupling reactions (often using copper catalysts) with aryl
halides. Diazo transfer reactions of anilines with sulfonyl
azides or diazotization of anilines followed by SNAr reactions
with sodium azide are also commonly used. In addition, recent
advances have added decarboxylative azidation, electrochemi-
cal azidation, radical hydroazidation from olefins, and C-H
azidation to the repertoire of azide synthesis methods.®””°

Despite their usefulness, it is important to recognize that
organic azides, especially multi-azide compounds, pose
potential hazards and explosive risks. Therefore, they should
be handled with care in a hood equipped with a shield (usually
made of polycarbonate) in order to reduce the risk of incidents
arising from sudden detonation. Azide salts for the azidation
reaction, such as the commonly used sodium azide, should be
handled with a plastic spatula, especially in the case of heavy
metal azide salts, and care should be taken to avoid scratching.
In particular, sulfonyl azides have been reported to exhibit
strong detonation properties.

Because Sy2 azidation reactions, in general, are often per-
formed in polar solvents, residual halogenated solvents, such
as dichloromethane, used immediately before the azidation
process may form explosive species due to azidation in polar
solvents. For example, dichloromethane can form diazido-
methane through azidation.®*’*7° To prevent unexpected deto-
nation, it is advisable to thoroughly residual
halogenated solvents before performing azidation reactions,
especially in large-scale reactions.

In addition, special attention should be paid to compounds
with (C + O)/N < 3 (C, N, O: number of individual atoms in a
molecule). This metric also applies to organic azides, including
multi-azide compounds, but molecules must be designed and
prepared with careful consideration of the structure, stability,
and reactivity of the azido groups, regardless of the ratio
values.”” Despite the above precautions, researchers may still
encounter unforeseen reactions. In the case of Tanimoto and
co-workers’ approach to diazide 3 from 1 or 4, the synthetic
steps to the azidoacetohydrazide structure unexpectedly yielded
amine 7 in high yields (Scheme 1).”® This nitrogen-nitrogen
bond cleavage may have occurred by cyclization of the desired 3
to the cyclic tetrazinone 5, followed by elimination of 6.
Similarly, synthetic efforts on other a-azidoacetohydrazide sub-
strates were unsuccessful or resulted in very low product yields,
whereas the reaction of the hydroxamate derivative afforded the
azide product in high yield without N-O bond cleavage.

remove
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Scheme 1 Nitrogen—nitrogen bond cleavage occurred in the azidation
reaction.

Therefore, for the safety of all researchers, it is important to
report side reactions or unexpected observations along with
successful research results.

3. Multiple conjugation of the same
components to multi-azide
compounds

Azidation of substrates, especially via the Sy2 reaction, provides
precise access to multi-azide compounds through global azida-
tion. Examples and their applications for multifunctionaliza-
tion are shown in Scheme 2. In Ikeda’s synthesis of ionic
liquids,” four azido groups were successfully introduced at
the neopentyl positions in one step from pentaerythrityl tetra-
bromide 8.5%®" The resulting tetraazide 9 underwent a quad-
ruple CuAAC reaction followed by methylation and anion
exchange to yield the desired tetrahedral ionic liquids 10.
Conversely, direct Sy2 introduction of four imidazole com-
pounds to 8 proved unsuccessful due to steric hindrance,
demonstrating the accessibility of the azidation by the small
structure and strong nucleophilicity of the azide ion.

Because of their ready availability, multi-azide compounds
have found utility in polymer functionalization (Fig. 3).°* For
example, in addition to chain-growth polymerization of di-
azides with diynes,” main-chain compounds composed of azide
monomers acquire special properties through global click
conjugation at the side chains. These include photoreaction

Chem. Commun., 2024, 60, 12062-12100 | 12065
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Scheme 2 Synthesis of tetrahedral tetra-cationic ionic liquids by quad-
ruple CuAAC.

and thermal reaction, resulting in the formation of crosslinked
network polymers'® and porous materials."?

As shown in Fig. 3, multi-azide molecules offer excellent
accessibility for global functionalization via click conjugation
reactions. However, due to the identical functional group, all
azido positions are often coupled to the same conjugating
component. In essence, multiple positions are endowed with
only one function. To enable the attachment of different
functional components to multi-azide platforms for the synth-
esis of multifunctional materials, it becomes essential to con-
jugate each azido position with different components. This
raises the issue of site-selectivity in conjugation, as illustrated
in Fig. 1(c). Random conjugation must be avoided as it has a
significant impact on synthetic reproducibility, production

N
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Fig. 3 The general approach to crosslinked polymers by multiple CUAAC.
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efficiency and product quality. Therefore, achieving azide-site
selective conjugation reactions is challenging but highly
rewarding.

An example by Kirsch and colleagues is shown in
Scheme 3.%” They investigated the conjugation of multiple
components to each azido group using a sequential
approach.®*® starting with the geminal diazide 11, CuAAC
with two equivalents of alkyne followed by the retro-aldol
reaction afforded the bis-triazole product 12. By reducing the
amount of alkyne to 1.1 equivalents, a thermal [3+2] reaction
with tosylacetylene 13 successfully afforded the mono-triazole
product 14, which retained an azido group. The CuAAC reaction
with methyl propiolate 15 afforded the product 16 with two
different triazole rings. Following the IBX-SO;K-mediated de-
carboxylative azidation, the third triazole formation reaction by
CuAAC afforded the tris-triazole 19. Despite the successful
conjugation of three different components onto one molecule,
this work also highlights the challenges associated with site-
selective azide coupling reactions in the presence of multiple
azido groups.

In addition, Kirsch’s group also explored the polymer chem-
istry of their geminal diazide (Scheme 4).*® Using polymer 20
with a geminal diazide moiety in the main chain, one-pot
CuAAC in the presence of two alkynes 18 and 21 produced
the click-functionalized polymer 22, but in a randomly con-
jugated manner. Conversely, a sequential two-pot operation
(CuAAC with 18 follwed by 21 as independent reactions)
successfully yielded the site-selectively click-functionalized
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TBTA (3 mol%)

o
sodium ascorbate H
)S(U\ (42 mol%) OEt
_— />\
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Scheme 3 Stepwise selective azide conjugation to give tris(triazolyl)
methane with three different substituents. IBX: 2-lodoxybenzoic acid.
TBTA: tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine.
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Scheme 4 CuAAC functionalization of the geminal diazide polymers and
click site control.

polymer 23 with the same alkynes attached to the diazido-
methylene moiety. The reason for the azide-site selectivity
observed in the two-pot operation is not described in this
paper. However, Kirsch et al. also reported the strong accelera-
tion of the second CUAAC of geminal diazides in Scheme 3.%*
The copper catalyst on the triazole ring soon after the first
CuAAC would be very close to the neighbouring azido group on
the same carbon atom position. Thus, this proximity or possi-
ble coordinating effect (see also Section 4.4) of the azido group
and the resulting triazole ring as metal ligand could accelerate
the second CuAAC at the same carbon position to give the
polymer with the double CuAAC region and the unreacted
diazide region at the stage of the first CuAAC with 18. This
case illustrates that multiple azido groups can be distinguished
for site-selective conjugation through an appropriate strategy or
molecular design that takes into account the characteristics of
organic azide structures.

The following chapter provides a summary of how chemists
distinguish multiple azido groups to achieve azido site-selective

This journal is © The Royal Society of Chemistry 2024
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reactions, such as click conjugation for multicomponent
integration.

4. Azide-site selective reaction
strategies for diazides (N3 x 2)

We begin with a review of reported synthetic examples that
distinguish two azido groups for inter- or intramolecular azide-
site selective multicomponent conjugation reactions. Each sec-
tion in this chapter is organized based on the structures of the
organic azides, the reactions used, or the overall strategy.

4.1. Distinction through enclosure with sterically bulky
groups

Distinguishing reactive positions based on steric bulkiness is
one of the most intuitive methods and is often used in azide
click coupling reactions. Due to the different accessibility of the
reactive species to the azido groups, the azido groups sur-
rounded by bulky substituents persist while the less hindered
azido groups readily undergo the reaction (Fig. 4).

For example, in the study by Koert and colleagues, CuAAC of
the diazide compound 24 with primary and tertiary alkyl azido
groups with the sterically bulky alkyne 25 selectively occurred
only at the primary alkyl azido position, yielding 26
(Scheme 5).” Subsequent SPAAC conjugation to the remaining
sterically hindered azido position led to the formation of the
doubly clicked product 28. However, the use of steric hindrance
for distinguishing the reactivity is a double-edged sword,
especially when the researchers want to react the sterically
hindered functions. Indeed, SPAAC of the tert-alkyl azido group
in 26 with 27 required five days to complete the reaction.

The use of more reactive cycloalkynes offers the potential to
enhance the rapid SPAAC reaction with bulky alkyl azides. In a
chemoselectivity study conducted by the Bickelhaupt and
Mikula group (Scheme 6),°*%° the primary alkyl azido moiety
of diazide 29 was first subjected to CuAAC with the ADIBO
(AzaDIBenzocycloOctyne) conjugated fragment 30. Upon com-
pletion of the first click reaction, compound 31 containing BCN
(BiCycloNonyne), a more reactive cycloalkyne compared to
dibenzocyclooctyne-type alkynes, was introduced to undergo
SPAAC with the persistent tert-alkyl azido moiety in a one-pot
fashion. After 17 hours, the final product of the double-labeled
conjugate 32 with sila-rhodamine and BODIPY was obtained
with a distribution of more than 99% among the click products
obtained.

i}zm N E}ZN/*

* -

Nl

Fig. 4 Differentiation of reactive azido sites by steric bulkiness.
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Scheme 5 CuAAC example demonstrating azide-site click conjugation of
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Scheme 6 Sequential double SPAAC conjugation with the diazide
through the difference in steric hindrance.

The azido site-selective click reaction using steric repulsion
is also demonstrated for vinyl azides (Scheme 7). The research
group of Hosoya and Yoshida developed the vinyl azide
of acrylamide (o-azidoacrylamide) as a versatile modular syn-
thetic platform.’® First, para-ethynyltoluene 33 was attached
to the less hindered vinyl azido moiety in diazide 34 by
CuAAC, yielding 35 in excellent yield. The second CuAAC
was then performed using ethynylbenzene 18 at the tert-
alkyl azide position, yielding 36. In addition, using the acryla-
mide skeleton, the aza-Michael addition of amine 37 afforded
the ethynyl chain conjugate 38 as part of the triple click
product.
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Scheme 7 Sequential triple click conjugation of the vinyl azide-
containing diazido platform via steric azido site-selective CUAAC reactions
and Michael addition.

As mentioned above, steric bulkiness is commonly used to
attenuate azide reactivity. However, for Cy,. azides, such as aryl
and alkenyl azides, the opposite reactivity occurs in certain
cases (Fig. 5).°" The research group of Hosoya and Yoshida
reported the distinct and rapid click reactivity of 1-azido-2,6-
diisopropylbenzene structures compared to typical aryl azides,
despite their apparent bulkiness. While the azido groups in aryl
azides are typically conjugated to aromatic rings to maintain
planarity, thereby reducing the nucleophilicity of the azido
groups (as discussed later in Section 4.2), the steric bulkiness
induced by the 2,6-disubstitution disrupts the planarity. As a
result, the azido groups are no longer conjugated to the aryl
groups. In addition, the steric repulsion induces a bent con-
formation in the azido group, making it more reactive. Cose-
quently, these aryl azides can be distinguished from other aryl
azides. The research group also reported that apparently steri-
cally hindered aryl azides exhibit accelerated reaction rates in
the presence of para-electron donating groups. Similar reactiv-
ity patterns have been observed in sterically hindered alkenyl
azides.”>?

The difference in reactivity between bulky aryl azides and
typical aryl azides is evident in nucleophilic addition reactions.
For example, Tanimoto and co-workers reported the propargyl
cation-mediated rapid formation of triazole skeletons, such as
42, and its application in three-component coupling reactions
and the synthesis of pharmaceutical candidates
(Scheme 8(a)).”*** Although this reaction is also discussed in
Section 4.4 as an azide-site selective reaction, this section will
focus exclusively on the case of bulky aryl azides. In this
reaction, the nucleophilicity of the organic azide attacking the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Reactivity of sterically hindered aryl and alkenyl azides.

propargyl cation of the strong electrophile is critical. Although
nucleophilic  alkyl azides, including the bulky 1-
azidoadamantane 44, gave triazole products in high yields,
the non-nucleophilic azidobenzene 45 and sulfonyl azide 46
did not give the desired results. However, 2,6-diisopropyl-
azidobenzene 39, despite its apparently sterically shielded
azido group, easily gave the coupled product in 85% yield.
While the azide-selective reaction is not explored in this con-
text, this result highlights the significant difference between
bulky and general aryl azides.

The specific reactivities of the bulky aryl azides have also
been utilizied in the potential therapeutic purposes
(Scheme 8(b)). Acrolein has been known to be overexpressed
by most cancer cells. Tanaka and Pradipta’s group developed
the acrolein-targeting labeling strategies using 2,6-diisopro-
pylazidobenzenes,”'>® and recently reported cancer cell-
anchoring with the radioactive astatine-containing azides.**
This sequence consists of [3+2] cycloaddition with acrolein.
The resulting triazoline 48 was converted to a diazo compound
49 by spontaneous ring opening. The diazo moiety in this
intermediate was incorporated into the labeling of the cancer
cell organelle near the acrolein.

Taking advantage of these properties, the group of Hosoya
and Yoshida demonstrated the azide-site selective reaction
using diazides composed of sterically bulky aryl azide and
non-bulky aryl azide (Scheme 9).°*®* The SPAAC of DIBO
(DIBenzocycloOctyne 51) with diazide 52 gave SPAAC products
53a and 53b, with the predominant product being 53a, which
was obtained by cycloaddition at the bulky group-surrounded

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm
@) Nane R
SN
R-N3 (1.5 equiv) /
Ph_ Ph TMSOTF (1.2 equiv) Ph
——Bu CH.Ch 90 °C. 5 mi ———e=——Bu
2L, - , 9 min
HO 41 then Ph
sat. NaHCO; aq.
N
Nucleophilic addition N Nt _R N //N SN- R
of organic azides Ph
e | ﬁ
: Ph Bu
PH ‘\/o\ Bu SH
HH 42
Me
H PO
N
Ny~ SPh N N3 N; N7~ A
Ar = 4-acetaminophenyl!
Me Me
43 (97%) 44 (90%) 39 (85%) 45 (0%) 46 (0%)
(b) — -
Me Me /\CHO Me Me N=N
acrolein /\)\
N3 (overproduced N CHO
by cancer cells)
Me —— Me
21 p¢ [3+2] 211 p¢
47 Me J Me 48
N
Me Me Me Me "
H organelle of H N
N cancer cells N \)k
CHO CHO
Me Me
Mat 50 1At 49
Me 7 Me -
Scheme 8 Examples of the reactivities of 1-azido-2,6-

diisopropylbenzenes; (a) propargyl cation-mediated triazole synthesis
and the reaction scope of organic azides, including bulky aryl azide; (b)
radioactive element-containing bulky aryl azide for labeling the cancer
cells through [3+2] reaction with acrolein.

azide moiety due to the bent azido structure and deconjugation
from the aryl group (Scheme 9(a)). Conversely, triazole for-
mation with acetylacetone® from diketone (this reaction is
discussed in the next Section 4.2) occurred at the less sterically
hindered azido site in 52, yielding 55, which exhibited the
opposite selectivity to SPAAC (Scheme 9(b)). This result clearly
illustrates that the reactivity of sterically hindered aryl azides
differs significantly from that of general aryl azides. Further-
more, the introduction of an electron-donating group at the
para-position of the bulky azide enhances its click reactivity.
The amino group of the electron-donating group serves as an
effective scaffold for tethering molecules, allowing the versatile
design of reactive multi-azide platform compounds. Indeed,
diazides 56 with the cyclic amine piperazine linker, recently
selected as the PROTAC linker,’®®® demonstrated successive
and azide-site selective integration via SPAAC, followed by
CuAAC with propargyl alcohol 57, yielding 58 in excellent
yields. In addition, the same research group reported a case
involving sterically hindered vinyl azides. In the competitive
reaction of DIBO 51 with bulky 40 and non-bulky 59, the bulky
azide-selective SPAAC proceeded, yielding 60a as the main
product (Scheme 9(c)). This strategy is also presented in the
final chapter on multicomponent azide-selective conjugation.
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Scheme 9 Azide-site selective conjugation reactions using sterically
bulky aryl azides.

As discussed in this section, steric hindrance usually
imparts an inert reactivity to the alkyl azido groups, resulting
in azide-site selective conjugation of the less hindered azido
position. However, this factor leads to different properties
in the case of aryl azides. Therefore, the exploitation of
azido nucleophilicity is expected to play a key role in
future efforts related to the multi-azide compounds as well as
general synthetic organic chemistry to achieve complex
functionalization.
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Fig. 6 The difference in reactivity between alkyl and aryl azides.

4.2. Distinction between alkyl and aryl azides based on
different properties

In addition to steric hindrance, one of the most noticeable
differences between azide compounds is whether they are alkyl
or aryl in nature. Alkyl azides typically exhibit both nucleophilic
reactivity at the N1 position and electrophilic reactivity at the
N3 position. In contrast, aryl azides function predominantly as
electrophiles and exhibit low nucleophilicity (see Scheme 8 and
Fig. 6). Some of their properties have already been outlined in
the previous section (Section 4.1). This variance is due to the
conjugation of aryl and azido groups. In addition to reducing
the N1 nucleophilicity and increasing the electrophilicity, this
extended conjugation can also affect the 1,3-dipolar properties
of the azido group in terms of HOMO/LUMO levels. As a result,
aryl and alkenyl azides exhibit a different nature and reactivity
compared to alkyl azides. This section presents azide-type
selective reactions between alkyl and aryl azides.

4.2.1. Enol/enamine-mediated conjugation. Enamine or
enolate-azide cycloaddition is one of the most widely used
methods for the selective formation of aryl azide-derived tria-
zole rings (Scheme 10).°%'°° The reaction mechanism is depen-
dent on the enolates/enamines and azide species, with the
process proceeding through either a pericyclic [3+2] reaction
or a stepwise cycloaddition involving nucleophilic addition to
the N3 position of azides.'”" Electrophilic azides, including

R* N_ 4 N 4
R Ny~ NZ N-R N7 ON-R
— - > H%Y\‘—Q‘R2 —
R N— R3 gcrerlcycllc reaction R? ;’_Ra & R1 R2
3
R3 electrophilic R3 HNR®
enamines addition of azides triazoles
followed by ring closure
o 0 o
R PS Alkyl
Azides: RN, ~ R Ns >> YIN 5
Sutfonyl Acyl azides Alkyl
azides azides
Ay groups EWGAr >  Ph > EDGAr

Enamines: \l

Scheme 10 Enamine-azide cycloaddition for the synthesis of triazole
rings and the reactivity orders of enamines and azides.
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sulfonyl azides, acyl azides, and azides attached to the sp”
carbon centers, exhibit remarkable reactivity,'> while alkyl
azides are less reactive in comparison. However, sulfonyl azides
and acyl azides do not yield sulfonyl or acyl triazoles due to
their excessive electron-withdrawing property.”>'°> Conse-
quently, aryl azides are often used in enamine/enolate-
mediated conjugation reactions. Specific discussions of sulfo-
nyl azides for azide-selective reactions are also included in
Section 4.3. Among the aryl azides, those substituted with
electron-withdrawing groups exhibit enhanced reactivity. In
addition, examination of enamine structures reveals that
pyrrolidine-type enamines exhibit greater reactivity than their
six-membered ring counterparts.’®'°%1?

As with enamines, the reaction proceeds with enol and
enolate, and most reactions are not performed with ketones
or aldehydes as starting materials (Scheme 11). Enolates or
enamines are formed in the flask with a base or amine
catalyst."®'°® For example, from the pioneering work of the
Ramachary group,'® aldehydes 61a-d with activated o-
methylenes were converted to the corresponding triazoles
62a-d using aryl azides and the amine base catalyst
(Scheme 11(a)). The azide species were critical for successful

(a) _Ph
o] N;-Ph (45, 1.5 equiv) /';“N
., DBU (10 mol%) N y
DMSO, 0.5 h
R R
61a—d R = Ph (62a, 95%)
R = C,H,Ph (62b, 95%)
R = 4-Br-CgH, (62c, 90%)
R = 4-MeO-CgH, (62d, 90%)
(b) R
/
o] N3-R (1.5 equiv) /';FN
! DBU (10 mol%) N .,
DMSO, 0.5 h
Ph Ph
61a R = 4-Et0,C-CgH, (62e, 90%)
R = 4-MeO-CgH, (62f, 75%)
R = PhCH,
(62g, 15% by using t-BuOK)
R =Ts (62h, 0%)
© O O R=Me(54) A
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o, NI Rreowewn
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Scheme 11 Enolate-mediated triazolization

azides.

reactions with organic
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results, and aryl azides provided the desired products in high
yields. On the other hand, the benzyl azide 43 of the alkyl azide
provided the triazole 62g in low yields, even when a stronger
alkoxide base was used. In the case of the aldehyde enolate, as
mentioned above, the tosyl azide of the sulfonyl azide did not
afford the N-substituted triazole 62h. Due to the accessibility of
enolization, B-ketoesters or 1,3-diketones are often chosen as
conjugation scaffolds.'®® Indeed, acetylacetone 54 and methyl
acetoacetate 64 converted 4-nitrophenyl azide 63 to the tri-
azoles 65a and 65b of the coupled products in good yields. As
with aryl azides, vinyl azides 66 can be used as substrates."*®

The enol/enamine-type triazolization reactions described
herein successfully facilitated azide-selective triazole synthesis
(Scheme 12). Using Chiba’s reaction conditions with acetylace-
tone 54,'°° Hosoya et al. demonstrated that enolate-mediated
triazolization exhibited aryl azide selectivity in the presence of
alkyl, aryl, and bulky aryl azides, resulting in the preparation of
68b from phenyl azide 45 in 84% yield."”” The sterically
unhindered aryl azide-site selective reactions in the aryl di-
azides have already been presented in Scheme 9.

4.2.2. Staudinger reaction. The electrophilic properties of
aryl azides can be easily modified. For example, in the Stau-
dinger reaction, the introduction of electron-withdrawing
groups onto the aryl groups accelerates the reaction, while
electron-donating groups have the opposite effect (Fig. 7). The
difference in reactivity is attributed to the stability of the
phosphazides of the initial adducts, which are in equilibrium
with the azide and phosphine of the reactants. The stability of
the phosphazides is further enhanced by the electrophilicity of
the aryl groups, leading to the irreversible conversion to the
iminophosphoranes. In addition, the electron density of the
aromatic moiety of aryl azides also influences the stability of
the iminophosphoranes formed, although this depends on the

/\ /N\
N
Ph N o o
Me Me
Ph Ny o
43 o o 68a (7%)
Me *
54 1 equiv) Ph—... N

_KgCO; (18 mol%)
DMF, 240

Pro+
N/NQN
,- _
Pr Me)_%’me

68¢ (0%)

Scheme 12 Aryl azide-selective enolate-mediated triazolization reaction
in the presence of alkyl, aryl, and bulky aryl azides.
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substituents of the phosphines used. Conversely, the
Staudinger(-Bertozzi) reaction of alkyl azides is slow and gives
readily hydrolysable iminophosphoranes. Therefore, electron-
poor aryl azides are often used in electrophilic reactions.
Representative molecular structures of aryl azides for Staudin-
ger reactions, serving as click conjugation scaffolds, are shown
in Fig. 7.9 The robust iminophosphorane structures are
often used as main or side chains in functional polymeric
materials."°®'° In addition, certain aryl azides are designed
as fluorescent molecular photoswitches due to the structural
changes of the azido moiety following click reactions."** "3
Taking advantage of the acceleration effect in this reaction,
Yang, Rangstrom, and co-workers have developed chemistry
using the 4-azido-2,3,5,6-tetrafluorobenzoyl group as a fast
Staudinger reaction azide scaffold to construct robust aza-ylide
structures.''*'"® Separately, Yi and Xi’s group has also explored
o-fluorinated aryl azides for labeling or sensing applications in
chemical biology."**™?° In their research, azide-site selective
one-pot double conjugation was demonstrated (Scheme 13).*!
Using diazide 69, which consists of an aryl azide of tetrafluoro-
benzamide and an alkyl azide, the first Staudinger reaction

fast
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Fig. 7 Staudinger reactions of electron-poor aryl azides to stable imino-
phosphoranes and the aryl azide scaffolds.
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Scheme 13 Azide-site-selective sequential double Staudinger reaction
conjugation of aryl- and alkyl-azido-containing diazide.

selectively formed the iminophosphorane at the aryl azide
moiety with NBD (NitroBenzoxaDiazole)-conjugated phosphine
70 due to the enhanced electrophilicity of the fluoroaryl groups.
Subsequently, the second Staudinger reaction of the traceless
type with azo-benzene-linked phosphine 71 provided the
ligated amido bond. Overall, the three-component conjugated
product 72 was obtained in 36% yield (60% per conjugation
step) with excellent azide site selectivity. A comparison of
reaction times (overnight for aryl azide to 96 h for alkyl azide)
illustrates the improved reactivity of the aryl azido group. It
should also be noted that aryl iminophosphoranes containing
the electron-difficient arenes are stable and do not undergo
further Staudinger-Bertozzi ligation, whereas the alkyl azides
form the amide through the ligation reaction.

In addition to electron density, steric factors also play an
important role in the reactivity of aryl azides. Hosoya and
Yoshida’s group developed a chemistry involving 1-azido-2,6-
dichlorobenzenes (Scheme 14)."*> Due to their electron-
withdrawing nature and steric hindrance, the Staudinger reac-
tion rapidly yields water- and air-stable iminophosphoranes.
Taking advantage of this property, diazide 73, consisting of

Cl
N3
0.
[ cl
N Cl
o >N
[
PPhs [
(1.2 equiv) 51 (1.2 equiv)
MeOH, 3 h

93%

Scheme 14 Three-component coupling reaction of diazide by o-dichlo-
roaryl azide-selective Staudinger reaction forming the stable aza-ylide and
by SPAAC of alkyl azide.
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alkyl azide and 4-alkoxycarbonyl-2,6-dichloroaryl azide, was
introduced into the solution of triphenylphosphine and DIBO
51, yielding the azide-site-selectively clicked product 74 in 93%
yield. This orthogonality is due to the rapid Staudinger reaction
of the o-dichloroaryl azides, which exceeds the SPAAC of 73.
The researchers also demonstrated that Staudinger-Bertozzi
ligation to the amide bond does not occur with the iminopho-
sphoranes of the 2,6-dichloroarylazido group. The robustness
of this aza-ylide has found applications in the chemical mod-
ification of proteins in living cells by their group*>* and also in
the synthesis of hydrolysis-resistant amphiphilic molecules by
the group of Yamashina and Toyota.'*

As shown in Schemes 13 and 14, 2,3,5,6-tetrafluoroaryl and
2,6-dichloroaryl azides can provide azaylides much more
rapidly than alkyl azides. Recently, Yoshida and co-workers
demonstrated the azide-site selectivity between these two aryl
azides in the Staudinger reaction (Scheme 15).'** Notably,
tetrafluoroaryl azides showed the best reactivity among 2,6-
dichloroaryl and alkyl azides, and excellent selectivity was
achieved with o-alkoxycarbonyl-substituted aryl phosphines.
This selectivity was also exploited as a triple click platform
compound 76 of the ethynylated diazide. Successive conjuga-
tion to each click group was achieved to obtain 79 in good
yields.

As highlighted in the introduction to this section, the
stability of iminophosphoranes also depends on the choice of
phosphines. When chemists want to reduce azido groups on
aromatic rings, they often face the problem of forming stable
and robust aza-ylides. The group of Yoshida and Hosoya
investigated suitable phosphines for the Staudinger reduction
of electron-withdrawing aryl azides (Scheme 16(a))."> The
results show a complex trend influenced by various parameters,
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NH 76 (0.83 equiv)

J/ THF, 4 h N
o 84% (based on 76) °
Lo~
Cl php

My
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Q 77 (1.5 equiv) (TBTZ (7):nol%)4 ( ¥
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Scheme 15 Selective Staudinger reaction distinguishing the tetrafluoro-
aryl and o-dichloroaryl azide moieties in the alkynyl diazide platform
compound.
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Scheme 16 Aryl azide-selective Staudinger reduction (a) scope of phos-
phines without formation of aza-ylides (b) application to the di- and
triazide substrates.

including electron donating/withdrawing properties, cone
angles of the phosphines, and steric bulkiness, which affect
the stability of the products (aza-ylides or phosphazides) and
reduction reactivity. After extensive research, they identified
tributylphosphine or its salt as a suitable and readily available
reagent for Staudinger reduction without the formation of
stable aza-ylides. The successful choice of phosphine also
allowed the selective reduction of the aryl azide group in the
presence of the alkyl azido moiety (Scheme 16(b)). Although
this is a reduction reaction, understanding the reactivity of
phosphines with organic azides and the properties of the
reaction products could be expected to improve the efficiency
of site-specific reactions in multi-azide scaffolds and their
versatile conjugation to multi-component systems.

The incorporation of sterically bulky and electron-
withdrawing aryl azide moieties can increase the selectivity of
azide sites in SPAAC reactions. As shown in Table 1 from the
research of Bickelhaupt and van Delft,"*® SPAAC reactivities are
influenced by the combination of organic azides and cycloalk-
yne azidophiles. Reaction rate trends with organic azides also
vary among different cycloalkyne species. In particular, the
steric hindrance of the azido moiety affects DIBAC (DIBenzo-
aza-cyclooctyne, 91). In Table 1, the electron-poor aryl azide
pyridinium salt 89 showed the most significant rate constant
with BCN 90 and the lowest value with DIBAC 91, resulting in
excellent cycloalkyne selectivity.

However, taking into account stability, availability, and
multifunctionality, Bickelhaupt, van Delft, and their colleagues
found that 4-azido-2-nitrobenzamide 86 was the most efficient
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Table 1 SPAAC reaction rates of various organic azides with cycloalkyne
BCN or DIBAC (k (M~ s7Y)

Ry Moy O
Cycloalkyne (1.3 equiv) H |

R T THEM,0 @) — i H H
z 3
“SoH
BCN (90) DIBAC (91)
o mln e
43 39 R=Pr 8 R=Cl
kaon 0.07 0.05 0.20 0.30 0.41
BCN (90)
kowac 0.24 0.20 0.033 0.77 0.28
DIBAC (91)
kecn/ koac|  0.29 0.24 6 04 1.5
F
N3 X N; P
. |
_N _N _N{ =
"Pr NO, "Pr F Me’
0 o x
86 87 X=H 8 X=F 89
foon 0.38 073 123 2.0
BCN (90)
komac 0.018 0.1 0.16 0.05
DIBAC (91)
kecn ! Koieac 21 6.6 7.7 40

organic azide structure for maximizing the reactivity difference
between BCN 90 and DIBAC 91 in SPAAC reactions.'*® Building
on this discovery, the diazide 92, composed of 4-azido-2-
nitrobenzamide and a primary alkyl azide, successfully under-
went a double SPAAC reaction to yield the site-selective click
product 93 in 83% yield (Scheme 17). As introduced here, both

N3
N o
O,N NN,
o) 92
N
He A H
N
THF | H H }/.\/\NHZ
: o
SOoH
N. N BCN (90, 2 equiv)  DIBAC (91, 2 equiv)
N
N N
O.N N~ /\/o\/\N N
2

(e}

3 (83%)

Also successful with GFP-conjugated BCN
and TAMRA-connected DIBAC

}f

Scheme 17 Azide-type selective double SPAAC conjugation with diazide
92 of alkyl and electron-poor aryl azido moieties. GFP: green fluorescent
protein. TAMRA: carboxytetramethylrhodamine.
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electron-withdrawing and steric factors play a crucial role in
achieving selective conjugation reactions and also allow the
incorporation of additional functions into the click scaffolds.

4.2.3. Photoreaction. In addition to their selective applica-
tion in click reactions, site-selective functionalization reactions,
such as exemplified by the reduction reactions shown in
Scheme 16, are of considerable utility. From this perspective,
photoreactions prove to be highly effective in azide chemistry.
The photochemistry of organic azides facilitates distinctive
conversion, transformation, and coupling reactions.>” !
Especially in the field of chemical biology, photoirradiation of
aryl azides has been established as a method for photoaffinity
labeling.

Direct photoactivation of aryl azides under UV light irradia-
tion (approximately 250-400 nm) results in the elimination of
dinitrogen from the azido groups, leading to the formation of
singlet nitrenes (Scheme 18(a)). These generated nitrenes then
undergo further rearrangement to form benzazirine and seven-
membered ring ketenimine. Each of these species can trap
appropriate functional groups, particularly nucleophilic spe-
cies, allowing crosslinking of target compounds such as pro-
teins. Recent advances in photocatalysis now allow the use of
less harmful visible light."*®

() NH,
/Ar /H
/N:N N\ SR
Ar ISC to triplet; XR
dimerization
RXH
’ (X=C, O, S) ‘ R-SH

(250—400 nm)
Ns
VISIb|e light N
aryl azides photocatalyst "2
R
HN/
=N W N NH
. R—TF— )
NN \
R
2-aminoazepines
®) 0 .
F hv (>300 nm) F
N 1 min
N3 (e) o ligand £ protein N
E 9 ‘ g of interest | F

non-fluorescent

F ? ]
F ;
~ :
\ v
N . .
) N (6} Oz ring expansion
F 95

fluorescent

Scheme 18 Photochemical generation of aryl nitrenes followed by the
ring expansion and amine capture reactions. (a) General reaction mechan-
isms. (b) Photolabeling of fluorinated azidocoumarins suppressing aro-
matic ring expansion. ISC: intersystem crossing.
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With the aforementioned properties, aryl azides have been
established as scaffolds for photoaffinity labeling through the
generation of aryl nitrenes. In most cases, however, the con-
tribution of the nitrene itself to the photolabeling is insufficient
due to the short lifetime and the associated aromatic
ring expansion, as illustrated. Because of the different nature
of nitrenes and (cyclic) ketimines, the specificity of
labeling varies. To suppress or slow down the nitrene rearran-
gement, the aryl moiety should be highly electron-deficient,
such as ortho-difluorinated azidoarenes."”” Recently, trifluoro-
7-azidocoumarin 94, a turn-on photolabeling probe, has been
reported (Scheme 18(b))."** Photo-crosslinking with a protein,
achieved by nitrene generation while retaining the benzene
ring, resulted in the N-protein-substituted 7-aminocoumarin
95, which showed fluorescence emission. Although azide-site
selectivity was not explicitly mentioned, the labeling conditions
for 94 (>300 nm, such as UV-A light irradiation in 1 min) are
expected to facilitate the development of further complex
functionalization via azide-selective reactions.

In contrast to aryl azides, alkyl azides remain intact due to
the slower formation of nitrene under the photoirradiation
conditions. The unique properties of the organic azide photo-
reactions allow the selective use of aryl azides in the presence of
alkyl azides, this feature enhances the design of complex
molecular probes and contributes to the efficiency of functional
molecular probe synthesis. The group of Hosoya and Suzuki
pioneered the photoaffinity labeling of aryl azides in the
presence of alkyl azides (Scheme 19).'** Photoirradiation of
triazide 96, containing two alkyl azides and one aryl azide,
selectively decomposed the aryl azido moiety at 254 nm. The
capture of the intermediate with diethylamine resulted in the

-

Click conjutation for

5 N, purification (e.g. biotin) ,
! Photoaffinity Iabelmg{ or H
| of target proteins visualization (e.g. fluorophores);

hv (254 nm)
Et,NH (300 equiv)

NEt,
cyclohexane-d;,

56% ("H NMR yield) N3

H o
(b)
N, /E/NMN/OH
H
N 5
N Y Ny
H
98 0
N, N._N
N; Y/
S HN
Cl
99
N3
N3

Scheme 19 (a) Azide-site selectivity in the triazide consisting of aryl and
alkyl azides. (b) Diazide photoaffinity probe molecules with bioactive ligand
moieties.
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formation of the seven-membered ring azepine 97, along with
the preservation of the two unreacted alkyl azides.

This azide-site selectivity allows post-labeling click reactions
of alkyl azides, which is useful for purification or visualization.
Several examples of reported diazido chemical probes with aryl
and alkyl azido groups are shown in Scheme 19(b). For exam-
ple, pyrazole 98 showed potent inhibition of histone deacety-
lase (HDACS8) at 17 nM without affecting neuroprotective
properties.’** Thiazole 99 showed significant anti-influenza
activity with an ECs, of 9.1 uM."*® Photoaffinity labeling experi-
ments were performed with influenza neuroproteins at 350 nm
for 5 minutes, followed by CuAAC to the remaining alkyl azido
moiety with a biotin-tethered alkyne. Subsequent trypsin diges-
tion and LC-MS/MS analysis revealed the binding pockets and
labeled positions. In addition, Schobart et al. reported the total
synthesis of the natural product penicillenol C1, and its diazido
analog 100 was also prepared for a photoaffinity labeling
assay.'*® As the recent revisiting of the photoreaction of aryl
azides on skeletal editing strategy,’>®'*! this photochemical
approach is expected to be further developed as well as in
multifunctional click chemistry.

4.2.4. TIridium-catalyzed azide-thioalkyne reaction. While
this section illustrates aryl azide-selective reactions in the
presence of alkyl azides, chemists have also developed alkyl
azide-selective reactions in the presence of aryl azides. A
notable example is the iridium-catalyzed azide-thioalkyne
cycloaddition reported by Hosoya et al. (Scheme 20)."*” In
contrast to the triazolization reactions presented in this sec-
tion, this catalytic system selectively yields the corresponding

BnNj; (43, 1.2 equiv)

PhN3 (45, 1.2 equiv) _N N\
o [Ircod)Cll, (5 mol%)  BM~N" N Ph\N
MeS—==—ph _ N
CHoCly, 1h
101 "H NMR yields MeS Ph Ph

based on 101 102a (96%) 102b (4%)

m L L
| RIS o I\ b o || Wl
. r —Ir —Ir
RN | -
RN ¢l / /N _/Jl_R
Mes™ — N“Ph Mes™ — N\
MeS e P © ¢
MeS Ph N N3y Ph
TS1 Int1 TS2
+15.1 (R = Bn) + 7.4 (R=Bn) +12.0 (R = Bn)
+14.7 (R = Ph) +14.8 (R = Ph) +19.1 (R = Ph)
diazide (1.2 equiv) N\N R
,
o [Ir(cod)Cl], (5 mol%) N’
pto-§———Ph —— —— >9k
CHyClp, 1h S-ptol
103 Ph
N3
104a (R = OH, 77%)
Me.__Me 104b (R = CHO, 86%)
104c (R =1, 81%)
Ny 104d (R = CCH, 81% with 1.5 equiv diazide)
N
N~ Me N N H
N >/Nk >;L N
= Me S-p-tol
Ph
bl S-p-tol 0 N3
104e (81%, 24 h) 104f (89%)
Scheme 20 Iridium-catalyzed azido-type-selective triazolization reac-

tions with thioalkynes.
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5-thio-1,2-3-triazole from alkyl azides in the presence of aryl
azides.

The selectivity of this process is elucidated by density func-
tional theory (DFT) calculations at the M06/LanL2DZ (Ir), M06/
6-31G(d) (N, Cl, S, and C atoms of the alkynes and alkenes in
the cod ligands), and M06/6-31G (others) levels. Although the
initial coordination states (TS1) have similar energy levels,
there are differences in the azide-coordinated iridium catalysts
(Int1 and TS2), which have lower energy levels with alkyl azides
compared to those with aryl azides. Consequently, the iridium-
catalyzed reaction of thioalkynes 103 with diazides containing
both aryl and alkyl azido moieties selectively yields alkyl azide
site-cyclized products 104a-d. The higher energies observed in
reactions with aryl azides are attributed to resonance between
the aryl and azido groups. Migration to structure TS2, char-
acterized by a highly twisted azido group detached from con-
jugation with the aryl group, accounts for the increased
energies of Intl and TS2 in aryl azide reactions. In addition,
steric repulsion has a significant effect on this reaction. In
particular, the less sterically hindered azido moieties lead to
the formation of mono-triazole products 104e and 104f. This
strategy will be further discussed in the final chapter (Chapter
5) on azide-site selective multicomponent conjugation.

4.3. Distinction by the use of sulfonyl azides

Despite the absence of the C-N; bond, sulfonyl azides are
known to be highly reactive organoazido compounds
(Scheme 21(a)). The unique reactivity of sulfonyl azides is due
to the highly electrophilic azido moiety introduced by the
sulfonyl group. As a result, sulfonyl azides have been widely
used in diazo transfer reactions."**'** These compounds also

(a) 0 O AN
O\\//O \// (\‘:,_N *Nu
S S -N
%{ N, VLL{ N
[R—

Often used in
Strongly electrophilic ==>

Sulfonyl azides

diazo transfer reactions

b
(b) (Cul ~ _
— o N
O, —R RO,S— 7'
\\S// - N" °N — > Isolation
_ _
R N; /\ (1,4-substitution)
(. R' .
ROZS\N N, C-H insertion
—» Ketenimine generation
R' etc.
© Bui r 7
ROZS\
_ " N
—VR' 7 —~SO,R
\// R N/N \ N” N 2
A\ —
RN N——R / \ ,
E R
L - ./ i
1(,4),5-substitution
Scheme 21 (a) Sulfonyl azides and the triazolization reactions by (b)

CUuAAC and (c) anion-mediated cycloaddition.
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facilitate molecular coupling. While CuAAC reactions proceed
similarly to other organic azides, the strong electron-
withdrawing nature of sulfonyl azides allows ring opening of
triazole structures, leading to the formation of a-diazoimines
(Scheme 21(b)). In the presence of metal catalysts such as
copper and rhodium, subsequent transformations involving
C-H insertion and ketimine formation become feasible.*>**®
Sulfonyl azides also show reactivity with acetylide
nucleophiles.*®™*? In contrast to CuAAC, which yields 1,4-
disubstituted triazoles, this reaction yields 1,5-disubstituted
heterocycles (Scheme 21(c)). Conversely, reactions of sulfonyl
azides with enamines yield a variety of products, including
amidines, N-‘“unsubstituted” triazoles, and N-sulfonyl enam-
ides, depending on the substrate.'®

Due to their strong electrophilicity, Staudinger reactions
with sulfonyl azides proceed smoothly even in the presence of
other azido moieties. Demonstrating the utility of this property,
Gothelf’s group reported the azide-site selective Staudinger
reaction of diazides with sulfonyl and alkyl azido moieties
(Scheme 22).">* The solid-supported oligonucleotide 105,
linked to the terminal nucleic acid by a phosphite linkage,
underwent an azide-site selective Staudinger reaction with
diazide 106 containing sulfonyl and alkyl azido moieties, yield-
ing 107. Subsequent solid-supported DNA synthesis followed
by the removal of CPG (controlled pore glass) resulted in
the formation of 108, which retained a click-functional
azido group.

Furthermore, this azido site-selective Staudinger reaction
was used for the sequential introduction of multiple chemical
handle groups, resulting in the synthesis of 111 by the iterative
performance of the Staudinger reaction and DNA synthesis.
With the introduced amino, azido, and ethynyl groups, the
functionalized single-stranded DNA oligomer 112 was further
obtained by additional conjugation, including click reactions.

In addition to the previously mentioned reactions, sulfonyl
azides are known to be involved in another specific click
conjugation reaction, commonly referred to as the *sulfo-click”
reaction.”> "%’ In this reaction, the click partner for the sulfo-
nyl azide is a thiocarboxylic acid (or thioamide in some
cases).”*®'* The reaction mechanism is shown in Scheme 23.
Analogous to the Staudinger-Bertozzi ligation, the sulfo-click
reaction begins with the nucleophilic addition of the thiolate of
thiocarboxylates to the azido groups in sulfonyl azides, fol-
lowed by intramolecular transamidation, resulting in N-
sulfonyl amides (N-acyl sulfonamides) of carboxylic acid bioi-
sosteres as click products. This reaction is accompanied by the
formation of dinitrogen gas and elemental sulfur. Reaction
with thioamides instead of thiocarboxylic acids yields N-
sulfonyl amidines."”®'>® Notably, electron-poor aryl azides,
such as the 4-azido tetrafluorobenzoyl group, have also been
reported to undergo sulfo-click reactions.®®

The azide-site selective sulfo-click reaction was investigated
by the group of Clavé and Smietana (Scheme 24).'°>'%* Using
the thymidine derivative 113 with an alkyl azide at the 3’
position and a sulfonyl azide attached at the 5’ position
through the amide bond, coupling with the thiocarboxylate

This journal is © The Royal Society of Chemistry 2024
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Scheme 22 Sulfonyl azide-selective Staudinger reaction in the synthesis
of the modified DNA oligonucleotides. CPG: controlled pore glass. DMTr:
4,4’ -dimethoxytrityl.

derivative of uridine 114 occurred via the sulfo-click reaction,
resulting in 115 attached via N-sulfonylamide. The remaining
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Scheme 23 Reaction mechanism of the sulfo-click reaction.
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Scheme 24 One-pot orthogonal dual conjugation of a diazido nucleo-
side 113 by sulfo-click and CuAAC reactions.

alkyl azido moiety in 115 was then combined with the alkyne
116 via a one-pot CuAAC to give the three-component coupled
product 117 in 86% yield.
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4.4. Distinction by coordination and hydrogen bonding

The azido group is a 1,3-dipolar species. Therefore, coordina-
tion, such as protonation or metal complexation of the azido
group, is typically not the primary focus. Nevertheless, a limited
number of examples have used the coordination-to-azide strat-
egy, particularly at the N1 position of the azido group, to modify
azido reactivities (Fig. 8). As described, alkyl azides, unlike aryl
azides, lack additional conjugation extensions that alter the
azido properties. As a result, it is difficult to distinguish
between their reactivities other than steric hindrance. The
coordination-to-azide strategy is proving effective in alkyl azide
cases, as it circumvents the need for steric hindrance, which
significantly inhibits reactivity. This section presents reported
cases of metal catalyst coordination and intramolecular hydro-
gen bonding aimed at distinguishing between two alkyl azido
groups.

While general CuAAC reactions typically employ copper(i)
catalysts, Zhu and co-workers made the remarkable discovery
that copper(n) reagents can also facilitate CuAAC reactions
without the need for additional reducing reagents. In addition,
they found that chelating azides, such as 2-picolyl azides
(Scheme 25), further accelerate these reactions.'®*'®* A detailed
mechanistic study proposed the involvement of key complexes,
including the mixed-valence dicopper 120, which consists of a
copper acetylide and an azide-chelating copper center.'®® In
this state, the azido and ethynyl groups are positioned in close
proximity, facilitating the CuAAC reaction.

Zhu et al. extended this chelation strategy to achieve azide-
site selective conjugation of alkyl diazides containing a hetero-
cycle as a chelating scaffold, prepared by double Sy2 azidation
of corresponding dibromides with a heterocycle as a chelating
scaffold.’®® Using 2,5-di(azidomethyl)pyridine 118b, they
achieved a single CuAAC conjugation with copper(u) acetate
in a chelating azide-selective manner, resulting in the for-
mation of 121. Subsequent one-pot reduction of the copper(u)
catalyst in the mixture to copper(1) by the addition of sodium
ascorbate initiated rapid Cu(1j)AAC on the remaining non-
chelating azido moiety of 121, yielding the bistriazole 123 of
the three-component conjugate.

The selective Cu(u)AAC reaction can also be extended to
diazides with the quinoline core skeleton 124b and even the

Alkyl azides
N No further conjugation to

N*.  change the reactivity
SN

Coordinating alkyl azides with

X=[M]

(metal catalyst): Recruiting the catalyst molecules
close to the specific azido positions
by chelation

Changing the nucleophilicity

or electrophilicity to other azido positions
by hydrogen bonding

Fig. 8 Coordination-to-azide strategy to alter the reactivity of the azido
groups.
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Scheme 25 Metal-coordination-induced azide-site-selective CuAAC
reaction of alkyl diazides possessing heterocycles.

triazole 126b, resulting in the formation of azide-site selective
coupling products 125 and 127 after the one-pot Cu(u)
reduction and Cu(1)AAC reaction. In addition, this chelation
strategy not only preserves catalyst activity but also effectively
limits the use of toxic copper catalysts. Consequently, this click
strategy has found application in chemical biology for azide
linker structures containing copper ligand moieties, such as
128a-d, to increase reaction rates and reduce copper toxicity
(Fig. 9).167—173

More recently, this chelation-based click acceleration for
site-selective CuAAC has been reported in a multi-azide com-
pound (Scheme 26)."”* siRNA, antisense oligonucleotides, or
mRNA for pharmaceutical applications, such as SARS-CoV-2
mRNA vaccines, require improvement of stability, specific
targeting, or cellular uptake by chemical modification. In

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Azide linkers with metal-azide chelating structures.
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Scheme 26 Metal-coordination-induced azide-site-selective sequential
CUAAC reaction of tetraazide with oligonucleotide. THPTA: tris(3-
hydroxypropyltriazolylmethyl)amine.

particular, modification of the 3’-end of oligonucleotides with a
triple-N-acetylgalactosamine (GalNAc) moiety is known to be
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important for siRNA. To simplify functionalization, Carell and
co-workers used site-selective and sequential tandem CuAAC

with tetraazide 133, which consists of three PEG azides and a

picolyl azide. Similar to the histidine side chain moiety in
peptides,’”® CuAAC of oligonucleotides is also enhanced by
complexation of copper ions with the base moieties. Never-
theless, CuAAC of the 3’-end alkynylated oligonucleotide 132

with 133 was successfully achieved at the picolyl azide moiety

close to the metal coordination site. In one pot, subsequent
triple click conjugation at the three PEG-azide moieties with
alkynyl GalNAc 134 efficiently afforded the site-selectively
clicked product 135 in 70-80% yield, which has the same
sequence and chemical modification pattern as the double-
stranded siRNA therapeutic inclisiran.

In addition to metal coordination, hydrogen bonding is a
prevalent interaction in nature. In particular, intramolecular
hydrogen bonding influences the bioactivity and programmed
hierarchical structures of molecules. Tanimoto and co-workers
exploited the molecular design of organic azides with intra-
molecular hydrogen bonding for azide-site selective conjuga-
tion (Fig. 10)."”° Using DFT calculations (Gaussian09 program
suite with the B3LYP-D3/6-311G** method), they estimated the
intramolecular interaction between the azido and amido N-H
positions in a-azido-secondary amides (0-AzSA). The antiperi-
planar positioning of the N3;-C bond to C=O is primarily
attributed to dipolar repulsion. However, the electron density
of the N1 atom in o-AzSA is estimated to increase as a result of
this intramolecular interaction. In the case of other organic
azides, no such increase is observed. In a-AzSA, this interaction
accelerates electrophilic reactions such as the Staudinger reac-
tion/ligation, facilitated by anion stabilization in the adduct
intermediates. Conversely, nucleophilic reactions of organic
azides are suppressed due to the reduced nucleophilicity of
the adjacent protic N-H group. Due to the absence of intra-
molecular interactions, B-azido substrates do not exhibit spe-
cific reactivity differences from general alkyl azides.

This hydrogen bonding strategy has been demonstrated in
azide site-selective conjugation reactions.'” Treatment of the
primary alkyl diazide 136, composed of «-AzSA and benzylic

Nucleophiles

adduct stabilization or
cyclization promotion

N+
N N cer
. 0}
a-Azido secondary '-.,.& -
id -AzSA R R
amides (o-AzSAs) Electrophiles le)J\( 4
H----- N'\";'
DFT calculation-suggested interaction NS

(increase of N™ electron density) o
reduced nucleophilicity

Fig. 10 Characteristic reactivity of a-azido secondary amides induced by
the intramolecular interaction between azido and amido N—H groups.
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azide, with phosphine 137 afforded the azobenzene conjugated
product 138 (Scheme 27(a)). The facilitating effect of a-AzSA on
the traceless Staudinger ligation in the electrophilic reaction,
shown in Fig. 10, ensured excellent site selectivity. The remain-
ing benzylic azido moiety in 138 was then conjugated to biotin
via the second traceless Staudinger ligation, yielding 140. Due
to significant differences in reactivity, the double traceless
Staudinger ligation was performed as a one-pot reaction, result-
ing in a higher overall yield. Furthermore, the azide-site selec-
tive reaction demonstrated the inhibitory influence of o-AzSA
(Scheme 27(b)). Consistent with the steric hindrance effect
(Section 4.1), the SPAAC of diazide 141 with DIBO 51 occurred
selectively at the less sterically hindered «-AzSA position,

(a) o o] N3
HJ\ A, %N o
N ‘ -
N///N 136
Ph_, _N
N~ PPh, | toluene/H,0 (10/1) One-pot
\©\(O 78% in 0.2 mmol scale operation
o (84% in 1 mmol scale)
137 (1.0 equiv)
137 (1.0 equiv)
then
139 (1.0 equiv)
/U toluene/H,O
(10/1)

48%
(69% per

PPh,

toluene/H,0 (10/1) conjugation
X u@
(39% from 136)
7, S
o
H
H

HN7fNH
o

139 (1.0 equiv)

(o) N
H
Ph. _N o
B Hk,}j ﬁ
NH H (e}
o 140
(b)
O
RUR %

N3

51 (1.0 equiv)
MeOH
3h
(e}
o}
N
N; H (e} N3
141

142 (83%)
+ overreaction product
(8% based on 141)

o)
o.
\
N; H o NG
Ph_ Ph

= 144 (47%) —{ Fh

OH + recovered 141 (45%)
+ overreaction product |
(7% based on 141)

Cl 143 (1.0 equiv)
TMSOTf (2.5 equiv)
CH,Cl,, -78 °C, 5 min
then
sat. NaHCO; aq.

Scheme 27 Azide-site selective conjugation of diazides through (a) pro-
moting and (b) suppressing properties of the a-AzSA structures.
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yielding 142. Conversely, the propargyl cation-mediated triazole
synthesis of the nucleophilic reaction (Scheme 8)°*°° with
propargyl alcohol 143 occurred exclusively at the sterically
hindered adamantyl azide position, yielding mono-triazole
140 while retaining the o-AzSA moiety of the primary alkyl
azide, contrary to the general reactivity trend of steric hin-
drance. This strategy will also be discussed in the final chapter
on multicomponent conjugation.

After reading the above, readers may be curious about
selectivity in cases involving SPAAC and CuAAC, which are
common click reactions. Tanimoto et al. also investigated the
comparison of SPAAC reactions, but no selectivity for azides
was observed between o-AzSA 145 and alkyl azide 146
(Scheme 28)."”> This lack of selectivity may be due to the
pericyclic nature of the SPAAC reaction with DIBO 51 where,
unlike stepwise reactions, there are no intermediates affected
by intramolecular hydrogen bonding interactions (Fig. 10).

On the other hand, Raines reported the acceleration of
SPAAC of o-azido and o-diazo secondary amides using ABC
(2-azabenzo-benzocyclooctyne, 2-ABC, 148), which can be
synthesized from the commercial precursor of the antihista-
mine loratadine (Claritin) (Table 2)."”® Compared to DIBO 51,
ABC 148 increased the rate of SPAAC with the azido and diazo
substrates 145 and 149. In the case of 0-AzSA, NBO (natural
bond orbital) analysis (calculated at the M06-2X/6-311++G**
level) suggests intramolecular hydrogen bonding, as shown in
Table 2, and the intermolecular ny of the ABC — mc—o
interaction, stabilizing the transition state of cycloaddition.
Although a rate comparison between organic azides lacking
intramolecular hydrogen bonding is not provided, the SPAAC
reaction of ABC 148 with 151, which lacks one N-H group
compared to 145, resulted in the formation of the cycloadduct
isomer. In addition to the azido compounds, the SPAAC of the
diazo-secondary amide with DIBO 51 was significantly acceler-
ated, although no intramolecular hydrogen bond was formed.

\

S
Bn_ )J\

147a (50% in tol.

L H N3 47% in MeOH)
145 (1 equiv)
L ) .
Ph\/\/Ns
Ph(HZC)a\N/N\\N
146 (1 equiv) _

’ 12

147b (50% in tol.
47% in MeOH)

Scheme 28 Competitive SPAAC of DIBO 51 with o-AzSA 145 and alkyl
azide 146.
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Table 2 SPAAC of ABC 148 with azido and diazo secondary amides and
the comparison with those of DIBO 51

+"— \\
145 149, 150
| CH20I2

148 (ABC, X=N,R" =

SPAAC products
51 (DIBO, X = CH, R1 H)

kasc (Ms) kpiso
x 30
[e] l |
”\NJVNB 18 +0.1 0.061 +0.001
|
Ho 145 x 1200
Q !
B"\NJV/Nz 31 +3 0.026 +0.001
|
149
H x 182
o)
B”\OJV/NZ 0.17 +£0.01 0.0055 +0.0001
_________ 150 L
(0] Bn

g_

o

a
7 N,
7

In contrast, the SPAAC of ABC 148 with the diazo ester 150,
which has no intra- or intermolecular hydrogen bonding via N-
H, was much slower than that of the diazoamide 149. These
results suggest that intermolecular hydrogen bonding plays a
crucial role in regioselectivity and acceleration of reaction rates
in SPAAC with ABC 148. However, in this case, the intra-
molecular hydrogen bonding between the azido and amido
N-H groups in 145 would be expected to serve only for con-
formational fixation.

The case of CuAAC is reported in the study of Sun and Wang
et al. (Scheme 29)."”7 In their study of the copper-NHC (N-
heterocyclic carbene)-catalyzed intermolecular azide-silyl
alkyne cycloaddition reaction, substrate selectivity was investi-
gated, although only ratios are reported. When an unprotected
terminal alkyne was used, no selectivity was observed between
a-AzSA 145 and benzyl azide 43. Conversely, the use of the
silylated alkyne increased the selectivity, yielding the a-AzSA-
derived triazole 153a as the primary product, while no product
derived from y-AzSA 156, such as 153d, was observed. However,
intramolecular hydrogen bonding is not proposed to be
involved in this reaction. Instead, the complexation of copper
with the alkyne and azido group facilitates desilylation by the
adjacent amido group via complex 157. This sequence accel-
erates the formation of the azide-coordinated copper acetylide,
allowing the coupling reaction with o-AzSA to proceed.
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(155 1 equiv) 153¢ (n=2)
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N 3 _Bn
_N* N
N7 |
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Scheme 29 Copper-NHC-catalyzed CuAAC reactions of silylated and
unsilylated alkynes with alkyl azides and the substrate selectivity.

In the cases of hydrogen bonding illustrated here, it is
important to note that the interaction itself may not directly
promote the conjugation reaction. Nevertheless, these interac-
tions play a supporting role by facilitating the progression of
reaction intermediates or transition states, thereby enabling
azide-site selective reactions. Further exploration of this inter-
action has the potential to improve the selectivity and speed of
organic azide reactions, including click reactions.

4.5. Distinctive functionalization through azido group
protection

One of the most intuitive and commonly used strategies to
achieve regioselective or site-selective reactions is protection."”®
By protecting the functional groups to preserve their reactivity
for subsequent functionalization, those in unprotected posi-
tions can be selectively modified. For example, the ethynyl
group associated with click chemistry can be protected by
masking the terminal C-H position, typically with a silyl group
such as trimethylsilyl or dimethylhydroxymethyl (Fig. 11). Since
the masked ethynyl groups remain inert to CuAAC, multi-
component click reactions with various alkyne-containing com-
pounds have been successfully demonstrated in many cases.
Conversely, the azido group itself is recognized as an amino-
protecting group. Due to its ease of introduction and ability to
generate amines by reduction, azide has found utility as a
protecting group in natural product synthesis. For sulfhydryl
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amino groups W
N
Me Me Ar_ Ar
Protection >le|e >LAr
%—SH —S —S

sulfanyl groups
Protection?

azido groups

Fig. 11 Protection of functional groups.

groups (thiols), the tert-butyl group has been commonly used as
a protecting group. Recently, as the same concept of 4-
azidobenzyl-type protective groups for hydroxy and amino
groups,'’®7'8! the tris(4-azidophenyl)methyl group, has been
developed.'® Removal of the azidobenzyl-type protecting
groups is accomplished by reduction of the azido group, which
initiates elimination of the protected groups. As shown here,
the azido group itself usually contributes as a protective group,
and the deprotection steps are performed by decomposing the
azido groups. On the contrary, which group can protect azido
groups? Approaches to answering this question are presented
in this section.

Azido groups are susceptible to reduction conditions such as
the Staudinger reaction with phosphines and reduction by
thiols (Fig. 12). In particular, aryl azides are susceptible to
nucleophilic reduction due to the stabilizing properties of
triazenes in nucleophilic adducts. In addition, organometallic
reagents, including Grignard reagents, transition metal cata-
lysts, and DIBAL-H, can damage the azido groups of aryl
azides.'®*™'® In contrast, alkyl azides remain unaffected under
Grignard reactions and DIBAL-H reduction conditions and
react more slowly with nucleophiles than aryl azides. Conse-
quently, stable alkyl azides have found utility in protecting
amino groups in natural product synthesis.®****% From a
click chemistry perspective, protection of specific azido posi-
tions could alter the reactivity order of conjugated azido sites.
Therefore, protective groups for organic azides, especially aryl
azides, are of significant value.

The conventional approach to azido protection involves
tautomerization, leading to the formation of cyclic structures
(Scheme 30).>°° 2-Azido azaheterocycles, such as 2-
azidopyridine, are often observed as a tautomeric mixture. In
other words, the cyclization of 2-azido azaheterocycles results
in the tetrazole structures, which are no longer considered an
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’ Flipping the reactivity \
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‘ AN 3 N N\(R
' Z NN
R'—
=

Protected aryl azides

Alkyl azides

Fig. 12 Reactivity of aryl and alkyl azides toward nucleophiles and azide
protection strategies.

azido group. Chapyshev and co-workers have reported this
strategy for azido site-selective reactions.>>*°* Treatment of
the 2,4,6-triazido-3,5-dibromopyridine 158 with triethyl phos-
phite at room temperature yields 159, the mono aza-ylide at the
4-position, since this position is the most electron-
withdrawing, as discussed earlier (Section 4.2). Subsequently,
the environmental situation of the remaining two azido groups
appears to be identical. Nevertheless, cyclization with the

Azide-tetrazole

N tautomerism ,/N ~N
N\\\N“ | —_— N
SN N

Azido heterocycles Tetrazolo heterocycles

(EtO)sPy (EtO)sPy

N3 N N
P(OEt)3 P(OEt);
Br. — Br (1 equiv) Br. — Br (1 equiv) Br. — Br
N ‘ ether, 1 h N | benzene N ‘ -~ P(OEt);
N3 N N N N N
158 9

3 96% 3 N3 reflux, 1h Ng
100% 160a

|

N
15!

(ca.1:1)

(o}
Eto: \ |\ (ECO)P.
EtO” "NH N
Br. Br
Br By 10% HCl ag. = |
Il_OEt
_P_ 12 h, 88% Y. - P(OEY);
Ny N7 N7 OE N N" N
161 N=N  160b
Scheme 30 Regioselective azido group protection through tetrazole ring
formation.
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nitrogen in the pyridine ring occurs, yielding the monoazido
tetrazolopyridine. At this point, only one azido group remains,
and an additional Staudinger reaction under reflux conditions
selectively produces the monoazido product 160a and the
tetrazolo[1,5,a]pyridine 160b as a tautomeric mixture in 100%
yield. Subsequent hydrolysis yields the diphosphoramidated
azidopyridine 161. This case demonstrates excellent azido site
selectivity.

The phenomenon of tautomerism in azido heterocycles
certainly extends beyond 2-azidopyridines. Although not used
for azido group protection, Lovely and colleagues recently
documented in the supplementary report*®® of the total
synthesis®®* of calcaridine A 166 and its epimer 167 that the
oxidation products with oxaziridine 163 were not the 2-
azidodihydroimidazol-4-ones 164a and 165a, but rather their
tautomers, the tetrazole-fused lactams 164b and 165b
(Scheme 31).

However, protection of the azido groups by tetrazole for-
mation essentially limits the substrates to azido heterocycles.
Recently, the group of Yoshida and Hosoya reported a more
versatile strategy using a transient azido protection method
(Scheme 32).2°%%7 Treatment of aryl azides (benzyl azide in
one case) with Amphos (also described as APhos) resulted in
the formation of stable phosphazides 168. The key is to sup-
press aza-ylide formation by cyclization of the phosphazide
intermediate, facilitated by the bulky ter¢-butyl groups. In these
non-azido forms, SPAAC reactions no longer occurred. In

BnO
PhO,SN
(0]
163 NO
N 2
OMe
</ ——
N
s Nl O CHCly
/ 164b (47%) 165b (46%)
Me MeO 1q2 separable

Pd(OH),/C, H, N
EtOH HzN4</
166 (>95%) N
167 (>95%) md ve
calcaridine A (166) epi-calcaridine A (167)
Scheme 31 Tautomerism of the azido imidazolines in the total synthesis

of calcaridine A 166 and its epimer 167.
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Scheme 32 Transient protection of azido groups with Amphos (Aphos).

addition, treatment of these phosphazides 168 with elemental
sulfur readily reverted to the starting material azides.

Yoshida and Hosoya’s group also demonstrated their own
phosphine-mediated transient azide protection in an azide-site
selective reaction (Scheme 33).”°° While the alkyl aryl diazide
170 is efficient as a diazido probe, as shown in Scheme 19,
conversion of the aldehyde moiety with Grignard reagents is
challenging because they can damage both the formyl group
and the aryl azido group. However, treatment of 170 with
Amphos selectively masked the aryl azido group as the phos-
phazide 171.>°” With only one azido group present at this point,
a one-pot SPAAC reaction was then performed at the alkyl azido
position, yielding 172. Grignard reagent was then added to the
mixture to convert the formyl group, followed by regeneration
of the azido group with elemental sulfur to give 173. In this
sequence, the aryl azido group in 173 was protected from both
SPAAC and Grignard reactions by Amphos. This newly devel-
oped protection strategy is expected to open new horizons in
organic azide chemistry, potentially finding applications in
complex molecular transformations and selective functionali-
zation (a modified method by another group is presented in the
next chapter).

4.6. Distinguishing through site-selective conversion from
azido to different click-functional groups

Beyond their direct application, converting specific azido posi-
tions to other click functional groups offers a promising
strategy for site-selective azide utilization, capitalizing on the
ease of azido group introduction. One approach to achieve this
is through transient protection via phosphazide formation, as
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Scheme 33 Site-selective one-pot conversion of diazido benzaldehyde
170 through transient protection of aryl azido moiety.

discussed in Section 4.5. Further examples of this strategy are
discussed in this section.

As we have discussed, various methods of azide site selec-
tivity have been developed to distinguish between aryl and alkyl
azides. However, in most cases, with the exception of the
coordination strategy in Section 4.4, the distinction of reactivity
between alkyl azides is based on steric hindrance and is still
difficult. On the other hand, a-azido carbonyl structures are
known to undergo B-elimination upon basic treatment, result-
ing in the formation of unstable a-imino carbonyl intermedi-
ates, which have been applied to various organic
syntheses.”’’®'° Tanimoto et al. focused on this feature and
demonstrated a site-selective azido group transformation as
shown in Fig. 13.>'*'> The a-imino-carbonyl intermediates
generated by the base treatment of a-azido-carbonyl materials
were subjected to in situ condensation with sulfonyl hydrazides
or hydroxylamines to produce the corresponding sulfonyl
hydrazones or oximes. Under the same conditions, the sulfonyl
hydrazones were further converted to diazo compounds. Unlike
the azido group in the carbonyl a-position, common alkyl and
aryl azides tolerated basic conditions due to the absence of the
acidic hydrogen atom. Consequently, the diazo group was
selectively generated at the stable carbonyl a-position.

Under the established conditions, azide-site selective con-
' and oxime®" groups were investigated
(Scheme 34). The azido groups at the a-position of tert-
amides and ketones were converted, even in the presence of
non-functionalized alkyl-azido or aryl-azido positions. In the
presence of a-azido ketones and amides, the a-keto position
with the more acidic C-H group was selectively converted.
The resulting product, diazo azido compounds, is readily
accessible for site-selective conjugation. Indeed, 174a enabled

versions to diazo*!
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Scheme 34 Azide-site-selective conversion to diazo and oxime groups.

azido site-selective conjugation by Staudinger-Bertozzi ligation,
yielding 177, and diazo site-selective conjugation by [3+2]

This journal is © The Royal Society of Chemistry 2024
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cycloaddition with acrylate 178, as developed by Raines and co-
workers,>'' " yielding 179. The use of the oxime moiety in
site-selective conjugation and the stepwise diazo conversion of
the multiple azido positions are presented in the final chapter.

In Section 4.5, we introduced azide protection strategies and
discussed site selectivity. A recent advancement in this meth-
odology involves an improved deprotection step that utilizes a
deprotective conversion from the azido to the diazo group
(Scheme 35).>'® Treatment of a-azido carbonyl compounds of
alkyl azides, such as 145, with Amphos, similar to the approach
used for aryl azides, yielded the stable phosphazide intermedi-
ate 180 (Schemes 32 and 33). This intermediate 180 was then
converted to the a-diazo compound 149 by addition of silica gel
under aqueous conditions, presumably via the decomposition
of the phosphazide by protonation of the phosphine oxide
imine moiety of the phosphazide followed by deprotonation
of the carbonyl o-hydrogen atom.

In this sequence, the alkyl azido group was first protected as
a phosphazide and then converted to an alkyl diazo group. This
advantageous transformation was further demonstrated by
competitive reactions involving two azido molecules and di-
azide compounds (Scheme 36(a)). A one-pot competition
between tertiary amide 181 and alkyl azide 146, facilitated by
1.1 equivalents of Amphos to protect 181, followed by SPAAC of
the unmasked azide 146 with 51 and subsequent deprotective
conversion of the masked azido group to a diazo group,
successfully afforded diazoamide 182 in 89% yield. Similarly,
SPAAC triazole 147b was obtained from alkyl azide 146 in a
high yield of 90%.

In the case of diazide 183, which has an azido group at the
amido-o and benzylic positions, although the benzylic position
was reported to be protectable,>*® the azido group at the amido-
o position was selectively masked to give the phosphazide
intermediate 184 (Scheme 36(b)). The one-pot operation was
then continued to facilitate SPAAC of the unprotected benzylic

‘Bu\
o /P—@NMez o
Bu
Bn\'}‘ Amphos (1.1 equiv) B“\,Tl 180

MeOH b N

1 ! then then

i [Pl = ! concentration| silica gel

i | (1500wt%

; | based on amphos)
} 5 AcOEt/H,0 (10/1)

)

149 90%) N=IPI l

Scheme 35 Amphos-mediated conversion of azido to diazo group via
transient azide protection.
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Scheme 36 (a) Inter- and (b) Intramolecular azide site-selective utiliza-
tion through sequential protect|on, SPAAC of unmasked azide, and the
deprotective conversion to diazo group.® 'H NMR yields.

azido group with 51. Subsequently, the addition of silica gel
under wet conditions proceeded with the deprotective conver-
sion of the phosphazide to the diazo group to afford 185 in 81%
overall yield. The newly generated diazo moiety in 185 was then
coupled to acrylate 186 by a diazo-acrylate cycloaddition reac-
tion to give 187.>'372"7

Although site selectivity has not been investigated for the
conversion of functional groups from azido to diazo, other
methods based on phosphine chemistry have been developed
previously. Following the pioneering work of Feigelson by
nitrosation of iminophosphoranes prepared by the Staudinger
reaction of azides (Scheme 37(a)),”'® the Raines group intro-
duced direct conversion of azide to diazo using ester-tethering
phosphines 192a or water-soluble 192b (Scheme 37(b)).>****
More recently, Cao, Li, and colleagues reported a similar
conversion method using secondary phosphine oxides 195 that
can switch between diazo conversion to 194 and azido
reduction to 196 (Scheme 37(c)).>**

With these recent advances in functional group conversion
methods, the azido group is now also recognized as a protected
form of the unstable diazo group. Consequently, further devel-
opment of azide-converting strategies, including site selectivity
and conversion to various functional groups, would be valuable
not only in the field of click chemistry, but also in the broader
field of synthetic organic chemistry.
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Scheme 37 Other methods converting azido to diazo groups.

4.7. Distinguishing the azido positions of allylic azides in
equilibrium

Molecules occasionally exhibit distinct structures due to the
presence of equilibrium states. In such cases, functional groups
can occupy different environments. Allylic azides are an exam-
ple of organic azides that exhibit this phenomenon. Specifi-
cally, the allylic azido group in 197a migrates to the alternate
allylic position to form 197b and vice versa (Fig. 14).
This rearrangement reaction is known as the Winstein rearran-
gement and occurs even at room temperature.’>* > The
Winstein rearrangement is primarily a [3,3]-sigmatropic rear-
rangement, but recent studies by Topczewski and co-workers
propose that it involves an ionic pathway through 197¢.>*® In
this case, although the molecule has only one azido group, the
azido group can exist in two or more states, including E/Z
isomers and stereoisomers. The [3,3]-sigmatropic rearrange-
ment also occurs in propargyl azides with a C-C triple bond.
However, this rearrangement is irreversible due to the subse-
quent formation of allenyl azides, which promptly cyclize to

S ) ) NN
SN [3,3]-sigmatropic N~
/\)\ /K/\

R R' R R'
197a ionic 197b

N=N*<N /
NP
R/\v/\ R
197¢

Fig. 14 Winstein rearrangement of allyl azides.
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triazoles (Banert cascade).”*”>%!
demonstrated in Scheme 8(a).

A simple strategy for distinguishing between the two (or
more) azides in equilibrium is to capture the azido groups at
specific positions through an intramolecular reaction. The key
is to incorporate a reactive functional group into allylic azide
compounds (Fig. 15). The design of these molecules should
ensure that the reactive group is positioned far away from
the azido group in 198a, but close enough to react after the
Winstein rearrangement in 198b. This approach allows for
azide-site selective reactions under equilibrium

Similar cycloaddition has been

even
conditions.

Aubé and co-workers applied their Schmidt reaction strategy
in conjunction with the Winstein rearrangement for the formal
synthesis of pinnaic acid 205, a cytosolic phospholipase A2
(cPLA2) inhibitor (Scheme 38).>*> The bicyclic cyclobutanones
201a and 201b, which have an allylic azide side chain, existed in
a 76:24 equilibrium. Although 201b was a minor component,
treatment with titanium chloride under reflux conditions facili-
tated the intramolecular Schmidt reaction of 201b to the seven-
membered ring intermediate 202, resulting in the formation of
203b as the major product. Since the formation of the nine-
membered ring is required, the Schmidt reaction of 201a did
not proceed. Subsequent hydroboration-oxidation of 203b
using in situ prepared disiamylborane afforded Kibayashi’s
synthetic intermediate 204, a key precursor of pinnaic acid
205.%%

Recently, Liu and co-workers reported the combination
cascade reaction of Winstein rearrangement and intermolecu-
lar Schmidt reaction (Scheme 39).>** In general, the Schmidt
reaction is inactive in intermolecular cases in the absence of
strong electrophiles, such as activated sulfonium ions,*** due
to the low nucleophilicity of organic azides. Therefore, the
formation of oxocarbenium ions from ketones using azido
alcohols is advantageous both in the intramolecular reaction
process and in the activation of the carbonyl groups.>*® Liu’s
group demonstrated the intermolecular Schmidt reaction using
alcohols 207a,b consisting of an allyl azide structure. Upon
formation of oxocarbenium ion intermediates**® derived from

X =
R’ R'

199 200

Fig. 15 Strategy for differentiation of reactive positions in allyl azides by
intramolecular trapping.
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THF, overnight;

NaOH, H,0,, H,0,2 h

83%

[\ om
known % _N

(0]

T

204

pinnaic acid (205)

Scheme 38 Formal synthesis of pinnaic acid 205 by the Winstein
rearrangement-mediated intramolecular Schmidt reaction.

ketones 206 and azido alcohols 207, the primary alkylazido
groups (208a), which are thermodynamically favored but far
from the carbonyl group, are unreactive, similar to Scheme 38.
With the rearranged secondary alkylazido groups (208b) close
to the carbonyl group, intramolecular Schmidt reactions pro-
ceeded to afford the corresponding lactams 209 with branched
hydroxyalkenyl substituents. The acyclic ketone moiety was less
reactive than the cyclic ketone structure and the site-selective
reaction was achieved, as shown in the case of the diketone
substrate to give 209fa and 209fb.

Aubé and co-workers also used the Winstein rearrangement
equilibrium for the azide-alkyne cycloaddition reaction
(Scheme 40).>*” In the presence of the primary allylic alkyl
azide 210a and the secondary alkyl azide 210b in equilibrium,
intramolecular cycloaddition with the alkynyl group took place
under heating conditions. This resulted in the formation of the
6/6/5 tricyclic triazole 211 from the minor component second-
ary alkyl azide 210b. In the case of the acyclic enyne compound
212a, the CuAAC reaction at room temperature yielded only the
dimeric bistriazole 213. Intramolecular CuAAC to produce 214
from the (Z)-olefin formed by the Winstein equilibrium did not
occur. However, under heating conditions, the equilibrium
shifted, facilitating the intramolecular azide-alkyne cycloaddition
of the secondary alkyl azide 213b, resulting in the formation of
215. This result highlights the ability of reaction conditions to
selectively differentiate the two equilibrium azides.

A similar strategy was also exemplified in the synthesis of
iminosugars by Murphy and co-workers (Scheme 41).>*® The
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Scheme 39 Winstein rearrangement-associated intermolecular Schmidt
reaction. HFIP: 1,1,1,3,3,3-hexafluoro-2-propanol.

X toluene
— -

reflux, 8 h
0,
96% 211
(o-H:B-H=6.2:1)
’ ‘ n=N

CuS04+5H,0 (1 equiv)
sodium ascorbate (2 equiv)

N3
ON tBuOH/H,O (1/1), 1h + & .
W\N
212a N 1N
:h\‘ 213 N
\ N (dimeric compound, 78%)
212a:212b
=84:16 o _
| ‘ 214
N
4/\ 1l
N;3 toluene N’N
- >
O_A_~ refx,1h o =
81%
212b ’ 215

Scheme 40 Winstein rearrangement-associated intramolecular azide—
alkyne [3+2] cycloaddition.

allyl azide 216a with the vinyl moiety was subjected to heating
to facilitate the Winstein rearrangement and azide-olefin [3+2]
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cycloaddition. As shown in Scheme 41, the triazoline formation
by the [3+2] reaction occurred exclusively from the rearranged
internal azide 216b. In a one-pot reaction, the triazole ring-
opening reactions of 217 were carried out with the addition of
acetic acid or thiol as a nucleophile to give the corresponding
iminosugars 218 and 219.

In contrast to intramolecular trapping, it is difficult to
distinguish the azide position by intermolecular reactions. This
difficulty arises from the 1,3-dipolar nature of the azido group,
where only weak interactions or coordination can be expected.
To address this issue, Sharpless and Fokin’s group demon-
strated a case of copper(i)-catalyzed azide-alkyne cycloaddition
(CuAAC) based on the peripheral environment of the allylic
azido group in the early stages of their click chemistry
(Scheme 42).**° CuAAC of primary and secondary alkyl azides
220a and 220b at equilibrium gave the corresponding triazole
products 221a and 221b in a ratio similar to that of the starting
materials. Conversely, triazole 223 from primary alkyl azide
222a was the only product obtained from primary and tertiary
alkyl azides 222a and 222b. Even in the case of secondary and
tertiary alkyl azides 224a and 224b, CuAAC product 225 was
derived exclusively from secondary alkyl azide 220a without any
other isomers. This demonstrates the significant influence of
steric hindrance in achieving selective reactions at the less
hindered position. However, the incorporation of a bulky group
is not always feasible due to molecular design constraints. The
challenge of distinguishing between multiple azido groups is
discussed further in the following section on enantioselective
reactions.

On the other hand, converting the olefinic positions in the
allyl azides is also an efficient way to differentiate. In this
scenario, the azido groups remain intact. Here we show recent
examples of the construction of vicinal diamine structures by
cascade sigmatropic rearrangement (Scheme 43). Following the
report of the combination with Claisen rearrangement by Craig
and co-workers,>*® Batey’s group provided an example of

DMF
100 °C
6h Y
OH
216b
PhS
then
PhSH (5 equiv) ><
O%
z 218
OH
217 HO\
then HO. :

AcOH (5 equiv), 45%
1) HCl aq., 82%
2) Hp, HCl aq.
Pd/C (10 mol%)
MeOH, 80%

NH
Me
HO' Y
oH 219

Scheme 41 Synthesis of iminosugars by intramolecular azide-alkene
cycloaddition triggered by the Winstein rearrangement.
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Scheme 42 Azide-site selective intermolecular CUAAC reactions under
the Winstein rearrangement equilibrium conditions.

distinguishing Winstein equilibrium states without capturing
the azido group (Scheme 43(a)).>** The allylic azido groups in
the starting trichloroacetimidates 226a and 226b were in equi-
librium. Upon heating the starting materials under microwave
irradiation conditions, the Overman rearrangement of the [3,3]-
sigmatropic rearrangement is possible only from 226b, yielding
the doubly [3,3]-rearranged vicinal diamine precursor materials
227. This cascade (domino) [3,3] rearrangement was also
demonstrated for the cyclic compounds 228a and 228b, result-
ing in the formation of 229.

Even if the Winstein rearrangement is set as the last step in
the double rearrangement cascade, a conformational change
can solve the equilibrium problem. In the synthetic study of
jogyamycin 234, which has a densely substituted and aminated
cyclopentane skeleton, Schomaker and co-workers chose the
[3,3]-sigmatropic rearrangement cascade consisting of an Ichi-
kawa rearrangement followed by a Winstein rearrangement as
the key step (Scheme 43(b)).>**> Both rearrangements occurred
at ambient temperature, but the Winstein rearrangement as the
second step involved the reverse reaction, preserving 232a with
the two adjacent tetrasubstituted carbon centers. The group

This journal is © The Royal Society of Chemistry 2024
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Scheme 43 [3,3]-Sigmatropic rearrangement cascade differentiating the
azido position under equilibrium by Winstein rearrangement.

found that the conversion of the resulting isocyanates in 232a,b
to urea resulted in the exclusive formation of 233, the doubly
rearranged compound. In contrast to 232a and 232b, the
reverse Winstein rearrangement of 233 occurred only when
the temperature was raised to 100 °C in 1,4-dioxane. On the
other hand, the Cope-Winstein rearrangement cascade forming
a seven-membered ring by Meyer et al produced single
isomers.”*® This difference demonstrates the conformation-
dependent equilibrium of the Winstein rearrangement.

As introduced here, the development of the Winstein rear-
rangement has been prominent recently and has also been
applied to asymmetric reactions (see next chapter). Although
the equilibrium ratios are strongly dependent on the substrates
and the substituents, site-selective use of the azido group
positions is not impossible. In addition, recent mechanistic
studies have suggested that the heteroatom functional group
may influence the Winstein equilibrium ratio through a weak
electrostatic interaction or negative hyperconjugation (rather
than hydrogen bonding).*** These detailed studies would also
help to further improve the accuracy of azide-site selective
reactions.
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4.8. Differentiation by enantioselective desymmetrization

As mentioned above, it is difficult to distinguish the azido
positions in the absence of steric hindrance. In particular,
achieving enantioselective reactions of organic azides is a
formidable challenge. Due to the 1,3-dipolar nature of the
azido group, positive intermolecular interactions with external
components are not expected. Furthermore, in CuAAC reac-
tions, the reaction of organic azides with copper acetylide
complexes is typically faster than the copper acetylide for-
mation step, which is generally considered to be the rate-
determining step.”*>**® This makes the desymmetrization of
diazido compounds difficult. As a result, chemoselective reac-
tions, particularly in asymmetric click reactions, are typically
explored using diyne compounds to selectively couple an
organic monoazido compound to one side of the
alkynes.>*”**® Despite this background, chemists are also
addressing the challenging problem of achieving enantio-
selective or desymmetrization reactions in multi-azide systems.
We review these efforts in this section.

In the early stages of click chemistry, Meng, Fokin, and Finn
reported the first enantioselective CuAAC coupling of diazides
and the kinetic resolution of racemic monoazido compounds
(Scheme 44).>*° The scheme illustrates the desymmetrization of
the geminal diazide 235. Using the PyBOX type ligand 236,
phenylacetylene 18 was converted into mono- and over-clicked
products. Despite the use of an excess of geminal diazide 235
(two equivalents to the alkynes), the major product was the
over-clicked compound 237b, with only moderate optical purity
observed for the mono-clicked product 237a. This landmark
achievement also underscores the challenges of distinguishing
between multiple azido positions in enantioselective reactions.

Fifteen years later, Zhou’s group developed a highly enantio-
selective CuAAC desymmetrization of alkyl diazides
(Scheme 45).>*° Using the PyBOX-type ligand 240 under low-
temperature conditions, the CuAAC reaction of the prochiral
diazido alcohol 238 proceeded enantioselectively, yielding 241a

Ph
N—/<
/1
N3 N \
N
N3
« N
cl ¢
235 (2 equiv) Cl
Cul (0.1 equiv) 237a (25%, 59%ee)
Ph 236 (0.2 equiv)
g +
Z CH,Cl, Ph
18 N
B N/ \g
O~ N O N
N
7 "\‘/\>»Ph
NH HN cl N=N
237b (63%)
236

Scheme 44 Enantioselective desymmetrization of geminal diazides by
CuAAC.
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Scheme 45 Enantioselective desymmetrization of alkyl diazides by
CuAAC.

with up to 95%ee. In addition, iodoalkynes 239b were suitable
substrates for this reaction, yielding 5-iodo-1,4-disubstituted
triazoles 241b with enantiomeric excesses ranging from 74% to
96%. Notably, the formation of achiral bistriazole compounds
by further click reactions is suppressed due to the mismatch
with the chiral copper complex in mono-CuAAC products.
Conversely, in the mirror-image mono-CuAAC pathway, the
first CuAAC is slow while the second CuAAC is fast for the
formation of achiral bistriazoles, effectively consuming the
unnecessary mono-triazole enantiomer. These factors contri-
bute to the high enantioselectivity observed in diazide
desymmetrization.

In the context of Kkinetic resolution of racemic azides,
Topczewski et al. reported the CuAAC-catalyzed kinetic resolu-
tion of cyclic alkyl azides (Scheme 46).>>' Using the PyBOX-type
ligand 244, the azido group at the benzylic position in racemic
243 was successfully enantioselectively coupled to alkynes 242,
yielding chiral triazoles 245 with up to 94%ee. A notable feature
of this work is the recycling of the unreactive chiral antipode

N; N3
= | R" AgPFg (2 mol%) = | R"
R—— -~ R——
NS xR CH,Cl,, 16 h NS x R
N 93%

chiral-243
89% (76:24 er)

5 or 6-membered ring
(X=0, S, NH, CHy)

rac-243 R = H, Me, halogen
R (2.5 equiv) R'=H, Me
// + R
(CuOTf),etoluene (1.25 mol%) N
242  ligand (S,S)-244 (5 mol%) N\/ |
PhCF3,-15°C, 72 h N
\ N
| 7 | R"
o} - o) R
N - "
\ | < R
N N-/ X
B 245
57-97%

(yields based on 242,
up to 97:3 er)

Scheme 46 Kinetic resolution of racemic benzylic azides by CuAAC
reaction and recycling of unreactive azides by racemization.
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starting material 243 by epimerization to the racemic form,
which can then be reintroduced for subsequent kinetic
resolution.

Recently, Wang and Zhou’s research group developed a
kinetic resolution method for racemic bulky tert-alkyl azides,
as shown in Scheme 47.>°> This advance builds upon their
azide desymmetrization chemistry shown in Scheme 45. The
copper catalyst, in conjunction with the chiral sulfonyl PyBOX
ligand 248, effectively converted the sterically hindered racemic
azides 246 to the corresponding chiral triazoles 248. Remark-
ably, the starting azide was recovered as a chiral material by the
enantioselective CuAAC reaction. Mechanistic insights gained
from DFT calculations and control experiments indicate that
the sulfonyl group decreases the Lewis basicity of the ligand
while increasing the electrophilicity of the copper center. This
improved coordination facilitates the interaction of the o-
carbonyl moiety or the azide with the dicopper complex,
thereby enabling enantiomeric recognition.

Furthermore, they demonstrated the application of their
kinetic resolution method using racemic tert-alkyl azide 250
to selectively obtain the unreactive enantiomer (R)-250. Follow-
ing the Staudinger reaction of (R)-250, they successfully synthe-
sized the optically active compound 247, an aza analog of the
anti-Gram-positive bacterial kjellmanianone 248.

An intriguing case of simultaneous (the authors termed it
“coetaneous”) kinetic resolution of both racemic alkyne 254
and azide 255 by CuAAC was reported by Buckley and Fossey
(Scheme 48).>>® Using the PyBOX ligand 256, two diastereo-
meric CuAAC products, including their enantiomers, were
obtained. Among them, the major product (R,S)-257 was

[¢]
R CuClI (10 mol%)
X (S,S)-248 (12 mol%)
! COR + &F Bl b
N; cyclopentanone
12 0°C, 4-5 days
X=C,N R' = alkyl, aryl SO,Ph
rac-246 247
- ) X !
(2.3 equiv) (1 equiv) | 46-99%
o} N7 o] (yields based on 247)
§/|N N‘\) up to >99%ee
248 P
Ph Ph
4-bromophenylacetylene
O 251 (0.53 equiv) o
CuClI (10 mol%)
CO.M (R,R)-248 (12 mol%)
Ve —CO,Me
MeO N3 cyclopentanone /’R
0°C, 4-5 days MeO
rac-250 R=N;
(1.0 mmol scale) PPh; (1.2 equiv) ((R)-250, 45%, >99%ee)
toluene, 60 °C R = NH,

then H,0 (10 equiv) (252, 81%, 99%ee)

=,
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Scheme 47 Kinetic resolution of racemic tert-alkyl azides by the CUAAC
reaction and application to the synthesis of the chiral kjellmanianone aza
analog 252.
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N=N
\
N N
(S)
Ph
— N (R S)-257
Me CuCl (12.5 mol%) (90%ee)
N3 Me (R R)-256 (15 mol%)
o + +
N Ph 2,5-hexanedione
Bn 0°C,96h N=N
36% conversion \ Me
rac-254 rac-255  [(R,S)+(S,R) : (R,R)*(S,S)] X NW-‘\
(1 equiv) (Tequiv) =84:16 ®
‘ AN Ph
o} | N ‘ o (R,R)-257
SR IR
: 256
Ph Ph

Scheme 48 Coetaneous CUAAC kinetic resolution of racemic alkyne and
azide.

obtained with good enantiopurity (90%ee), while the minor
diastereomer (R,R)-257 was nearly racemic.

In Section 4.7, we introduced that the Winstein rearrange-
ment is also associated with racemization. For example, the
Winstein rearrangement product of the chiral compound 258 is
ent-258 (Scheme 49). Therefore, the dynamic kinetic resolution
of organic azides by the rearrangement equilibrium is promis-
ing. This significant advance has been documented by Topc-
zewski and co-workers.”®® Under elevated temperature
conditions to facilitate rearrangement, CuUAAC dynamic kinetic
resolution of allyl azides using the PyBOX ligand 260 was
successfully achieved with good isolated yields and enantio-
meric excess values. This methodology proved effective for both
cyclic (five- to seven-membered ring, containing either an

X
\\R" 259 (1.2 equiv)

(CuOTf),*PhMe R N=N
(1.25 mol%) \\,5\/}&
N, Hﬁ . H\ o 20Emoty) (A
L ¥ DME, 40 °C, 24 h R R
\
258 ent-258 261a-g
R
Nsﬁ)\ ( >
R R
P R" = CO,Bu, n = 1 (261a, 79%, 94 : 6 er)

R" = CO,/Bu, n = 2 (261b, 95%, >99 : 1 er)

N=N
"“N\)\CO{BU R"=Ph, n =2 (261c, 85%, 96 : 4 er)
R" = CMe,OH, n = 2 (2616d, 71%, 92 : 8 er)

R"=CO,Bu, n = 3 (261e, 99%, 90 : 10 er)
n=N

H\ \N\)\cozfsu

261f (92%, 84 : 16 er, E/IZ=93:7)

Me Me
Ph
/N:N Me Me Me
N \)\/o : :

Me =
M Me
© 2619 (92%, 97 :34dr) Me” “Me
Scheme 49 Enantioselective CuAAC by differentiation of allyl azide
structures under Winstein rearrangement equilibrium.
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\
R"
263 (1.5 equiv) R N=N
Ni(cod); (10 mol%) l\ll X
\H\ H\(N3 264 (10 mol%) =
toluene, 40 °C, 24 h R' R' R"
NH2
rac-262 ~ Me 265a-f
©\/\ 264
PPh,
Ph N=N
’\" X R" = 4-tol, X = CN (265a, 76%, 93 : 7 er, >20 : 1 1r)
R" = 2-thienyl, X = CN (265b, 65%, 89 : 11 er, >20: 1)
R" R" = cyclopropyl, X = CO,Bu (265¢, 94%, 85 : 15 er, >20 : 1 1r)
R N=N N=
ﬁ%\CN Q\/,ﬁ\e\m
PMP Me PMP
R = PMP (265d, 88%, 89 : 11 er, >20: 1 1m) 265f

R = CMe,OH (265e, 87%, 93 : 7 er, 8.1 : 1 1) (94%, 81 :19er, >20:11r)

Scheme 50 Enantioselective NiAAC by differentiation of allyl azide struc-
tures under the Winstein rearrangement equilibrium.

ethereal oxygen atom or dimethylmethylene) and acyclic mate-
rials, as well as for alkynes linked to complex compounds such
as bioactive natural products.

In addition, Topczewski et al. demonstrated the dynamic
kinetic resolution of allyl azides by nickel-catalyzed azide-
alkyne cycloaddition (NiAAC) using the chiral aminophosphine
ligand 264 via Winstein rearrangement (Scheme 50).>°> While
the substrates are similar to those of CuAAC, the nickel-
catalyzed reaction exhibited acceptance of internal alkynes, in
contrast to CuAAC. The NiAAC products 265a-f were obtained
in moderate to excellent yields, accompanied by good enantios-
electivity and regioselectivity with respect to the 4,5-position
substituents.

Without converting azido groups, the functionalization of
the olefin moiety provides a means of differentiating the azido
position in equilibrium, although it does not constitute a click
conjugation. Here we show an example of enantioselective reac-
tions (Scheme 51).*°® Topczewski’s group also reported the
dynamic kinetic resolution of allyl azides by asymmetric dihy-
droxylation of the alkene moiety via Winstein rearrangement.

N
N N N
\\\Nt_ _N* AD-mix CNTOR

L RO R DHQ-MEQ (267, 10mol%) R&NG
RS _DRQ-MEQ (267, 10 molve
RMR RV\R £BUOH/H,O (1.8/1) R o
40°C OH
Me
rac-266 W DHQ-MEQ (267)  268a—d

(91%, 72:28 er)

N; OH o
=° ’;‘3 oH Me]_Me
Me” =1 Me Ph/ﬁ/kPh Me4Y‘\Ph 268d
N3 OH Me
OH OH OH

268a 268b 268c N OH
(82%, 95:5 er) (83%, 98:2 er) (82%, 98:2 er) 3 l\:/| OH
e

Scheme 51 Enantioselective dihydroxylation of the olefins under the
Winstein rearrangement equilibrium.
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In this section, we have reviewed recent significant advances
in the catalytic asymmetric reactions of racemic organic azides,
including dynamic kinetic resolution. With the exception of
nickel-catalyzed reactions, PYBOX-type ligands have proven to
be efficient for copper-catalyzed asymmetric click reactions.
Future developments in this research area would be promising
for applications in the chiral organization of supramolecules
and the potential of selective click labeling in a bioorthogonal
environment.

5. Azide-site selective
multicomponent integration on multi-
azide scaffolds (N3 x 2, 3, and 4)

In the previous chapter, we introduced a variety of methods and
strategies for site-selective use of the multiple azido groups. In
this chapter, we present their application to azide-site selective

143 (1.0 equiv) (0]

TMSOTf, CH,Cl,, -78 °C
then TMSN;3, rt
76% of 269, N;
8% of recovered 136
in 0.1 mmol scale
(74% of 269,
18% of recovered 136
in 1 mmol scale)

271 (1.5 equiv)

View Article Online
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multicomponent conjugation to multi-azide scaffolds contain-
ing more than two types of azido groups.

Using a hydrogen bonding strategy (Section 4.4), Tanimoto
and co-workers investigated the azide-site selective conjugation
of diazide 136 with the bis-primary alkyl azide compound
(Scheme 52(a))."”> In Scheme 27(a), the double Staudinger-
Bertozzi ligation was demonstrated with initial utilization of
the o-AzSA position followed by the benzylic azido group.
Conversely, Scheme 52(a) illustrates the conjugation in reverse
order. Using the carbocation-mediated triazole construction
procedure with propargyl alcohol 143 (Schemes 8(a) and
27(b)), the reaction at the o-AzSA position of diazide 136 was
suppressed, allowing selective progress at the benzylic azido
position to introduce the HaloTag ligand-type moiety. During
this step, the addition of trimethylsilyl azide instead of aqueous
quenching again yielded a new diazide, 269, composed of
primary and tertiary alkyl azides. Subsequently, a-AzSA of the
less hindered primary alkyl azide in 269 was selectively

R

139 (1 0 equiv)

toluene /H,O (10/1)

N/N\\N (CH3CN)4CuBF, (10 mol%) HN
s TBTA (10 mol%)
fe) Ph )\
Ph DMF, 80 °C o
43%

N3
cl
/A o e w
! /\L Me i
; o HN NH N ¢
‘ Ph MK :
: Ph H :
' C"\_/%k e} s = o o} '
; OH PPh, 3
; 143 139 271 ! o)
""""""""""""""""""""""""""""""""""""""""""" " ~Me
(b) 0
NN N
Q M= N SN
N 0=% o)
3 = i — N\ —
274 (15 equiv) R '; oS —=="kh N; o=s
[ir(cod)Cl, (5 mol%) 03 (1 equiv) NH  HN__O
73 CH,Cl,, 1h, 86% [Ir(cod)Cl], (5 mol%)
2) NCS (4 equiv) CH,Cly, 1h
N3 " AcOH, H,0, THF, 14 h N3 N3 80% based on 103
3) N /\/\NH p-tol-S N\N N3
3 . 276 (1.5 equiv) \ W/
275 (1.5 equiv) N 277
Et3N (2.5 equiv), CH,Cly, 1 h Ph
(80% for 2 steps)
N H N
p -tol-S N/ SN | ,,‘,/OH ptol-S NT SN
p-tol-S n-Pentyl — O\\ — HO\
278 (1.4 equiv) n—PentyI n-Pentyl 7 'ﬂ O_SI H N
N NH HN.__O ;

[Ir(cod)Cll, (5 mol%)
CH,Cl,, 20 h, 89%

Ph

N/N 920 (2 1 equiv) =
CHZCI2 MeOH, 24 h
92%

p-tol- S -

p-tol-S N\N \
\ N=N
N 280

Ph

Scheme 52 Differentiation of azido sites in in the (a) di- and (b) triazide platform compounds by successive introduction of azido groups.
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conjugated with biotin via traceless Staudinger-Bertozzi liga- The iridium-catalyzed alkyl azide-selective triazole synthesis
tion with phosphine 139, yielding 270 (Section 4.1). Finally, the ~with thioalkynes (Scheme 20), which allows the prior use
remaining bulky tert-alkyl azido moiety in 270 was coupled to of alkyl azides in the presence of aryl azides, has also
alkyne 271 with the fluorescent coumarin moiety via CuAAC, been demonstrated in azide-site selective conjugation onto a
yielding compound 272. denser multi-azide platform by Hosoya and co-workers

(a)

N3
1) 282 (1.2 equiv), K,CO3 (18 mol%)
M DMF, 24 h, 85% Me
O e 2) 283 (1.4 equiv), Cp*RuCI(PPhy), (9.3 mol%) N=N O
benzene, 80 °C, 2 h, 93% A
N3 O Me - N f\/o N O Me
3) 284 (0.91 equiv), CH,Cl,, MeOH N“ °N
281 N 94% based on 284 — 3 5 M
3 (74% overall yield for 3 steps e 285 N/N\\N

(b)

DMF, 16 h, 75%
2) 273 (1.5 equiv), Cp*RuCI(PPh3), (5.2 mol%)
toluene, 80 °C, 3 h, 75%

N3
Me O Me
1) 282 (1.2 equiv), K,CO3 (21 mol%)

3) 284 (0.91 equiv), CH,Clp, MeOH

N3
O o NH 24 h, 76% based on 284
4) 287 (1.1 equiv), (CH3CN)4CuBF, (1.2 equiv)
TBTA (0.93 equiv), DMF, 24 h, 61%

N3 N:N\
N o
H
Clw /\>/N 3
O
5 . [e)

Scheme 53 Sequential conjugation of the multi-components to the azido groups in the (a) tri- and (b) tetraazide platform compounds.
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(Scheme 52(b)).**” The thioalkyne 273 containing the bulky
adamantyl azide was selectively coupled to the alkyl aryl diazide
274 using an iridium catalyst. The benzyl sulfide moiety was
then converted to a sulfonyl chloride by NCS oxidation and
combined with the azido alkylamine 275 to synthesize the
triazide 276 consisting of aryl, primary alkyl, and tertiary alkyl
azido moieties. The primary alkyl azido moiety in triazide 276
was then first coupled to thioalkyne 103 via the second iridium-
catalyzed reaction. Next, the third iridium-catalyzed reaction
coupled thioalkyne 278 with the remaining aryl azido moiety in
diazide 277 to form 279. In the final step, the sequential multi-
component integration was completed by conjugation to the
remaining bulky adamantyl azide moiety in 279 with BCN 90,
resulting in the formation of 280.

Highly azide-site-selective multicomponent conjugations in
the presence of three or more azides have been achieved
(Scheme 53). Using the enhanced clickability strategy of bulky
aryl azides (Fig. 5), Hosoya and colleagues demonstrated azide-

o
292 (1.5 equiv)
Cs,CO0; (2 equiv)
)J\/ DMSO, 82%

W 2) TBAF (6 equiv)

(a)

pyrrolidine (5 equiv)
TsNHNH,, (5.0 equiv)
291 DMSO, 75%

pyrrolidine (2.5 equiv)
TsNHNH,, (5.0 equiv)

DMSO, 51%
N3
o 1) bromoacetyl bromide (1.1 equiv) Me
CH,Cl,, 0°C
2) Me3NPhBr; (1.1 equiv)
o THF, 0°C

N3 3) NaNj; (4 equiv), DMSO

N (71% for 3 steps)

Ng\/\/\) 290

HONH,-HCI (1.2 equiv)
TBAF (1.8 equiv)
DMSO, 25 °C

65%

1) HoN-NH,H,0 (1 equiv)
(b) AcOH, EtOH, 45 °C;
NOH concentration;
2-pyridine
carboxaldehyde (1.2 equiv)
AcOH, EtOH;
concentration;

o AcOH, 100 °C, 84%

M
N 3
N3\/\/\) 295

2) TsNHNH,, (5 equiv)
TBAF (6 equiv)
pyrrolidine (5 equiv)
DMSO, 25 °C
40%

Na

Scheme 54
conversion of the triazide compound to the triple click scaffold.
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site selective conjugation in the presence of three azido groups
(Scheme 53(a))."®” Conjugation to triazide 281, composed of
primary alkyl, aryl, and 2,6-diisopropyl-flanked aryl azides,
began with enolate-mediated aryl azide-selective triazolization
with B-ketoamide 282 containing the HaloTag ligand. Subse-
quently, the alkyl azido moiety was selectively combined with
BODIPY-alkyne 283 via ruthenium-catalyzed azide-alkyne
cycloaddition (RuAAC), resulting in the formation of 1,5-
disubstituted triazoles. Finally, the 2,6-diisopropyl-aryl-azido
moiety was coupled with biotin-tethered DIBO 284, yielding
285 as a four-component coupled product.

Subsequently, the research group of Yoshida and Hosoya
reported an advanced multicomponent conjugation by differ-
entiating the four azide groups (Scheme 53(b)).>*” The tetra-
azide platform molecule 286, comprising primary alkyl, aryl,
2,6-diisopropyl aryl, and tertiary alkyl azides, was subjected to
sequential conjugation with four different components (1.
Enolate-mediated triazolization of aryl azide with B-ketoamide

2 COo,Et

178 (5 equiv)
CH3CN /H,0 (1/1);

concentration;
51 (1.5 equiv)
66%

CO,Et

NH

Br\/\/\) 289 ; \>ﬁ0

(as a diastereomeric mixture
of trans-cyclooctene) '

186 (5 equiv), CH;CN, H,0;
51 (1.2 equiv);

297 (1 equiv), 44%

(76% per conjugation step)

Multicomponent conjugation to the tris(alkylazido) compound. (a) Successive conjugation by diazo conversion. (b) One-pot conjugation by
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282; 2. RuAAC of primary alkyl azide with alkyne 283; 3. SPAAC
of 2,6-diisopropyl aryl azide with DIBO 284; 4. CuAAC of tertiary
alkyl azide with AlexaFluor-conjugated alkyne 287) to yield 288.
Despite the presence of three or four potential click sites, each
coupling step resulted in the desired position-conjugated pro-
ducts with good to excellent yields and selectivity.

In addition to azide-differentiating sequential conjugation,
azide-site selective functional conversion of multi-azide com-
pounds is used in multicomponent coupling reactions. The
conversion of carbonyl-o-azides to diazo or oxime groups, as
studied by Tanimoto and co-workers (Fig. 13 and Scheme 34), is
an example of such reactions in multicomponent coupling
reactions.>'*'* The starting material, tri(alkylazide) compound
290, containing a-azido ketone, o-azido tert-amide, and general
primary alkyl azide groups, was synthesized from 289 by global
azidation of the three positions (Scheme 54(a)).>'! First, the
azido group at the a-position of ketocarbonyl moiety in 290 was
converted to the diazo group to afford 291. Following a diazo
site-selective [3+2] cycloaddition with 1,4-naphthoquinone 292,
the azido group at the aminocarbonyl a-position was converted
to the diazo group, yielding 293, while retaining the general
alkyl azide moiety. Subsequent diazo site-selective [3+2] cou-
pling with acrylate 178,>*>'°® followed by SPAAC on the
remaining alkyl azido moiety with DIBO 51 resulted in the
formation of 294.

Furthermore, the same research group extended the synth-
esis of triazide 290 to the triple-click scaffold compound 296
with three different click functional groups (Scheme 54(b)).>*?
First, the azide was converted to an oxime at the ketone moiety
(a-hydroxyiminoketone), yielding compound 295. Using Vra-
bel’s method,**® the o-hydroxyimino ketone moiety was further
converted in a single reaction to the 1,2,4-triazine skeleton of
the selectively conjugated group with trans-cyclooctenes.”>*>%°
After a second conversion of the azide on the amido moiety to
the diazo group, the triple-click scaffold 296 consisting of
triazine, diazo, and azido click groups was formed. Subse-
quently, by sequentially adding (1-pyrenyl)methyl acrylate 186
to the diazo group, DIBO 51 to the azido groups, and biotin-
linked trans-cyclooctene 298 to the triazine group, the site-
selective multicomponent integrated material 298 was success-
fully obtained from 296 in one pot.

6. Conclusions and outlook

In summary, this review provides a comprehensive overview of
strategies to selectively exploit specific positions of azido
groups, even in the presence of multiple other azido groups.
Organic azides, known for their clickability, have proven to be
efficient compounds in synthetic organic chemistry and
especially in chemical biology over the last two decades. As a
result, multi-azide molecules with multiple azido groups are
attractive scaffolds for multicomponent conjugation to func-
tional materials.

To further enhance the multifunctionality of multi-azide-
derived materials, the independent use of each azido group in a

This journal is © The Royal Society of Chemistry 2024
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multi-azide compound can facilitate the integration of diverse
components onto a single scaffold. Even when the same func-
tional group is present, site-selective use among the multiple
azido groups has been achieved by focusing on different
properties related to the situation or environment of the azido
groups, such as alkyl, aryl, sterically hindered, and carbonyl
group adjacent positions as well as those in rearrangement
equilibrium. Based on these findings, di-, tri-, and tetraazide
compounds have proven to be versatile platforms for site-
selective conjugation with various functional components.

The advancement of azide chemistry to distinguish mole-
cular coupling or conjugation reactions facilitates more
sophisticated applications of click chemistry beyond simple
couplings. In addition, as suggested in a recent perspective
report,®®! there is a growing industrial need to establish effi-
cient synthesis in azide chemistry, such as through continuous
flow reactions or automated processes for safety.”**>** From
this perspective, future efforts on new accurate azide site
differentiation methods that take into account potential
hazards could also further develop the practical application of
the multi-azide strategies presented in this review, and che-
moinformatics such as parameterization analysis, productivity
optimization, and data analysis may also contribute to this
issue. These advances are expected to have a significant impact
on precise and accurate multi-component conjugation for the
discovery of novel functional materials in materials science and
the development of chemical biology through the use of effi-
cient chemical probes in the life sciences.
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