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ABSTRACT: We have investigated the inverse electron-demand
Diels-Alder reactions of trans-cyclooctene (TCO) and endo-bicy-
clo[6.1.0]nonyne (BCN) with a 1,2,4,5-tetrazine, a cyclopentadi-
enone, and an ortho-benzoquinone. Tetrazines react significantly
faster with TCO compared to BCN because the highest occupied
molecular orbital (HOMO) of TCO is significantly higher in energy
than the HOMO of BCN. Despite the different HOMO energies,
TCO and BCN have similar reactivities towards cyclopentadi-
enones, while BCN is significantly more reactive than TCO in the
cycloaddition with ortho-benzoquinone. We find that this higher
reactivity of BCN compared to TCO is due to secondary orbital
interactions of the BCN HOMO-1 with the diene LUMO.

The Diels-Alder (DA) reaction is a powerful synthetic tool that
generates six-membered rings with remarkable regioselectivity and
stereoselectivity.! Using Frontier Molecular Orbital (FMO) theory,
generalizations about the shapes and energies of the highest occu-
pied (HOMO) and lowest unoccupied (LUMO) molecular orbitals
can be applied to understand the reactivity, regioselectivity, and
stereoselectivity of Diels-Alder reactions.? Distortion energies are
an additional factor that play an important role in DA cycloaddi-
tions.>* For example, cyclopentadiene and cycloheptadiene have
similar FMO shapes and energies, but significantly different reac-
tivities. The reactivities of these cyclic dienes are related to the en-
ergy required to geometrically deform the diene into the transition
state geometry.>

Recently, Diels-Alder reactions have attracted attention as a tool
for in vitro and in vivo labeling.5” These cycloadditions are
bioorthogonal and require highly reactive and selective dienes and
dienophiles that do not cross-react with biological nucleophiles.
Few reactions satisfy these criteria, and the development of new
bioorthogonal reactions is an active area of research.81° Figure 1
shows the experimental second-order rate constants for the inverse
electron-demand Diels-Alder reactions of the bioorthogonal dienes
3,6-di-2-pyridyl-1,2,4,5-tetrazine (1), new experimental results re-
ported here for a naphthalene-fused cyclopentadienone (2ethyi), and
a t-butyl substituted ortho-benzoquinone (3), with the bioorthogo-
nal dienophiles trans-cyclooctene (TCO) and endo-bicy-
clo[6.1.0]non-4-yn-9-ylmethanol (BCN). Fox and coworkers re-
ported that TCO*! reacts 440 times faster than BCN'? with diene 1.
In accordance with FMO theory, the higher HOMO energy of TCO
makes it a more reactive dienophile in inverse electron-demand
Diels-Alder reactions compared to BCN.*3 By contrast, TCO re-
acts 110 times slower than BCN when reacted with 3, as recently
reported by van Delft and coworkers.'® This unexpected reactivity

difference prompted us to investigate the reactivities of TCO and
BCN with a third bioorthogonal diene, 2etnyi. Stopped-flow kinetic
experiments (see Supporting Information) show that BCN is only
twice as reactive towards 2ethy as TCO. To rationalize these reac-
tivity trends, we have analyzed interactions of the frontier and sub-
jacent molecular orbitals and discovered that secondary orbital in-
teractions promote the reactivity of BCN towards 2ethyi and even

more so towards 3.
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Figure 1. Second-order rate constants (M-s%) for the Diels-Alder
reactions of 1,112 2gmy1, and 3%° with TCO and BCN, and the rela-
tive rates of TCO and BCN with each diene.

Computational investigations were performed using TCO, a
truncated BCN (BCN¥*), dipyridyl tetrazine 1, the dimethyl ester
2methyl, and the ortho-benzoquinone 3 (Figure 2a).The M06-2X16
functional with the 6-31G(d) basis set was used for geometry opti-
mizations. Energies were calculated using the larger 6-
311++G(d,p) basis set. The transition state structures and the cal-
culated Gibbs activation free energies (AGY) for the Diels-Alder re-
actions of 1, 2methyl, and 3 with TCO and BCN* are shown in Figure
2b. The activation free energies of these bioorthogonal reactions
range from 12 to 18 kcal/mol. In agreement with experimental re-
sults, the computed rate constants predict that 1 will react 440 times
faster with TCO than BCN*, that 2methyl has similar reactivity to-
wards TCO and BCN¥*, and that 3 will react with BCN* 440 times
faster than with TCO. These results are in reasonable agreement
with the experimental results described earlier. Calculations using
the implicit solvent model SMD show the same trends as obtained
in gas phase.
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Figure 2. a) Structures used in the computational investigations. b) Transition state structures, Gibbs activation free energies, and predicted
relative reactions rates for the Diels-Alder reactions of 1, 2metny1, and 3 with TCO and BCN*. Bond lengths are reported in A and energies

are reported in kcal/mol.

1, 2methyl, and 3 are highly electron-deficient dienes that react
with the electron-rich dienophiles TCO and BCN* through an in-
verse electron-demand DA mechanism. The primary orbital inter-
actions involve the HOMO of TCO or BCN* interacting with the
LUMO of 1, 2methy1 or 3. The HOMOs of TCO and BCN* and the
LUMOs of 1-3 are shown in Figure 3. The HOMO energies of TCO
and BCN* are -9.0 and -9.6 eV, respectively. With a higher lying
HOMO, the strength of the primary FMO interactions with TCO
are more favorable than with BCN*, and the primary FMO interac-
tions predict that TCO should be more reactive than BCN* in in-
verse electron-demand Diels-Alder reactions.
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Figure 3. HOMOs of TCO and BCN*, HOMO-1 of BCN*, and
LUMOs of 1, 2metnyl, and 3 generated with isovalues of 0.04. Mo-
lecular orbital energies are provided in electron volts (eV).

To understand the origin of the differences in the Diels-Alder
reactivities of TCO and BCN* towards 1, 2methyl, and 3, we per-
formed a distortion/interaction analysis.® Within this analysis the
energy of the system along the reaction coordinate gets dissected
into two contributing factors. The distortion energy AEdist is the en-
ergy required to geometrically deform the ground state geometries
of the reactants. The interaction energy AEintrepresents the energy
of the interactions that occur between the distorted reactants. These
include the orbital, electrostatic, and steric interactions. The distor-
tion/interaction analysis was performed along the IRC defined by
the distance of the shortest forming carbon-carbon bond from a
forming bond length of 2.6 A up to the transition state geometry.

The results of this analysis are shown in Figure 4. For the Diels-
Alder reactions of TCO and BCN* with 1, both the distortion and
interaction energies are more favorable for the reaction with TCO.
For reactions with diene 2methy1, the distortion energies favor the
reaction with TCO, but are offset by the interaction energies, which
are more stabilizing with BCN*. This results in similar reactivities
of TCO and BCN* towards 2methy. For the cycloaddition of TCO
and BCN* with 3, the distortion energies along the IRC are nearly
identical and the higher reactivity of BCN* towards 3 can be at-
tributed to the more favorable interaction energies.
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Figure 4. Distortion/interaction analysis for the Diels-Alder reac-
tions of TCO (red) and BCN* (blue) with a) 1, b) 2metny, and c) 3.



Secondary orbital interactions are known to influence the reac-
tivity and stereoselectivity of Diels-Alder reactions.!”?! The BCN*
HOMO-1 is the non-reacting, out-of-plane n-bond and is nearly de-
generate to the HOMO (Figure 3). Secondary orbital interactions
involving overlap of the HOMO-1 of BCN* with the LUMOs of 1,
2wmethyl, and 3 are illustrated in Figure 5 with a schematic orbital
diagram. The 2methyl -BCN* transition state is stabilized by second-
ary orbital interactions associated with the orbital overlap of the
endo facing lobe of the HOMO-1 in BCN* with the LUMO of 2me-
thyl at the Cs and C4 carbons, and between the exo facing lobe of the
BCN* HOMO-1 with the C1 carbonyl carbon in the LUMO of 2me-
thyl. These secondary orbital interactions are also present in the tran-
sition state 3-BCN*, in addition to an interaction involving the
overlap of the exo facing lobe of the BCN* HOMO-1 with the ad-
ditional carbonyl carbon in the LUMO of 3. Although the HOMO-
1 of BCN* is not a frontier molecular orbital, overlap of the BCN*
HOMO-1 with the LUMOs of 2methyl and 3 at the transition state is
significantly stabilizing and has an important effect on the Diels-
Alder reactivities.

The LUMO density at the nitrogen atoms in 1 is significantly
smaller compared to the carbon atoms in the LUMOS of 2methy1 and
3, and the in-phase interaction of the BCN* HOMO-1 with the den-
sity at the N-N bond in the LUMO of 1 is counteracted by an out-
of-phase interaction with the p-orbitals of the opposite N-N bond.
Because of the different symmetry of the BCN* HOMO-1 and the
LUMO of 1, the secondary orbital interactions result in no stabili-
zation, and the relative strengths of the primary orbital interactions
dictate reactivity, resulting in a less reactivate BCN compared to
TCO in tetrazine cycloadditions.

1-BCN* Zyetny-BCN* 3-BCN*

Figure 5. Schematic illustration of the constructive (+) and destruc-
tive (-) secondary orbital interactions between the HOMO-1 of
BCN* and the LUMOs of 1, 2metnyl, and 3.

We have studied the inverse electron-demand Diels-Alder reac-
tions of BCN and TCO towards 1, 2methyt, and 3 and rationalize why
BCN, despite having a lower HOMO energy compared to TCO,
shows similar reactivity towards 2methyl, and is even more reactive
than TCO towards 3. Secondary orbital interactions between the
HOMO-1 of alkynes and the LUMOs of dienes like 2methyl and 3
significantly stabilize the transition state and promote reactivity.
The stabilization from the secondary orbital interactions in the DA
reactions of 2methy1 With BCN results in the similar reactivities of
BCN and TCO. The additional carbonyl group in 3 further strengths
the secondary orbital interactions between the HOMO-1 of BCN
and the LUMO of 3. This additional stabilization results in 3 being
more reactive towards BCN than TCO. Diels-Alder reactions of al-
kynes play an important role in bioorthogonal chemistry, and sec-
ondary orbital interactions of the alkyne HOMO-1 should be con-
sidered in the development of new bioorthogonal reactions.
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