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ABSTRACT: A general C—H functionalization method
for the tagging of natural products and pharmaceuticals is
described. An azide-containing sulfinate reagent allows the
appendage of azidoalkyl chains onto heteroaromatics, the
product of which can then be attached to a monoclonal
antibody by a “click” reaction. This strategy expands the
breadth of bioactive small molecules that can be linked to
macromolecules in a manner that is beyond the scope of
existing methods in bioconjugation to permit tagging of
the “seemingly untaggable”.

etermining the mode of action of medicinal compounds

by bioconjugation is an essential tool in chemical
biology." Bioconjugation requires a covalent and/or non-
covalent linkage of the small-molecule drug with macro-
molecular tags including antibodies, nucleic acids, and receptor-
binding proteins.” This process of derivatization often involves
“click” chemistry,® with the most popular method arguably
being the azide—alkyne cycloaddition:* a functional group on
the lead compound is attached to a linker with an alkyne (or
alternatively, an azide), which is then reacted with a
macromolecular tag with a pendant azide (or alternatively, an
alkyne). Typically, only conventional functional groups can be
tagged by linkers with “clickable” units (Figure 1A),>** but in a
recent elegant example, Romo’s group has functionalized
activated C—H bonds (allylic C—H, benzylic C—H, and C—H
@ to a heteroatom) to tag natural products.” Although many
medicinal agents contain traditionally “taggable” functional
groups such as heteroatom—H bonds>*~ and 7 bonds,>* some
compounds [such as camptothecin (1) and buspirone (2)]
present the challenge of not having any apparent chemical
handles (Figure 1B). Herein, we show the invention of a
reagent that enables the tagging of unactivated C—H bonds in
bioactive heteroarenes for use in bioconjugation. This powerful
native chemical tagging technique takes place in water and in
the absence of protecting groups.

Our laboratory has been interested in assembling a toolkit of
(fluoro)alkanesulfinate reagents for heteroaromatic systems.6
Such reagents form radicals in situ via an oxidative process,
resulting in a formal C—H functionalization. For the purpose of
bioconjugation, an alkyl linker bearing an azide moiety was
desired. Considering the mild reaction conditions involved in
this chemistry, it was conjectured that the relatively sensitive
azide would survive the heterocycle functionalization reaction.
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A. Previous work: taggable, conventional functional groups
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B. Challenge: tagging unactivated C—H bonds
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C. This work: converting heteroaromatic C—H bonds into linkers
for bioconjugation
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Figure 1. (A) Literature precedent involving the tagging of
conventional functional groups. (B) Identification of a challenge: the
tagging of unactivated C—H bonds. (C) Designing an azide-containing
fluoroalkylsulfinate salt that converts a heteroaromatic C—H bond into
a linker for bioconjugation.

Thus, a sulfinate reagent bearing an azide moiety, sodium
(difluoroalkylazido)sulfinate (DAAS-Na; 3), was designed
(Figure 1C). The synthesis, reactivity, and application of this
reagent (which has been commercialized through Sigma-
Aldrich) are described below.

Received: July 27, 2013
Published: August 19, 2013

dx.doi.org/10.1021/ja407739y | . Am. Chem. Soc. 2013, 135, 12994—12997


pubs.acs.org/JACS

Journal of the American Chemical Society

A. Synthesis of a reagent that appends azide-terminated linkers
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B. Functionalizing natural products with azide-terminated linkers
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Figure 2. (A) Synthesis and general reaction of DAAS-Na (3). (B) Formal C—H functionalization of complex natural products. (C) Formal C—H
functionalization of non-natural, biologically active agents that contain heteroaromatic moieties. RSM = recovered starting material. “The resulting
product containing the azide linker has a carbonyl unit in lieu of the difluoromethyl group.
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A. Synthesis of a drug—antibody conjugate

@\,

\\
@_CF'ACHz}s-Na

Imker = -CO(CH;),NHCO(CH),-succinimide

B. Mass spectral data for synthesized drug—antibody conjugates
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Name of small-molecule Mass of azide- Calculated mass after | Observed mass after
bioactive agent containing analog (Da) | bioconjugation (Da) | bioconjugation (Da)@
camptothecin (1) 523 24337 24337/24336
buspirone (2) 560 24374 24374/24373
sceptrin (6) 771 24585 24585/§§P
papaverine (7) 514 24328 24329/24327
pioglitazone (8) 531 24345 24344/24346
nevirapine (9) 441 24255 24255/##¢
milrinone (10) 386 24200 24201/24199
bisacodyl (11) 536 25350 #it/##
acridine orange (12) 440 24234 24233/24231
atazanavir (13) 879 24693 #i/##
loratadine (14) 557 24371 ##/24371
bosutinib (15) 704 24518 24520/24518
fasudil (16) 466 24280 24280/24279
varenicline (17) 386 24200 24201/24199
gefitinib (18) 621 24435 24436/24435
selumetinib (19) 631 24445 24445/§§
aciclovir (20) 400 24214 24214/24214
ganciclovir (21) 430 24244 24245/24243
chlorothiazide (22) 470 24284 24285/24284

Figure 3. (A) Appending a monoclonal antibody to an azide-containing bioactive agent. (B) Mass spectral data that verify the formation of drug—
antibody conjugates. “The two indicated values refer to the mass spectral data arising from two different methods of conjugation (please see the
Supporting Information for details); the slight differences in mass between the two methods are deconvolution artifacts. "The symbol §§ indicates
that the second method of bioconjugation was not conducted. “The symbol ## indicates that the bioconjugation was unsuccessful.

The synthesis of this reagent begins with chlorinated
(fluoroalkylsulfonyl)pyridine 4, which was synthesized pre-
viously™ in three steps from commercially available 2-
mercaptopyridine (Figure 2A). Displacement of the chloride
with an azide, followed by removal of the pyridine using sodium
ethanethiolate, provided DAAS-Na (3) in 78% yield over two
steps. Sodium sulfinate reagent 3 was then used in a
heteroarene functionalization reaction that involves ZnCl,
and TsOH-H,O as acid additives and ‘BuOOH as an oxidant.
Although various organic solvents have been used previously
for sulfinate radical functionalizations,” either CH,Cl,:H,O or
DMSO:H,0 (2.5:1) was sufficient for the reaction of DAAS-Na
(3). These optimized reaction conditions were used throughout
the examination of the substrate scope.

The strength of this chemistry lies in the ability to append
azide-terminated linkers to heteroarene moieties in complex
natural products bearing sensitive functional groups (Figure
2B). A representative natural product example is depicted with
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camptothecin (1). While the tertiary alcohol in 1 is likely to be
too hindered for chemical derivatization, sulfinate 3 allows for
the radical functionalization of the quinoline moiety to give the
corresponding azido-containing product in 42% isolated yield.
Sceptrin (6), a cell motility inhibitor” that can be accessed by
total synthesis,® was also functionalized to give a single product
in 35% vyield. (Notably, however, electron-rich heteroarenes
such as pyrroles, indoles, and even imidazoles facilitate the
hydrolysis of the gem-difluoro product, and therefore a ketone
product was obtained.) Papaverine (7), an antispasmodic agent,
has two sites of reactivity, giving rise to products in 16 and 17%
yields, respectively. Known pharmaceutical agents of varying
complexity can be equally functionalized using this method
(Figure 2C). A range of pyridine-containing drugs (8—16) can
be functionalized at their C2 and/or C4 positions, which are
the most susceptible sites for nucleophilic radical attack. Azine-
based pharmaceuticals (2, 17, and 18) and medicinal agents
containing other heterocyclic cores (19—22) were also

dx.doi.org/10.1021/ja407739y | J. Am. Chem. Soc. 2013, 135, 12994—12997



Journal of the American Chemical Society

Communication

functionalized with DAAS-Na (3). It is notable that alcohol,
amine, amide, amidine, hydrazide, sulfonamide, and alkene
functional groups were tolerated in this reaction. The multiple
sites of C—H activation for many of these compounds allow the
exploration of structure—activity relationships for these
molecules as well as the opportunity to evaluate optimal linker
attachment with respect to bioactivity.

The main goal of this research program is realized by
appending macromolecular tags to these bioactive, small-
molecule agents. To this end, the synthesized azide-linked
medicinal agents were reacted with a dibenzylazacyclooctyne-
containing monoclonal antibody in a copper-free azide—alkyne
cycloaddition (Figure 3A).” Two methods of bioconjugation
were employed, which we refer to as the conventional and high-
throughput methods (see Supporting Information for details).
The generated drug—antibody conjugates were verified by mass
spectrometry, confirming the feasibility of this C—H function-
alization approach to bioconjugation (Figure 3B). Future
studies will examine whether antibody—drug conjugates
generated using this strategy can exert cytotoxicity when
armed with potent cytotoxic small molecules.

Although this method of compound tagging through C—H
functionalization extends the scope of existing methods in
bioconjugation, it is not without its limitations. Reaction yields
can be low, and mixtures of regioisomeric products may be
obtained, which may render the product purification process
difficult. Also, some acid-sensitive substrates and functional
groups that are susceptible to oxidation (e.g, aliphatic
thioethers) are not tolerated. However, the mild (room
temperature or 50 °C) and convenient (open air, aqueous
solvent) reaction conditions as well as the one-step nature of
this chemical tagging method outweigh the occasional draw-
backs.

In summary, this work demonstrates an approach to the
native chemical tagging of small molecules at seemingly inert
C—H bonds. This method holds great potential for labeling and
bioconjugation of molecules that do not present functional
groups for conventional reactions. Studies demonstrating the
enhanced efficacy of these medicinal agents will be reported in
due course.
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Experimental procedures and analytical data ("H and "“C
NMR, MS) for all new compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.
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