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ABSTRACT: Heteroaromatic azadienes, especially 1,2,4,S-tetra- _Slow [4 + 2] Cycloaddition Reactivity Fast
zines, are extremely reactive partners with alkenes in inverse- PR
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electron-demand Diels—Alder reactions. Azadiene cycloaddition @ (:, | 3 ¥ b
reactions are used to construct heterocycles in synthesis and are = _N N«,N N._N
popular as bioorthogonal reactions. The origin of fast azadiene
cycloaddition reactivity is classically attributed to the inverse frontier Closed-Shell Repulsion

molecular orbital (FMO) interaction between the azadiene LUMO Determines Interaction
and alkene HOMO. Here, we use a combination of ab initio, density
functional theory, and activation-strain model calculations to analyze
physical interactions in heteroaromatic azadiene—alkene cyclo-
addition transition states. We find that FMO interactions do not
control reactivity because, while the inverse FMO interaction
becomes more stabilizing, there is a decrease in the forward FMO
interaction that is offsetting. Rather, fast cycloadditions are due to a decrease in closed-shell Pauli repulsion between
cycloaddition partners. The kinetic—thermodynamic relationship found for these inverse-electron-demand cycloadditions is also
due to the trend in closed-shell repulsion in the cycloadducts. Cycloaddition regioselectivity, however, is the result of differences
in occupied—unoccupied orbital interactions due to orbital overlap. These results provide a new predictive model and correct
physical basis for heteroaromatic azadiene reactivity and regioselectivity with alkene dieneophiles.

arene alkene

B INTRODUCTION example, Fox and co-workers showed that 3,6-di-(2-pyridyl)-s-
tetrazine reacts with trans-cyclooctene functionalized with
thioredoxin in less than S min and with complete conversion
(Scheme 1c)."*'®

The very fast reactivity of 1,2,4,5-tetrazines and other
heteroaromatic azadienes in [4 + 2] cycloadditions with
alkenes is classically attributed to an enhanced frontier
molecular orbital (FMO)'? interaction (Scheme 2)."*° In this
FMO model, the electron-deficient azadiene has a highly
stabilized lowest unoccupied molecular orbital (LUMO) and
the inverse FMO energy gap with the alkene highest occupied

The use of heteroaromatic azadienes (Scheme 1a) in inverse-
electron-demand Diels—Alder reactions provides an efficient
methodology for construction of heterocycles.' ™ This type of
reaction usually involves [4 + 2] cycloaddition with alkenes,
followed by retrocycloaddition (Scheme 1b). Boger and co-
workers have developed useful synthetic routes to a variety of
azadienes and examined their reaction scope, substituent
effects, and regioselectivity with alkene cycloaddition part-
ners."”* Boger and co-workers have also used heteroaromatic
azadiene cycloadditions in the total synthesis of streptonigrin,6

phosphodiesterase inhibitors,” trikentrin A,® several marine molecular orbital (HOMO) is small, which, upon interaction,

natural products,” and Amaryllidaceae alkaloids.'® Several leads to significant electron delocalization from the alkene to

screening libraries also utilize azadiene Diels—Alder reactions."! the azadiene with concomitant energy stabilization. This single
Heteroaromatic azadiene Diels—Alder reactions have become FMO interaction is assumed to more than compensate for the

popular as bioorthogonal reactions due to their very fast “click-

like” reactivity (Scheme 1c).'*™'® The most widely used Received: November 7, 2014

azadiene for bioorthogonal reactions is 1,2,4,5-tetrazine.'” For Published: December 4, 2014
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Scheme 1. (a) Representative examples of Heteroaromatic
Azadienes (b) Example of a Diels—Alder Cycloaddition and
Retrocycloaddition Reaction between 3,6-Disubstituted
1,2,4,5-Tetrazine and Ethylene (c) Example of a
Heteroaromatic Azadiene Bioorthogonal Reaction
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Scheme 2. Comparison of FMO Energy Gaps for (a) a
Nonpolarized Diels—Alder Reaction versus (b) a Fast
Azadiene Inverse-Demand Diels—Alder Reaction
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increase in the forward FMO energy gap between the azadiene
HOMO and the alkene LUMO (Scheme 2).2'73

This FMO interpretation continues to be prominently used
to explain the reactivity of cycloadditions with heteroaromatic
azadienes.***> For example, the lower activation energy of
tetrazine versus azide with trans-cyclooctene, cyclooctyne, and
dibenzocyclooctyne is attributed to this FMO interaction.*®
Similarly, tetrazine reactivity with alkynylboronates is rational-
ized by FMO energies.””*® While this FMO explanation for
azadiene reactivity is appealing, it has only been supported by
calculation of ground-state 7 orbital energies.” Evaluation of
transition-state energy stabilization resulting from occupied-to-
unoccupied orbital interactions (ie. electron delocalization)
has not been computationally tested. It is well-known that the
FMO model outlined in Scheme 2, applied within the context
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of perturbation theory,® also neglects reaction coordinate
geometry changes, molecular orbital distortions, closed-shell
repulsion (also called Pauli or exchange repulsion), and
electrostatic interactions.>' Here, we use a combination of ab
initio, density functional theory, and activation-strain calcu-
lations to analyze orbital energy stabilization that is akin to
perturbation-style FMO interactions. Surprisingly, we find that
occupied—unoccupied orbital interactions are not the origin of
fast heteroaromatic azadiene Diels—Alder cycloadditions.
Rather, the fast reactivity is due to a decrease in closed-shell
electron—electron repulsion between the azadiene and the
alkene. Closed-shell repulsion is also the origin of the kinetic—
thermodynamic relationship in azadiene—alkene cycloadditions.
However, regioselectivity is due to a difference in occupied—
unoccupied orbital interactions. These results provide a new
model and correct physical basis for understanding and
designing heteroaromatic azadiene reactivity and regioselectiv-
ity for cycloadditions with alkenes.

B RESULTS/DISCUSSION

Method to Examine Orbital Interactions in Inverse-
Electron-Demand Diels—Alder Cycloaddition Reactions.
FMO theory applied within the context of perturbation theory
only considers a portion of the total physical interactions
between reacting cycloaddition partners. The intermolecular
interaction of two cycloaddition partners involves: (1)
Coulombic/electrostatic attraction and repulsion between
electrons and nuclei, (2) closed-shell repulsion between filled
orbitals, which is termed exchange repulsion or Pauli repulsion,
and (3) occupied—unoccupied orbital (electron delocalization)
interactions. Typically, FMO theory neglects electrostatic
interactions and closed-shell repulsion®>*" and only the frontier
ground-state filled-empty orbital interactions are assumed to
determine reactivity as cycloaddition partners begin to react.

Activation-strain analysis>>>* offers the ability to analyze
cycloaddition transition states or any other structure along the
reaction coordinate,® rather than only ground states, in a
chemically intuitive context that closely parallels the
perturbation approach of FMO theory. Activation-strain
analysis also allows direct analysis of intermolecular interactions
and the resulting energy stabilization, including occupied—
unoccupied orbital interactions. Equation 1 defines the total
cycloaddition transition-state activation energy and its decom-
position into a strain-energy term associated with the
geometrical deformation that the reactants undergo
(AE§pan) along with a term for the interaction between
these deformed reactants (AEjyr). Analysis of transition-state
structures in this fashion is part of the activation-strain model
developed and popularized by the Houk® and Bickelhaupt®”
groups. For heteroaromatic azadiene cycloadditions, AEfpam
is the strain-energy penalty to alter the heteroaromatic azadiene
and alkene from their ground-state structures into their
transition-state geometries. AEFNT is the interaction energy
between the distorted cycloaddition fragments and controls the
extent of geometric change required by the reactants. The strain
and interaction energy terms are graphically depicted in
Scheme 3 for the reaction of 1,2,4,5-tetrazine with ethylene.

AE* = AEpun + B (1)

The connection to FMO theory is found in eq 2 with the
dissection of the intermolecular interaction energy between
distorted cycloaddition fragments into contributions from
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Scheme 3. Graphical Depiction of Activation-Strain Energy
(AEdrray) and Interaction Energy (AEjy;) for the
Cycloaddition of 1,2,4,5-Tetrazine with Ethylene
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electrostatic interactions (AEf srar), closed-shell or Pauli
repulsion (AEfyup), and occupied—unoccupied orbital inter-
actions (AE$zz).>* Quasiclassical electrostatic interactions
include nuclei—nuclei, nuclei—electron, and electron—electron
interactions between transition-state fragments. Closed-shell
repulsion between filled cycloaddition fragments arise from the
requirement of same-spin electrons to obey the Pauli exclusion
principle. This is often visualized by a 4-electron, 2-orbital
interaction diagram shown in Chart la where the total
interaction is net repulsive. The orbital interaction term is
composed of intermolecular occupied-to-vacant orbital inter-
actions and minor intramolecular polarization. These orbital
interactions describe electron delocalization (also termed
charge transfer) from one cycloaddition partner to the other.
This is also visualized by the classic 2-electron, 2-orbital
interaction diagram between a doubly occupied orbital and an
unoccupied orbital (Chart 1b).

AEINT - AE]f"j:LSTAT + AEli'*:AULI + AEC:*):R.B (2)

B COMPUTATIONAL DETAILS

All ground-state and transition-state geometries were optimized
with Gaussian 09°® using the BP86 density functional combined
with the 6-31G(d,p) basis set. CCSD(T) calculations, which
provide a high-accuracy comparison, were also carried out in
Gaussian 09. Activation-strain analysis was carried out using the
Amsterdam Density Functional (ADF)* program with the

BP86 functional in conjunction with the TZP basis set, which is
a Slater-type orbital triple-§ quality basis set with one set of
polarization functions on each atom: 2p on H; 3d on C and N.
The activation-strain analysis trends are independent of the
functional and basis set. Analysis of orbital energies with
deletion of all unoccupied orbitals was also carried out in ADF.

Transition-State Geometries and Activation Energy
Trend. To identify the origin of fast cycloaddition reactivity for
1,2,4,5-tetrazine and similar heteroaromatic azadienes with
alkenes, we examined reactions 1—5 shown in Scheme 4. This

Scheme 4. Reactions Investigated
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set of reactions evaluates the impact of successively replacing an
arene methine CH group with a more electronegative nitrogen
atom. This set of reactions is also useful to examine
regioselective addition of ethylene, such as 3,6-addition versus
1,4-addition for 1,2,4,5-tetrazine.

In 200S, Ho and Li reported G3(MP2) transition states for
reactions 1—5.**"* This work showed that nitrogen atom
substitution decreases the activation barrier for cycloaddition,

Chart 1. Graphical Depiction of (a) Closed-Shell Pauli Repulsion and (b) Occupied—Unoccupied Orbital Stabilization

net
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but no rationale for reactivity was discussed. Regioselective
preference for C—C bond formation over C—N bond
formation was attributed to more efficient orbital overlap and
a more stabilizing resonance integral.43 More recently, in 2009,
Hayden and Houk reported B3LYP transition states for a series
of heteroaromatic azadienes with ethylene.** This report
showed a linear correlation between activation enthalpies
with reaction enthalpies (Bell—Evans—Polanyi correlation)*’
and with activation strain (or distortion) energies.

Figure 1 portrays the lowest energy regioisomeric BP86
transition-state structures, which are similar to transition-state

TS-1 /2137 TS-3 2182
Y N
% \A)_\'\J \f*)-\)\‘)
1.414 1.406 1.397
C1-C2 = 1.447 C2-N1=1.316 N1-N2 = 1.299
C5-C6 = 1.371 C2-C3=1.442 N2-C3 = 1.401
C3-C4=1.438 C3-C4 =1.431
C4-C5=1.374 C4-C5=1.376
C5-C6 = 1.443
TS5 /2273
A
1.388 1.377
N1-N2 = 1.306 N1-N2 =1.313
N2-C3 = 1.390 N2-C3 =1.378
C3-C4=1.428
C4-N5=1.324
N5-C6 = 1.373

Figure 1. BP86/6-31G(d,p) transition-state geometries. Bond lengths
reported in A.

geometries previously reported.*”** These transition states are
displayed to showcase the change from shorter to longer partial
forming C—C bond lengths, ie., late-to-early geometry
progression, as nitrogen atoms are introduced into the arene
ring system. For example, in TS-1, the partial forming C—C
bond lengths are 2.137 A and increase to 2.273 A in TS-S. This
earlier transition-state geometry for 1,2,4,5-tetrazine compared
to benzene is also portrayed in the ethylene C—C bond lengths.
In TS-1, the ethylene bond length is 1.414 A and is 1.377 A in
TS-S.

The calculated activation energies (AE*) corresponding to
the structures in Figure 1 are reported in Table 1 and
graphically displayed in Figure 2. In accordance with previous
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Figure 2. Trend in AE? values (kcal/mol).

work by Ho et al.** and Hayden and Houk,* the AE¥ values
show a significant and nearly monotonic decrease in activation
barrier of ~6—7 kcal/mol with the successive introduction of
nitrogen atoms.

To verify the calculated trend in activation energies, we also
examined CCSD(T)/6-311+G(2d,p) energies. Indeed, there is
a strong linear correlation between BP86/6-31G(d,p) and
CCSD(T)/6-311+G(2d,p)//BP86/6-31G(d,p) activation en-
ergies with an R* of 0.99 (see the Supporting Information).

Table 1 also reports the AEF values for higher energy
regioisomeric transition states. There is a very large energy
preference, ranging from ~10—15 kcal/mol, for forming two
C—C bonds versus forming C—C/C—N or C—N/C—N bonds.

Reaction Energy Landscapes. We also explored the
energies of the cycloadduct and subsequent retrocycloaddition
to release either HCCH, HCN, or N,. The complete reaction
energy landscapes are shown in Figure 3. Similar to previous
work, this plot shows the connection between activation
energies and reaction energies."* The AE* vs AE,, linear
correlation is given as AE* = 0.76*AE,, + 28.2 kcal/mol with
an R’ value of 0.99 (see the Supporting Information). The
second apparent feature of these energy landscapes is that, for
benzene and pyridine, the retrocycloaddition activation energy
is larger than the initial cycloaddition activation barrier. For
reactions 3-S5, the cycloadduct is exothermic and the barrier for
retrocycloaddition is lower than initial cycloaddition. Pre-
viously, Birney and co-workers found that tetrazine cyclo-
additions with alkynes is rate-limiting and subsequent
deazetization via retrocycloaddition is very rapid and potentially
barrierless.**

One possible explanation for the kinetic—thermodynamic
relationship is that the s aromaticity in heteroaromatic
azadienes is altered upon cycloaddition. We have discounted
this possibility because Schleyer showed that calculated

Table 1. BP86 Activation Barriers™?

transition-state structure AEfBPSG)
TS-1 33.1 (34.6)°
TS-2 (pyridine: 2,5-addition) 26.5 (28.2)°
(pyridine:1,4-addition) 415 (42.9)°
TS-3 (pyridazine: 3,6-addition) 20.5 (22.3)°
(pyridazine:1,4-addition) 30.3 (32.0)°
TS-4 (1,2,4-triazine: 3,6-addition) 12.9 (15.0)°
(1,2,4-triazine: 1,4-addition) 37.0 (38.6)”
(1,2/4-triazine: 2,5-addition) 21.0 (23.0)°
TS-5 (1,2,4,5-tetrazine: 3,6-addition) 49 (7.1)%
(1,2,4,5-tetrazine: 1,4-addition) 21.6 (23.7)°

AEfccen(ry)’ AEryn(spse) AErxn(cesn(r))”
32.6 6.5 0.3
26.9 -1.5 —6.9
22.1 —11.3 —14.5
15.8 —19.6 —21.3
9.2 —30.2 —28.8

“6-31G(d,p) basis set. “Zero-point energy corrected. “6-311+G(2d,p) basis set. dEnergies are reported in kcal/mol.
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Figure 3. BP86/6-31G(d,p) energy landscapes. Energies reported in kcal/mol.

Table 2. BP86/6-31G(d,p) Energies and BP86/TZP Energy Dissection Analysis on Geometries Constrained to Have Forming

Partial C—C Bond Lengths at 2.2 &

AE® AEgrpam”
Rxn 1: benzene 325 29.7 [20.9°, 8.87]
(1,4-addition)
Rxn 2: pyridine 264 27.8 [19.9¢, 7.99]
(2,5-addition)
Rxn 3: pyridazine 20.5 25.6 [18.95, 6.7
(3,6-addition)
Rxn 4: 1,2,4-triazine 129 22.9 [16.75, 6.2
(3,6-addition)
Rxn 5: 1,2,4,5-tetrazine 4.6 18.8 [13.45, 5.4

(3,6-addition)

“BP86/6-31G(d,p). YBP86/TZP. “Diene activation-strain energy. dEthylene

heteroazadiene LUMO. fEnergies are reported in kcal/mol.

AEINT“ AEORBb AEELSTATb AEI’AULIb AEINTb Se
2.7 -55.3 —54.2 114.0 4.5 0.20
-14 -55.3 -522 108.0 0.5 0.21
-2 -54.9 —49.7 101.6 -3.0 0.22
-8.1 —55.8 —47.7 95.6 -7.6 0.22
-143 —55.8 —45.3 89.3 -118 023

activation-strain energy. “Orbital overlap between alkene HOMO and

magnetic and energetic quantities for the aromaticity of
benzene and heteroaromatic azines are nearly identical.*’~>'

Another possibility for the kinetic—thermodynamic relation-
ship is that lower energy transition states develop more cyclic
aromaticity upon bond formation (not 7 aromaticity).>>*> To
evaluate this possibility, similar to previous studies of aromatic
transition states,”**> we calculated the nuclear independent
chemical shift (NICS)*° values at the [3,4+1] ring critical point
of the electron density.”” All of the transition states have large
negative NICS values, and the NICS values are less negative
with more nitrogen atoms. For example, TS-2 and TS-$ have
NICS values of —24.8 and —21.8 ppm, respectively. Anisotropy
of the induced current density (ACID) also confirms the
relative aromaticity.*® This result suggests that the magnetic
transition-state aromaticity decreases with more nitrogen atoms
and is unlikely an explanation for the reactivity and
thermodynamic trends.

Activation-Strain Analysis. Because the transition-state
geometries shift from late to early, an equitable comparison of
reactions based on energy decomposition analysis should be
done using a consistent geometry. We chose to analyze
transition-state-like geometries with forming partial C—C bond
lengths constrained to 2.2 A. Analysis of transition-state
energies is reported in the Supporting Information. Impor-
tantly, 2.2 A geometries give energies very close to the
transition-state energies. For example, the AE? for 1,4-addition
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of ethylene to benzene is 33.1 kcal/mol. Using the 2.2 A
geometry decreases the energy to 32.5 kcal/mol. Similarly, the
3,6-addition of ethylene to 1,2,4,5-tetrazine at fixed 2.2 A partial
bond lengths is 4.6 kcal/mol, which is only 0.3 kcal/mol less
than the 4.9 kcal/mol AE* value. In general, the 2.2 A
geometries have energies within 1 kcal/mol of the activation
energies. More importantly, the trend in 22 A geometry
energies mirrors the trend in activation energies. Also,
constraining the bond lengths at 2.0 and 2.4 A, which are the
extremes of the possible early and late transition-state positions,
results in similar trends.

Table 2 reports the BP86/6-31G(d,p) strain and interaction
energies for these 2.2 A geometries. Table 2 also reports the
BP86/TZP activation-strain analysis. The AEpr dissection
analysis showed consistent results for basis sets of triple-&
quality or larger. Because a series of comparable geometries
were analyzed, the impact of the interaction energy on
controlling the heteroaromatic and ethylene strain energy can
be assessed. The AEggany energies decrease from 29.7 keal/
mol in reaction 1 to 18.8 kcal/mol in reaction S. This decrease
results from a 7.5 kcal/mol decrease for the 1,2,4,5-tetrazine
ring strain compared to benzene and a 3.4 kcal/mol decrease
for ethylene distortion.** Radom and co-workers have
previously analyzed the strain associated with heteroaromatic
ring distortion in addition reactions with dihydrogen.*® The
lower strain energies for heteroaromatic azadienes compared to

dx.doi.org/10.1021/jo5025514 | J. Org. Chem. 2015, 80, 548—558
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benzene were correlated to the intramolecular ring distance
between atom centers involved in bond formation. The
introduction of nitrogen atoms shortens the relative 1,4-
intramolecular ring distance. For example, the BP86/6-
31G(d,p) C1—C4 distance in the ground state of benzene is
2.809 A, while the C3—C6 distance in the ground state of
1,2,4,5,-tetrazine is 2.542 A. Constraining flat benzene and
1,2,4,5,-tetrazine to their 2.2 A geometry bond lengths indicates
that less than 3 kcal/mol of the heteroarene strain energy is due
to bond length changes. The majority of the heteroarene strain
energy is due to ring puckering that is required to achieve the
transition-state geometry, which as suggested by Radom and
co-workers, is highly influenced by the 1,4-intramolecular ring
distance. Interestingly, in reaction 1, benzene distorts to
decrease the C1—C4 distance to 2479 A in the 22 A
geometry, while in reaction 5, 1,2,4,5,-tetrazine distorts to
increase the C3—C6 distance to 2.687 A in the 2.2 A geometry.

While a decrease in activation-strain energy is responsible for
lowering part of the activation energy from benzene through
1,2,4,5-tetrazine, the increase in stabilizing interaction energy is
larger than the decrease in this distortion-induced strain energy
and is more important for reactions 1—5 (Table 2). The BP86/
6-31G(d,p) AEyr values change from 2.7 kcal/mol repulsive in
reaction 1 to —14.3 kcal/mol stabilizing in reaction 5. For
1,2,4,5-tetrazine, the 17.0 kcal/mol more stabilizing interaction
energy combined with the 10.9 kcal/mol lower strain energy
decreases the AE by 27.9 kcal/mol compared to benzene.

What is the origin of the large strengthening in AE; for
1,2,4,5-tetrazine compared to benzene? As outlined in the
Introduction, it is assumed that occupied—unoccupied orbital
interactions that allow electron density to delocalize from
ethylene onto 1,2,4,5-tetrazine in the transition state are
responsible. However, the activation-strain analysis and break-
down of the interaction energy into its physical components
indicates that this is incorrect. Columns 5—8 in Table 2 report
the BP86/TZP interaction energy and dissection of the
interaction energy into its physical components. Column S in
Table 2 reports the orbital energy stabilization (AEqgg) that
results from frontier HOMO—LUMO and all other occupied—
unoccupied interactions. Unexpectedly, the AEqgg values are
nearly constant, and therefore, orbital interactions are not the
origin of fast 1,2,4,5-tetrazine reactivity. Electrostatic inter-
actions are also not the origin of the enhanced interaction
energy in reaction 5. Electrostatic attraction becomes less
stabilizing from reaction 1 to reaction S (see column 6).

The origin of enhanced stabilization between the 1,2,4,5-
tetrazine and ethylene versus benzene and ethylene is a
significant decrease in Pauli repulsion. This destabilizing
interaction results from closed-shell electron repulsion between
occupied orbitals of the heteroarene interacting with occupied
orbitals of ethylene. Column 7 of Table 2 shows that the
AEp,uy; energies decrease from a penalty of 114.0 kcal/mol in
reaction 1 to a penalty of 89.3 kcal/mol for reaction S. Closed-
shell repulsion was not previously considered as the origin of
fast inverse-electron-demand Diels—Alder reactions because
simple FMO theory neglects this repulsion. Our conclusion is
in accord with early work by Bach and co-workers, who used
Hartree—Fock calculations and identified that closed-shell
repulsion is responsible for the large activation barrier for
cycloaddition of 1,3-butadiene with ethylene.”*"®* Closed-shell
repulsion also accounts for the large activation of acetylene
trimerization®*®* and has been implicated in other types of
organic reactions,és’é6 such as Sy2 reactions.®”
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Why Closed-Shell Repulsion Decreases. Why does
closed-shell repulsion between the heteroarene and ethylene
decrease upon substitution of nitrogen atoms for CH groups?
From a qualitative perspective, decreased repulsion can be
expected because the more electronegative nitrogen atoms
polarize the 7 electrons away from the carbon atoms involved
in C—C bond formation during cycloaddition. To identify
which occupied—occupied orbital interactions that are respon-
sible for the trend in closed-shell repulsion, we analyzed orbital
energy changes between the distorted heteroarene and the
distorted ethylene fragments at the 2.2 A geometries with
deletion of all unoccupied orbitals. This deletion prevents all
occupied—unoccupied orbital interactions, and orbital energy
changes are due only to electrostatic interactions and closed-
shell Pauli repulsion. Figure 4 shows the most important 7

electrostatic & ied- ied

C P P electrostatic &
closed-shell repulsion  orbital stabilization

closed-shell repulsion
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24
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%n; = \//”V
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Figure 4. Orbital energy changes for interaction between benzene and
ethylene. Solid lines connect orbital energy levels with deletion of all
unoccupied orbitals. Dashed lines connect orbital energy levels after
occupied—unoccupied interactions are included. Orbital energies
reported in kcal/mol.

orbitals and their energy changes that occur upon interaction
between benzene and ethylene. The solid lines show the energy
changes that occur from electrostatic and closed-shell repulsion,
whereas the dashed lines show the energy changes that occur
from occupied—unoccupied orbital interactions. These one-
electron orbital changes provide qualitative insight into the total
Pauli repulsion and total orbital interaction energy.

Figure 4 reveals that the energetically most impactful closed-
shell repulsion occurs between the ethylene 7 orbital and the
lowest energy m; orbital of benzene.’* This interaction
destabilizes the ethylene 7 electrons by 48 kcal/mol. The
frontier 7, orbital is not destabilized by closed-shell repulsion
since it is orthogonal to the ethylene 7 orbital. Comparison to
the same interaction between 1,2,4,5-tetrazine and ethylene
shows only a 2 kcal/mol energy destabilization for the
interaction of the ethylene 7 orbital and 7, orbital of 1,2,4,5-

dx.doi.org/10.1021/jo5025514 | J. Org. Chem. 2015, 80, 548—558



The Journal of Organic Chemistry

tetrazine (Figure 5). The decrease in closed-shell repulsion and
decrease in activation barrier is reminiscent of a similar case for
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closed-shell repulsion
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orbital stabilization

-37

% .99
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inverse
orbital
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Figure 5. Orbital energy changes for interaction between 1,2,4,5-
tetrazine and ethylene. Solid lines connect orbital energy levels with
deletion of all unoccupied orbitals. Dashed lines connect orbital energy
levels after occupied—unoccupied interactions are included. Orbital
energies reported in kcal/mol.

Pd metal-mediated carbon—halogen bond activation that
benefits from anion assistance.*®

Why Frontier Orbital Interactions Do Not Control
Activation Energies. One unexpected result from the
activation-strain values reported in Table 2 is that the AEqgg
values are nearly identical in reactions 1—S. This orbital energy
stabilization is the result of all occupied—unoccupied
interactions, but it is generally expected that frontier
interactions should dominate. There are multiple possibilities
why the AEqgy values are nearly constant. (1) The inverse
frontier orbital energy gap decreases, but there is a

corresponding increase in the forward frontier orbital energy
gap that is offsetting. (2) The frontier orbital energies show the
expected increase in stabilization, but nonfrontier orbital
interactions diminish this effect.

Figures 4 and S compare the effects of the orbital energies
before and after occupied—unoccupied orbital interactions. The
benzene HOMO to ethylene LUMO interaction results in
stabilizing the 73 electrons by 14 kcal/mol, and the ethylene
HOMO to benzene LUMO interaction results in 18 kcal/mol
of stabilization. These nearly equal interactions are expected
based on FMO theory. For the interaction of 1,2,4,5-tetrazine
with ethylene, the 1,2,4,5-tetrazine HOMO to ethylene LUMO
interaction results in essentially no stabilization, while the
ethylene HOMO to 1,2,4,5-tetrazine LUMO interaction results
in 21 kcal/mol of stabilization. This suggests that, while the
inverse FMO interaction does become more stabilizing for
1,2,4,5-tetrazine, the decrease in the forward FMO interaction
is offsetting. Nonfrontier occupied—unoccupied orbital inter-
actions also contribute to this effect, but to a minor extent.

Origin of Kinetic—Thermodynamic Relationship. The
kinetic—thermodynamic relationship for heteroarene—ethylene
cycloadditions is somewhat unique since a similar relationship
for cycloaddition between heteroarenes and dihydrogen does
not exist.**>° Therefore, we wondered whether this kinetic—
thermodynamic relationship is fortuitous or results from a trend
in closed-shell repulsion similar to that found for the activation
energies.

Table 3 reports the dissection of the interaction energy
between the heteroarene and ethylene fragments in the
cycloadduct geometry. The electronic configuration of the
product for the energy decomposition analysis mirrors the
transition-state electronic configuration (i.e., closed-shell
configuration). As expected, the interaction energies for the
cycloadducts are significantly more stabilizing than in the
cycloaddition transition states. The trend in total interaction
energies and the components of the interaction energies are
very similar to the 2.2 A and transition-state geometries. For the
cycloadducts, the interaction energy increases in stabilization by
16.3 kcal/mol from reaction 1 to reaction S, which is identical
to the change found in the 2.2 A geometries. Similarly, the
AEqgg values are nearly constant and there is a decrease in
stabilization of the AEg; grar values. The AEp,y;; values show a
30.7 keal/mol decrease in repulsion comparing reactions 1 and
S, which is comparable to the 24.7 kcal/mol change found in
the 2.2 A geometries. This decrease in closed-shell repulsion
offsets the decrease in electrostatic interactions and accounts
for the change in AEpyr. A plot of the AEp,yy; values for the

Table 3. BP86/TZP Components of Interaction Energy for Cycloadducts in Reactions 1—5¢

AEqgg
Rxn 1: benzene cycloadduct
(1,4-addition) —368.8
Rxn 2: pyridine cycloadduct
(2,5-addition) —368.4
Rxn 3: pyridazine cycloadduct
(3,6-addition) —387.8
Rxn 4: 1,2,4-triazine cycloadduct
(3,6-addition) —3724
Rxn $: 1,2,4,5-tetrazine cycloadduct
(3,6-addition) —369.0

“Energies are reported in kcal/mol.
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AEELST‘AT AEPAULI AEINT
-231.8 473.0 -1273
—228.8 465.7 -131.§
-2294 464.7 —143.5
-223.8 453.8 -1422
-2169 4423 -1436
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Table 4. BP86/TZP Activation-Strain Analysis for Regioisomers of Reactions 1-54

AE® AEgrpam® AE*
pyridine:1,4-addition 36.8 249 11.9
A (2,5-addition) 104 29 133
pyridazine:1,4-addition 28.7 23.5 S
A (3,6-addition) 82 -21 10.3
1,2,4-triazine: 2,5-addition 20.3 21.1 —0.8
A (3,6-addition) 74 -18 73
1,2,4-triazine: 1,4-addition 17.0 4.7 12.3
A (3,6-addition) 41 -182 204
1,2,4,5-tetrazine: 1,4-addition 18.7 154 3.4
A (3,6-addition) 14.1 -3.4 17.7

“BP86/6-31G(d,p). "BP86/TZP. “Orbital overlap between ethylene HOMO

forming bonds. Energies are reported in kcal/mol.

AEORBb AEELSTATb AEPAULIb AEINTb s

—45.0 —=51.3 1113 149 0.16
10.3 0.9 3.3 144 —0.04
—48.1 —49.4 104.6 7.1 0.17
6.8 0.3 3.0 10.1 —0.04
—49.6 —47.5 98.4 1.3 0.18
5.9 0.2 2.8 5.8 —0.04
—39.5 —46.8 100.8 14.5 0.13
16.0 0.9 5.2 22.1 —0.09
—43.9 —45.4 95.1 5.8 0.14
119 —0.1 5.8 17.6 —0.09

and azadiene LUMO. “Geometries are constrained at 2.2 A for the

00999

Figure 6. Comparison of ground-state molecular electrostatic potentials (ESPs) for benzene and heteroaromatic azadienes (BP86/6-31G(d,p) values

plotted from —3.4e-2 (red) to +3.4e-2 (blue) Hartree).

22 A geometries versus the cycloadduct geometries for
reactions 1—S5 shows a linear correlation with an R* value of
0.93. This indicates that the kinetic—thermodynamic relation-
ship is indeed the result of similar physical interactions and that
the interactions in the 2.2 A geometries are magnified in the
cycloadduct geometries.

Regioselectivity and C—C versus C—N Bond Forma-
tion. Our calculations, as well as previous calculations by Ho
and Li,** show that there is significant regioselectivity that
favors C—C bond formation over C—N bond formation. Ho
and Li attributed this preference to more efficient orbital
overlap and a more stabilizing resonance integral between the
interaction of carbon atoms versus the interaction of a carbon
and a nitrogen atom or two nitrogen atoms, although no direct
evaluation of orbital overlap or resonance integrals was
reported. Similarly, Radom and co-workers suggested that, for
H, addition to heteroarenes, H—C bond formation is favored
over H-N bond formation because the more electronegative
nitrogen atoms have more contracted 7 orbitals and less orbital
overlap.”®

Table 4 reports the activation-strain analysis for regioisomer
geometries with forming partial bonds constrained to 2.2 A.
The energy and overlap differences (A) compared to the lowest
energy regioisomer are also given. Inspection of the AEgpany
terms reveals that the higher energy regioisomer reactions pay
~2—3 kcal/mol less strain energy than the lower energy
regioisomer structure. This means that regioselectivity can be
almost completely attributed to the interaction energy AEpy
between the azadiene and ethylene.

While the relative reactivity of heteroaromatic azadienes is
controlled by closed-shell repulsion, this interaction does not
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determine regioselectivity. The energies in Table 4 indicate that
the higher energy regioisomer geometry has a nearly constant
3-S5 kcal/mol higher energy closed-shell repulsion energy. Also,
the electrostatic interactions AEg grar are not significantly
different between regioisomeric geometries. Instead, the
difference in interaction energies is almost entirely due to
occupied—unoccupied orbital interactions, AEqgs.*’ For
example, the AE;r value in the 3,6-addition geometry of
1,2,4,5-tetrazine with ethylene is —11.8 kcal/mol stabilizing. For
1,4-addition, the AEp value is 5.8 kcal/mol destabilizing,
which is a change of 17.6 kcal/mol. The corresponding change
in AEqgg is 11.9 kcal/mol.

The differences in AEqgp values for regioisomer geometries
can be attributed to intermolecular frontier orbital overlap (S).
Tables 2 and 4 report the calculated orbital overlap between the
ethylene HOMO and the unoccupied heteroarene LUMO.
This orbital overlap values range from S = 0.13 to 0.18 for the
higher energy regioisomer geometries and range from S = 0.20
to 0.23 for the lower energy regioisomer geometries.

New Model and Reactivity Predictor. The discovery that
the relative reactivity of heteroaromatic azadienes in inverse-
electron-demand cycloaddition reactions with alkenes is
determined by closed-shell Pauli repulsion provides a new
predictive model. In a perturbation approach, repulsion energy
due to the overlap of filled orbitals is approximately
proportional to (1) the amplitude of the fragment molecular
orbitals, and (2) the square of the overlap integral.”® Note that
repulsion energy does not depend on the energy gap between
the occupied orbitals, but is, however, proportional to the sum
of fragment orbital energies; that is, higher energy occupied

orbitals lead to stronger repulsion.”*>”® This indicates that one
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straightforward predictor of relative reactivity is the occupied
wave function amplitude and, therefore, the electron density at
the atoms involved in bond formation. For the reactions
examined here, decreasing the electron density at the carbon
atoms of the heteroaromatic azadiene decreases the Pauli
repulsion with the alkene cycloaddition partner and lowers the
activation barrier.

One convenient way to evaluate the relative electron
population of the heteroaromatic azadiene atoms involved in
bond formation during cycloaddition with ethylene is to
calculate and display the molecular electrostatic potentials
(ESPs). While qualitative, this strategy provides a useful
prediction device of relative wave function amplitude and
electron density. Molecular ESPs are also advantageous because
they are generally not highly method and basis set dependent.
Figure 6 displays the ESP plots for benzene and heteroaromatic
azadiene ground-state structures. Examination of the carbon
atoms involved in bond formation with ethylene shows a clear
change in electron density as adjacent CH groups are replaced
with nitrogen atoms. This is especially evident comparing the
carbon atoms in benzene with the carbon atoms in 1,2,4,5-
tetrazine. This qualitatively predicts that, for 1,2,4,5-tetrazine
reaction with alkenes, there will be diminished closed-shell
repulsion and increased reactivity.

B CONCLUSIONS

The fast reactivity of heteroaromatic azadienes in inverse-
electron-demand Diels—Alder reactions is not due to FMO
interactions. Instead, the fast reactivity of 1,2,4,5-tetrazine
compared to benzene, pyridine, and other heteroarenes is due
to a decrease in closed-shell Pauli repulsion. This is supported
by our activation-strain analysis in combination with
quantitative molecular orbital bonding analyses to evaluate
transition-state geometries and reaction pathways based on
accurate DFT calculations. Analysis of orbital energies with
deletion of all unoccupied orbitals reveals that the reactivity-
controlling repulsion interaction occurs between the filled
ethylene 7z orbital and the lowest energy 7z orbital of the
heteroarene. FMO interactions do not control reactivity
because, while the inverse FMO interaction becomes more
stabilizing for 1,2,4,5-tetrazine compared to benzene, there is a
decrease in the forward FMO interaction that is offsetting. The
kinetic—thermodynamic relationship found for these inverse-
electron-demand cycloadditions is also due to trends in closed-
shell repulsion in the cycloadducts, which indicates that the
interactions in the transition-state geometries are magnified in
the cycloadduct. Unlike reactivity, regioselectivity is the result
of differences in occupied—unoccupied orbital interactions due
to greater orbital overlap in the lower energy C—C bond
forming regioisomer geometries.
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