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Introduction

The ability to effect precise chemical reactions in biological
media has always possessed vast applications, from the label-
ling of biomolecules to the detection and quantification of
reactive metabolites, or the controlled liberation of an active
substance. Because of the inherent complex molecular compo-
sition of the biological environment, performing synthetic
chemistry in such media raised the issue of chemoselectivity:
how can a chemical reaction occur selectively between certain
reactants without interfering with surrounding biomolecules?
Ever since the early 2000s, tremendous efforts have been made
to address this question, resulting in the development of bio-
orthogonal reactions. These take advantage of reactive groups
that are usually inert toward chemical functions naturally
present in biological systems but highly reactive toward another
abiotic reactant. One of the best examples of such bio-
orthogonal combinations is the azide - cycloalkyne duet,
reacting with one another via strain-promoted azide-alkyne
cycloaddition (SPAAC). While the kinetics can be considered
sluggish when compared to other bioorthogonal reactions, the
stability of the resulting triazole products, along with its
simplicity of operation and low toxicity participated in making
SPAAC a privileged tool for a myriad of applications in chemical
biology. As this reaction gained momentum, it was logically
accompanied by the development of other families of cyclo-
alkynes, whose design was driven by two major principles: (i)
a good stability-to-reactivity balance, with cycloalkynes being
sufficiently stable to be used in aqueous environment but
reactive enough not to necessitate the adjunction of a catalyst;
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functionalization via amide bond formation yields more stable derivatives than the classically

and (ii) limited lipophilicity, so as to be soluble in biological
media and minimise non-specific binding to biomolecules."
These stringent selection parameters explain why only a hand-
ful of strained alkynes have been reported to date for bio-
orthogonal applications, mainly belonging to the family of
cyclooctynes. One of its most prominent members is undoubt-
edly the endo isomer of bicyclo[6.1.0lnonyne (BCN) alcohol
derivative 1 (Fig. 1) developed in 2010.2

With a simple primary alcohol as a reactive handle, several
chemical strategies were developed to equip this scaffold with
relevant payloads. While O-acylation or O-alkylation would
seem to be the most appropriate way of accessing valuable BCN
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Fig. 1 Structure of BCN 1 derivatives and general overview of their
synthesis according to the literature.
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derivatives rapidly, only a handful of such procedures have been
reported — via direct reaction with activated esters or ring-
opening polymerization of lactones and epoxides, respectively
(Fig. 1; top part).® Counterintuitively, the preferential strategy
for modifying the primary alcohol of BCN 1 is via its transient
conversion to electrophilic species of varied structures (Fig. 1,
bottom part), allowing the coupling with a second nucleophile,
essentially alcohols and amines. Several options have been
investigated over the years to do so, via the incorporation of
heteroatom spacers such as silicon or phosphorus,** the use of
the Mitsunobu reaction,”® or the mechanochemical conversion
to BCN tosylate.” However, applications employing such strat-
egies can be considered scarce in comparison to the use of
activated carbonates for the generation of more stable carbon-
ates and carbamates, the latter representing the most
commonly encountered type of BCN derivatives. Given that the
nucleophilic character of BCN alcohol 1 is hardly used for
anything other than the generation of intermediate electro-
philic groups, it would seem logical to assume that oxidized and
electrophilic analogues of 1 would be a preferable option for the
simple preparation of BCN derivatives. However, only two
references dealing with BCN aldehyde 2 (Fig. 2) can be found in
the scientific literature: one reporting it as an intermediate
toward the formation of BCN-containing a-amino acids,' and
the second - more in line with our postulate - as an effective way
to yield BCN amine derivatives via reductive amination." Even
more surprisingly, a SciFinder search for BCN acid 3 led to no
result. Intrigued by this observation, we thus decided to
synthesize and evaluate the potential of BCN acid 3 as a surro-
gate for BCN alcohol 1.

Results and Discussion

We started our synthetic work by slightly tweaking reported
procedures (Fig. 2). Starting from 1,5-cyclooctadiene (1,5-cod),
our initial goal was to take advantage of the ester group in 4
introduced upon cyclopropyl formation following Fox and
coworkers' procedure,'”” assuming that a dibromination-
saponification-double elimination sequence would deliver the
desired BCN acid 3. To our dismay, this approach proved not to
be feasible, due to the formation of several side products in the
course of the saponification step leading to 7, urging us to
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Fig. 2 Comparative syntheses of activated BCN 6 and BCN acid 3.
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redirect our efforts. We thus decided to proceed with the clas-
sical route toward BCN 1 until formation of primary alcohol 5,
which we envisioned oxidizing to the corresponding carboxylic
acid. Jones reagent turned out to be an effective oxidizer,
delivering pure 7 in multigram scale and excellent yield after
a single recrystallization. Interestingly, no sign of cyclopropyl
decomposition was observed under such seemingly harsh
conditions, even after prolonged reaction. The final alkyne
formation, via the well-documented potassium tert-butoxide-
mediated double elimination of the 1,2-dibromide moiety,
delivered the expected product 3, which can be stored indefi-
nitely at —20 °C under argon without any apparent decompo-
sition. It is worth stressing that this route shares similar overall
yield and number of steps as the one leading to the activated
carbonate 6 - the reactive BCN derivative mostly employed in
the literature.

With BCN 3 in hand, we then set out to evaluate SPAAC
kinetics with the model benzyl azide, in accordance with stan-
dard procedures (Fig. 3)."* Quantitative conversion to triazole 8
was observed in a mixture of acetonitrile and water (1 : 2, v/v),
with a second-order rate constant of 0.20 M~ s™', almost
identical to that of BCN alcohol 1 under the same conditions
and in the range of values classically observed with other
cyclooctynes for this transformation.** Similar to its reduced
analogue 1, BCN 3 was also found to undergo rapid inverse
electron-demand Diels-Alder (iEDDA) reactions,'® being con-
verted to pyridazine 9 quantitatively in just 30 minutes at room
temperature when reacted with 3,6-di-2-pyridyl-1,2,4,5-
tetrazine.

Having validated that the presence of a carboxylic acid on the
BCN scaffold did not alter the alkyne reactivity, we then sought
to derivatize 3 in order to demonstrate that it could be an
interesting candidate for applications in chemical biology. In
a model experiment, 3 was reacted with benzylamine under
classical coupling conditions, effectively delivering BCN amide
10, which gave an identical rate constant of 0.20 M ' s~ in our
SPAAC model, under the same conditions as previously
described. To prove that amide bond formation was not limited
solely to small molecules, we also decided to evaluate the
conjugation of trastuzumab - a therapeutic antibody targeting
overexpressed HER?2 receptors in breast cancer cells - with para-
nitrophenyl ester derivative 12 (Fig. 3). Following a ‘plug-and-
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mass spectrum of the resulting conjugate 14.

play’ strategy,””*® we next functionalized our trastuzumab-BCN

conjugates by SPAAC with the azide-containing TAMRA fluo-
rophore 13. Gratifyingly, excellent yield and average degree of
conjugation were obtained for conjugates 14 (62% and 2.7,
respectively; Fig. 2), demonstrating the ability of BCN acid 3 to
deliver immunoconjugates effectively.

Being now able to derivatize the BCN ring with amide groups
rather than carbamates - as it would be with activated BCN
alcohol 6 - we next reflected on the benefits it could offer in
terms of stability. Indeed, it is well known that carbamates are
less stable than amides, as epitomized by a resonance energy 3-
4 kcal mol ™' lower due to the stereoelectronic perturbations
caused by the extra oxygen,' a property that has been used to
design prodrugs of various active substances.”® Interestingly,
besides cyclic and unsubstituted (i.e. R-O(CO)NH,) compounds,
all other carbamate classes were found to be unstable in bio-
logical media, leading to substantial hydrolysis both in vitro and
in vivo.”* While this property could be desirable in certain
circumstances, it is hardly the case when BCN 1 is incorporated
into probes or payloads via a carbamate group, as a certain
stability is expected from this type of linkage.
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To compare the stability of BCN amide and carbamate, we
thus designed two FRET probes only differing by this functional
group, incorporating TAMRA as a fluorophore and BHQ-2 as
a quencher. Upon incubation in various media, monitoring the
appearance of TAMRA fluorescence at 580 nm thus serves as an
indirect evaluation of cleavage between the fluorophore and its
quencher, a strategy that we employed in the past for the
development of various cleavable linkers.”** Amide and
carbamate probes 15 and 16, respectively, were thus designed
and easily accessed in good yields (see ESIT). Their stability was
then evaluated under various conditions and compared to that
of simple ether probe 17. While all probes were found to be
perfectly stable at different pH and in human plasma (see ESIT),
marked differences were observed in vitro. Indeed, upon incu-
bation with three different human cancer cell lines - i.e. breast
adenocarcinoma SKBR3 and MDA-MB-231, and uterus adeno-
carcinoma HeLa - carbamate probe 16 was systematically found
to give higher mean fluorescence intensity values than its amide
counterpart 15 (Fig. 4). This was attributed to a differential
cleavage in cellulo and confirmed by the probes’ stability in cell
culture medium (see ESIf). Such an apparent cellular lability
was unexpected and in stark contrasts with the results observed

Cleavage in HelLa over time

2
[}
c
2
E
o = 1h
Qo
g = 3h
o
] = 24h
3 = 48h
w
c
3
H

Fig. 4 Stability studies of amide and carbamate-based BCN probes 15 and 16, respectively, and ether probe 17 in different cancer cell lines over

time. Each measurement was done in triplicate.
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with amide probe 15, which was found to be as stable as the
ether probe 17, indicating a lack of influence of the BCN-triazole
group in the observed cleavage of 16. This implies that for
biological applications of BCN probes necessitating prolonged
incubation, the use of carbamate linkers should be avoided to
the benefit of the more robust amide group, especially whenever
stability is a crucial parameter.

Conclusions

In summary, we reported the first synthesis of a BCN equipped
with a carboxylic acid. We showed that it shared a similar
reactivity with its primary alcohol analogue, the most studied
member of the BCN family. The presence of this carboxylate
allows a convenient derivatisation via amide bond formation.
Most notably, we proved that the resulting compounds were far
more stable in cultured cells than classically employed carba-
mate derivatives. Thus, we believe that BCN acid 3 is an effective
surrogate for BCN alcohol 1, and is a more judicious alternative
when designing molecular probes for which hydrolytic stability
in biological media is key.
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