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Light-Controlled Orthogonal Covalent Bond Formation at Two

Different Wavelengths

Jan P. Menzel, Florian Feist,[® I Bryan Tuten,® Tanja Weil,l’! James P. Blinco*: [l and Christopher

Barner-Kowollik*al. [c]

Abstract: We report light-induced reactions in a two chromophore
system capable of sequence independent A-orthogonal reactivity
relying solely on the choice of wavelength and solvent. In a solution
of water and acetonitrile, light of an LED, Anax = 285 nm, leads to full
conversion of 2,5-diphenyltetrazoles with N-ethylmaleimide to the
pyrazoline ligation products. Simultaneously present o-
methylbenzaldehyde thioethers are retained. Conversely, LED light,
Amax = 382 nm, is used to induce ligation of the o-methyl-
benzaldehydes in acetonitrile via o-quinodimethanes with N-
ethylmaleimide, while also present 2,5-diphenyltetrazoles are
retained. This unprecedented photochemical selectivity is achieved
through control of the amount and wavelength of incident photons as
well as favorable optical properties and quantum yields of the
reactants in their environment.

Photoinduced ligation reactions in a one pot system that can be
controlled by choice of irradiation wavelength without the need
of additives or catalysts are highly desirable tools in fields of
organic, biological and macromolecular chemistry as well as
materials science. Until recently, this orthogonality, also
described as A-orthogonality,’! wavelength selectivity® or
chromatic orthogonality® has, with the exception of photo-
cleavage or photodeprotection systems, the use of additional
protecting groups,® added catalysts,® release from plasmon
resonant liposomes!” and photo-isomerization systems (photo
switches),® & been achieved in only a sequence dependent
fashion.> 9 Clearly, the design of a catalyst free, sequence
independent orthogonal ligation system is a formidable
challenge.*? Generally, sequence-dependent A-orthogonality is
possible, if one photoactivatable chromophore absorbs light in a
region of the ultraviolet-visible spectrum, where the other
chromophore does not absorb (long wavelength irradiation
induces first reaction). The inverted order (short wavelength
irradiation induces first reaction) of photoreactions usually
results in undesired non-selective activation of both
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chromophores. In 2000, Bochet and coworkers introduced a pair
of protecting groups that can be cleaved with different
wavelengths in a one pot system with acceptable selectivity:*
41 One of the photoactivatable substances was converted with
254 nm light to 92%, while the other photo-cleavable compound
was retained to a degree of 83%. In the wavelength inverted
approach, the latter substance can be converted by 420 nm light
to 93%, while 92% of the first compound is retained. While this
selectivity for a photodeprotection is notable, it is far from being
quantitative and addresses bond cleavage rather than formation.
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Scheme 1. Tetrazoles and o-methylbenzaldehydes enable A-orthogonal
reactivity: Photons within defined wavelength ranges and control of the water
content of the solution allow selective conversion of one substrate at each
wavelength, whereas the other is retained. From top to bottom: Composition of
the mixture before and after irradiation with the shorter and the longer
wavelength, respectively; emission spectra of LEDs and UV/Vis spectra of all
chromophores (to increase the accuracy of molar attenuation coefficients ¢,
spectra of the chromophores as small molecule derivatives without long PEG
chains A’ and B’ are depicted, refer to the Supporting Information, section 1.7).



Examples that show control over ligation reactions with different
colors of light without the limitation of sequence dependence are
scarce: It was shown indirectly by combining a visible light
triggered ‘off-switch’ of a thermal ligation reaction with a UV light
induced ligation reaction.*Y Orthogonal labelling of biomolecules
was reported employing 9,10-phenanthrenequinones and
tetrazoles, although no study with thorough evidence, such as
NMR spectroscopic or mass spectrometric proof of the
orthogonality of the reactions was shown.'2 Recently, the
reversibility of the styrylpyrene dimerization was exploited to
enable chain ligation and single chain coupling™ as well as
crosslinking of polymer networks*# in a sequence-independent
A-orthogonal fashion.

Here, we present a catalyst free ligation system forming
covalent bonds, where the color of light and the solvent
environment determine the reaction outcome, independent of
which colour is employed first and despite overlapping
absorption spectra of the chromophores. Such sequence-
independent A-orthogonality may open avenues to remote
controlling reaction outcomes in applications ranging from multi-
material 3D direct laser lithography,'S synthesis of sequence
defined macromoleculesi*®! to in-vivo ligation.!”] Our previous
workl*®l led us to assess the potential A-orthogonality of
diaryltetrazoles and o-methylbenzaldehydes as substrates for
reaction with electron poor dienophiles. The combination of o-
methylbenzaldehyde thioether A (Ri = CH3(O(CH2)2)n-,
31<n<64; Scheme 1), methoxy-substituted diphenyltetrazole B
(Rz = CH3(O(CH2)2)nNHCO-, 31<n<64) and N-ethylmaleimide
was found to be the most promising system according to the
observed absorptivity and reactivity of the chromophores. As
has been highlighted by Feringa and coworkers,'¥ to achieve
sequence-independent wavelength selective (A-orthogonal)
photoreactivity not only the absorption properties have to be
considered, but also the quantum yields @, (defined as the
number of product molecules formed divided by the number of
monochromatic photons absorbed by the respective
chromophore) of the reactions. On the one hand, the molar
attenuation coefficient of tetrazole B’ (R, = CH3OCO-) at 285 nm
is 10.6 times higher than the one of o-methylbenzaldehyde A’
(Rl = HO((CHz)zo)s(CHz)z-) (SB‘,285 m=1.76 * 10* Lmol'lcm'l;
ea285nm=1.7 * 10° Lmolicm™). On the other hand, the reaction
quantum yield of the ligation of methoxy-substituted tetrazole B
is estimated to be equal to that of a diphenyltetrazole,
Dt 285 nm=0.5520.06.18 |t is therefore even 34 times higher than
the reaction quantum vyield of the ligation of o-
methylbenzaldehyde A with N-ethylmaleimide (in ‘a solvent
mixture containing 40% water), ®a g5 im=0.016+0.002 (see the
Supporting Information, Section 2.1). In acetonitrile with a water
content of less than 1% the quantum yield of the photoenol
ligation is found to be significantly higher (®a 285,m=0.057+0.007)
than in the water containing mixture, limiting the orthogonal
conversion of the two substrates. To gain an in-depth
understanding of the selectivity and to predict reaction
outcomes, an iterative simulation was conceived by modifying
already established python source code (see also the
Supporting Information, = Section 2.2).% 201 Wwith known
concentrations of starting materials A, B and N-ethylmaleimide,
molar attenuation coefficients and quantum yields, the progress
of the competing reaction pathways can be simulated: The
volume of the sample solution is treated as a stack of thin
segments (wafers / slices). Within each segment, a defined
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amount of photons (either a laser pulse or a defined time
increment in case of continuous LED irradiation) changes the
local concentrations of compounds according to light absorption
and reactivity. The outcome of the simulation is a calculated
overall conversion as a function of the irradiation time (time
increments k). The simulation was executed for varied quantum
yields of photoenol ligation, corresponding to the change in
quantum vyield in different environments (see Figure 1 and the
Supporting Information, Section 2.2. If the photon number input
of the light source in the experiment is known, as in a tunable
laser experiment with controlled photon count, the simulation
has predictive power regarding the conversion of each
component resulting in a selectivity at a certain time of
irradiation. In case of an LED experiment, the simulation is
slightly less precise, especially regarding the x-axis, because
differences in wavelength dependent quantum yields as well as
the width of the emission spectrum are not taken into account in
the simulation. Yet, the calculated selectivities indicate the
viability of sequence independent A-orthogonal conversion of the

substrates A, B and NEM in a selected solvent environment.
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Figure 1. Simulated progress of the photoreactions for the tetrazole and
photoenol ligation at 285 nm under varied solvent conditions with the
respective quantum yield. While the tetrazole is converted to the pyrazoline
ligation product (green line, pg, k = 10000 > 99%), the photoenol conversion is
calculated to reach values between 0.34% (®a, 285 nm = 0.0042) and 4.5% (®s,
285nm = 0.057) depending on the quantum yield of photoenol ligation.

While tetrazole B does not absorb light with wavelengths longer
than 345 nm, the photoenol-ligation can be successfully
triggered with light up to 430 nm,[*8! enabling the already well
established A-orthogonal ligation sequence (photoenol ligation
before tetrazole ligation).l!! Irradiation was in each case carried
out with readily available light emitting diodes (For details see
Supporting Information, section 1.5 and 2.3). Figure 2 evidences
the proposed orthogonal reactivity.

A stock solution containing 1.0 eq. (1.7 mmol L?) of o-
methylbenzaldehyde A, 1.0 eq. (1.7 mmol L?) of tetrazole B,
and 2.2 eq. (3.9 mmol L?1) N-ethylmaleimide in CDsCN was
prepared. In case of the first irradiation step with LED 1, D,O
and in case of irradiation with LED 2, CD3CN was added, as the
water content reduces the quantum yield of photoenol ligation,
but at higher photon counts leads to the formation of side
products (for details see the Supporting Information, Section 2.1
and 2.6).
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Figure 2. Orthogonal reactivity evidenced by nuclear magnetic resonance spectroscopic and high resolution electrospray ionization mass spectrometric analysis.
Above: Reaction scheme — fractions of a stock solution of 1.0 eq. (1.0 mmol L) of o-methylbenzaldehyde A, 1.0 eq. (1.0 mmol L) of tetrazole B, and 2.2 eq. (2.3
mmol L) N-ethylmaleimide were subjected to LED light, first either LED 1 (Amax = 285 nm, solvent mixture of 60 % CDsCN and 40 % D-0O) or LED 2 (Amax = 382
nm, CD3CN) and second with the other respective LED wavelengths (both in CDsCN). All spectra were obtained without purification except for the removal of
water / volatiles. Right: Expansion of selected regions of mass spectra obtained prior and after the respective irradiation as well as simulated peak patterns. Left:
Expansion of NMR spectra of the mixture before and after each irradiation (For details, see the Supporting Information, Section 2.3).

The excess of N-ethylmaleimide guarantees that any activated
species, in case it is formed, can find a reaction partner. Prior to
irradiation, the stock solution was deoxygenated by a stream of
nitrogen. Conversion for each ligation reaction is quantified by
nuclear magnetic resonance spectroscopy and the results are
qualitatively verified by high resolution electrospray ionization
mass spectrometry directly after collection of the sample (see
Figure 2). After removal of volatiles from the water-containing
sample and addition of N-ethylmaleimide, the following
irradiation step was each performed in CD3;CN. Both mass
spectra as well as NMR spectra indicate that each reaction can
be performed with full conversion, while the other compound is
retained. The determination of full conversion and full retention
is limited by the sensitivity of the NMR measurement. Yet, the
integrals of the signals of A (Aa, Ab, Ac and Ad) in the NMR
spectrum obtained after irradiation with LED 1 (Amax = 285 nm,

second spectrum from the top in Figure 1 (see also the
Supporting Information, Section 1.5) show that no significant
amount of A was consumed, while the tetrazole B was
converted to the pyrazoline cycloadduct BP1. The red
rectangles highlight the region in the NMR and mass spectrum
showing no detectable conversion to the photoenol ligation
product AP, despite the respective o-methylbenzaldehyde
absorbing light at 285 nm. During the subsequent photoreaction
at Amax = 382 nm the o-methylbenzaldehyde A was fully
converted to its ligation product AP, here observed in an
endo/exo ratio of 80:20 and the pyrazoline BP1 rearomatized to
the pyrazole BP2. The same endo/exo ratio for AP is found,
when the inverted irradiation sequence is applied. In this case
the pyrazoline BP1 is the end-product of the tetrazole ligation,
as it is converted last. The results are each confirmed by the
mass spectral results, impressively showing the binary character



of the A-orthogonal ligation reactions despite the overlapping
absorption spectra (Scheme 1).

To establish the limitations of the orthogonal bond
formation system, a number of further experiments were carried
out. If the sequences are carried out without water addition,
minor amounts of undesired photoenol ligation product can be
detected in high resolution mass spectra after irradiation of a
stock solution of A, B and NEM with LED 1 (see the Supporting
Information, Section 2.4). The product could not be detected by
NMR spectroscopy, thus preventing quantification of the
undesired reactivity, as potential ionization biases in
electrospray ionization allow only a semi-quantitative
assessment of conversion. With the previously noted limitation
of side products being formed (see the Supporting Information,
section 2.6), both sequences were successfully carried out in a
mixture of acetonitrile and water (see the Supporting
Information, section 2.5). The sequence employing LED 1 first,
in a water containing mixture, was additionally carried out in the
presence of oxygen (see the Supporting Information, section
2.7). While the first reaction remarkably shows uncompromised
selectivity, albeit at a slower reaction rate of tetrazole ligation,
subsequent photoenol ligation leads to side products. Yet, the
majority of the mass spectrometrically found and identified
species can be assigned to partially oxidized ligation products,
thus revealing the potential of the A-orthogonal bond formation
system for bio-applications. Further, instead of being carried out
orthogonally in a sequential fashion, both ligations can be
carried out simultaneously, without interference of the
intermediate states (see the Supporting Information, Section
2.8).

Although the identity of the cycloadducts BP1 and BP2
varies depending on the sequence, for a large variety of
applications only the formation of a covalent bond matters, be it
A-orthogonal labelling of biomolecules, the tying of linkage points
in 3D direct laser lithography or the photopatterning of thin films.
In case of A-orthogonal network formation, a side reaction
resulting in crosslinking of o-methylbenzaldehyde functionalities
may not at all be problematic, allowing the use of water
containing media throughout all reaction sequences. It was
demonstrated recently that dimerization of o-quinodimethanes
can be exploited for crosslinking of polymer networks.?Y A study
investigating  A-orthogonal network formation employing
tetrazoles and o-methylbenzaldehyde thioethers is currently
underway in our laboratories.

In summary, we have shown how the precise
determination of quantum yields can aid in the computational
prediction of photochemical selectivity, leading to an example of
sequence independent 2-orthogonal bond formation, despite the
inherent obstacle of overlapping absorption spectra. Expanding
the toolbox of orthogonally addressable chromophores will
enable precision photochemical control of synthetic challenges
in a multitude of scientific fields.
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COMMUNICATION

Light and water define
opposite outcomes: Two
colours of light are able to
selectively activate each one
substrate in a two
chromophore system for light
induced ligation. Control over
which of the two ligation
reactions takes place is
achieved through the chosen
wavelength of irradiated light
and the water content of the
solution.
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