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A facile strategy for the synthesis of trifunctional molecules involving
three sequential selective triazole-forming reactions is proposed.
This method exploits three kinds of mechanistically different azido-
type-selective cycloadditions. Three different azidophiles could be
efficiently connected to a triazido platform molecule with three
types of azido groups in a consecutive manner, which rendered a
practical trifunctional molecule readily available.

In recent years, multifunctional molecules that are capable of
playing multiple roles have received great attention in a broad
range of disciplines." However, these well-designed molecules
are usually prepared by time-consuming, linear, and multi-step
synthetic routes that include many cumbersome protection/
deprotection procedures and functional group transformations
(Fig. 1A). This incurs low overall yields for the desired molecules
and makes it difficult to prepare libraries of related candidates for
certain purposes, being a bottleneck in the development of optimal
molecules. Therefore, novel strategies that make multifunctional
molecules more easily accessible are increasingly sought-after.

In principle, the easiest way to prepare a multifunctional mole-
cule is to assemble multiple monofunctional components into a
single molecule. Over the last decade, click reactions,” such as
copper(i)-catalyzed azide-alkyne cycloaddition (CuAAC)’ and the
copper-free variant, strain-promoted azide-alkyne cycloaddition
(SPAAC),** have become some of the most reliable methods for

@ Laboratory of Chemical Bioscience, Institute of Biomaterials and Bioengineering,
Tokyo Medical and Dental University (TMDU), 2-3-10 Kanda-Surugadai, Chiyoda-
ku, Tokyo 101-0062, Japan. E-mail: thosoya.ch@tmd.ac.jp

b Department of Biological Information, Graduate School of Bioscience and
Biotechnology, Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-ku,
Yokohama 226-8501, Japan

¢ Department of Anatomy and Developmental Biology, Graduate School of Medicine,
Kyoto University, Yoshida-Konoe-cho, Sakyo-ku, Kyoto 606-8501, Japan

t Electronic supplementary information (ESI) available: Experimental proce-

dures, characterization for new compounds including NMR spectra. See DOI:

10.1039/c8cc01195h

i Present address: Common Facilities Unit, Compass to Healthy Life Research

Complex Program, RIKEN Cluster for Science and Technology Hub, 6-7-3

Minatojima-minamimachi, Chuo-ku, Kobe 650-0047, Japan.

This journal is © The Royal Society of Chemistry 2018

A Conventional approach: multiple steps

G, 49h CDCD, 193 G+ 03+ 02

Protection, connection, deprotection, Trifunctional molecule

and functional group transformation

B This work: three steps

Three sequential N
W j' cycloadditions N \E
Ao P
7

&t
N=N =

Trifunctional molecule

Triazido

platform molecule \\@

Fig. 1 Synthetic approaches to trifunctional molecules. (A) General
scheme of a conventional synthesis by a linear multi-step route. (B) The
proposed convergent method based on three sequential triazole forma-
tions using a triazido platform molecule. FG = functional group.

connecting two molecules. Although several efficient click-like reac-
tions other than azide-alkyne combination have been developed by
many other groups and have been successfully used for conjugating
two molecules,’ synthesis of multifunctional molecules with three or
more functional moieties in short steps is not easy using these
methods, and only limited examples have been reported.” To address
this issue, we conceived the idea of performing a sequential triple-
click reaction for the synthesis of triftunctional molecules by advancing
our double-click strategies mediated by diynes® (Fig. 1B).

Based on azido chemistry,” including our previous findings
on two-step photoaffinity labeling using a diazido probe and the
dual reactivity of 2,6-disubstituted phenyl azides,'® we inferred
that using a suitably designed triazido platform compound,
three sequential selective cycloadditions would be possible if
we could exploit three different types of cycloadditions that are
orthogonal to each other. This convergent triple-click assembly
approach shows significant advantages over the conventional
linear conjugation approaches because it proceeds via reliable
cycloaddition reactions of azides with a broad substrate scope.
Furthermore, a variety of functional azidophiles, the reaction
partners of azides, are readily available. However, due to the high
reactivity of azides, discrimination between three or more azido
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groups is a challenging issue. Herein, we demonstrate three
good combinations of azido groups and azidophiles applicable
to the synthesis of trifunctional molecules by three sequential
azido-type-selective cycloadditions.

We chose three simple azides, 2,6-diisopropylphenyl azide (1a),
phenyl azide (1b), and benzyl azide (1c), as the representatives for the
three types of azides, ie., doubly sterically-hindered aromatic azides,
standard aromatic azides, and aliphatic azides, respectively, to explore
their orthogonal reactivity under different conditions. Using an
equimolar mixture of azides 1a-c, we performed competitive experi-
ments for various triazole-forming reactions to find a reaction
that consumed one of the three azides selectively. After extensive
screening, we identified three kinds of mechanistically different
cycloadditions that preferred a specific type of azide (Table 1).

In the reaction with cyclooctyne 2, which proceeds in a
concerted manner, sterically-hindered aromatic azide 1a was
preferentially converted to the corresponding triazole 3a (entry 1).
While a small amount of the benzyl azide-derived product 3¢ was
also obtained, only a trace amount of triazole 3b was formed from
the phenyl azide, demonstrating the high azido-type selectivity. This
result is in good agreement with our previous observations, where
the order of clickability for azides in reactions with a strained alkyne
was strongly dominated by the distortability of the azido groups.'?
In transition-metal-catalyzed cycloadditions with terminal alkyne 4a,

Table 1 Screening of conditions for azido-type-selective cycloadditions
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benzyl azide (1c) showed the highest reactivity (entries 2-4).
Although the selectivity was moderate under the copper-catalyzed
conditions'" (entries 2 and 3), higher selectivity was achieved using a
ruthenium catalyst,'* affording 1,5-substituted 1,2,3-triazoles 6
(entry 4). These results indicate that the selectivity depends on the
steric environment of the azido groups, with the most sterically
unhindered azide 1c reacting more favorably than the others.
Furthermore, base-catalyzed cycloadditions of azides with anionic
azidophiles showed high selectivity toward aromatic azides, particu-
larly toward the more unhindered 1b (entries 5 and 6). The anionic
intermediates of these reactions, which are generated by the nucleo-
philic attack of the anions on the azides, are likely to be more
stabilized by the aryl group, resulting in high selectivity. While the
cycloaddition with the terminal alkyne 4a under ammonium
hydroxide-catalyzed conditions'® proceeded preferentially with aro-
matic azide 1b in high selectivity, complete decomposition of benzyl
azide (1c) was also observed (entry 5), which was unsuitable for
our purpose. To our delight, cycloaddition with 1,3-diketone 7,**
employing a weaker base such as potassium carbonate, proceeded
smoothly with high 1b-selectivity, leaving 1c intact (entry 6).

We designed and synthesized triazide 11 bearing three types
of azido groups, and examined the feasibility of this molecule
as a platform molecule for three sequential selective cycloaddi-
tions (Fig. 2). Triazide 11 was easily prepared in a convergent

iPr
azidophile

N3 N.
+ pp- N3 + Ph\/N3 [R——
Ej Ph conditions
Pr 1b 1c

R R'

Pro Y= R R R R
=

N, -N +

Ph”
1a FPrg b c
Entry Azidophile Conditions Product Yield” (%)
la-c (1.2 equiv. each) 3a 3b 3¢
2 (1.0 equiv.)
1 — MeOH, r.t., 1 h = 85 <1 14
2 H"’N‘N"N 3
la-c (1.2 equiv. each) Ph
Ph—— 4a (1.0 equiv.) = 5a 5b 5¢
2 ‘e (MeCN),CuBF, (5 mol%) L 26 13 57
TBTA (5 mol%) 5
DMSO, r.t., 24 h
3 4a la-c (1.2 equiv. each) 5 5a 5b 5¢
4a (1.0 equiv.)
IMesCuBr (5 mol%) 19 14 65
+BuOH-H,0, r.t., 24 h
la-c (1.0 equiv. each) Ph
4 a 4a (4.0 equiv.) N)—\N 6a 6b be
Cp*Ru(PPh;),Cl (8 mol%) Ry 0 17 83
Benzene, r.t.,, 24 h 6
5 4a la-c (1.2 equiv. each) 6 6a 6b 6c’
4a (1.0 equiv.)
Me,NOH (10 mol%) 7 72 0
DMSO, r.t., 48 h
la-c (1.0 equiv. each) o]
)0]\/([)]\ 7 (1.0 equiv.) Me>_2*Me 8a 8b 8¢
6 Me” " e K,CO; (18 mol%) Nt 7 84 0
DMF, r.t.,, 24 h RN 8

“ Yields were determined by 'H NMR analysis. ° Benzyl azide (1c) was completely consumed.
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Fig. 2 Three sequential azido-type-selective cycloadditions. (A) Synthesis
of triazido platform molecule 11. (B) Examples of the three-step synthesis
of tristriazoles in different orders. See the ESIf for details.

manner by the Suzuki-Miyaura cross-coupling reaction between
diazide 9 bearing an iodo group'® and readily synthesized arylboronic
acid pinacol ester 10 (Fig. 2A). The three sequential cycloadditions of
triazide 11 with three kinds of azidophiles proceeded smoothly to
afford the desired tristriazole compound in high yield (Fig. 2B). For
example, cycloaddition of triazide 11 with 1,3-diketone 7 catalyzed by
potassium carbonate proceeded predominantly at the aromatic azido
group to provide the monotriazole product in high yield. Subsequent
ruthenium-catalyzed cycloaddition of the monotriazole bearing two
unreacted azido groups with terminal alkyne 4b proceeded selectively
at the aliphatic azido moiety to afford the bistriazole in excellent
yield. Finally, the remaining sterically-hindered azido group reacted
efficiently with strained alkyne 2, affording tristriazole 12a. In this
scheme, the three sequential cycloadditions were achieved in 76%
overall yield. Furthermore, the order of the cycloadditions was
exchangeable; tristriazole 12b was prepared in 69% overall yield from
triazide 11 by the three sequential reactions, ie., the strain-promoted
click reaction with 2, base-catalyzed cycloaddition with 7, and copper-
catalyzed cycloaddition with 4a.

Three sequential azido-type-selective cycloadditions of triazide 11
with three functional modules enabled to develop a practical
trifunctional probe in a short period of time. We demonstrated
the utility of the strategy by preparing HaloTag ligands bearing a
fluorescent BODIPY moiety and a biotinyl group (Fig. 3)." Initially,
we prepared simple azidophilic modules that contained the respec-
tive functional groups with different kinds of linkers. These included
the two B-ketoamide-type HaloTag ligands 13a and 13b, terminal
alkyne-type BODIPY derivative 14, and three kinds of biotinylated
cyclooctyne derivatives 15a—c (Fig. 3A). Using these monofunctional
modules, we synthesized four kinds of trifunctional tristriazoles
16a-d from triazide 11 by (1) base-catalyzed cycloaddition with 13,

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Synthesis of trifunctional probe candidates and functional evaluations.
(A) Structures and schematic diagrams of azidophilic modules. (B) Synthesis of
probe candidates 16a—d. (C) SDS-PAGE analysis of the GST-HaloTag proteins
labeled with trifunctional probe candidates 16a—d. The gels were (1) scanned
with a fluorescence image analyzer, and then (2) analyzed by western blot, or
(3) stained with CBB. (D) The schematic diagram of trifunctional probe 16d. DC,
HTL, TA, FL, SA, and L1-L4 indicate 1,3-dicarbonyl, HaloTag ligand, terminal
alkyne, fluorescent, strained alkyne, and linker moieties, respectively.

(2) ruthenium-catalyzed cycloaddition with 14, and (3) strain-
promoted click reaction with 15 (Fig. 3B). In all of these cases, the
three sequential cycloadditions proceeded efficiently without affect-
ing the functional groups to afford the trifunctional tristriazoles
16a-d in 71-75% overall yields. The performances of the synthesized
probe candidates 16a-d were evaluated. Each of them was added to
a cell lysate that contained a GST-fused HaloTag protein (59 kDa) to
ligate the probe candidates, followed by SDS-PAGE analysis. The gels
were analyzed by fluorescence detection, and then analyzed by
western blot with horseradish peroxidase (HRP)-conjugated strepta-
vidin or Coomassie brilliant blue (CBB)-staining (Fig. 3C; ESLY
Fig. S1 and S2). The intensity of the fluorescent bands reflected
the efficiency of the covalent binding of the probe candidates to the
HaloTag protein. The weak fluorescence signal observed when using
16a without a linker in its HaloTag ligand moiety indicates that the
covalent bond formation between 16a and the HaloTag protein was
prevented, possibly due to the bulkiness of the platform core

Chem. Commun., 2018, 54, 3705-3708 | 3707
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structure (Fig. 3C, lane 2). This is supported by the remarkable
enhancement of the fluorescence intensity observed when 16b-d
bearing a triethyleneoxy linker were used (Fig. 3C, lanes 3-5).
Western blot analysis using HRP-streptavidin also indicates that a
linker between the biotinyl group and the platform core with a
sufficient length is critical for efficient recognition of the biotinylated
protein by streptavidin (Fig. 3C, lanes 3-5). Resultantly, among the
four probe candidates examined, 16d showed the best performance
for dual modification of the HaloTag protein with BODIPY and
biotin (Fig. 3D)."®

In summary, we have demonstrated that a triazido platform
molecule bearing three types of sterically and electronically
different azido groups is useful for the synthesis of trifunctional
molecules by three sequential azido-type-selective cycloadditions.
Although ruthenium- or base-catalyzed cycloadditions do not
precisely meet the criteria of click chemistry, the broad scope of
the cycloaddition reactions would allow for the facile synthesis of
diverse trifunctional molecules. Further studies to enhance the
selectivity of each triazole-forming reaction and applications to
develop a variety of practical multifunctional molecules are
currently underway in our laboratory.
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