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Abstract

Cyclooctyne-based probes that become fluorescent upon reaction with azides are important targets
for real-time imaging of azide-labeled biomolecules. The concise synthesis of a coumarin-
conjugated cyclooctyne, coumBARAC, that undergoes a 10-fold enhancement in fluorescence
quantum yield upon triazole formation with organic azides is reported. The design principles
embodied in coumBARAC establish a platform for generating fluorogenic cyclooctynes suited for
biological imaging.

Molecules that become fluorescent upon chemical stimulus, be it change in pH, metal
chelation or cleavage/formation of covalent bonds, are highly desirable for sensitive real-
time imaging applications.1 Our laboratory has had a longstanding interest in the ability to
image bioorthogonal chemical reporters introduced metabolically into biological systems.2
In particular, we have employed the azide as a reporter of cellular glycan biosynthesis.
Azidosugars delivered metabolically to cell-surface glycans can be visualized by covalent
reaction with triarylphosphines (i.e., Staudinger ligation3) or cyclooctynes (i.e., Cu-free
click chemistry4) conjugated to imaging probes. We have reported several strategies
whereby triarylphosphine reagents used in the Staudinger ligation can be rendered
fluorogenic5, that is, where quantum yield increases upon reaction. These fluorogenic
phosphines were highly effective probes for cell-based imaging studies but had limited
utility for in vivo imaging experiments due to slow reaction kinetics, an inherent liability of
the Staudinger ligation reaction.2

Cyclooctynes appear to be more promising reagents for in vivo imaging applications.
Optimization efforts have led to cyclooctynes that are ~500-fold more reactive with azides
(via 1,3-dipolar cycloaddition) than triarylphosphines.6 Other important properties such as
solubility7 and stability8 have been modulated as well, with an eye for developing analogs
that are well-suited for use in animals. However, fluorogenic capabilities, which can be
critical for high-sensitivity biological imaging, have not yet been bestowed upon
cyclooctynes.
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The notion that an azide-alkyne cycloaddition reaction can alter a substrate’s photophysical
properties is certainly well-precedented. Several azide- or terminal alkyne-functionalized
dyes have been reported to undergo fluorescence enhancement upon triazole formation,
typically under conditions of copper catalysis.9 Recently, Boons and coworkers reported a
cyclooctyne-based probe whose fluorescence was quenched upon formation of the
triazole.10 But to date a fluorogenic cyclooctyne remains elusive, perhaps reflecting the
difficulty inherent to synthesizing cyclooctynes that are electronically coupled to a
fluorophore.

Here we describe the synthesis and photophysical characterization of a fluorogenic
cyclooctyne reagent comprising previously-reported biarylazacyclooctynone (named
BARAC)5d fused to a coumarin dye (1, Figure 1A). The parent compound BARAC reacts
more rapidly with azides than any other reported cyclooctyne. We postulated that its
modular synthesis using mild reactions would enable the incorporation of a fluorogenic
moiety. Coumarin was an obvious first choice based on precedent from Zhou and Fahrni,
who demonstrated that functionalization of the coumarin scaffold with a terminal alkyne can
suppress fluorescence relative to the triazolefunctionalized congener.9b Their observation is
consistent with the general consensus that an electron-donating functionality at the position
meta to the oxygen atom in the lactone ring augments coumarin’s fluorescence quantum
yield, and that triazoles are electron-rich.11 Additionally, coumarins are highly modular
fluorophores and by simply changing the electronics of the functionality appended to the
unsaturated lactone (R1 and R2, 1, Figure 1A) their brightness and color can be tuned.12

These considerations motivated the design of synthetic target 3 (Figure 1B) bearing a 4-
phenylcoumarin moiety,13,14 which we call coumBARAC.

In a retrosynthetic sense, we decided to install the coumarin’s lactone moiety as late in the
synthesis as possible to take maximum advantage of the modular scaffolds that we were
fusing. The late-stage synthetic steps would parallel our previous synthesis of BARAC and,
as such, coumBARAC (3) was envisioned to derive from the fused indole coumarin 4
(Figure 1B). This coumarin could in turn come from a Pechmann condensation between a 5-
methoxyindole, 5, and a beta-ketoester. As before, the indole would arise from a Fischer
indole synthesis between 4-methoxyphenylhydrazine (6) and 1-indanone (7). In theory, the
benzylic silylation could be accomplished at various stages of the synthesis.

The synthesis of coumBARAC began with a Fischer indole synthesis to make known
tetracyclic 5-methoxyindole 8 (Scheme 1).15 All attempts to silylate the N-methylated indole
proved unsuccessful. This was a surprising result that we attribute to the reported capricious
nature of N-alkyl-5-methoxyindoles.16 We circumvented this problem by double
deprotonation of the free NH-indole to allow for benzylic silylation. By quenching the
reaction with methyliodide we alkylated the deprotonated nitrogen atom to give 9 directly.
The use of a t-butyldimethylsilyl group was advantageous for stability during subsequent
reactions and purification schemes.

After trying many traditional procedures for functionalization at the 6-position of both the 5-
methoxy and 5-hydroxyindoles, we found that most conditions would leave the starting
material untouched, or at times remove the silyl group. Friedel-Crafts acylation with acid
chlorides under forcing conditions was possible, but only with many deleterious side
reactions. With the 5-hydroxyindole, we observed products arising from reaction at the
undesirable C4 position. Ultimately, we observed that methoxyindole 9 would condense
with ethyl benzoyl acetate in the presence of triflic acid in dichloromethane. These non-
traditional conditions were expected to furnish an alpha-beta unsaturated ester with the C5-
methoxy group remaining intact,17 but, at a slow rate, they provided the highly fluorescent
desired coumarin, 10, with few side products.
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Oxidative cleavage of the indole C2–C3 bond in 10 with m-CPBA afforded keto-amide 11,
which was only weakly fluorescent using standard hand-held UV-lamps set at 365 nm. This
observation provided a qualitative indication that electronic perturbations at this position of
the substituted coumarin would affect fluorescent output. Keto-amide 11 was taken on to
silylenoltriflate 12 using KHMDS and triflic anhydride. Consistent with a previous account
of strained alkyne formation from TBS-enoltriflates,18 12 was impervious to cesium fluoride
and required TBAF to afford coumBARAC (3).

We were encouraged by the observation that coumBARAC (3) is only weakly fluorescent
(Figure 2B). However, conversion of 3 to triazole 14 and its regioisomer (Figure 2A) by
treatment with 2-azidoethanol19 was accompanied by a strong increase in fluorescence with
a large Stokes shift into a standard range for coumarin emission (λem = 438 nm, Figure 2B).
To quantitate the magnitude of this “turn-on” effect, we measured the fluorescence quantum
yields of coumBARAC 3 (Φf ~ 0.003) and its triazole products 14 (Φf ~ 0.04).20 The
observed ~10-fold increase exhibited by the triazoles versus coumBARAC is consistent with
the magnitude of turn-on observed by Zhou and Fahrni.9b

These results establish a platform for the design of fluorogenic cyclooctynes but
improvements are warranted for applications in biological imaging. First, the calculated
fluorescence quantum yield for triazoles 14 is quite low relative to standard fluorophores
used in microscopy.21 We speculate that the low quantum yield reflects the inability of the
aryl-triazole bond to freely rotate and optimize orbital overlap with the coumarin moiety.
Also, the optimal excitation wavelength for the triazoles is relatively high-energy (~300 nm)
and their excitation profile was sharp and only slightly overlapping with excitation lasers
commonly used for imaging biological samples.22 Notably, the modular synthesis we report
here should be useful for further functionalization of the coumarin scaffold toward achieving
more convenient excitation (and emission) wavelegths. More broadly, this work provides a
starting point en route to a new class of fluorogenic cyclooctynes for copper-free click
chemistry.
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Figure 1.
A) A fluorogenic BARAC becomes fluorescent upon reaction with an azide to form a
triazole. B) Retrosynthesis of a coumarin-fused BARAC.
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Figure 2.
CoumBARAC is fluorogenic. A) CoumBARAC (blue) reacts with 2-azidoethanol to form a
mixture of triazole products (one shown in red). B) The absorbance and emission spectra of
22 µM solutions coumBARAC (blue, λex = 348 nm) and triazoles (red, λex = 305 nm) in a
solution of 1% DMSO in pH 7.4 phosphate buffer solution.
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Scheme 1.
Synthesis of coumBARAC
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