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Abstract: A rapid and catalyst-free cycloaddition system for
visible-light-induced click chemistry is reported. A readily
accessible photoreactive 2H-azirine moiety was designed to
absorb light at wavelengths above 400 nm. Irradiation with
low-energy light sources thus enables efficient small-molecule
synthesis with a diverse range of multiple-bond-containing
compounds. Moreover, in order to demonstrate the efficiency
of the current approach, quantitative ligation of the photo-
activatable chromophore with functional polymeric substrates
was performed and full conversion with irradiation times of
only 1 min at ambient conditions was achieved. The current
report thus presents a highly efficient method for applications
involving selective cycloaddition to electron-deficient multiple-
bond-containing materials.

In contemporary chemistry, the design of highly efficient
reactions has become one of the dominating aspects for the
development of novel technologies. Properties such as atom
efficiency, sustainability, and environmentally benign condi-
tions have become highly desired.[1] In particular, irradiation-
induced processes represent a sustainable approach for
efficient ligation reactions and their exceptional importance
is validated by recent reports.[2] Thus, a large variety of
photochemical techniques—almost exclusively relying on
biologically harmful UV irradiation—have been established
that fuse the favorable properties of cycloaddition reactions
with the benefits of light-induced chemistry,[3] namely, spatial
and temporal control. Although UV-activated ligation sys-
tems offer several advantages over conventional cycloaddi-
tion systems, the ability to employ the ubiquitously available
energy of environmental light (visible-light region: 390–
700 nm) represents a major goal of contemporary synthetic
photochemistry.[4] Milestones regarding the development of
systems utilizing visible-light-induced chemistry have been

achieved through photoredox catalysis, which is a versatile
tool in organic chemistry.[5] Moreover, efficient dipolar cyclo-
addition reactions have been conducted that employ metal-
based as well as metal-free visible-light-triggered photoredox
catalysts.[6] Nevertheless, an approach for catalyst-free liga-
tion induced by visible light, as reported in the current study,
had yet to be developed.

In order to obtain a photoreactive compound that can be
ligated by visible light, two key points must be addressed: the
moiety must absorb light in the desired wavelength region and
the reactive species needs to be generated efficiently. We
combined the absorption properties of a visible-light-absorb-
ing chromophore (pyrene) and the photochemical reactivity
of azirine compounds to provide an elegant solution to
address both challenges simultaneously. The photochemistry
of 2H-azirine moieties has been investigated intensely in
former studies.[7] Upon irradiation, 2H-azirines undergo ring
opening to generate nitrile ylides[8]—1,3-dipoles—in a reac-
tion that shows extremely high photon efficiency.[9] Since 1,3-
dipoles naturally form cycloadducts in the presence of
electron-deficient multiple bonds,[10] nitrogen-containing
five-membered heterocycles can be synthesized very effi-
ciently and the properties, reaction kinetics, and scope of
these reactions have been studied.[11] Lin and co-workers have
previously demonstrated that azirine-based ligation is suit-
able for the rapid bioorthogonal conjugation of polymers and
peptides in aqueous media.[12] Our work expands the available
excitation wavelength for azirine ligations to the visible-light
region, thus enhancing this rapid and efficient cycloaddition
reaction to give a powerful new synthetic method (Scheme 1).

In terms of the absorption wavelength, the properties of
the final photoreactive compound (az-py) need to be
judiciously designed. Although absorption in the visible-
light region is indispensable, rapid decomposition of the
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target compound in the presence of ambient light should be
suppressed. Therefore, the current photoreactive entity was
designed to absorb just sufficient light in the region of 400 nm
(see Figure S2 in the Supporting Information for the UV/Vis
spectrum) to enable efficient activation with low-energy
visible-light sources while avoiding handling problems during
synthesis or sample preparation. Moreover, the pyrene group
is not only crucial for light absorption, but is incorporated into
the cycloadducts carbon framework, thereby providing addi-
tional desirable features such as a built-in fluorescent marker
or anchor for p–p stacking.[13]

To demonstrate the versatility of our visible-light-induced
ligation reaction, the cycloaddition of az-py was utilized for
organic synthesis, as well as the conjugation reaction of az-py
with polymeric species (Scheme 2). To confirm the successful

cycloaddition processes and provide evidence for the acces-
sibility of diverse types of dipolarophiles, small-molecule
cycloaddition reactions with the most commonly employed
classes of functional groups were conducted. Fumarate,
maleimide, and acrylate derivatives represent feasible vinyl
moieties, and activated acetylenes enable the synthesis of
pyrrole derivatives.

The combined NMR and ESI-MS results for the gener-
ated cycloadducts unambiguously reveal successful formation
of the desired products (Figure 1). Figure 1 a displays selected
sections of their 1H NMR spectra (see Figure S4–S8 for full
spectra). The aromatic region (9.5–7.5 ppm) of the az-py
spectrum contains two doublets assigned to the protons a and
b, which are mostly affected by changes to the azirine group,
implying a shift upon successful photoreaction. Signal a, for

instance, is shifted up-field (1, 2) or down-field (3), or it was
found to overlap with the large number of aromatic reso-
nances b4 and c4 (4). Proton b is subjected to similarly obvious
changes: a down-field shift for 1 and 2, and overlapping
resonances with the c3 and c4 signals for 3 and 4. Moreover,
a new set of signals appears in the region of 5.0–3.5 ppm,
which were labeled dx and ex. These correspond to protons
adjacent to the newly generated five-membered heterocycle
or substituents of the dipolarophile. The cyclic structure of the
products, as well as the potential formation of stereoisomers,
broadens the resonances in this region and they thus cannot
be assigned specifically, however, the overall integration
values correspond to the correct number of protons. Interest-
ingly, the signals d4 differ from the other d signals (1–3) since
they appear in the aromatic region owing to a rearrangement
occurring subsequent to the cycloaddition, which generates an
aromatic pyrrole derivative.[6d] Figure 1b displays the ESI-MS
characterization of az-py and the corresponding cycloadducts.
Clean spectra provide unambiguous evidence for the success-
ful generation of the desired products. Furthermore, the
experimentally obtained m/z values match the theoretically
calculated exact mass values almost perfectly (Dm/z < 0.03,
Table S1 in the Supporting Information). A decreased signal-
to-noise ratio for the spectrum of az-py is caused by an
absence of polar functionalities to support the ionization
process. The combined results of NMR and ESI-MS analysis
provide unambiguous evidence for successful visible-light-
triggered reaction. In addition, UV/Vis analysis (Figure S2),
fluorescence spectrometry data (Figure S3), and carbon NMR
spectra (Figure S9–S11) provide further evidence for the
purity of 1, 2, 3, and 4.

For monitoring the reaction progress, HPLC was
employed because it is a facile yet highly sensitive technique.
Moreover, UV absorbance and fluorescence can be detected
simultaneously, thus enabling a detailed analysis of the
photoreaction process. HPLC analysis for the reaction of
az-py with benzyl-maleimide is depicted as an example
(Figure 2), and very similar results were obtained for the
synthesis of 2, 3, and 4 (Figures S15,S16). Figure 2 shows that
the reaction proceeds to full conversion since the intensity of
the starting material signal decreases with increasing reaction
time until it vanishes completely. Furthermore, the visible-
light-induced cycloaddition is highly efficient and no side
products were detected either in fluorescence or in absorption
mode (Figure S14). Moreover, complete conversion of the
product is achieved after 30 min, thus demonstrating our
light-induced process to be remarkably clean and highly
efficient.

Post-polymerization modification of synthetic polymer
strands is highly important for a multitude of advanced
applications.[14] However, an as yet limited number of (light-
induced) systems[15] fulfill the required criteria.[1b] Polymer
ligation thus allows us to demonstrate the strength of our
visible-light-induced cycloaddition approach. Poly(ethylene
glycol) (PEG) moieties containing different dipolarophilic
termini were subjected to reactions with az-py. PEG provides
several beneficial properties: 1) Excellent ionization charac-
teristics allow precise ESI-MS measurements, 2) PEG sub-
strates can be purchased with versatile end groups, and

Scheme 2. Overview of the reactions performed with az-py (middle),
which was irradiated with a visible-light LED setup (l = 410–420 nm)
in the presence of small molecules (right) or polymeric species (left).

Scheme 1. General reaction scheme for the catalyst-free azirine-based
visible-light-induced cycloaddition reaction.
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3) specific end groups can be introduced via facile esterifica-
tion of the commercially available hydroxy-terminated PEG.
Four PEG compounds, two commercial and two synthesized
samples, containing end groups with varying reactivity
towards dipoles were tested and the light-triggered process
was monitored via high resolution ESI-MS (Figure 3). Fig-
ure 3a, b shows the reactions between az-py and the polymers
P1 and P2. Two polymer repeating units in the single-charge
region are displayed at three stages of the reaction: prior to
irradiation, at close to 50% conversion, and upon complete

conversion. For both polymers, a rapid photo-
chemical reaction was observed to yield the
desired cycloaddition product with exceptional
purity. The signals corresponding to the starting
polymers (labeled P1 and P2) disappeared
entirely after only 1 min. Simultaneously, the
product signals (labeled P1C and P2C) emerge at
similar intensity as the starting compound ones
after 30 s, and after 1 min, remarkably clean
spectra of the end group modified polymers
were observed. A shift of the entire polymeric
distributions in multiply charged regions is
clearly discernible in the spectra presented in
Figures S17 and S18. In addition, NMR and
a detailed collision induced dissociation (CID)-
ESI-MS characterization of P2C confirm the
nature of the cycloaddition product, where only
the expected resonances were found in the
1H NMR spectrum (Figure S11) and exclusively
assignable dissociation products were observed

in the CID-ESI-MS spectrum (Figure S21). In Figure 3c, the
reaction of az-py with a commercially available PEG acrylate
of a shorter chain length is displayed. The signals for the
starting polymer P3 disappeared after 2 min and two product
distributions—proton ionized (P3CH+) and sodium ionized
species (P3CNa+)—emerge. A small amount of nonfunctional
impurity (P3X) remains through all of the spectra. The
increased reaction time (2 min to full conversion) can be
explained by a reduced reactivity of the acrylate functional
group compared to maleimide or fumarate functions. How-

Figure 1. Comparison of 1H NMR (a) and ESI-MS (b) spectra of isolated photoreaction products. From top to bottom, the spectra refer to
compounds az-py, 1, 2, 3, and 4. The corresponding structures are depicted below.

Figure 2. HPLC analysis for the reaction of benzylmaleimide and az-py in the visible-
light-induced process. a) HPLC chromatograms with fluorescence detection at 450 nm
(lex = 350 nm). b) Kinetics plot depicting the conversion determined by fluorescence
and absorbance detection as a function of time.
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ever, in comparison to the small-molecule study, the reaction
times for the polymer ligation reactions are generally much
shorter owing to higher dilution and smaller molar amounts of
material (see experimental section in the Supporting Infor-
mation for details). The structures and mass values corre-
sponding to the signals displayed in Figure 3a–c are depicted
in Figure 3d and Table S2. The three successful ligation
reactions noted above demonstrate the exceptional properties
of our method by linking a fluorescent dye to a polymer chain
with extraordinary efficiency. Moreover, selectivity for elec-
tron-deficient dipolarophiles could be demonstrated by the
reaction of az-py with P4, which contains a non-activated
alkene as the chain terminus, for which no conversion could
be observed even after 90 min of irradiation (Figure S19).
Finally, control reactions were conducted in the dark and
under standard laboratory illumination to demonstrate the
necessity of a suitable light source (Figure S20).

In summary, we herein present the design of a photo-
reactive compound that can be activated for rapid and
efficient cycloaddition reactions with visible light
(> 390 nm). An azirine-based moiety that is activated by
visible light was applied to organic synthesis, as well as
polymer ligation, without the need for a catalyst. The
reactions proceeded under ambient conditions and were not
sensitive to oxygen or water. Photochemical organic synthesis
was found to be efficient with representatives of the most
common reactive groups (maleimide, fumarate, acrylate, and
acetylene). Moreover, the advanced demands of polymer
ligation reactions were satisfied with the current system, as
demonstrated by the efficient linkage of a fluorescent dye
(pyrene) to PEG chains with different termini. Selective,
clean, and complete end-group modification of polymers
could be achieved within irradiation times of 1 min under
ambient conditions.

Keywords: azirine · click chemistry · photochemistry ·
polymer ligation · visible light
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