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Divergent synthesis of triazoles was achieved using newly designed
platform molecules possessing azide, alkyne, and fluorosulfonyl
moieties. Consecutive conjugations by the sulfur(vi) fluoride
exchange and following consecutive triazole formations allowed
us to prepare a wide variety of bis(triazole)s by virtue of selective
transformations. One-pot triple-click assembly of easily accessible
modules led to the facile synthesis of middle-molecular-weight
triazoles with various functional moieties.

Triple click assembly using trivalent platforms has gained
attention from a wide range of research fields including phar-
maceutical sciences, peptide chemistry, and chemical biology
(Fig. 1A)."~* Although a variety of trivalent platforms have been
developed so far, it is not easy to realize efficient click assembly
using platforms bearing azide and alkyne moieties due to the
challenging selective triazole formation without deprotection
steps (Fig. 1B and C).* Divergent synthesis of highly functiona-
lized molecules using platforms bearing azide and alkyne
moieties is awaited. We herein describe new trivalent platforms
with azide, alkyne, and fluorosulfonyl moieties, allowing us to
accomplish efficient triple-click assembly (Fig. 1D).

During our studies in click chemistry, we planned to
develop new trivalent platforms 4 for triple click assembly invol-
ving sequential triazole formations (Fig. 2). Considering recent
great achievements in triazole formations in terms of efficiency
and selectivity,> a wide variety of bis(triazole)s are expected to be
prepared by sequential triazole formations and the sulfur—fluor-
ide exchange (SuFEX) reaction® using new platforms 4 possessing
azide, alkyne, and fluorosulfonyl moieties. Thus, we started
synthesizing new trivalent platforms 4a-4c from azides bearing
N-Boc amino groups. Synthesis of trivalent platform 4a was
achieved from azide 1a through N-propargylation with 2,
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deprotection of the Boc group, and 1,4-addition to ethenesulfonyl
fluoride (3) (Fig. 2A). However, gradual decomposition of trivalent
platform 4a was observed after the purification with silica gel
probably due to the side reactions involving intramolecular
triazole formation.” In contrast, trivalent platforms 4b and 4c
with long linkers were significantly stable under ambient condi-
tions (Fig. 2B). The synthesis of 4b was accomplished from azide
1b by N-propargylation, deprotection, and the introduction of
2-(fluorosulfonyl)ethyl group. We also accomplished the prepara-
tion of 4c from 4b via the reduction of the azido group,
condensation with 6, deprotection, and 1,4-addition. Since triva-
lent platforms 4b and 4c show good stability at room tempera-
ture, we found that long linkers prevent decomposition through
the intramolecular reaction between the azide and alkyne moiety.

Then, the SuFEx reaction of trivalent platform 4b enabled us
to conjugate a range of functionalized alcohols (Fig. 3A).° For
example, treatment of 4b with phenol (7a) in the presence of
cesium carbonate in acetonitrile afforded phenyl sulfonate 8a
in good yield, in which azide and alkyne moieties were tolerated
under the basic conditions. We also succeeded in the synthesis
of 8b and 8c in high yields without damaging hydroxy, amino,
and methoxycarbonyl groups. Moreover, perfluoroalkyl ester 8d
was prepared efficiently by the SuFEx reaction with n-
C5F;,CH,0H, where side products were not observed through
the substitution of the alkyl sulfonate moiety.

The versatility in the second step was demonstrated by
diverse transformations of azide 8a (Fig. 3B). The copper-
catalyzed azide-alkyne cycloaddition (CuAAC) with 1-ethynyl-
1H-benzimidazole (9a) proceeded smoothly to furnish triazole
10a in good yield leaving the alkyne moiety intact.® Selective
triazole formation was realized due to the higher reactivity of
ynamide 9a than that of the ethynyl group of 4b under the
CuAAC conditions. Triazole 10b was efficiently synthesized
from azide 8a and alkynyl sulfide 9b by the iridium-catalyzed
conditions, in which the regioisomer was not detected.’ Tria-
zole formation of azide 8a with dimethyl acetylenedicarboxylate
(9¢) also occurred at room temperature.'® Cycloalkyne 9d
rapidly reacted with azide 8a to furnish triazole 10d in an
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excellent yield through the strain-promoted azide-alkyne
cycloaddition (SPAAC).'""* Furthermore, the Bertozzi-Staudin-
ger ligation of azide 8a using phosphine 11a allowed us to
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prepare amide 12 quantitatively.'® Since various selective trans-
formations of azide 8a resulted in the synthesis of 10a-10d and
12 without damaging the alkyne moiety, a wide variety of
modules will participate in the click conjugation.

This journal is © The Royal Society of Chemistry 2025
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A broad range of third transformations enabled us to
synthesize diverse triazoles from alkyne 10a (Fig. 3C). Indeed,
CuAAC reaction of alkyne 10a efficiently proceeded with azide
13a to provide bis(triazole) 14a in good yield without damaging
amine, triazolylimidazole, and sulfonyl ester moieties.’ We also
synthesized amidine 15 from alkyne 10a with tosyl azide (13b)
catalyzed by copper iodide."* Moreover, alkyne 10a efficiently
reacted with tetrazine 16 in toluene at 110 °C to afford pyrida-
zines 17 and 17’ in moderate selectivity."”” In contrast, the
pyridazine formation did not proceed when conducting the
reaction in HFIP at 40 °C according to our previous study. We
also achieved the preparation of arylalkyne 19 by the Sonoga-
shira coupling of alkyne 10a and aryl iodide 18. Thus, a wide
range of modules can be assembled onto trivalent platform 4b
by the SuFEx reaction followed by various transformations such
as sequential CuAAC reactions. It is worth noting that conse-
cutive triazole formations were accomplished selectively at the
azide and alkyne moieties of trivalent platforms 4, allowing us
to construct a vast chemical library from simple modules.

The triple-click assemblies using trivalent platforms 4b and
4c were achieved in a one-pot manner (Fig. 4). For instance, the
SuFEx reaction with phenol (7a), SPAAC reaction with cycloalk-
yne 9d, and CuAAC reaction with benzyl azide (13a) occurred in
one-pot when using acetonitrile as a solvent (Fig. 4A). Selective
transformations of not only alkyl azide 4b but also aromatic
azide 4c¢'® were realized in a one-pot fashion through the SuFEx
and twice triazole formations, where tris(triazole)-type ligand
THPTA'” was added in the second triazole formation (Fig. 4B).
Thus, the one-pot assembly of functional modules 7, 9, and 13
onto trivalent platforms 4 enabled us to prepare highly func-
tionalized bis(triazole)s. In particular, HaloTag ligand, fluores-
cent dansyl, and biotin moieties were uneventfully conjugated
onto platform 4b in a one-pot manner without damaging
various functional groups (Fig. 5).

The assembly order using trivalent platform 4b was switch-
able (Fig. 6A). First, the CuAAC reaction with picolyl azide 13d
took place selectively at the alkyne moiety leaving azide and
sulfonyl fluoride moieties untouched.'® Second, the remaining
azido group of 21 efficiently reacted with alkyne 9e in the
presence of a catalytic amount of copper complex and THPTA
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without damaging the fluorosulfonyl group. Due to the good
functional group tolerance, a wide variety of sulfonyl fluorides
would be accessible by the sequential triazole formations.*”4'°
Third, we succeeded in the SuFEx reaction of the resulting
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sulfonyl fluoride 22 to furnish bis(triazole) 14d in an
excellent yield.

The significant modular synthesis of tris(triazole) 23 was
achieved using trivalent platforms 4b and 4c with 7a, 7d, 9a,
and 13d (Fig. 6B). Indeed, the SuFEx reaction of 4¢ with alcohol
7d followed by selective CuAAC reaction with 1-ethynyl-1H-
benzimidazole (9a) occurred with the remaining azido group.
The resulting alkyne efficiently reacted with an azide prepared
by the selective CuAAC reaction of 8a and azide 13d, to provide
middle-molecular-weight tris(triazole) 23. Thus, the switchable
order of trivalent platforms enabled the click assembly of six
modules, serving in the synthesis of highly functionalized
molecules by sequential click reactions.

In summary, we have developed divergent synthetic methods
for middle-molecular-weight triazoles using newly designed
trivalent platforms with azide, alkyne, and fluorosulfonyl moi-
eties. The key to successful selective triazole formations lies in
choosing the preferred alkynes or azides under appropriate
conditions. One-pot triple-click assembly of easily accessible
modules onto the trivalent platforms enabled us to synthesize a
broad range of triazoles. Our research group is undertaking
further studies such as applications to iterative multi(triazole)
synthesis using trivalent platforms.
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