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ABSTRACT: A new, shelf-stable, and odorless bilateral disulfurating platform molecule, N-(N-morpholindithio)phthalimide, was
developed. This reagent can be easily prepared in high yields on a gram scale in a single step from the readily available N,N'-dithio-
bis(phthalimide). The two leaving groups bound to sulfur were selectively transformed: the morpholino and phthalimide groups were
transformed in the presence and absence of H', respectively. The platform molecule enabled the facile replacement of the morpholino
moiety with various substituents, such as allyl (Csp?), aryl (Csp?), and alkynyl (Csp) groups, affording the products in high yields.
The wide substrate scope of these transformations and the transformability of the resulting dithiophthalimide moiety provided rapid
access to divergent multi-functionalized unsymmetrical disulfides. These results demonstrate the utility of this method for structural
expansion in drug discovery and efficient conjugation in linker chemistry.

The disulfide bond is ubiquitous in biological macromole-
cules and in other molecules relevant to medicinal chemistry,
food chemistry, and materials science (Figure 1)."""* They are
found in a vast array of biologically active natural products,?
such as metabolites of marine organisms, Brassicaceae, and Al-
lium plants, and are attracting increasing attention in small mol-
ecule drug discovery and preparation of food additives.’ They
also play a crucial role in the regulation of H,S signaling*in the
physiological system and are vital for maintaining the three-di-
mensional structure of proteins.” Consequently, disulfides are
utilized to form cyclic structures in peptide drug discovery, and
the resulting steric constraints can improve the potency, selec-
tivity, and stability of the drug.®
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Figure 1. Ubiquity and utility of disulfide bonds.

In organisms, the disulfide bond can undergo reductive
cleavage by glutathione, and is an important reversible linker in
prodrugs,” antibody—drug conjugates (ADCs),* and small

molecule—drug conjugates (SMDCs).’ It has also been used for
drug delivery to target cells.'” The reversibility of disulfide
bonds'' has also attracted attention in the field of supramolecu-
lar chemistry.'? Furthermore, owing to their redox properties,
they have attracted attention in materials chemistry, particularly
for application in lithium-ion batteries.”> Owing to these vast
applications of disulfides, widely-applicable synthetic methods
are greatly needed to realize expedient structural optimization
in drug discovery, as well as highly-efficient conjugation reac-
tions useful for linker chemistry. Nonetheless, the synthesis of
unsymmetrical disulfides is challenging, thereby limiting their
applications.'** The conventional methods, such as the oxida-
tion of two thiols'*!* or substitution reactions of thiols with sul-
fur electrophiles, *'° are unsuitable for controlling the scram-
bling of substituents. Recently, electrophilic disulfurating rea-
gents bearing a sulfur-bonded leaving group (RSS-LG) have
been extensively studied, and reactions introducing a carbon
nucleophile into these reagents have been reported (Figure
2A)." However, most of these reagents require linear and mul-
tistep synthesis from relatively less available thiols, making
them unsuitable for accessing various disulfide analogs. To ad-
dress these issues, a bilateral disulfide platform bearing two se-
lectively transformable leaving groups is desirable (Figure 2B).
However, in spite of the synthetic advantages, this strategy is
challenging because the relative reactivities of leaving groups
are still unexplored.'®?!?* It is also difficult to control multiple
weak bonds (S-S, S-LG', S-LG?) and sulfur extrusion.”? Re-
cently, in their pioneering work, Jiang ef al. reported, a novel
method for introducing two carbon nucleophiles into a disulfide
building block by the virtue of strain release (Figure 2C).'®
However, the carbon nucleophiles that can be used for the first
step are limited to arylboronic acids. Thus, a novel method that
can be used for the preparation of various disulfides is highly
sought after. Herein, we report the development of a disulfide
platform molecule bearing amino and imide leaving groups.
The developed strategy can introduce various substituents into
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the platform molecule, thereby facilitating the diverse syntheses
of disulfides (Figure 2D).

We began with the design and preparation of novel bilateral
disulfide platform molecules (Figure 3) using imide and amino
groups as leaving groups. We conceived that the imide group
reacts preferentially in the absence of protons because it is elec-
tron deficient, while the amino group reacts preferentially in the
presence of protons because of the (1) hard and basic character
of the amino moiety, (2) high reactivity of the S-N*HR, bond
upon activation,?> and (3) stability of the liberated ammonium
salt (Figure 3A). To examine the feasibility of the selective
transformation of the leaving groups, we performed a competi-
tive experiment for C—S bond formation using an equimolar
mixture of sulfanyl amine 1 and thioimide 2 (Figure 3B). Con-
sequently, 1 reacted selectively with allyltrimethylsilane (3a) in
the presence of TFA, whereas 2 reacted selectively with ketoes-
ter 4a in the absence of TFA. Both 1 and 2 afforded the corre-
sponding sulfide in high yield, while the other sulfur reagent
was also recovered in high yield, suggesting that the reaction
positions can be switched depending on the presence or absence
of a proton source.
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Figure 2. Background and basic concept of this work

In addition to the promising leaving group selectivity, we
expected to avoid sulfur extrusion, which was a major concern
in our previous study (Figure 3C).”2 DFT calculations showed
that the sulfur extrusion was driven by the interaction between
the highly polarized S-O bond and the S atom of the disulfide

structure. Consequently, we anticipated that sulfur desorption
would be prevented owing to the low polarization of the C—O
bond in the imide group.
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Figure 3. Design and development of a bilateral disulfide platform.
(A) Design of two leaving groups. (B) Crossover experiment. (C)
Design for avoiding sulfur extrusion. (D) Synthesis of platform



molecule. (E) Evaluation of selectivity. Yields were determined by
NMR analysis. “Isolated yield.

Table 1. Optimization of reaction conditions

Based on these observations, we designed a disulfide plat-
form molecule 12 bearing a morpholino and phthalimide moiety
on the sulfur atoms. The compound can be easily prepared in
excellent yield on a gram scale from readily available N,N'-di-

0 0 thiobis(phthalimide) (10) using morpholine (11) (Figure 3D).
B S acid (5.0 equiv) _ _ Platform molecule 12 is a stable (more than 1 year at rt) and
GE:N %- \_/_\_/o i SMes “solvent, temp, 3 h ST easy-to-handle solid without any sulfurous odor.
(100162;uiv) (1 23;; o) ?33 With this new reagent in hand, we next investigated its se-
' — - lectivity. The TFA-mediated allylation using allyltrime-
0/\a

Entry Acid Solvent Temp.  Yield (%) thylsilane (3a) proceeded selectively at the morpholine moiety
1 TFA CH,Cl, r.t. 89 to afford 13a in 89% yield, and the base-mediated reaction with
2 AcOH CH,Cl, rt N.D. cyclic ketoester (4a) at the phthalimide moiety afforded 14 in
91% yield (Figure 3E). Thus, we successfully developed a plat-
3 TsOH-H,0  CHCL L.t 35 form molecule whose reaction sites could be switched, depend-
4 BF;: Et,0 CH,Cl, r.t. 56 ing on the presence or absence of a proton source, to afford de-

5 THO CH,Cl, t 62 sired compounds without desulfurization.
We further optimized the reaction conditions for the effi-
6 TEAA CHaCly rt 32 cient acid-mediated allylation of 12 with allyltrimethylsilane
7 TFA CHCly rt 70 (3a) to afford the products in quantitative yield (Table 1).*
8 TFA toluene r.t. 55 Among the acids and acid anhydrides examined (entries 1-6),
9 TFA THF - N.D. excellent results were obtained using TFA (entry 1). Although
10 TEA CH,CL 20°C 9%, (99 the reaction proceeded efficiently in nonpolar solvents, such as

“NMR Yield. *Reaction time of 1 h. °3a (3.0 equiv) was used. “Iso-
lated yield.

A. Allylation (Cs,3—S Bond Formation)

CHCl;s and toluene, it did not proceed in ether solvents (entries
7-9). The yield drastically increased to 99% upon lowering the
reaction temperature to —20 °C (entry 10).
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Figure 4. Transformations of 12. (A) Allylation with allyltrimethylsilanes 3. (B) Alkynylation with alkynyltrimethylsilanes 15. (C) Arylation
with electron-rich arenes 17. Isolated yields are shown. “Reaction time of 1.5 h. bTFA (10 equiv) was used. “Conducted at 10 °C. “TFA (5.0
equiv) was used. “Conducted at —40 °C. /anisole (3.0 equiv) was used. ENMR yield. "TFA (15 equiv) was used.



SiMes 13

5 “‘< >‘ 5 .s
N-S ' H NS
Qié sy o " Moo Buproten | Cgl /\E
° / o] OWMe
™ THF, 40 °C 196

13m
(97%)

CH20|2 20ec
(quant.)

0 Cco,Me

©/B(OH)2

Cu(OAc),, bpy
K3P04 H,0

o Me

o T s

o (74%)

SH
NHBoc

CHCIS NHBoc

o A
)\; Et3N Moo P55 0”0
13n

19¢
(96%)

Figure 5. Synthesis of diverse polysulfides from 12. See the Supporting Information for details.
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Figure 6. Mechanistic studies. (A) Allylation of 12 in the presence
of TEMPO. (B) NMR observation of the mixture of 12 and TFA in
CDCls. (C) NMR observation after the addition of allyltrime-
thylsilane (3a) to a mixture of 12 and TFA in CDClI;. (D) Plausible
reaction mechanisms. Yields were determined by NMR analysis.

The reaction of various functionalized allylsilanes 3 with
platform molecule 12 (Figure 4A) was conducted under the

optimized conditions (Table 1, entry 10). Various allylsilane de-
rivatives bearing methyl, acetoxymethyl, bromo, chrolomethyl,
and aryl groups at the 2-position participated in the allylation to
afford 13b-13g in excellent yields. The reaction of 1- or 3-sub-
stituted allylsilane derivatives proceeded smoothly to afford
13h-13k in excellent yields with complete y-selectivity except
for the reaction of E-cinnamyltrimethylsilane (3h).

Encouraged by these results, we next studied the reactions
with other nucleophiles such as alkynylsilanes® and electron-
rich arenes.*™¢ The alkynylation reaction proceeded under
similar reaction conditions as those used for the reactions with
allylsilanes (Figure 4B). The reactions with alkynylsilanes bear-
ing a methoxy or carbamate moiety on the benzene ring af-
forded the desired disulfides 16a—16¢ in good yields. The disul-
furation of alkynylsilanes with alkyl substituents also pro-
ceeded, affording 16d-16f. Furthermore, various aromatic di-
sulfides possessing functional groups were synthesized through
the disulfuration of electron-rich arenes (Figure 4C). For in-
stance, 18a and 18b were efficiently prepared by treating 12
with 1,3,5-trimethoxybenzene and anisole, respectively. Fur-
thermore, late-stage disulfuration of functional molecules was
demonstrated using metaxalone (muscle relaxant), affording the
corresponding disulfide 18¢ in good yield. All of the transfor-
mations exclusively gave mono-substituted products,?® and the
entire experimental process was free from unpleasant odors.
Thus, 12 could be efficiently utilized to replace the morpholino
moiety with various carbon substituents, such as allyl (Csp®),
aryl (Csp?), and alkynyl (Csp) groups.

Platform molecule 12 is suitable for various transformations,
and the transformability of the resulting dithiophthalimides'’®
£27 provides rapid access to divergent disulfides bearing com-
plex substituents via the formation of two C—S bonds (Figure 5).
For example, the reaction of functionalized allylsilanes 31-3n
with estrone (steroid hormone), ibuprofen (anti-inflammatory
drug), and coumarin (fluorescent molecule) framework suc-
cessfully proceeded to afford 131-13n in excellent yields. Sub-
sequent diversification of 131 and 13m upon the reaction with
carbon nucleophiles such as ketoester 7a'’® or phenylboronic
acid (20)'7! enabled rapid access to divergent disulfides via the
formation of two C—S bonds. Furthermore, a CySSA derivative,



which has attracted attention because of its Allium-related
health benefits, was rapidly prepared by the base-mediated sub-
stitution reaction with protected cysteine 21 (Figure 5C).2’
These results clearly demonstrated that 12 could be successfully
used to access divergent multi-functionalized unsymmetrical
disulfides and trisulfides using reactants bearing appropriate
substituents. As shown in Figure 1, disulfide derivatives play an
important role in linker chemistry as well as in small molecule
drug discovery, thereby demonstrating the utility of 12 for the
rapid structural expansion for structure-activity relationship
studies in drug discovery and for developing reliable conjuga-
tion methods for linker chemistry.

To gain insights into the mechanism of the acid-mediated
reaction using 12, we conducted several control experiments
(Figure 6). The reaction between 3a and 12 in the presence of
2,2,6,6-tetramethylpiperidine 1-oxyl free radical (TEMPO) did
not affect the formation of 13a, suggesting that radical interme-
diates were not involved (Figure 6A). The treatment of 12 with
TFA (5.0 equiv) in CDCl3 at —20 °C for 0.5 h led to the complete
recovery of 12, with the formation of only trace amounts of
morpholine salt 22, confirming that the S-N bond was not
cleaved (Figure 6B). The subsequent addition of allyltrime-
thylsilane (3a) to this mixture, followed by stirring for 0.5 h,
afforded the desired product 13a (96%), along with morpholine
salt 22 (93%) and CF3CO,SiMe; (23; 79%) (Figure 6C). In ad-
dition, the NMR signal of the proton adjacent to the nitrogen of
the morpholine moiety was shifted upfield before the addition

AUTHOR INFORMATION

Corresponding Author

Kazuya Kanemoto

*E-mail: kazuya.kanemoto.al@tohoku.ac.jp

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

This work was supported by Kato Memorial Bioscience Founda-
tion (K.K.), Tokyo Biochemical Research Foundation (K.K.),
Takahashi Industrial and Economic Research Foundation (K.K.),
Meiji Seika Award in Synthetic Organic Chemistry, Japan (K.K.),
the Uehara Memorial Foundation (K.K.), JSPS KAKENHI Grant
Number JP19K23637 (Research Activity Start-up; K.K.),
JP20K 15288 (Young Scientists; K.K.), JP21K05415 (Scientific
Research (C); S.F.), JP22K 14687 (Young Scientists; K.K.), and the
Institute of Science and Engineering, Chuo University.

REFERENCES

€)) Sulfur Chemistry; Jiang, X., Ed.; Springer: Berlin, 2019.

2) For selected reviews: (a) Halai, R.; Craik, D. J. Conotoxins:
natural product drug leads. Nat. Prod. Rep. 2009, 26, 526. (b) Jiang,
C.-S.; Miiller, W. E. G.; Schroder, H. C.; Guo, Y.-W. Disulfide- and
Multisulfide-Containing Metabolites from Marine Organisms. Chem.
Rev. 2012, 112,2179. (c) Li, B.; Wever, W. J.; Walsh, C. T.; Bowers,
A. A. Dithiolopyrrolones: biosynthesis, synthesis, and activity of a
unique class of disulfide-containing antibiotics. Nat. Prod. Rep. 2014,
31, 905. (d) Hanschen, F. S.; Lamy, E.; Schreiner, M.; Rohn, S. Reac-
tivity and Stability of Glucosinolates and Their Breakdown Products in
Foods. Angew. Chem., Int. Ed. 2014, 53, 11430. For selected examples:
(e) Lindquist, N.; Fenical, W. Polycarpamines A-E, Antifungal Disul-
fides from the Marine Ascidian Polycarpa auzata. Tetrahedron Lett.
1990, 3/.2389. (f) Chan, A. N.; Shiver, A. L.; Wever, W. J.; Razvi, S.
Z. A.; Traxler, M. F.; Li, B. Role for dithiolopyrrolones in disrupting

of 3a (Figure 6B), indicating that the nitrogen atom of morpho-
line was activated through protonation. These observations sug-
gested that the reaction was probably initiated by the protona-
tion of 12 to generate I, followed by a reaction with the corre-
sponding nucleophile to afforded disulfides 13, 16, and 18 (Fig-
ure 6D). NMR spectral analysis suggested that intermediate 11,
which was generated via C—N bond cleavage upon the exchange
of the morpholine moiety with TFA, was not likely to be an ac-
tive species.?®

In summary, we developed a novel, shelf-stable, bilateral
disulfurating platform molecule, N-(N-morpholin-
dithio)phthalimide (12). This reagent was easily prepared as a
stable and easy-to-handle odorless solid. The two leaving
groups bound to sulfur were transformed selectively: the mor-
pholino and phthalimide groups were transformed in the pres-
ence and absence of H', respectively, without any undesirable
sulfur extrusion. Thus, the platform molecule 12 was efficiently
utilized to replace the morpholino moiety with various carbon
substituents, such as allyl (Csp®), aryl (Csp?), and alkynyl (Csp)
groups. The wide substrate scope of these transformations and
the transformability of the resulting dithiophthalimide moiety
provided rapid access to divergent multi-functionalized unsym-
metrical disulfides. This strategy will open a new avenue for
rapid structural expansion in drug discovery, as well as for in-
troducing effective conjugation in linker chemistry. Studies on
the synthesis of bioactive disulfide-containing molecules and
SMDCs are currently underway.

bacterial metal homeostasis. Proc. Natl. Acad. Sci. U. S. A. 2017, 114,
2717. (g) Silva, F.; Khokhar, S. S.; Williams, D. M.; Saunders, R.; Ev-
ans, G. J. S.; Graz, M.; Wirth, T. Short Total Synthesis of Ajoene. An-
gew. Chem., Int. Ed. 2018, 57, 12290.

3) (a) Higuchi, O.; Tateshita, K.; Nishimura, H. Antioxidative
Activity of Sulfur-Containing Compounds in A/lium Species for Hu-
man Low-Density Lipoprotein (LDL) Oxidation in Vitro. J. Agric.
Food Chem. 2003, 51, 7208. (b) Widdison, W. C.; Wilhelm, S. D.;
Cavanagh, E. E.; Whiteman, K. R.; Leece, B. A.; Kovtun, Y.
Goldmacher, V. S.; Xie, H.; Steeves, R. M.; Lutz, R. J.; Zhao, R.; Wang,
L.; Blattler, W. A.; Chari, R. V. J. Semisynthetic Maytansine Ana-
logues for the Targeted Treatment of Cancer. J. Med. Chem. 2006, 49,
4392. (c) Zhang, G.; Li, B.; Lee, C.-H.; Parkin, K. L. Cysteine and Glu-
tathione Mixed-Disulfide Conjugates of Thiosulfinates: Chemical Syn-
thesis and Biological Activities. J. Agric. Food Chem. 2010, 58, 1564.
(d) DiRaimondo, T. R.; Plugis, N. M.; Jin, X.; Khosla, C. Selective In-
hibition of Extracellular Thioredoxin by Asymmetric Disulfides. J.
Med. Chem. 2013, 56, 1301. (e) Zhang, G.; Parkin, K. L.
S-Alk(en)ylmercaptocysteine: Chemical Synthesis, Biological Activi-
ties, and Redox-Related Mechanism. J. Agric. Food Chem. 2013, 61,
1896. (f) Branowska, D.; Lawecka, J.; Sobiczewski, M.; Karczmarzyk,
Z.; Wysocki, W.; Wolinska, E.; Olender, E.; Mirostaw, B.; Perzyna,
A.; Bielawska, A.; Bielawski, K. Synthesis of unsymmetrical disul-
fanes bearing 1,2,4-triazine scaffold and their in vitro screening to-
wards anti-breast cancer activity. Monatsh. Chem. 2018, 149, 1409. (g)
Zhang Y.; Xie, W.-P.; Zhang, Y.-K.; Chen, Y.-Q.; Wang, D.-L.; Li, G;
Guan, D.-H. Experimental study of inhibitory effects of diallyl trisul-
fide on the growth of human osteosarcoma Saos-2 cells by downregu-
lating expression of glucose-regulated protein 78. OncoTargets Ther.
2018, /1,271.

@) For a selected review: (a) Filipovic, M. R.; Zivanovic, J.; Al-
varez, B.; Banerjee, R. Chemical Biology of H,S Signaling through
Persulfidation. Chem. Rev. 2018, 118, 1253. For a selected example:
(b) Benavides, G. A.; Squadrito, G. L.; Mills, R. W.; Patel, H. D.; Isbell,
T. S.; Patel, R. P.; Darley-Usmar, V. M.; Doeller, J. E.; Kraus, D. W.
Hydrogen sulfide mediates the vasoactivity of garlic. Proc. Natl. Acad.
Sci. U. S. 4. 2007, 104, 17977.

5) For selected reviews: (a) Narayan, M.; Welker, E.;
Wedemeyer, W. J.; Scheraga, H. A. Oxidative Folding of Proteins. Acc.



Chem. Res. 2000, 33, 805. (b) Sevier, C. S.; Kaiser, C. A. Formation
and transfer of disulphide bonds in living cells. Nat. Rev. Mol. Cell Biol.
2002, 3, 836. (c) Hogg, P. J. Disulfide bonds as switches for protein
function. Trends Biochem. Sci. 2003, 28, 210. (d) Cheng, Z.; Zhang, J.;
Ballou, D. P.; Williams, C. H., Jr, Reactivity of Thioredoxin as a Pro-
tein Thiol-Disulfide Oxidoreductase. Chem. Rev. 2011, 111, 5768. For
selected examples: (e) Alegre-Cebollada, J.; Kosuri, P.; Rivas-Pardo, J.
A.; Fernandez, J. M. Direct observation of disulfide isomerization in a
single protein. Nat. Chem. 2011, 3, 882. (f) Wommack, A. J.; Ziarek, J.
J.; Tomaras, J.; Chileveru, H. R.; Zhang, Y.; Wagner, G.; Nolan, E. M.
Discovery and Characterization of a Disulfide-Locked C,-Symmetric
Defensin Peptide. J. Am. Chem. Soc. 2014, 136, 13494. (g) Lu, S.; Fan,
S.-B.; Yang, B.; Li, Y.-X.; Meng, J.-M.; Wu, L.; Li, P.; Zhang, K.;
Zhang, M.-J.; Fu, Y.; Luo, J.; Sun, R.-X.; He, S.-M.; Dong, M.-Q. Map-
ping native disulfide bonds at a proteome scale. Nat. Methods, 2015,
12,329.

(6) For selected reviews: (a) Gongora-Benitez, M.; Tulla-Puche,
J.; Albericio, F. Multifaceted Roles of Disulfide Bonds. Peptides as
Therapeutics. Chem. Rev. 2014, 114, 901. (b) Lau, Y. H.; de Andrade,
P.; Wu, Y.; Spring, D. Y. Peptide stapling techniques based on different
macrocyclisation chemistries. Chem. Soc. Rev. 2015, 44, 91.

7 (a) Fournié-Zaluski, M.-C.; Coric, P.; Turcaud, S.; Lucas, E.;
Noble, F.; Maldonado, R.; Roques, B. P. Mixed-inhibitor-prodrug as a
new approach toward systemically active inhibitors of enkephalin-de-
grading enzymes. J. Med. Chem. 1992, 35, 2473. (b) Vrudhula, V. M.;
MacMaster, J. F.; Li, Z.; Kerr, D. E.; Senter, P. D. Reductively Acti-
vated Disulfide Prodrugs of Paclitaxel. Bioorg. Med. Chem. Lett. 2002,
12,3591. (c) Vrudhula, V. M.; Kerr, D. E.; Siemers, N. O.; Dubowchik,
G. M.,; Senter, P. D. Cephalosporin Prodrugs of Paclitaxel for Immu-
nologically Specific Activation by L-49-sFv-f-Lactamase Fusion Pro-
tein. Bioorg. Med. Chem. Lett. 2003, 13, 539. (d) Santra, S.; Kaittanis,
C.; Santiesteban, O. J.; Perez, J. M. Cell-Specific, Activatable, and
Theranostic Prodrug for Dual-Targeted Cancer Imaging and Therapy.
J. Am. Chem. Soc. 2011, 133, 16680.

(®) For selected reviews: (a) Chari, R. V. J.; Miller, M. L.; Wid-
dison, W. C. Antibody-Drug Conjugates: An Emerging Concept in
Cancer Therapy. Angew. Chem., Int. Ed. 2014, 53, 3796. (b) Beck, A.;
Goetsch, L.; Dumontet, C.; Corvaia, N. Strategies and challenges for
the next generation of antibody—drug conjugates. Nat. Rev. Drug Dis-
covery, 2017, 16, 315. (c) Nicolaou, K. C.; Rigol, S. The Role of Or-
ganic Synthesis in the Emergence and Development of Antibody—Drug
Conjugates as Targeted Cancer Therapies. Angew. Chem., Int. Ed. 2019,
58, 11206. For a selected example: (d) Staben, L. R.; Koenig, S. G.;
Lehar, S. M.; Vandlen, R.; Zhang, D.; Chuh, J.; Yu, S.-F.; Ng, C.; Guo,
J.; Liu, Y.; Fourie-O’Donohue, A.; Go, M.; Linghu, X.; Segraves, N.
L.; Wang, T.; Chen, J.; Wei, B.; Phillips, G. D. L.; Xu, K.; Kozak, K.
R.; Mariathasan, S.; Flygare, J. A.; Pillow, T. H. Targeted drug delivery
through the traceless release of tertiary and heteroaryl amines from an-
tibody—drug conjugates. Nat. Chem. 2016, 8, 1112.

9) (a) Larson, R. A.; Sievers, E. L.; Stadtmauer, E. A.; Léwen-
berg, B.; Estey, E. H.; Dombret, H.; Theobald, M.; Voliotis, D.; Ben-
nett, J. M.; Richie, M.; Leopold, L. H.; Berger, M. S.; Sherman, M. L.;
Loken, M. R.; van Dongen, J. J. M.; Bernstein, 1. D.; Appelbaum, F. R.
Final report of the efficacy and safety of gemtuzumab ozogamicin
(Mylotarg) in patients with CD33-positive acute myeloid leukemia in
first recurrence. Cancer, 2005, 104, 1442. (b) Razzak, M. Vin-
tafolide—targeting the folate receptor with a cytotoxic offers hope. Nat.
Rev. Clin. Oncol. 2013, 10, 668. (c) Krall, N.; Pretto, F.; Neri, D. A
bivalent small molecule-drug conjugate directed against carbonic an-
hydrase IX can elicit complete tumour regression in mice. Chem. Sci.
2014, 5, 3640. (d) Krall, N.; Pretto, F.; Decurtins, W.; Bernardes, G. J.
L.; Supuran, C. T.; Neri, D. A Small-Molecule Drug Conjugate for the
Treatment of Carbonic Anhydrase IX Expressing Tumors. Angew.
Chem., Int. Ed. 2014, 53,4231. (¢) Cazzamalli, S.; Corso, A. D.; Wid-
mayer, F.; Neri, D. Chemically Defined Antibody—and Small Molecule
—Drug Conjugates for in Vivo Tumor Targeting Applications: A Com-
parative Analysis. J. Am. Chem. Soc. 2018, 140, 1617.

(10)  For selected reviews: (a) Saito, G.; Swanson, J. A.; Lee, K.-
D. Drug delivery strategy utilizing conjugation via reversible disulfide
linkages: role and site of cellular reducing activities. Adv. Drug Deliv-
ery Rev. 2003, 55, 199. (b) Ojima, I. Guided Molecular Missiles for

Tumor-Targeting Chemotherapy—Case Studies Using the Second-Gen-
eration Taxoids as Warheads. Acc. Chem. Res. 2008, 41, 108.

(11)  Foraselected review: (a) Nagy, P. Kinetics and Mechanisms
of Thiol-Disulfide Exchange Covering Direct Substitution and Thiol
Oxidation-Mediated Pathways. Antioxid. Redox Signaling, 2013, 18,
1623. For selected examples: (b) Bach, R. D.; Dmitrenko, O.; Thorpe,
C. Mechanism of Thiolate-Disulfide Interchange Reactions in Bio-
chemistry. J. Org. Chem. 2008, 73, 12. (c) Putzu, M.; Griter, F.; Elstner,
M.; Kubaf, T. On the mechanism of spontaneous thiol-disulfide ex-
change in proteins. Phys. Chem. Chem. Phys. 2018, 20, 16222.

(12)  For selected reviews: (a) Black, S. P.; Sanders, J. K. M.;
Stefankiewicz, A. R. Disulfide exchange: exposing supramolecular re-
activity through dynamic covalent chemistry. Chem. Soc. Rev. 2014,
43, 1861. (b) Ulrich, S. Growing Prospects of Dynamic Covalent
Chemistry in Delivery Applications. Acc. Chem. Res. 2019, 52, 510.

(13)  (a) Wu, M.; Cui, Y.; Bhargav, A.; Losovyj, Y.; Siegel, A.;
Agarwal, M.; Ma, Y.; Fu, Y. Organotrisulfide: A High Capacity Cath-
ode Material for Rechargeable Lithium Batteries. Angew. Chem., Int.
Ed. 2016, 55, 10027. (b) Wu, M.; Bhargav, A.; Cui, Y.; Siegel, A;
Agarwal, M.; Ma, Y.; Fu, Y. Highly Reversible Diphenyl Trisulfide
Catholyte for Rechargeable Lithium Batteries. ACS Energy Lett. 2016,
1,1221. (c) Guo, W.; Wawrzyniakowski, Z. D.; Cerda, M. M.; Bhargav,
A.; Pluth, M. D.; Ma, Y.; Fu, Y. Bis(aryl) Tetrasulfides as Cathode Ma-
terials for Rechargeable Lithium Batteries. Chem. Eur. J. 2017, 23,
16941.

(14) For selected reviews: (a) Witt, D. Recent Developments in Di-
sulfide Bond Formation. Synthesis, 2008, 2491. (b) Mandal, B.; Basu,
B. Recent advances in S-S bond formation. RSC Adv. 2014, 4, 13854,
(c) Ong, C. L.; Titinchi, S.; Juan, J. C.; Khaligh, N. G. An Overview of
Recent Advances in the Synthesis of Organic Unsymmetrical Disul-
fides. Helv. Chim. Acta, 2021, 104, €2100053.

(15) For recent examples: (a) Dethe, D. H.; Srivastava, A.; Dherange,
B. D.; Kumar, B. V. Unsymmetrical Disulfide Synthesis through Pho-
toredox Catalysis. Adv. Synth. Catal. 2018, 360, 3020. (b) Qiu, X.;
Yang, X.; Zhang, Y.; Song, S.; Jiao, N. Efficient and practical synthesis
of unsymmetrical disulfides via base-catalyzed aerobic oxidative dehy-
drogenative coupling of thiols. Org. Chem. Front. 2019, 6, 2220. (c)
Parida, A.; Choudhuri, K.; Mal, P. Unsymmetrical Disulfides Synthesis
via Sulfenium Ion. Chem. Asian J. 2019, 14, 2579.

(16)  For recent examples: (a) Taniguchi, N. Unsymmetrical Di-
sulfide and Sulfenamide Synthesis via Reactions of Thiosulfonates
with Thiols or Amines. Tetrahedron, 2017, 73,2030. (b) Bizzini, L. D.;
Zwick, P.; Mayor, M. Preparation of Unsymmetrical Disulfides from
Thioacetates and Thiosulfonates. Eur. J. Org. Chem. 2019, 6956. (c)
Wang, D.; Liang, X.; Xiong, M.; Zhu, H.; Zhou, Y.; Pan, Y. Synthesis
of unsymmetrical disulfides via PPhs-mediated reductive coupling of
thiophenols with sulfonyl chlorides. Org. Biomol. Chem. 2020, 18,
4447.(d) Guo, J.; Zha, J.; Zhang, T.; Ding, C.-H.; Tan, Q.; Xu, B. PdCI
»/DMSO-Catalyzed Thiol-Disulfide Exchange: Synthesis of Unsym-
metrical Disulfide. Org. Lett. 2021, 23,3167.

(17)  (a) Wang, W.; Lin, Y.; Ma, Y.; Tung, C.-H.; Xu, Z. Cop-
per(I)-Catalyzed Three-Component Click/Persulfuration Cascade: Re-
gioselective Synthesis of Triazole Disulfides. Org. Lett. 2018, 20, 2956.
(b) Xiao, X.; Xue, J.; Jiang, X. Polysulfurating reagent design for un-
symmetrical polysulfide construction. Nat Commun, 2018, 9, 2191. (c)
Wang, W.; Lin, Y.; Ma, Y.; Tung, C.-H.; Xu, Z. Cu-Catalyzed Electro-
philic Disulfur Transfer: Synthesis of Unsymmetrical Disulfides. Org.
Lett. 2018, 20, 3829. (d) Zou, J.; Chen, J.; Shi, T.; Hou, Y.; Cao, F.;
Wang, Y.; Wang, X.; Jia, Z.; Zhao, Q.; Wang, Z. Phthalimide-Carried
Disulfur Transfer To Synthesize Unsymmetrical Disulfanes via Copper
Catalysis. ACS Catal. 2019, 9, 11426. (e) Gao, W.-C.; Tian, J.; Shang,
Y.-Z.; Jiang, X. Steric and stereoscopic disulfide construction for cross-
linkage via N-dithiophthalimides. Chem. Sci. 2020, 11, 3903. (f) Gao,
W.-C.; Liu, J.; Jiang, X. Phthalimide-based-SSCF3 reagent for enantio-
selective dithiotrifluoromethylation. Org. Chem. Front. 2021, 8, 1275.
(g) Zhang, Q.; Li, Y.; Zhang, L.; Luo, S. Catalytic Asymmetric Disul-
furation by a Chiral Bulky Three-Component Lewis Acid-Base. Angew.
Chem., Int. Ed. 2021, 60, 10971.

(18)  Xue, J.; Jiang, X. Unsymmetrical polysulfidation via de-
signed bilateral disulfurating reagents. Nat. Commun. 2020, 11, 4170.



(19)  For selected examples of nucleophilic disulfuration: (a) Park,
C.-M.; Johnson, B. A.; Duan, J.; Park, J.-J.; Day, J. J.; Gang, D.; Qian,
W.-J.; Xian, M. 9-Fluorenylmethyl (Fm) Disulfides: Biomimetic Pre-
cursors for Persulfides. Org. Lett. 2016, 18, 904. (b) Xiao, X.; Feng,
M.; Jiang, X. New Design of a Disulfurating Reagent: Facile and
Straightforward Pathway to Unsymmetrical Disulfanes by Copper-Cat-
alyzed Oxidative Cross-Coupling. Angew. Chem., Int. Ed. 2016, 55,
14121. (c¢) Dai, Z.; Xiao, X.; Jiang, X. Nucleophilic disulfurating rea-
gents for unsymmetrical disulfides construction via copper-catalyzed
oxidative cross coupling. Tetrahedron, 2017, 73, 3702.

(20)  Other examples of disulfide synthesis: (a) Arisawa, M.; Ya-
maguchi, M. Rhodium-Catalyzed Disulfide Exchange Reaction. J. Am.
Chem. Soc. 2003, 125, 6624. (b) Wu, Z.; Pratt, D. A. Radical Substitu-
tion Provides a Unique Route to Disulfides. J. Am. Chem. Soc. 2020,
142,10284. (c) Wu, Z.; Pratt, D. A. A Divergent Strategy for Site-Se-
lective Radical Disulfuration of Carboxylic Acids with Trisulfide-1,1-
Dioxides. Angew. Chem., Int. Ed. 2021, 60, 15598.

(21)  For selected examples: (a) Angus, A. B.; Bacon, R. G. R.
Thiocyanogen chloride. Part I. Chemical evidence for the existence of
the monomeric compound in solutions in organic solvents. J. Chem.
Soc. 1958, 774. (b) Cantini, B.; Capozzi, G.; Menichetti, S.; Nativi, C.
Phthalimidesulfenyl Chloride 12: Generation and Trapping of para-
Monothioquinones. Synthesis 1999, 1999, 1046. (c) Jouvin, K.
Matheis, C.; Goossen, L. J. Synthesis of Aryl Tri- and Difluoromethyl
Thioethers via a C-H-Thiocyanation/Fluoroalkylation Cascade. Chem.
Eur. J. 2015, 21, 14324. (d) Qiu, J.; Wu, D.; Karmaker, P. G.; Yin, H.;
Chen, F.-X. Enantioselective Organocatalyzed Direct a-Thiocyanation
of Cyclic B-Ketoesters by N-Thiocyanatophthalimide. Org. Lett. 2018,
20, 1600. (e) Xue, J.; Jiang, X. Polysulfuration via a Bilateral Thiamine
Disulfurating Reagent. Org. Lett. 2020, 22, 8044.

(22)  Kanemoto, K.; Furuhashi, K.; Morita, Y.; Komatsu, T.; Fu-
kuzawa, S.-i. Acid-Mediated Sulfonylthiolation of Arenes via Selective
Activation of SS-Morpholino Dithiosulfonate. Org. Lett. 2021, 23,
1582.

(23)  (a) Abramovitch, R. A.; Miller, A. L.; Pilski, J. Pyridine N-
Sulphides. Some Simple N-Arylthiopyridinium Salts and a Possible
Source of Arylsulphenium lons. J. Chem. Soc., Chem. Commun. 1981,
703. (b) Benati, L.; Montevecchi, P. C.; Spagnolo, P. Thermal reactiv-
ity of 4’-substituted- and 4’-substituted-2-phenyl-benzenesulphenani-
lides. J. Chem. Soc. Perkin Trans. 1987, 1, 99. (c¢) Amelichev, S. A.;
Aysin, R. R.; Konstantinova, L. S.; Obruchnikova, N. V.; Rakitin, O.
A.; Rees, C. W. Abnormally Mild Synthesis of Bis(dithiolo)pyrroles
from 2,5-Dimethylpyrroles. Org. Lett. 2005, 7, 5725. (d) Ferry, A;
Billard, T.; Bacqué, E.; Langlois, B. R. Electrophilic trifluoro-
methanesulfanylation of indole derivatives. J. Fluorine Chem. 2012,
134, 160. (e) Konstantinova, L. S.; Lysov, K. A.; Souvorova, L. L;
Rakitin, O. A. Synthesis of 2,3-dihydronaphtho[2,3-d][1,3]thiazole-
4,9-diones and 2,3-dihydroanthra[2,3-d][1,3]thiazole-4,11-diones and
novel ring contraction and fusion reaction of 3H-spiro[1,3-thiazole-
2,1’-cyclohexanes] into 2,3,4,5-tetrahydro-1H-carbazole-6,11-diones.
Beilstein J. Org. Chem. 2013, 9, 577.

(24)  (a) Yoshida, S.; Yorimitsu, H.; Oshima, K. 2-(2,2,2-Trifluo-
roethylidene)-1,3-dithiane Monoxide as a Trifluoromethylketene
Equivalent. Org. Lett. 2009, /1, 2185. (b) Eberhart, A. J.; Imbriglio, J.
E.; Procter, D. J. Nucleophilic Ortho Allylation of Aryl and Heteroaryl
Sulfoxides. Org. Lett. 2011, 13, 5882. (c) Liu, J.; Chu, L.; Qing, F.-L.
Electrophilic Trifluoromethylthiolation of Allylsilanes with Trifluoro-
methanesulfanamide. Org. Lett. 2013, 15, 894. (d) Eberhart, A. J.; Ci-
coira, C.; Procter, D. J. Nucleophilic ortho-Allylation of Pyrroles and
Pyrazoles: An Accelerated Pummerer/Thio-Claisen Rearrangement Se-
quence. Org. Lett. 2013, 15, 3994. (e) Kobayashi, A.; Matsuzawa, T.;
Hosoya, T.; Yoshida, S. One-pot Synthesis of Allyl Sulfides from
Sulfinate Esters and Allylsilanes through Reduction of Alkoxysul-
fonium Intermediates. Chem. Lett. 2020, 49, 813.

(25)  (a) Sheng, J.; Wu, J. A concise synthesis of (alkynyl)(trifluo-
romethyl)sulfanes via a bismuth(III)-promoted reaction of trimethyl(al-
kynyl)silane with trifluoromethanesulfanylamide. Org. Biomol. Chem.
2014, /2, 7629. (b) Wang, J.; Xiong, H.-Y.; Petit, E.; Bailly, L.;
Pannecoucke, X.; Poisson, T.; Besset, T. BiCl;-Mediated direct func-
tionalization of unsaturated C-C bonds with an electrophilic
SCF,PO(OEt), reagent. Chem. Commun. 2019, 55, 8784. (c) Koba-
yashi, A.; Matsuzawa, T.; Hosoya, T.; Yoshida, S. Sulfoxide synthesis
from sulfinate esters under Pummerer-like conditions. Chem. Commun.
2020, 56, 5429.

(26) (a) Tian, H.; Zhu, C.; Yang, H.; Fu, H. Iron or boron-cataly-
zed C—H arylthiation of substituted phenols at room temperature. Chem.
Commun. 2014, 50, 8875. (b) Gao, W.-C.; Liu, T.; Zhang, B.; Li, X.;
Wei, W.-L.; Liu, Q.; Tian, J.; Chang, H.-H. Synthesis of 3-Sulfenylated
Coumarins: BF3-Et,0-Mediated Electrophilic Cyclization of Aryl Al-
kynoates Using N-Sulfanylsuccinimides. J. Org. Chem. 2016, 81,
11297. (¢) Choudhuri, K.; Maiti, S.; Mal, P. Iodine(IIl) Enabled De-
hydrogenative Aryl C—S Coupling by in situ Generated Sulfenium Ion.
Adv. Synth. Catal. 2019, 361, 1092.

(27)  (a) Nicolaou, K. C.; Lu, Z.; Li, R.; Woods, J. R.; Sohn, T.-i.
Total Synthesis of Shishijimicin A. J. Am. Chem. Soc. 2015, 137, 8716.
(b) Zhu, S.-J.; Ying, H.-Z.; Wu, Y.; Qiu, N.; Liu, T.; Yang, B.; Dong,
X.-W.; Hu, Y.-Z. Design, synthesis and biological evaluation of novel
podophyllotoxin derivatives bearing 4f3-disulfide/trisulfide bond as cy-
totoxic agents. RSC Adv. 2015, 5, 103172. (c) Nicolaou, K. C.; Li, R.;
Lu, Z.; Pitsinos, E. N.; Alemany, L. B.; Aujay, M.; Lee, C.; Sandoval,
J.; Gavrilyuk, J. Streamlined Total Synthesis of Shishijimicin A and Its
Application to the Design, Synthesis, and Biological Evaluation of
Analogues thereof and Practical Syntheses of PhthNSSMe and Related
Sulfenylating Reagents. J. Am. Chem. Soc. 2018, 140, 12120.

(28)  (a) Hamel, P.; Girard, Y.; Atkinson, J. G. Acid-Catalyzed
Isomerization of 3-Indolyl Sulfides to 2-Indolyl Sulfides: First Synthe-
sis of 3-Unsubstituted 2-(Arylthio)indoles. Evidence for a Complex In-
termolecular Process. J. Org. Chem. 1992, 57, 2694. (b) Hostier, T.;
Ferey, V.; Ricci, G.; Pardo, D. G.; Cossy, J. TFA-promoted direct C—
H sulfenylation at the C2 position of non-protected indoles. Chem.
Commun. 2015, 51, 13898.



