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Described herein is the design and synthesis of a discrete heterobifunctional PEG-based pyridyl disulfide/
amine-containing linker that can be used in the Cu-free click preparation of bioconjugates. The title
PEG-based pyridyl disulfide amine linker is a potentially useful reagent for preparing water-soluble disul-
fide-linked cargos, and that it may be particularly valuable in expanding the field of Cu-free click-based
bioconjugations to include reductively labile antibody, polymer, or nanoparticle-based drug conjugates.

Published by Elsevier Ltd.

In order to develop proteins that merge properties of antibodies
with biologically active small molecules,!? we have recently begun
modifying selenocysteine (Sec) antibody constructs (Fc-Sec) by
introducing click-compatible functionality.? This potentially allows
the click-attachment of cytotoxic drugs, dyes, or other cargo to the
Fc portion. Clickable antibody conjugates may require biologically-
cleavable linkers that allow release of cargo once delivery to the
target has been achieved. However, traditional Huisgen azide-al-
kyne cycloaddition click reactions employing Cu-catalysis can be
incompatible with sensitive protein functionality, and this is one
reason why Cu-free click chemistries are gaining greater preva-
lence* Accordingly, versatile hetero-bifunctional linkers are
needed that are both compatible with multiple types of Cu-free
click reagents and incorporate biologically cleavable bonds.

One approach to introducing a point of bio-cleavage between
cargo and carrier is the inclusion of a disulfide bond within the
linking component.>"!! Disulfides are synthetically straight-for-
ward to manipulate, and although they are stable under a variety
of conditions, they can be efficiently cleaved by reducing agents.
Disulfides exhibit good stability in the circulation due to the low
reducing potential of blood. In contrast, intracellular concentra-
tions of reducing agents, such as glutathione, are typically 1000-
fold greater than in the blood,'? with the reductive potential within
cancer cells being even higher.!>'* For these reasons, disulfide-
containing constructs can afford effective vehicles for delivery to
the cellular targets, and subsequent reductive release of cargo.
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Currently available Cu-free click reagents commonly exhibit
considerable hydrophobic character. Since cytotoxic drugs also
tend to be highly hydrophobic, overcoming poor water solubility
can be an important consideration in designing a Cu-free clickable
linker for use in Fc-Sec conjugates. The commercially available 2-
(pyridyldithio)-ethylamine (PDA)'® is a reagent used for the intro-
duction of short disulfide-containing linkages. Unfortunately, con-
jugates based on a PDA linker could potentially exhibit
unacceptably low solubility in aqueous media. Alternatively, poly-
ethylene glycol (PEG) is a highly water-soluble construct that is
used in a range of hetero-bifunctional linkers. However, none of
the commercially-available PEG-based reagents contain the combi-
nation of an activated disulfide (e.g., pyridyl disulfide) together
with amine functionality that we desired in our current work.
Additionally, previously reported PEG-based pyridyl disulfide/
amine-containing linkers have been prepared by polymerization
reactions that yield heterogenous reactions products.'® Herein
we describe the design and synthesis of a discrete heterobifunc-
tional PEG-based pyridyl disulfide/amine-containing linker (1) that
can be used in the Cu-free click preparation of bioconjugates either
by initial coupling of a bioactive molecule through disulfide forma-
tion (Route A, Scheme 1) or by initial introduction of the click re-
agent by amide bond formation (Route B, Scheme 1).

Discrete, highly pure PEG linkers that range in length from 8'7
to 48'8 ethylene glycol units can be prepared from tetraethylene
glycol precursors. Our route to 1 began by the monobenzylation
of tetraethylene glycol (Scheme 2). Subsequent tosylation of 2
and chain elongation with excess tetraethylene glycol gave 3 in
modest yield. Conversion of the primary alcohol to the mesylate
and reaction with potassium phthalimide provided the protected
amine 4, which was debenzylated, brominated, and then reacted
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Scheme 1. Structure of PEG pyridyl disulfide amine linker 1 and its use in the construction of bioconjugates by two routes.
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Scheme 2. Reagents and conditions: (a) BnBr, NaH, THF (74%); (b) TsCl, EtsN, DMAP, CH,Cl; (93%); (c) (i) MsCl, Et3N, CH,Cl,; (ii) potassium phthalimide, DMF (60% over two

steps); (d) (i) Pd-C, Hy, EtOH (78%); (ii) PhsP, CBry, CH,Cl; (70%); (e) TrtSH, NaH, DMF (88%); (f)

steps); (g) NH,NH,, (71%); (h) MttCl, DIEA, DMF (40%).

with triphenylmethanethiol to yield the doubly protected amino
thiol 6. An activated disulfide was introduced in two steps by
removing the S-trityl group in 6 and then reacting the free thiol
with pyridylsulfenyl chloride to afford 7 (Scheme 2).

Given the tendency of unsymmetrical disulfides to undergo
base and temperature-induced degradation,'® cleavage of the
phthalimide group in 7 to yield the free amine 1 could be problem-
atic with commonly used conditions (hydrazine in refluxing
ethanol).?° However, the stability of a 2-pyridyldithio-based amino
protecting group under piperidine-mediated Fmoc-deblock condi-
tions,?! indicated that the 2-pyridyl group in 7 could potentially
stabilize the disulfide bond during treatment with hydrazine.
None-the-less, our initial efforts to remove the phthalimide group
in 7 using standard hydrazine conditions gave significant disulfide
disproportionation (as determined by ESI-MS) that resulted in a
relatively low yield of the desired product 1 (48%). However,

(i) TFA/CH,Cl,/(i-Pr)sSH; (ii) 2-mercaptopyridine, SOCl,, CH,Cl,, (51% over two

performing the reaction at ambient temperature decreased
side reactions and resulted in an improved yield (71%). To
assure stability during storage, the free amine group in 1 was
protected with the acid-labile 4-methyltrityl (Mtt) group (com-
pound 8 Scheme 2). The mild conditions required to remove the
Mtt group make it compatible with a broad range of disulfide-
linked cargo.

To demonstrate the utility of 8, a cytotoxic derivative of
cemadotin®? was appended to one end of the linker via a disulfide
bond, and a tetrazine construct (9)?> was introduced to the other
end. The tetrazine serves as a diene that undergoes irreversible
Cu-free click reactions through very efficient [2+4] inverse-elec-
tron-demand Diels-Alder cycloadditions with strained alkenes.*
In order to avoid potential side reactions with free thiols,?* 9 was
introduced following disulfide exchange with the thiol-containing
bioactive cemadotin analog 10%° (Scheme 3). Cemadotin deriva-
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Scheme 3. Reagents and conditions: (a) (i) 8, MeOH (74%); (ii) TFA/CHxCl,/(i-Pr);SH (39% for two steps); (b) HOAt, DIC, DIEA, DMF (31%).
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Scheme 4. Reagents and conditions: a) (i) TFA/CH,Cl,/(i-Pr)sSH; (ii) 8, MeOH (74%); (iii) TFA/CH,Cl,/(i-Pr)sSH; (b) 9, HOAt, DIEA, DMSO (15% overall from 13); (c) 1-
[(azidoacetyl)oxy|pyrrolidine-2,5-dione, MeCN/H,0 (6% overall from 13).
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tives represent attractive drug cargos for validating the synthetic
strategy outlined in Scheme 3, because they contain N-alkylated
tripeptide sequences that are prone to acid-catalyzed degrada-
tion.?® Disulfide exchange between 8 and 10 and evaporation of
solvent gave a crude reaction mixture, which was subjected to
Mtt removal (1% TFA in CH,Cl,) to provide 11 in modest yield
(Scheme 3). Importantly, no degradation of 10 was observed
during under these conditions. Coupling of 11 to 9 (HOAL, diisopro-
pylcarbodiimide and diisopropylethylamine in DMF) gave the fully
elaborated construct 12.

Linker 8 was also used to prepare clickable biotin-containing
derivatives 15 and 16 (Scheme 4). Biotin-(STrt)cystamine 13 was
converted in three steps to disulfide-containing amine 14 (Scheme
4). HATU-mediated coupling with 9 yielded biotin-containing
tetrazine 15, while reaction of 14 with OSu-activated azido acetic
acid yielded the corresponding azide 16. Since classical click
reactions® require a reducing agent in order to maintain copper
in the +1 oxidation state, disulfides such as 16 are potentially
better suited for Cu-free reactions that utilize highly strained
cyclooctynes.

In conclusion, we have shown that the PEG-based pyridyl
disulfide amine linker 1 is a useful reagent for preparing water-sol-
uble disulfide-linked cargos. It may be particularly valuable in
expanding the field of Cu-free click-based bioconjugations, where
applications have traditionally been related to imaging agents.
Reagents such as 1 may extend the use of Cu-free click reagents
to include reductively labile antibody, polymer, or nanoparticle-
based drug conjugates.
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