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Click chemistry has become a useful tool for diverse molecular linkage and modification, and the develop-
ment of new click strategy that enable reversibility and multifunctionality is of high demand for the mul-
tifunction and drug release. Herein, compositionally clicking combined regioselective iridium-catalyzed
azide-alkynthio cycloaddition (Ir-AAC) and disulfuration has been developed for the sequential linkage
from N-acetylenethio phthalimides, naturally occurring thiols and readily available azides. This method
has been successfully applied to the construction of drug hybrids, peptide modification and glycosy-
lation. Furthermore, by the design of diacetylenethio phthalimide as a platform molecule, trifunctional
conjugants were sequentially linked through independent Ir-AAC, disulfuration and Cu-AAC reaction for
hydrophobic tagging ternary PROTACs.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Over the past 20 years, chemists have strived to develop mutu-
ally selective pairs of chemical handles those could react together
efficiently for either reversible or irreversible covalent linkages to
meet different functionalities [1,2]. As an irreversibly clicking re-
action, the alkyne-azide cycloaddition (AAC) has been widely ap-
plied for molecular functionalization and linkage in chemical bi-
ology, drug discovery, and material science [3-5]. Generally, the
widespread AAC-click proceeded through the triazole annulation
by Cu catalysis [6] or with the aid of strained alkynyl-rings un-
der metal free conditions (Scheme 1a) [7]. Moreover, in the click
toolbox, other irreversible linkages such as thiol-ene, thiol-yne and
more recently thiol-alkylation have been also well developed for
molecular conjugation modification rely on the availability and nu-
cleophility of cysteine and related peptides [8-10]. On the other
hand, to facilitate the drug release and biomolecular function, the
design and construction of reversible linkage is in high demand
and the disulfide bond has been an ideal and prevalent choice
[11]. Despite the formation of disulfide bond through oxidation
of cysteine residue in nature [12], the access to the disulfide by
the use of masked sulfurating reagents (RS-LG or RSS-LG) has be-
come more convenient and practicable through either nucleophilic

* Corresponding authors.
E-mail addresses: gaowenchao@tyut.edu.cn (W.-C. Gao),
xfjiang@chem.ecnu.edu.cn (X. Jiang).

https://doi.org/10.1016/j.cclet.2022.06.010

disulfuration or metal-catalyzed C-S bond formation (Scheme 1b)
[13-18].

Previously, some masked sulfurating reagents have been de-
signed by our group and applied to access un-symmetrical disul-
fides, steric chiral disulfides, and bi-lateral disulfide linkage [13-
15]. With the demands of diversity-oriented synthesis (DOS) in
chemical biology, the compositional click [19-21] and multicom-
ponent reactions [22-26] have aroused much attention for mod-
ular and sequential linkage. We envisioned that the masked
acetylenethio reagents can serve as both alkynyl handle and sul-
furyl handle to construct compositionally irreversible triazole and
reversible disulfide linkage, which connect the cysteine or thiol-
bearing compounds with azides sequentially (Scheme 1c). How-
ever, because of the lower S-X bond energy, masked sulfurat-
ing reagents were not compatible with most metal catalysts,
such as palladium, copper, silver, gold [27-30], and the oxida-
tive metal-insertion would easily occur via the cleavage of S-
X bond. Furthermore, the cycloaddition of internal alkyne with
azides is also challenging since the inherent higher energy bar-
rier than terminal alkynes are needed for orbital match. Given the
weak and reversible chelation of sulfur to platinum-group met-
als [31-34], the reaction of alkynylthio phthalimides with azides
would possibly proceed via cycloaddition rather than S-N insertion
in the presence of platinum-group-catalysis, and the resulted N-
triazolylthio phthalimides would gain extraordinary regioselectivity
and reactivity, continuing to form disulfides from various naturally
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Scheme 1. Alkyne-azide cycloaddition and disulfuration.

occurring thiols. Herein, we report an iridium-catalyzed com-
positional click for sequential bi- or tri-conjugation from N-
acetylenethio phthalimides, azides and thiols. Moreover, with a di-
acetylenethio phthalimide as the platform, a series of adamantane
tagged trifunctional conjugates have been sequentially constructed
through Ir-AAC, disulfuration as well as Cu-AAC reaction.

To explore the azide-alkynylthio cycloaddition, the library of re-
active sulfurating reagents bearing phthalimide mask and internal
alkynylthio group was firstly built following our previous report
(1a-1j, Supporting information) [35]. Notably, besides the generally
aryl and alkyl substituents on the alkynyl termini, the novel di-
acetylene precursor (1c), which contains two C-C triple bonds for
further derivation, could also be accessed in 77% yield. With the
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Scheme 2. Conditions of AAC Click. Conditions: 1a (0.15 mmol), 2a (0.165 mmol)
and catalyst (5 mol%) in CH,Cl, (1.5 mL) under N, at r.t. for overnight.

library of masked alkynylthio reagents in hand, azide-alkynylthio
cycloaddition were firstly attempted with N-acetylenethio phthal-
imide 1a and benzyl azide 2a as substrates (Table S1 in Support-
ing information). In contrast to the well-established Cu-catalyzed
azide-alkyne cycloaddition, most of N-acetylenethio phthalimide
1a was decomposed under Cul catalysis, and only trace amount of
triazole product 3a was detected (Table S1, entry 1). Other metal
catalysts for internal alkynes-azide cycloaddition such as Cp,Ni,
[Rh(cod)Cl], and Cp*Ru(cod)Cl could be able to catalyze the tria-
zole annulation, while the desired product 3a was produced only
in moderate to low efficiency (Scheme 2 and Table S1, entries 2-
4). To our delight, when [Ir(cod)Cl], was used as the catalyst, the
cycloaddition could proceed to afford 3a in 76% yield with high re-
gioselectivity, and the N-S bond was well tolerated under this con-
dition. The increase of reaction temperature could accelerate the
reaction, while both the N-acetylenethio phthalimide 1a and prod-
uct 3a could not stand long time at higher temperature (Table S1,
entry 6). Other solvents were also tested for this reaction, while

Phth< Phth~
XY N b
Bn—N, Bn N\ = \©\/N\ =N
N=N N=N N®
3e 50% 3f 42% 39 70%
Me
20, s
Phth—S, N o0 o
X .
ph” N
3j 4-Methylcumarin  55% Crystal of 3g

o

Me\ﬁJ\NH
AcO. | /&

Phth
Ph\e\'\‘""' Phth—S
N=N H

N\
X
n N

Bu

3n Podophyllotoxin  75% 30 Zidovudine 45%

(0.225 mmol) and [Ir(cod)Cl], (5 mol%) in CH,Cl, (1.5 mL) were stirred under N, at room temperature for 24
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(0.15 mmol), 4 (0.165 mmol) and [Ir(cod)Cl], (5 mol%) in CH,Cl, (1.5 mL) were
(0.165 mmol) and Ir(cod)Cl], (5 mol%) in CH,Cl, (1.5 mL) were stirred

under N, at room temperature for 12-48 h, then 2 (0.15 mmol) was added, and the mixture was stirred for another 30 s. ® Conditions C: 1 (0.165 mmol), 2 (0.165 mmol)

and [Ir(cod)Cl], (5 mol%) in CH,Cl, (1.5 mL) were stirred under N, at room temperature
(1 mL) was added to the reaction mixture for another 2 h.

none of them could give a better result than that of CH,Cl,, which
indicated that the reaction was sensitive to the type of solvents
(Table S1, entries 8-13).

With the standard conditions for Ir-AAC Click (Table S1, entry
5), the generality of masked triazolylthio reagents was next eval-
uated (Scheme 3). Various terminal functional groups including
butyl, cyclopropyl, aryl, C-C double bond or C-C triple bond could
be all well tolerated in this transformation, affording the desired
N-triazolylthio phthalimides 3a-3f in moderate to good yields.
Other azides were also carefully evaluated, and the structure of
product 3g derived from 4-bromobenzyl azide was further con-
firmed by the X-ray diffraction analysis, which highlighted the re-
giochemistry of present annulation. Glycosylation of N-alkynylthio
phthalimides could be realized smoothly with glucosyl azide and
maltosyl azide in moderate yields (3h and 3i). The fluorogenic
coumarin derivative, the natural product menthol derivative, and
the allosteric ligand Allo-1 [36] could be successfully linked to
N-alkynylthio phthalimides as well (3j-31). Furthermore, a sub-
set of drugs containing the azide group such as pomalidomide,
podophyllotoxin, and zidovudine were also successfully incorpo-
rated, furnishing N-triazolylthio phthalimides 3m-30 in moderate

for overnight, glutathione (0.15 mmol) and TFA (0.15 mmol) dissolved in methanol

to good yields. Notably, due to the relatively weak n2-Ir-S inter-
action [37] and strong 1'-N-S coordination (intermediate 3’) [38],
the N-thio phthalimide was regioselectively located at 5-position
of 1,2,3-triazole ring via the irido-heterocycle 3”. This dominantly
regioselective Ir-AAC Click provided diverse masked N-triazolylthio
linkers for next disulfuration.

Taking the developed Ir-AAC click reaction and the reactivity of
N-thio phthalimides, a compositional click progress was next con-
sidered for the dual and sequential cross-linkage of different func-
tional molecules directly from thiols, azides and N-alkynylthio ph-
thalimides (Scheme 4). Although thiols had been known to poi-
son metal-catalysts [39], the present Ir-AAC reaction was not af-
fected by the sulfur-metal interaction. As shown in Scheme 4,
these compositional click reactions could successfully proceed to
produce a series of triazolyl disulfide-linked conjugants: the ter-
tiary thiols such as adamantanethiol and tert-butylthiol could be
connected with benzyl azide via either 4-aryl or -aliphatic tria-
zolyl disulfide (5a-5f), while the conjugation with primary thi-
ols, only afforded the de-sired product in low yields (5g), and
disulfides derived from homocoupling of thiols were isolated as
major products; functional azides derived from natural products
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Scheme 5. Trifunctional molecules linked with diacetylenethio phthalimide. Conditions: (i) 1c (0.165 mmol), azide-1 (0.165 mmol) and [Ir(cod)Cl], (5 mol%) in CH,Cl, (1.5
mL) were stirred under N, at room temperature for 6 h, then thiol (0.15 mmol) was added, and the mixture was stirred for 30 s; (ii) Disulfide 5 (0.15 mmol), TBAF (1 mol/L
in THF), azide-2 (0.165 mmol), DIPEA (4 mol%), HOAc (4 mol%) and Cul (2 mol%) was stirred for 4 h.

(menthol, 5h), saccharides (5i), fluorophores (5j), and allosteric
ligands (5k) could be well conjugated with 1-adamantanethiol.
Furthermore, various disulfuryl glycosides such as glucose-linked
menthol (51), glucose-linked coumarin (5m), dual glucose linkage
(5n), glucose-linked pomalidomide (50), glucose-linked podophyl-
lotoxin (5p), and glucose-linked penicillamine (5q), glucose-linked
penicillamine (5r), and glucose-linked captopril (5s) could be all
successfully accessed, providing alternative way to diverse dithio-
glycosylation [40]. The modification and glycosylation of peptides
via disulfide bond has proven to be an effective approach to over-
come the intrinsic disadvantages of natural peptide drugs such as
inadequate absorption and rapid degradation by proteolytic en-
zymes. Using the present method, the dipeptide (Leu-Cys), tripep-
tide glutathione (Gly-Cys-Glu), and the tetrapeptide (Ac-Ala-Cys-
Gly-Phe-NH,) could be successfully modified by anti-cancer drug
pomalidomide or glucose in moderate to good yields (5u-5w), and
the cell permeability and stability of peptides would be potentially
improved by this modification [41,42].

Due to the stability and lipophility of hindered disulfides,
the tertiary disulfides have been widely designed as linkers in
ADCs and bridged polypeptides for drug release or improving
the lipidation of biomolecules [43,44]. After the hindered disul-
fide bond could be singly introduced onto bifunctional molecules,
we turned our intention to the development of trifunctional
molecules [45] that contained the tertiary disulfide bond to en-
hance the functionality and improve the stability and pharmacoki-
netics of drugs. A common challenge for the trifunctional link-
age is the requirement of three independent sites, attendant or-
thogonal, and mutually compatible reactivity. With our platform
molecule diacetylenethio phthalimide 1c, the Ir-catalyzed azide-
alkynylthio click combined with the thiol-triazolylthio click re-
actions could proceed in sequence to afford the tertiary bifunc-
tional disulfides 5. Subsequently addition of fluoride and the sec-
ond azide, would then undergo another Cu-AAC click reaction to
furnish the tertiary trifunctional disulfides 6 (Scheme 5). This se-
quential linkage could connect galactopyranosyl azide and benzyl
azide with triphenylmethanethiol to form conjugant 6a, and realize
the modification of anti-cancer drug podophyllotoxin with fluores-
cent coumarin and adamantanethiol to form hybrid 6b. Synthetic
hydrophobic tag (HyT), like adamantane, could attach to a protein’s
surface and mimic the partially unfolded state, leading proteaso-

mal degradation of target protein [46,47]. The present disulfide
linkage could efficiently build tagged molecule hybrids for protein-
targeted degradation by incorporate the admantane tag to protein-
of-interest (POI) recruiters. For example, the hydrophobic tag ada-
mantane cage could not only combined with a cereblon (CRBN) lig-
and pomalidomide via the hindered disulfide bond (6¢) [48], but
also conjugated with a proteolysis-targeting chimeras (PROTAC), in
which the CRBN ligand linked to an androgen receptor (AR) (6d)
[49].

In summary, we have developed a compositional click strat-
egy for sequential and reversible linkage via iridium-catalyzed
alkyne-azide cycloaddition and disulfuration. This compositional
click could regioselectively construct bi- or tri-functional molecules
from diverse natural thiols and readily available azides. Moreover,
with a diacetylenethio phthalimide as the platform, the click com-
bination of Ir-AAC, disulfuration and Cu-AAC could be applied for
the modular synthesis of trifunctional conjugants including hy-
drophobic tagging PROTACs. Given the reversibility, regioselectiv-
ity, and sequentiality of current compositional click, the resulted
linkage breakthrough would provide high diversity and molecular
complexity in the field of chemical biology and pharmacological
therapy.
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