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Disulfide bonds are a significant motif in life and drug-delivery systems. In particular, steric hindrance and

stereoscopic disulfide linkers are closely associated with the stability of antibody—drug conjugates, which
affects the potency, selectivity, and pharmacokinetics of drugs. However, limited availability and diversity of
tertiary thiols impede the construction of steric and stereoscopic disulfides for cross-linkage in biochemistry
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and pharmaceuticals. Through modulating the mask effect of disulfurating reagents, we develop a facile and

robust strategy for construction of diverse steric and stereoscopic disulfides via N-dithiophthalimides. The
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Introduction

Development of targeted delivery conjugates, such as antibody-
drug conjugates (ADCs)'* and small molecule-drug conjugates
(SMDCs),* has become a promising direction in modern drug
development. The nature of linkers between targeting moieties
and drugs plays the key role in the therapeutic efficacy of drug
conjugates.* As a commonly used linker, disulfides can be
cleaved via an intracellular thiol-redox process for procedural
drug release.® Thus, surroundings of disulfide linkers signifi-
cantly affect the potency, selectivity, and pharmacokinetics of
conjugates.”” Due to the embedded cavity and chiral environ-
ment in cellular redox systems, the stability of disulfide linkers
mainly relies on the adjacent steric and stereoscopic effects
(Scheme 1a).? Clinically approved antibody-drug conjugates such
as Mylotarg and Besponsa demonstrated that gem-dimethyl-
hindered disulfide linkers enhanced the stability of conjugates
in internal circulation and the selectivity of payload delivery in
cytosol.> Furthermore, these effects were found in anti-cancer
natural products® and peptides™ for the expression of cytoxicity
and receptor-selectivity as well.">**> Therefore, efficient construc-
tion of steric and stereoscopic disulfides for molecule cross-
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practical cross-linkage of biomolecules including amino acids, saccharides, and nucleosides with different
drugs and fluorescent molecules is successfully established through hindered disulfide linkers.

linkage is urgently demanded. Although substitution of tertiary
thiols with preactivated S-partners is conventionally employed for
the synthesis of steric disulfides (Scheme 1b),"* adjacent variation
of hindrance, stereocenter construction and molecule-cross-
linkage remain underdeveloped.

Direct disulfuration via designed disulfurating reagents has
become a better choice due to their straightforward facility for
unsymmetrical disulfide and late-stage modification. To meet
diverse requirements, masked disulfurating reagents (RSSAc and
RSSOMe) were developed by us to incorporate RSS moieties into
multifarious systems (Scheme 1c).**** Considering the great
importance of steric and stereoscopic disulfides, we are intrigued
by disulfuration of a-branched esters to access diverse hindered
disulfides. Nevertheless, steric hindrance of a-branched esters is
the first barrier for disulfuration. Furthermore, due to the flexi-
bility and volatility of disulfuryl groups*® and the relatively longer
distance between substituents on disulfides and the adjacent
carbon center, three-dimensional induction of disulfides is con-
fronted with great challenge. We envisage that disulfurating
reagents, N-dithiophthalimides with “soft” mask phthali-
mide,"” ™ enable the facilitation of the disulfuration of branched
soft nucleophiles based on the hard and soft acid and base
(HSAB) model.”® Moreover, the carbonyl groups from imide are
capable of serving as H-bonding donors to assist the chiral
induction.”* Herein, we disclose a straightforward disulfurating
strategy for construction of steric and stereoscopic disulfides via
N-dithiophthalimides, which is a splendid cross-linkage of
various functional molecules for molecule hybrids (Scheme 1d).

Results and discussion
Collective N-phthalimide-based sulfurating reagent library
for

Although successful protocols N-dithiophthalimide

(PhthSSR) synthesis have been reported,'®'® moisture-sensitive
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Scheme 1
ration for steric and stereoscopic disulfide construction.

PhthSCl makes scalable preparation and application burden-
some. A revised protocol affords a solid scale-up procedure:
pretreatment of thiols with N,N'-thiobisphthalimide (1.5 equiv.)
in 1,2-dichloroethane at 80 °C afforded PhthSSR (1) in moderate
to excellent yields on a 2-3 mmol scale (Table 1). The structure
of phthalimide-based disulfurating reagents was further
confirmed by the X-ray analysis of 1a. A variety of aromatic
substituents, including electron-donating and -withdrawing
groups on the phenyl ring (1a and 1b), naphthyl (1c and 1d), and
thienyl (1e) rings, were well tolerated in this reaction. Besides,
diverse aliphatic disulfurating reagents including substituted
benzyl (1f and 1g), tert-butyl (1h), cyclohexyl (1i), alkenyl (1j) and
alkynyl (1k) groups could be smoothly constructed. Further-
more, phthalimide-based disulfurating reagents containing
cross-linking groups (carboxyl, hydroxyl, borono and hydrox-
ysuccinimide) were successfully prepared in high yields under

3904 | Chem. Sci, 2020, 11, 3903-3908

RSSFNm - 1. "Soft" mask

(a) Significance of steric and stereoscopic disulfdies. (b) Substitution of tertiary thiol. (c) Disulfuration via mask strategy. (d) Disulfu-

the standard conditions (1l-q). The compatibility of various
linkage-containing groups provides an excellent basis for
molecule conjugation and hybridization.

Thiol-containing biomolecules such as cysteine, B-thio-
glycoside, and anti-hypertension drug captopril were converted
to the desired disulfurating reagents in high yields (1r-t).
Notably, all these N-dithiolphathalimides can be stored at room
temperature (25 °C) for 4-6 months without any detectable
deterioration.

Sterically bulky disulfides

With the large-scale N-dithiophthalimide library in hand, the
construction of quaternary o-disulfuryl B-keto esters was
consequently explored. As shown in Table 2, disulfuration of
various B-keto esters was first examined using DMAP as a cata-
lyst. Diverse scales of ester groups were tolerated in the current

This journal is © The Royal Society of Chemistry 2020
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Table 1 Construction of the N-dithiophthalimide library®®
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Table 2 Construction of diverse steric disulfides®?
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“ Reaction conditions: thiol (2 mmol) and N,N'-thiobisphthalimide (3
mmol) in CICH,CH,CI (10 mL) were stirred at 80 °C for 2-4 h.
b Isolated yields. ¢ The reaction was performed on a 10 mmol scale.

disulfuration reaction (3a-c), whose structure was further
confirmed by the X-ray analysis of 3a. Five-membered ring -
keto esters with electron-donating and -withdrawing groups on
the phenyl ring were well compatible in this transformation
affording the corresponding products in excellent yields (3d-f).
Aliphatic cyclopentanone-derived B-keto also
successfully transformed into the desired product 3g in good
yield. As for the B-keto ester bearing a six-membered-ring, the
product 3h was obtained in 57% yield. Unfortunately, acyclic
1,3-dicarbonyl substrates such as 2-methyl-ethylbenzoylacetate,
3-methylpentane-2,4-dione, or 2-methyl-diethylmalonate failed
to afford the desired steric disulfides. Notably, various gem-
substituent-hindered disulfides could be readily afforded with
silyl ketene acetals as nucleophiles.”” Incorporation of disul-
furyls into silyl ketene acetals with spiro-rings such as spi-
rocyclohexyl (3i), spirocyclopentyl (3j), and spirocyclobutyl (3k)
is delightly compatible, providing a rapid protocol for spiro-
hindered disulfide synthesis. Moreover, not only gem-
dimethyl-hindered disulfides (31 and 3m), but also gem-
diphenyl-hindered one (3n) could be well constructed through
this disulfuration reaction in moderate yields. A broad range of
N-dithiophthalimides, regardless of electron-donating or
-withdrawing groups on the phenyl ring, efficiently transformed
the disulfur motifs into the desired products (30-s). Aliphatic
disulfurating reagents, bearing adjacent tertiary and quaternary
carbon centers (3t and 3u), could be transformed into the

ester was

This journal is © The Royal Society of Chemistry 2020
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¢ Reaction conditions: B-keto ester (0 1 mmol), N-dithiophthalimide
(0.12 mmol) and DMAP (0.02 mmol) in CH,Cl, (1 mL) were stirred at
room temperature for 12-24 h. ? Isolated yields. © TMS enol ethers
were used instead of the corresponding B-keto esters. ? Reaction
conditions: TMS ketene acetal (0.2 mmol), N-dithiophthalimide (0.4
mmol), and DMAP (0.04 mmol) in THF (2 mL) were stirred at room
temperature for 8-12 h. ¢ 0.1 mmol of DMAP were used.

desired disulfide products with bilateral hindrance efficiently.
The successful incorporation of the allylic disulfuryl motif
demonstrated the good compatibility of the C-C double bond
(3v). Disulfides with the terminal C-C triple bond (3w) could be
also tolerated in this transformation, enabling the further
linkage via the click reaction.?® Notably, free carboxyl (3x and 3y)
and hydroxyl (3z) were well compatible, which provided more
chances for further molecule cross-linkage.

Chem. Sci., 2020, 11, 3903-3908 | 3905
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Sterically bulky disulfide cross-linkage

To further demonstrate the practicality of the present method,
steric disulfides were comprehensively applied for molecule
hybridization (Table 3).>* Biomolecules such as amino acids
(5a), dipeptides (5b), and B-thiosaccharides (5¢) can be effi-
ciently linked with B-keto esters via this steric disulfide. The
anti-cancer drug podophyllotoxin (5d), antioxidation natural
product d-tocopherol (5e), and molecule probe fluorescein (5f)
were efficiently linked with B-keto esters through one-pot
disulfuration and esterification. Hybridization of diverse
amino acids (5g), amino acid with fluorescent molecules (5h),
amino acid with saccharide (5i), and amino acid with nucleo-
side (5j) was all successfully established, providing possibilities
to modify protein structures, improve pharmacological efficacy
and overcome drug resistance.”** Non-steroidal anti-
inflammatory drug indomethacin could be successfully cross-
linked with antimalarial drug artesunate (5k) and anti-cancer

Table 3 Functional molecules cross-linked via hindered disulfides®?
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drug podophyllotoxin (51), which may serve as a dual-mode
for the treatment of diseases.

Stereoscopic disulfide construction

To create the three-dimensional environment for discrimina-
tion and recognition of biomolecules, construction of stereo-
scopic disulfides was subsequently explored. The strong
coordinating properties of unstable disulfuryl groups obstruct
the chiral induction with metal catalysts.”” Considering the
existence of H-bonding acceptors in both p-keto esters and N-
phthalimides,*® chiral organic molecules based on cinchona
alkaloids were tested as a catalyst for the desired enantiose-
lective induction.”?® The best result was obtained when the
disulfuration was performed in dimethoxyethane (DME) with
(DHQD),PHAL as a catalyst (Table 4).** Both aromatic and
aliphatic disulfur motifs could be transformed into the desired
disulfides in high yields with good to excellent

Me. Me Q
CO,Me H CO,Me
[e] N
s o T $
\d Bn

5f 88%

NHCbz

0.
M e/ﬁroj..); ?
o o

NPhth
! ™ ° m
0.0
B"/\Ir ; o " o 5
° ° é\ﬂ’&
5h  L.Phe— Disulfide — Coumarin  31%

Me,
>
Me 0 Q 0”0

Q 0,0 Ve
N Ay $ o o @
o 0 s 0.
3 )
o Me
Cl OMe

5k Indometacin— Disulfide —Artesunate 35%

5i  L-Ala—] Disulfide —D-Galactose ~ 42%

Conditions 0.

OAc
o)

CH,0Ac

5¢ 70%°

59 L-Ala— Disulfide ——L-Phe 54%

o

5 HN |
0O OJ\N
i [&
s,
o><o
Me’ Me

5] Ldle— Disulfide — Uridine  45%

NHBoc

i
(o) 0. O.
NP Me A%
2
Me O o

Me
o} 0,
9 0,0 0 OMe
N7 S
NG 2 | e
o o S‘ﬂJ\om.. i oMe
2

OMe

ci 'OMe

0\/0

51 in—{ Disulfide — in  24%

¢ Conditions: 1 (0.1 mmol), 2a (0.1 mmol), and DMAP (1.1 equiv.) in CH,Cl, (2 mL) were stirred at room temperature for 12 h; then 4 (1 equiv.), HOBt
(1.5 equiv.), EDCI (1.5 equiv.) and DIPEA (2.5 equiv.) were added, and the mixture was stirred at room temperature overnight. ? Isolated yields.
¢ Conditions: 1s (0.12 mmol), 2a (0.1 mmol) and DMAP (0.02 mmol) in CH,Cl, (1 mL) were stirred at room temperature for 12 h.
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Table 4 Catalytic enantioselective construction of quaternary o-

disulfuryl B-keto esters®?
[¢]
N
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DME, 25 °C, 24 h & SSR
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“ Reaction conditions: B-keto ester (1.0 equiv) N-dithiophthalimide
(1.2 equiv.), and (DHQD),PHAL (20 mol%), in 0.05 M DME solution at
25 °C for 24 h. ® After recrystallization once.

enantioselectivities (6a—f). Notably, the enantiomeric excess of
6c could be improved to 98% after recrystallization once. The
absolute configuration R of the stereogenic carbon center in
disulfuryl products was determined by X-ray crystal structure
analysis of the optically active product 6d.

Conclusions

In summary, an efficiently and generally applicable protocol for
the construction of steric and stereoscopic disulfides has been
developed via disulfuration of o-branched esters with N-
dithiophthalimides as disulfurating reagents. Steric disulfides
with subtle variation of adjacent hindered groups are compre-
hensively accessed with high functional-group tolerance, facil-
itating the structural regulation of disulfuryl linkage.
Enantioselective construction of stereoscopic disulfides is also
realized, which can provide chiral disulfide candidates for
biological recognition. With design and synthesis of steric
disulfide linkers, hybridization of various biomolecules, drugs
and fluorescent tags is well linked by reversibly fractured
disulfides, which provides synthetic basis for mimic of life
processes and pharmacological therapy. Efforts toward the drug
discovery of steric and stereoscopic disulfides are currently
underway in our laboratory.

This journal is © The Royal Society of Chemistry 2020
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