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(Abstract: Site-specific labeling of biomolecules is rapidly ad-
vancing due to the discovery of novel mutually orthogonal
reactions. Quantum chemistry studies have also increased
our understanding of their relative rates, although these
have until now been based on highly simplified reactants.
Here we examine a set of strain-promoted click-type cyclo-
addition reactions of n-propyl azide, 3-benzyl tetrazine and
3-benzyl-6-methyl tetrazine with cyclooctenes/ynes, in which
we aim to address all relevant structural details of the reac-
tants. Our calculations have included the obligatory handles
used to attach the label and biomolecule as these can criti-
cally influence the stereochemistry and electron demand of

the reaction. We systematically computed orbital gaps, acti-

-

vation and distortion energies using density functional
theory and determined experimental rates for validation.
Our results challenge the current paradigm of the inverse
electron demand for this class of reactions. We found that
the ubiquitous handles, when next to the triple bond of cy-
clooctynes, can switch the Diels—Alder type ligations to
normal electron demand, a class we term as SPINEDAC reac-
tions. Electron donating substituents on tetrazine can en-
hance normal demand but also increase distortion penalties.
The presence and isomeric configuration of handles thus de-
termine the reaction speed and regioselectivity. Our findings
can be directly utilized in engineering genuine cycloaddition
click chemistries for biological labeling. D

Introduction

Cycloadditions are an important class of reactions for site-spe-
cific labeling with applications in super-resolution microscopy
of cellular components.' Key properties of these reactions
are their bioorthogonality and high selectivity. By exploiting
the concept of mutual orthogonality between several click-
type cycloaddition reactions, a combination of particularly
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slow and fast reactions enables the simultaneous labeling of
multiple sites in a kinetically controlled fashion in vivo and in
vitro.*® Recently, a set of orthogonal reactions has been used
by Niki¢ et al.” to label the insulin receptor and Influenza pro-
teins on non-canonical amino acids bearing strained 8-mem-
bered rings in a time dependent manner. The click reactions
utilized in this work are n-propyl azide, 3-benzyl tetrazine (H-
Tet) and 3-benzyl-6-methyl tetrazine (Me-Tet) ligations to three
types of eight-membered cyclic rings (Figure 1a and Support-
ing Information Figure S1, IUPAC names in Supporting Informa-
tion), namely i) racemic equatorial trans-cyclooct-2-en-1-meth-
ylcarbamate (TCO*e) and racemic axial trans-cyclooct-2-en-1-
methylcarbamate (TCO*a), i) two enantiomers of strained cy-
clooct-2-yn-1-methylcarbamate (SCO), and iii) endo- and exo-bi-
cyclonon-5-yn-1-methylcarbamate (BCN“® & BCN®°). The tetra-
zine ligation, a 4+ 2-cycloaddition, is a strain-promoted inverse
electron demand Diels—Alder reaction (SPIEDAC),"*' while the
alkyne-azide ligation is a strain-promoted Huisgen-type 1,3-di-
polar 3+ 2-cycloaddition (SPAAC)."*™ The large differences in
reaction speed when employing supposedly similar ligation
partners, such as H-Tet versus Me-Tet, or TCO* versus SCO,
render dual color labeling of biological systems possible."*'
Quantitatively predicting such differences and understand-
ing their origin by quantum chemical calculations would in-
crease the ability to further enhance the mutual orthogonality
and augment the available set of reactions for preferential la-
beling. A large body of previous quantum-chemical computa-
tional work has characterized and thereby significantly ad-
vanced our understanding of a number of highly related
strain-promoted click reactions.'”"" They mostly ascribed the
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Figure 1. Kinetics of mutually orthogonal click reactions. a) Overview of the
investigated reaction set between TCO*e/a isomers, BCN®"*/®° jsomers and
SCO with azide, H-Tet and Me-Tet. Different isomers are marked as *. Differ-
ently sized arrows represent the reaction rates, where thicker means faster.
Dashed lines show reactions that were too slow to be measured. Structures
of all isomers are given in Figure S1. b) Correlation between experimental
rate constants k and the calculated activation energies Eact for each pair of
reactants. The solid line shows a linear regression. The SCO/BCN-azide rates
are taken from Borrmann et al."®! For the reactions too slow to be measured,
we only obtained an upper limit for k as indicated by the error lines and
omitted such points for the linear fit. Experimental error bars are smaller
than the symbol size and are omitted for clarity.

differences in reactivity of these reactions, which have been
shown to feature an inverse Diels—Alder electron demand, to
contributions from orbital interactions, distortion and Pauli re-
pulsion.”>? The higher reactivity of tetrazines towards trans-
cyclooctene was attributed to their higher electrophilicity as
compared to azides,™ while introducing nitrogens into the
diene was proposed to decrease Pauli repulsion, rendering tet-
razines the fastest reaction partner for cycloadditions with al-
kenes.?

Notwithstanding these advances, previous work has been fo-
cusing on highly simplified reactant scaffolds limiting the com-
parison of calculated activation energies to reaction rates de-
termined experimentally for more complex scaffolds. However,
attaching handles to the functional groups of azides, tetrazines
and the different eight-membered rings is the crucial requisite
to label biomolecules, and may also critically affect the reactivi-
ty of the molecule, as experimental data increasingly certify
that the speed of these reactions is highly susceptible to

Chem. Eur. J. 2015, 21, 12431 -12435 www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper

minor changes in substituents.” Importantly, handles on cyclo-
octyne rings introduce a single stereocenter whereas handles
on cyclooctene rings add an additional stereocenter. This re-
sults in two SCO enantiomers and two pairs of TCO* enantio-
mers (see Figure S1). The configuration of the stereocenters
emerge as a crucial determinant for this class of click reac-
tions.?**! Considering the effect of the genuine handles used
for functionalization is therefore indispensable for a direct vali-
dation of insights from quantum chemical calculations and,
more importantly, for the application of these findings to the
design of novel orthogonal reactions.

We addressed this fundamental challenge and herein pres-
ent the first comprehensive set of measured rates and comput-
ed barriers for reactants with direct relevance for biological ap-
plications. We systematically computed the conformations and
energies for the SPIEDAC and SPAAC reactions described
above, using density functional theory (DFT). This resulted in
a total of 48 reactions with configurationally distinct transition
states and products, out of which 24 are chemically distinct
enantiomers. The resulting system sizes required advanced
sampling of the complex energy landscape, and the diminish-
ing barriers of the high speed TCO* reactions rendered it nec-
essary to incorporate van der Waals complexes into the reac-
tion pathway. On this basis, unexpectedly, we find that SPIE-
DAC reactions involving SCO and tetrazines to follow normal
electron demand, ascribed to the electrophilicity of the SCO.
We thus term this class of reactions SPINEDAC (strain-promot-
ed inherently normal electron demand Diels-Alder cycloaddi-
tion). We observe isomeric configurations to critically fine-tune
the reactivity of the investigated click reactions. Our study aids
the engineering of a currently widely used set of cycloaddi-
tions to further enhance their reactivity and mutual orthogon-
ality for their applicability in biology.

Methods

We used the M06-2X density functional®?" with the 6-311 +
G(d,p) basis set® and PCM solvent for the quantum chemical
calculations carried out in Gaussian 09,” and used the cclib li-
brary for post-analysis.”

As a measure for the reaction rates of any of the putative 48
reactions (3 reactants azide/Me-Tet/H-Tet times eight different
enantiomers and diastereomers of TCO*/SCO/BCN, times two
different relative tail orientations, Table S1), we calculated the
activation energy E,. along the reaction pathway (Figure S2).
Conventionally, and also as previously reported for this class of
reactions,”" E,, is defined as the difference between the transi-
tion state (TS) energy and the sum of the energies of geometry
optimized reactants, E,.sieacr = Ers—2Eeactopr Here, we instead
use the energy of the van der Waals complex formed by the
two reactants, Ey as a reference, that is, defined E,,=
E,ccvaw=Ers — E,qw (Figure S2), the reason for which was two-
fold. First, TS conformations and van der Waals complexes are
affected by basis set superposition errors (BSSE), whereas the
conformations of the smaller single reactants are less affected.
Thus, the BSSE is inherently included in E, s.aet bUt largely can-
cels out in E,qn In addition, we found that ZE ., is larger
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than E;s for some of the fastest reactions involving TCO¥*,
which would imply the absence of any activation barrier and is
an artefact from overlooking the formation of a favourable van
der Waals complex prior to the reaction. Nevertheless, we
found a correlation of E,.,qw With E, s (Figure S4), and
report E,.qw as activation energies in the following. Orbital en-
ergies were computed using the HF/6-311+G(d,p) level of
theory and we define AEgy,o as the energy difference between
two relevant interacting orbitals.

For computational efficiency, smaller compounds compared
to the experimental reactants®®! were used, but including
a significant fraction of the handles and therefore still more de-
tailed when compared to the highly simplified scaffolds of pre-
vious computations. The tetrazines R-group features a benzyla-
mine, the azide a N-propyl, and the eight-ring an N-methylcar-
bamate group.

While for the DFT calculations we considered all conformers
separately, experimental rates were obtained with mixtures of
the TCO*a, TCO*e and SCO enantiomers, using stopped-flow
spectroscopy (see Supporting Information). This resulted in
a total of 15 measured reactions rates directly comparable to
with our calculated barriers (see Supplemental Material for de-
tails).

Results and Discussion

The understanding of click-chemistry reactions at their highest
level of detail is crucial to improve their applicability in biomol-
ecule labeling at the base of single-molecule spectroscopy.
Therefore, azide/tetrazine cycloadditions to cyclooctenes and
cyclooctynes were herein investigated taking into account the
effect of R-groups used for proteins functionalization.

We obtained M06-2X energies from optimization of all ste-
reoisomers including enantiomeric pairs of the reactants’ set
(Figure S1). These energies suggest TCO*e to be more stable
than TCO*a by 1.1 kcalmol™', which also is the less reactive
molecule among the tetrazine cycloadditions (Figure 1a), but
TCO*e undergoes more readily cis-isomerisation.*

We next calculated conformations and energies of van der
Waals complexes and transition states for all possible reactions
to estimate energy barriers E,. We obtained a high correlation
between measured rates and calculated energy barriers (Fig-
ure 1b, R*=0.89), validating our quantum mechanical calcula-
tions. Due to the sterically demanding protein that the eight-
membered rings are attached to, the azide and tetrazine sub-
stituents are prone to orient in an antiparallel fashion to the
carbamate sidechain of the 8-ring. Thus the energy barriers of
such antiparallel oriented linker configurations were chosen
here. Although a similar correlation between experimental
rates and calculated activation energies was obtained when
the side-chain regioselectivity was ignored (Figure S3), individ-
ual barriers can vary by up to 3 kcalmol™' when changing tail
orientation (Table S1). This suggests the steric demand of the
linkers including the bulky label and biomolecule to crucially
determine the reaction kinetics.

To identify the origin of the differences in reactivity, we ana-
lyzed the energy differences AE,, between interacting frontier
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molecular orbitals (FMO) of all 15 reactant pairs (for details see
Supporting Information). The relevant FMOs and energies are
listed in Tables S2 and S3. Overall AEq,, correlates very well
with E,, (R*~0.72, Figure 2a). As expected, AEqy, systematically
underestimates the barrier for ligations with high distortion en-
ergies (dot size in Figure 2a). We obtained an improved corre-
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Figure 2. Electron demand determines cycloaddition rate. a) Correlation be-
tween FMO energy differences (AEgy,o) of the 15 distinct reactions (Eact is
the barrier for the two enantiomers obtained in antiparallel tail orientation).
The dot size represents the summed distortion energies of both reactants.
The solid line shows the linear fit of the data. b) Electron demand of the 15
different reactant pairs according to FMO energy gaps.

lation when comparing the sum of distortion energies and
AEqyo with E, (R*=0.82), implying that in a first approximation
these two contributions can be considered additive and are
both critically determining reactivitiy.

The main contribution to distortion energies generally
comes from the azide or tetrazine, respectively (Figure 3). Tet-
razine (Me-Tet and H-Tet) ligations to SCO as well as any of the
cycloadditions involving Me-Tet show significantly higher dis-
tortions than the other cycloadditions (Figures 2a and 3), sug-
gesting that the methyl group of Me-Tet as well as the carba-
mate right next to the triple bond of SCO creates a steric hin-
drance for the transition state formation.

We also analyzed the origins for the different observed reac-
tivity between the investigated reactions. As expected, AEyo
are overall higher in cycloadditions involving azides rather
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Figure 3. Distortion energies Eg, from the vdW complex to the transition
state conformation, decomposed for the ring and azide/tetrazine com-
pounds (see Methods for details).

than tetrazines, explaining the well-known fact that n-propyl
azide reacts less efficiently overall (Figure 2a)."*"'¥ Our calcula-
tions and measurements also confirm the previously estab-
lished higher preference of this azide with BCN®/®° over
SCO,>3" for which we predict a ~3 kcalmol™' difference in bar-
rier. Our results further agree with the higher reactivity of
azide with BCN"® over BCN®°? which we find to similarly
hold for H-Tet and Me-Tet (Figure 2a).

We can now ascribe the smaller barrier for the cycloaddition
of the azide with BCN to a smaller HOMO-LUMO gap between
the two reactants (Figure 2b). According to both calculations
and measurements, TCO*a reacts faster than TCO*e with both
H-Tet (~3-fold) and Me-Tet (~700-fold, Figure 1b), again direct-
ly in line with the smaller FMO energy gap for the TCO*a
isomer (Figure 2b). The axial position increases the electron-
withdrawing effect of the carbamate group, an effect that is
further enhanced by the smaller distortion required for the li-
gation of TCO*a to a tetrazine (Figure 3).

Reactions involving H-Tet are generally faster than those
with Me-Tet, a trend to be expected in this case of inverse
electron demand of SPIEDAC reactions, as the methyl group
shifts electron density into the reacting 6-ring (Figure 4a). Sur-
prisingly, the so-called SPIEDAC involving SCO and a tetrazine™
we instead predict to proceed with normal electron demand
and correspondingly term this reaction SPINEDAC. The carba-
mate group makes SCO more electrophilic than BCN, rendering
the interaction of its LUMO with the tetrazine HOMO more fa-
vorable (Figure 4b). SCO ligation to Me-Tet nevertheless is
slower than to H-Tet, because the sterically more demanding
methyl group gives rise to a 6 kcalmol™" higher distortion of
the transition state (Figures 2 and 4c). We therefore propose
that this SPINEDAC reaction can be sped up conversely to
SPIEDAC reactions, namely by more strongly electron-drawing
cyclooctyne substituents and/or by further electron-donating
tetrazine substituents, both with as little steric demand as pos-
sible. Our results, however, also emphasize that care must be
taken as reactions can switch between inverse and normal
electron demand upon allegedly minuscule chemical changes.
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Figure 4. Origin of differences in electron demand and distortion a) The
methyl group of Me-Tet shifts electron density into the tetrazine ring, as evi-
denced by the differences in shape of the LUMO and HOMO between H-Tet
and Me-Tet (for clarity only the substituted tetrazine ring is shown).

b) Energy gaps between FMOs of H-Tet reacting with SCO and BCN¢"/e,
SCO features lower FMO energies than BCN**° and undergoes cycloaddi-
tions with H- Tet (and Me-Tet, see Table S3) with normal electron demand
(solid blue line) instead of inverse electron demand as for BCN®"%/ (solid
red line). The energy levels are not drawn to scale. c) The transition state of
SCO-Me-Tet (orange) shows a significantly higher distortion than the one of
SCO-H-Tet (green, compare orange and green dashed lines) resulting in

a larger asymmetry with regard to the forming of C—C bonds (dashed
yellow lines).

Conclusion

We here analyzed the determinants of reactivity for a set of
strain-promoted cycloaddition reaction partners that is identi-
cal to those used for in vitro and in vivo labeling.

We could show that handles not only play the role to attach
the reactive moieties to fluorescent labels and proteins. In-
stead, they also decisively influence the reaction rate of the cy-
cloadditions, due to their electronic properties and steric
demand. Our data explain how different isomeric states,
methyl groups and carbamate linkers can independently and
decisively alter the speed of SPAAC, SPIEDAC and the newly
defined SPINEDAC reactions. Most importantly, the presence of
the methyl and/or benzyl moieties of H-Tet and Me-Tet togeth-
er with the electron-withdrawing properties of the carbamate
handle of the SCO cyclooctyne can switch the electron
demand from an inverse to a normal type, with direct conse-
quences for the rational tuning of the reactivity of these reac-
tions.

A more strongly electron-donating group replacing the
methyl or benzyl groups of H-Tet/Me-Tet will increase the reac-
tivity of ligations with SCO, but not with TCO* and BCN. Even
modifications of the aminogroup at the benzyl ring of H-Tet/
Me-Tet, although distant, can modulate the electron density of
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the benzene and thereby the reactivity of the tetrazines. Like-
wise, replacing the carbamate handle with more strongly elec-
tron-withdrawing groups, is predicted to have a similar effect.
Benzyl and methyl moieties at Me-Tet and H-Tet are sterically
highly demanding. Their substitution by smaller and/or elec-
tron-withdrawing groups should considerably enhance SPIE-
DAC, but not SPINEDAC reactions. These structural features
should thus be taken into account when re-engineering cyclo-
additions in computations and experiments.
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