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Tetrazines are widely employed reagents in bioorthogonal chemistry, as they react readily with strained
inverse electron demand Diels—Alder labeling of
biomacromolecules. For optimal performance, tetrazine reagents have to react readily with strained
alkenes, while remaining inert against nucleophiles like thiols. Balancing these conditions is a challenge,

alkenes in reactions, allowing for selective

as reactivity towards strained alkenes and nucleophiles is governed by the same factor — the energy of
unoccupied orbitals of tetrazine. Herein, we utilize computational chemistry to screen a set of tetrazine
derivatives, aiming to identify structural elements responsible for a better ratio of reactivity with strained
alkenes vs. stability against nucleophiles. This advantageous trait is present in sulfone- and sulfoxide-
substituted tetrazines. In the end, the distortion/interaction model helped us to identify that the reason
behind this enhanced reactivity profile is a secondary orbital interaction between the strained alkene and
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DOI 10.1039/d3ra08712¢ sulfone-/sulfoxide-substituted tetrazine. This insight can be used to design new tetrazines for
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Introduction

Biological systems are an important target of molecular science
research, containing biomacromolecules, and being the host of
fast, selective enzymatic reactions and precise molecular
sensing systems. To comprehensively study these complex
systems, the capability to perform chemical reactions selectively
and in real-time within these systems is essential. However, this
is a difficult task due to the inherent hostility of the biological
environment towards typical organic reagents. Cells contain
high concentrations of free reactive nucleophilic centers like
thiols and amines from amino acid residues. This is combined
with an aqueous reaction medium containing oxygen and
different electrolytes. Bioorthogonal chemistry introduced new
reactions that enable selective chemistry in such complex
systems.'™®

For bioorthogonal reagents, robustness under physiological
conditions is crucial. Yet, they need to provide the required
reaction at a very high rate, as the local concentrations of the
reagents are usually relatively low when compared to a typical
organic reaction. Having these requirements in mind,
researchers have been successful in developing multiple classes
of biorthogonal reactions. The first-generation reactions, such
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bioorthogonal chemistry with improved reactivity/stability profiles.

as Staudinger ligation”® and copper-catalyzed alkyne-azide
cycloaddition,®*® served as a proof of concept but exhibited
significant limitations in real systems. Staudinger ligation relies
on phosphorus() reagents, unstable in the presence of oxygen,
while copper-based catalysts have only limited compatibility
with living organisms. The breakthrough came with the second
generation of biorthogonal reactions - strain-promoted reac-
tions like azide-alkyne cycloadditions (SPAAC),'"**> alkyne-
nitrone cycloadditions (SPANC),**** and the tetrazine (s-tetra-
zine) ligation.”*” These reactions proceed rapidly while having
superior stability of the required reagents at physiological
conditions in comparison with the first-generation reactions.
Tetrazine ligation has multiple attractive properties concerning
the development of systems applicable to living organisms. The
reactivity of the tetrazine can be modulated by modifying the
substitution pattern on the tetrazine core to achieve the desired
reaction rates.'® Moreover, the tetrazine system undergoes
significant electronic structure reorganization during the liga-
tion reaction, allowing the design of switchable fluorescent
tags, where fluorescence is extinguished or enhanced after the
ligation process.”

When designing a new tetrazine reagent suitable for bio-
orthogonal ligation reactions a balance between their reactivity
and stability is crucial. Such tetrazines need to have a high rate
constant for the required ligation reaction. Mechanistically,
tetrazine ligation reactions are usually inverse-electron demand
Diels-Alder reactions (iEDDA).?® Tetrazines serve as the diene
component in these reactions and therefore, an efficient inter-
action of one of their unoccupied orbitals with the HOMO
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orbital of the dienophile is required to enhance the reaction
rate. This can be accomplished by introducing electron-
withdrawing functional groups on the tetrazine core.** Typi-
cally ester- and pyridiyl-substituents can be used for this
purpose. The presence of electron-withdrawing groups lowers
the energy of unoccupied orbitals and promotes the desired
iEDDA reaction.

Unfortunately, this also leads to decreased stability of the
tetrazine reagent in physiological conditions, making electron-
poor tetrazines susceptible to attack by nucleophiles, leading to
their decomposition in aqueous conditions.?” Even worse, such
tetrazines react readily with exposed nucleophilic centers
present on biomacromolecules, leading to unselective labeling
of biomacromolecules with the tetrazine reagent. Due to their
high reactivity, thiol groups present in molecules containing
cysteine are the biggest issue.*

Multiple strategies have been employed to increase the
reactivity of dienes for bioorthogonal applications in iEDDA
reactions while preserving their stability in biological systems.
Due to the low stability of electron-poor tetrazines, this often
necessitated shifting away from tetrazines to alternative scaf-
folds, such as triazines, where sluggish reactivity in iEDDA
reactions becomes a problem.>** In this case, the reactivity
could be successfully increased by alkylating one of the nitro-
gens to generate a positively charged species - N1-alkyl-1,2,4-
triazinium salts.”® Another approach is to decrease the elec-
tron density on the triazine core by the coordination of heavy
metal ions to the triazine core.””*® Yet the reactivity of triazines
in iEDDA reactions with strained alkynes and trans-alkenes is
generally significantly lower than that of similar tetrazines.
Thus, the search for an optimal diene system for bioorthogonal
iEDDA reactions continues (Scheme 1).

Computational chemistry has emerged as an efficient tool in
this pursuit, enabling rapid screening of potential structures
and providing insights into the operative reaction mechanism.*
DFT computational models, extensively applied by Houk and
coworkers, have identified multiple new promising
reagents.**> The simplest approach to the theoretical study of
iEDDA reactions relies only on the energies of FMO (frontier
molecular orbitals). Unfortunately, while computationally very
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Schemel Bioorthogonal iEDDA reactions using tetrazines or triazines
as dienes with strained alkenes as dienophiles.
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simple to achieve, this approach does not take into account all
of the interactions that occur during the reaction - such as
steric effects or electrostatic forces. To obtain a precise predic-
tion of reactivity of the new iEDDA reagents, activation energy
has to be calculated, which requires the localization of the
transition state(s). This can be coupled with more advanced
methods, such as distortion-interaction analysis, which allows
us to gain insight into the steric and electronic effects during
the reaction, or molecular dynamics simulations.*

The current pool of tetrazines tested in bioorthogonal iEDDA
reactions included systems having various substituents on the
tetrazine core, notably esters, pyridines, alkyl chains, and
amines. Yet, there is still a significant number of substituents
that have not been tested for their suitability in this type of
application. Our aim is to identify new suitable candidates
within the previously unexplored substituent space. To help
with this task, we composed a set of different tetrazines to be
subjected to our study. We aim to find a new system in which
increased reactivity in the desired iEDDA reaction would not
translate into increased susceptibility towards nucleophilic
attack and thus degradation in biological environments. So far,
there have been few reports of substituted tetrazines where the
reactivity in iEDDA reactions has been uncoupled from the
reactivity towards nucleophiles. Recently, Svatunek and Mikula
have uncovered the underlying mechanism responsible for this
feature using distortion-interaction analysis.** We followed
a similar approach on our set of tetrazines.

Results

Firstly, we identified which substitution patterns on tetrazine
will be the target of this study. When using tetrazine derivatives
for biomolecule tagging, one of the substituents on the tetrazine
core has to act as a linker. These substituents allow for
connection with labels or biomacromolecules. This is accom-
plished by carboxylic acids and hydroxyl- and amino-groups,
which are then used to form an ester- or amide-bond. Impor-
tantly, such groups are usually not directly introduced onto the
tetrazine core, but they are linked to it via a phenyl- or alkyl-
linker.”” In this study, we simplify these linkers as a phenyl- or
methyl-substituent. The other substituent on the tetrazine can
then be used to modulate its reactivity. We have selected a series
of 14 different substituents to study, composed from both
electron-withdrawing (EWG) as well as electron donating (EDG)
groups (for quantification of the nature of the selected
substituents by Hammett constants see ESIT) and atoms from
different periods so that also a variance in the size of the
substituents is achieved in our set (Fig. 1a).

Our strategy involves identifying potential candidates via the
correlation of the activation barriers of iEDDA reactions with
the energies of the relevant unoccupied orbitals on the tetra-
zines. To select the appropriate orbitals to be considered in our
study, we calculated their shapes (Fig. 1b and c). Previous
literature indicates that both carbon atoms and the nitrogen
atoms of tetrazine are susceptible to nucleophilic attack.**?¢
Given these previous reports on the reactivity of the tetrazines,
both LUMO and LUMO+1 orbitals are relevant for the tetrazine

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Results of DFT calculations for the set of tetrazine derivatives. Energies of LUMO and LUMO+1 of respective tetrazines are givenin eV,

free energies of activation for reaction with TCO are given in kJ mol™. Calculations details are in the ESI;+ (b) shape of LUMO orbital of tetrazine
TCL; (c) shape of LUMO+1 orbital of tetrazine TCL; (d—g) plots of free energies of activation for reaction of tetrazines with TCO against LUMO and
LUMO+1 energies of tetrazines. Derivatives TSO and TSO2 are marked red.

decomposition pathway — as the LUMO orbital can be impli-
cated in the mechanism, where an attack on nitrogen occurs,
whereas the LUMO+1 orbital is responsible for the reactivity of
carbon atoms towards nucleophiles. As the model iEDDA
reaction, we chose a reaction with trans-cyclooctene (TCO),
a commonly used type of reagent for bioorthogonal
applications.’”

Across all cases studied, phenylated (R*> = Ph) tetrazines
exhibited a lower activation barrier with TCO compared to
respective alkylated (R*> = Me) tetrazines. This is in line with
previously reported data, where the tetrazines bearing alkyl

© 2024 The Author(s). Published by the Royal Society of Chemistry

linker generally reacted more sluggishly than the tetrazines with
phenyl linker.”> As anticipated, the introduction of electron-
donating groups on tetrazines increased the activation
barriers of the iEDDA reaction. This was most pronounced with
amino- alkylsulfanyl- and alkylselenyl-compounds (Fig. 1a;
entries 2, 7 and 9). Conversely, electron-withdrawing substitu-
ents had the opposite effect. Among these were trifluoromethyl-
and nitrile-substituents (Fig. 1a; entries 1 and 13), but inter-
estingly, also thiocyano- and isonitrile-substituents (Fig. 1a;
entries 8 and 11). The most activated compounds were sulfox-
ides and sulfones (Fig. 1a; entries 4 and 5). With this data at
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hand, we proceeded to plot the activation energy of the iEDDA
reaction of tetrazines with TCO against the energies of LUMO
orbitals (Fig. 1d and f) and LUMO+1 orbitals (Fig. 1e and g) of
tetrazines. This was done in order to identify compounds where
uncoupling of their reactivity in iEDDA reactions from their
reactivity towards nucleophiles can be expected. For most of the
compounds, a linear relationship between reactivity in the
iEDDA reaction with TCO with the energy of the LUMO+1 orbital
of tetrazines should be observed, as this is the orbital inter-
acting with the dienophile during the course of the reaction.
Indeed, this relationship holds true for most of the studied
compounds. The same can be said about the energy of the
LUMO orbital of tetrazines - the linear relationship between its
energy and the predicted reactivity is again seen for most of the
derivatives. There are two classes of compounds which do not
follow this trend - sulfoxides and sulfones (Fig. 1a; entries 4 and
5). Interestingly, this behaviour of sulfones and sulfoxides is
exhibited at all of the four studied relationships (Fig. 1d-g). The
predicted reactivity of sulfones and sulfoxides is significantly
higher than expected, based on their energies of LUMO and
LUMO+1 orbitals. In order to gain further insight into this
phenomenon, we subjected these derivatives to a more thor-
ough study via the distortion-interaction analysis. The distor-
tion-interaction model allows for the decomposition of the
activation barrier into two components - distortion energy,
which is the energy necessary for the deformation of the reac-
tants from their equilibrium geometry into the geometry
required by the transition state, and interaction energy, which
has a stabilizing effect and comes from the interaction of
orbitals of the two reactants in the transition state. This model
has been successfully used before to provide explanation for the
unexpected reactivity of several bioorthogonal reagents.'***
For the analysis via the distortion-interaction model, we
have chosen three different derivatives from our set. All of them
have methyl as one of the substituents (R> = Me). Reason
behind this choice is that methyl group is likely to influence the
transition states less than phenyl, which may influence the
electronic distribution due to conjugation of its m-electrons. We
chose chlorine, sulfoxide and sulfone as the other substituents
(Fig. 1a, entries 4, 5 and 12). Sulfone TSO and sulfoxide TSO2
were the substituents on tetrazines, which exhibited the
abnormally low activation barrier of the iEDDA reaction.
Chlorine-bearing tetrazine TCL, on the other hand, behaved
in line with the trend of reactivity predicted from the energies of
LUMO+1 orbitals. It is known that distortion-interaction anal-
ysis at transition state geometries can lead to skewed results
when used to compare transition states with very different
geometries. In our set of compounds, bond lengths in the
transition state of the sulfone system (Fig. 2c) vary somewhat
from the ones of chloro compound (Fig. 2a), but the difference
between the geometry of the transition state of the sulfoxo-
tetrazine (Fig. 2b) is similar, so the analysis of this pair
(Fig. 2a vs. b) should give meaningful results.** The outcome of
the distortion-interaction analysis shows that both sulfone
TSO2 as well as sulfoxide TSO have significantly stronger
interaction with the TCO than the chlorinated tetrazine TCL
(=71.1 kJ mol " and —70.5 k] mol™* vs. —62.1 k] mol ) in the
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transition state. The distortion energy of the tetrazine moiety is
also lower (42.2 k] mol ™" and 45.2 k] mol™~" vs. 51.9 k] mol ™).
This hints that interaction other than the bond-forming process
is happening during the course of the reaction of the
compounds TSO2 and TSO with TCO, stabilizing the transition
state. Lower distortion energy in combination with somewhat
longer bonds in transition show state (2.40 A; 2.341 A for TSO2
and 2.35 A; 2.37 A for TSO vs. 2.32 A; 2.29 A for TCL), that the
transition state occurs earlier in the reaction for sulfone and
sulfoxide than for the TCL.

In order to identify the source of this effect, we have calcu-
lated the shape of the orbitals interacting together in the reac-
tion - i.e. HOMO orbital of the TCO (Fig. 3a) and the LUMO+1
orbitals of the tetrazines TSO and TSO2 (Fig. 3b and c). Due to
the strained nature of the double bond in TCO, its HOMO
orbital is not a pure m-bonding orbital centered above and
below the C=C double bond, but it also contains lobes on
adjacent C-H bonds. This leads to a stabilizing interaction with
lobes of LUMO+1 orbitals centered on the sulfone- and sulf-
oxide moiety of the respective tetrazine derivatives TSO2 and
TSO (Fig. 3b and c), explaining the increased interaction energy
of compounds TSO and TSO2 with respect to the compound
TCL. Geometry of the transition state suggests that such
secondary orbital interaction indeed occurs, as the C-H bond of
TSO moves towards the SO moiety of TSO and TSO2 (2.63 A for
sulfoxide and 2.53 A for sulfone) during the reaction. Such
additional stabilization of the transition state explains the
unexpectedly low activation barrier for the derivatives TSO and
TSO2 in iEDDA cycloaddition with TCO. Secondary orbital
interactions have been reported as the driving force behind
unexpected reactivity patterns of tetrazines before.*® As this
lowering of the activation barrier was not achieved by
decreasing the energy of LUMO and LUMO+1 orbitals, we can
predict that sulfone- and sulfoxide-substituted tetrazines will
exhibit a better ratio between reactivity in iEDDA reactions with
TCO to their lability towards nucleophiles, making them an
interesting candidate for incorporation in bioorthogonal
reagents. Importantly, from the point of future applications, the
synthesis of sulfoxide/sulfone-substituted tetrazines is already
known.*' In addition to the found secondary orbital interaction,
it is possible that the unusual reactivity of TSO and TSO2 is also
affected by differences in Pauli repulsion of the reactants, as
this has been proposed recently for similar derivatives where
reactivity is not driven by differences in orbital energy.** Our
group is currently actively working on the application of
sulfoxide/sulfone-substituted tetrazines in bioorthogonal
chemistry and further analysis of their reactivity by experi-
mental as well as theoretical means.

Computational details

Conformation analysis was performed using Spartan program
package.** quantum chemical calculations were performed
using Gaussian G16 RevC.01 software package.** Geometry
optimization of minima involved were performed at M062X
level of theory and 6-31G(d) basis set for optimisation of
geometries. This combination has been successfully used

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Distortion—interaction analyses of reaction of TCO with (a) TCL; (b) TSO; (c) TSO2. Electronic activation energy AE* is shown with black
arrows, distortion energy AEy;s is shown with blue arrows and interaction energy AE; is shown with red arrows.

secondary
orbital interaction |

N—N

Fig. 3 (a) HOMO orbital of TCO; (b) LUMO+1 orbital of TSO; (c)
LUMO+1 orbital of TSO2.

before to obtain transition state geometries of pericyclic reac-
tions of tetrazine.'* Single point calculations were performed
using 6-311+g(2d,p) basis set. All calculations were done in
vacuo. Frequency calculations were performed on the minima in
order to ascertain the type of stationary point as well as to
obtain thermochemistry. The nature of the transition states was
investigated by running an IRC calculation, in order to prove
that the correct transition state was found. Thermodynamic
properties were calculated at 298 Kelvin. A quasiharmonic
correction was applied during the entropy calculation by setting

© 2024 The Author(s). Published by the Royal Society of Chemistry

all positive frequencies that are less than 100 cm™* to 100 cm ™"

using script GoodVibes.*®

Conclusions

We have predicted the reactivity of a series of substituted tet-
razines in iEDDA reaction with trans-cyclooctene. For most of
the tetrazines, their reactivity in such reaction was linearly
correlated with the energy of their LUMO and LUMO+1. Tetra-
zines bearing sulfoxide and sulfone moiety were an exception to
this trend, as their calculated activation barrier for the iEDDA
reaction with trans-cyclooctene was significantly lower than
what would be expected based on the energy of their LUMO and
LUMO+1 orbitals. This unexpected enhancement of reactivity
could be explained by distortion-interaction analysis. The
underlying reason behind this phenomenon is a stabilizing
secondary orbital interaction between the sulfoxide/sulfone
moiety and the ¢rans-cyclooctene. This makes sulfoxide/
sulfone-substituted tetrazines an interesting candidate for
applications in bioorthogonal chemistry, as they should exhibit
increased reactivity in the iEDDA reactions with trans-cyclo-
octene without being more susceptible to decomposition by
nucleophiles (e.g. thiols).
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