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Abstract: A UV-induced 1,3-dipolar nucleophilic addition of
tetrazoles to thiols is described. Under UV irradiation the
reaction proceeds rapidly at room temperature, with high
yields, without a catalyst, and in both polar protic and aprotic
solvents, including water. This UV-induced tetrazole-thiol
reaction was successfully applied for the synthesis of small
molecules, protein modification, and rapid and facile polymer–
polymer conjugation. The reaction has also been demonstrated
for the formation of micropatterns by site-selective surface
functionalization. Superhydrophobic–hydrophilic micropat-
terns were successfully created by sequential modifications of
a tetrazole-modified porous polymer surface with hydrophobic
and hydrophilic thiols. A biotin-functionalized surface could
be fabricated in aqueous solutions under long-wavelength UV
irradiation.

Ever since the first reported photoreaction of an organic
compound, santonin, in 1834 by Trommsdorf,[1] the spatially
and temporally controllable photochemistry has found
diverse and widespread applications,[2] including surface
functionalization to create patterned or gradient immobiliza-
tion of various substrates.[3] Photo-induced click reactions
have been actively investigated during the last decade in
attempts to combine the benefits of click reactions with the
excellent spatial and temporal controllability of photochem-
ical processes.[4] UV-induced thiol-ene and thiol-yne reactions
are the most known radical photo-click reactions.[5] Non-
radical photoreactions have also attracted a lot of attention in

recent years.[6] For instance, Lin et al.,[7] introduced a photo-
click 1,3-dipolar tetrazole-ene reaction based on HuisgenÏs
studies.[8] The tetrazole-ene reaction presents several advan-
tages: simplicity of implementation, fast reaction kinetics, and
high yields; it is catalyst-free, yields inoffensive by-products
(N2), and is therefore biocompatible. This and other photo-
reactions have been implemented in many different applica-
tions such as dendrimers synthesis,[9] bioconjugation,[6b,d,e,10]

in situ biolabeling,[6c,11] hydrogels formation,[12] and surface
functionalization.[13] Nevertheless, the implementation of
photoreactions in bioapplications is still limited, partly
because unnatural functional groups have to be first intro-
duced to a biomolecule. In addition, only a few photoreac-
tions could be applied for polymer–polymer coupling and
site-selective conjugation of biomolecules on surfaces.[13b,14]

Thus, despite the progress in the field of photoinduced
reactions, there is a clear need for novel efficient photo-
reactions that are selective toward different types of func-
tionalities, compatible with polymer–polymer conjugation,
and bioapplications.

About 50 years ago, Huisgen et al. reported that thiophe-
nol could be added to the intermediate nitrilimine generated
by decomposition of 2,5-diphenyltetrazole in boiling thio-
phenol.[8a,b] Photolytic decomposition of tetrazoles with
release of nitrogen and nitrilimines was also described.[8c] In
this work, we report a UV-induced tetrazole-thiol reaction
(Figure 1A) that allows for rapid catalyst-free polymer–
polymer conjugation, efficient surface functionalization, and
patterning as well as opens the way to direct functionalization
of biomolecules bearing periphery thiol groups.

To initially examine the kinetics of the UV-induced
tetrazole-thiol reaction, a solution of methyl 4-(2-phenyl-
2H-tetrazol-5-yl)benzoate 1 in ethyl acetate and 5 equiv of 2-
mercaptoethanol 2 were subjected to irradiation at 260 nm
UV light (Figure 1B). The results showed the UV-triggered
rupture of the tetrazole ring evidenced by the gradual
decrease in the tetrazole absorption at 278 nm. At the same
time a new absorption band around 369 nm was observed only
in the presence of a thiol, confirming the formation of
a tetrazole-thiol adduct (Figures 1 C,D and S1). Both steps
were rapid, achieving complete conversion within 10 s based
on UV/Vis spectroscopy. The resulting tetrazole-thiol adduct,
meanwhile, showed a strong fluorescent emission band at
480 nm (Figure S1). The thiohydrazonate structure of the
product 3 was confirmed by ESI-MS and NMR (Figures S2–
S4). The kinetics of the UV-induced reaction was also
investigated by 1H NMR spectroscopy (Figure S5).

Table S1 shows yields of isolated product after UV
irradiation of tetrazole 1 in the presence of thiol 2 in both
polar protic (ethanol) and aprotic (ethyl acetate) solvents
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under 260, 312, and 365 nm UV light. Since the photoactivity
of diaryltetrazoles depends on their UV absorption proper-
ties[15] and 1 absorbs strongly at shorter wavelengths (lmax =

278 nm), 260 nm and 312 nm irradiation afforded the highest
yields in the range of 75–95%. The reaction between 1 and an
equimolar amount of 2 in ethanol leads to 87 % of the isolated
product. The thiols could be used in this reaction even in the
presence of amine,[16] another nucleophile, in polar protic
solvents. The tetrazole-thiol adduct 3 was isolated with a yield
of 70% from a mixture of 1 with 2 (2.5 equiv) and ethanol-
amine (2.5 equiv) after UV irradiation (Figure S6).

Most surface immobilizations or chemical modifications
of biomolecules require aqueous conditions to avoid possible
protein denaturation and loss of activity. To demonstrate that
UV-induced tetrazole-thiol reaction can proceed in water,
a tetrazole-bearing poly(ethylene glycol)methyl ether (MW
5000 gmol¢1; PEG-tetrazole 4 ; Figure S7) was reacted with 2
(5 equiv) in water under 312 nm UV light for 3 h. The
conversion of 4 to the corresponding thiohydrazonate was as
high as 95 % based on NMR spectroscopy (Figure S8). In
addition, bovine serum albumin (BSA), a protein containing

one free peripheral thiol cysteine group,[17] was reacted with 4
in aqueous PBS buffer under 312 nm UV light. The presence
of a fluorescent higher-molecular-weight band in the gel
electrophoresis of the product confirmed BSA–PEG conju-
gation in aqueous medium (Figure S9).

We further investigated the efficiency of the UV-induced
tetrazole-thiol reaction for macromolecular conjugation. Fig-
ure 2A shows a model polymer conjugation experiment that

was conducted. O-(2-mercaptoethyl)-O’-methyl poly(ethy-
lene glycol) 5 (MW 5000 gmol¢1) was utilized as the thiol-
terminated polymer. Equimolar amounts of 4 and 5 were
dissolved in THF (3 mgmL¢1) and subsequently irradiated
with UVl=260nm light. The reaction mixture was analyzed by
gel permeation chromatography (GPC) at different irradia-
tion times (Figure 2B). A distinct shift of the GPC traces to
lower elution volumes indicates successful formation of
a polymer–polymer conjugate 6 already after 7 min of UV
irradiation. The remaining small GPC peak corresponding to
the starting material could be due to the incomplete tetrazole
functionalization of 4 as well as the nonequimolar ratio of
reactant.

Next, the performance of the UV-induced tetrazole-thiol
reaction for surface functionalization was also examined. A

Figure 1. Representation of A) UV-induced formation of the nitrilimine
intermediate from tetrazole 1 and subsequent nucleophilic thiol addi-
tion; B) the UV-induced tetrazole-thiol reaction between tetrazole
1 and thiol 2. C) UV/Vis absorbance of the tetrazole-thiol reaction mix-
ture as a function of UV irradiation time. The evolution of the
absorbance peaks at 278 nm (&) as well as the 369 nm (*) with irra-
diation time (inset). The control experiments (369 nm peak is shown
as ^) were performed under the same conditions but without 2.

Figure 2. A) UV-induced conjugation of two polymers using the tetra-
zole-thiol reaction to form PEG-block-PEG copolymer 6. B) GPC mon-
itoring of the block copolymer formation. Evolution of the intensity of
elution volumes at 23.8 mL (^) and 22.6 mL (*) with irradiation time
(inset).
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porous polymer layer functionalized with tetrazole (tetrazole
surface, Figure S10) was applied as the substrate. With the aid
of a photomask, the surface was site-selectively modified by
1H,1H,2H,2H-perfluorodecanethiol 7 under UVl=260 nm irra-
diation (Figure 3A). The successful immobilization and
patterning of thiol was confirmed by time-of-flight secondary
ion mass spectrometry (ToF-SIMS) (Figures 3B and S11). X-
ray photoelectron spectroscopy revealed the presence of F 1s,
F KLL as well as S 2p peaks after thiol modification.
Integration of N 1s and S 2p peak areas showed the evolution
of conversion with UV irradiation time reaching 88% after
20 min of UV irradiation (Figure S12). After the tetrazole-
thiol reaction, the appearance of fluorescence provides
a visualization method to assess the success of surface
modification (Figure 3 C). Tetrazole surface modification
with a thiol-containing fluorophore, Rhodamine-SH, was
also shown in Figure 3D. The produced pattern shows

a perfect superimposition of both red and green fluorescence.
Surface micropatterns with feature sizes down to 10 mm could
be obtained using an appropriate photomask (Figure S13).

The surface modification could be performed using
different thiols in various common solvents (Figure S14).
Moreover, when a fluorinated thiol 7 was employed, the
hydrophobic tetrazole surface was transformed into a super-
hydrophobic surface exhibiting water contact angles qst, qadv,
and qrec as high as 16788, 17088, and 16188, respectively. The SEM
analysis in Figure 4A did not show any changes of the surface

morphology after the thiol modification. Hence, the UV-
induced tetrazole-thiol reaction could be used to create well-
defined superhydrophobic–hydrophilic micropatterns of dif-
ferent geometries after sequential modifications (Figures 4B
and S15). The produced superhydrophobic barriers show
good cell-repellent properties and mCherry cells only
adhered well to the hydrophilic areas (Figure 4C), which is
important for a variety of different biotechnological applica-
tions ranging from sensors to cell screening microarrays.[18]

To demonstrate that the tetrazole-thiol reaction could be
used for the in situ immobilization of biomolecules in aqueous
solutions under long-wavelength UV irradiation, we pat-
terned biotin-PEG-thiol onto the tetrazole surface in water
under 365 nm UV light (Figure 4 D). The surface was then
incubated with Alexa Fluor 594-labeled streptavidin solution.
Fluorescence microscopy revealed a two-color green-red
fluorescence pattern (Figure 4D), in which the green fluores-
cence originated from the thiohydrazonate product of the
tetrazole-thiol reaction, whereas the red fluorescence origi-
nated from the Alexa Fluor 594-labeled streptavidin bound to
the biotinylated pattern.

Figure 3. A) Surface micropatterning through the UV-induced tetra-
zole-thiol reaction. B) ToF-SIMS (negative polarity) spectra of the
tetrazole surface before (blue line) and after (dark line) functionaliza-
tion with thiol 7. Isotopic peaks are marked with asterisks. The ToF-
SIMS images (fragments 479.03 u and 716.98 u, corresponding to the
thiol 7 ion and the conjugation product 8, respectively) of the polymer
layer are inserted. Scale bars: 1 mm. C) Photograph of a thiol 7
patterned tetrazole surface under 365 nm UV light. Scale bar: 3 mm.
D) Red (left), green (middle), and red/green overlay (right) fluores-
cence microscope images of the tetrazole surface patterned by Rhod-
amine-SH showing both red and green fluorescence. Scale bar:
300 mm.

Figure 4. A) SEM images of the tetrazole surface before (left) and after
(right) modification with thiol 7. The images of a water droplet on the
corresponding surfaces are inserted. B) Optical images of superhydro-
phobic-hydrophilic micropatterns. C) Red (top) and red/green overlay
(bottom) fluorescence microscope images of the mCherry-expressing
rat mammary carcinoma cells after growing for 30 h on a thiol 7
patterned tetrazole surface. The areas modified with 7 emit green
fluorescence and show cell-repellent properties. D) Fluorescence mi-
croscopy image showing the immobilization of biotin-PEG-thiol in
water under 365 nm UV light and Alexa Fluor 594-labeled streptavidin
binding. Scale bars: 500 nm (A) and 1 mm (B–D).

..Angewandte
Zuschriften

8858 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 8856 –8859

http://www.angewandte.de


In conclusion, we have presented a new versatile UV-
induced tetrazole-thiol reaction for conjugation of polymers
as well as surface functionalization. The reaction proceeds
very rapidly at ambient temperature with high efficiency and
in the absence of any catalyst. Furthermore, this photo-based
approach can be performed in aqueous conditions, making it
a promising tool for diverse biological and biotechnological
applications such as protein modification and surface bio-
functionalization. The formation of a fluorescent product
omits the necessity of using fluorescent labels and can be
convenient for tracking the reaction or for multicolor label-
ing. Because of the above-mentioned advantages of this
method, we believe that the UV-induced tetrazole-thiol
reaction will become a valuable tool for different applications.

Keywords: nucleophilic addition · photochemistry ·
polymer conjugation · surface modification ·
tetrazole-thiol reaction
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