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Abstract: The catalytic effect of ionization on the Diels-Alder
reaction between 1,3-butadiene and acrylaldehyde has been
studied using relativistic density functional theory (DFT).
Removal of an electron from the dienophile, acrylaldehyde,
significantly accelerates the Diels-Alder reaction and shifts the
reaction mechanism from concerted asynchronous for the
neutral Diels-Alder reaction to stepwise for the radical-cation
Diels-Alder reaction. Our detailed activation strain and Kohn-
Sham molecular orbital analyses reveal how ionization of the
dienophile enhances the Diels-Alder reactivity via two mech-

anisms: (i) by amplifying the asymmetry in the dienophile’s
occupied m-orbitals to such an extent that the reaction goes
from concerted asynchronous to stepwise and thus with
substantially less steric (Pauli) repulsion per reaction step; (ii)
by enhancing the stabilizing orbital interactions that result
from the ability of the singly occupied molecular orbital of
the radical-cation dienophile to engage in an additional
three-electron bonding interaction with the highest occupied
molecular orbital of the diene.

/

Introduction

More than ninety years after its discovery, the Diels-Alder (DA)
cycloaddition reaction is still one of the most important
chemical transformations in synthetic organic chemistry." It is
an effective strategy for synthesizing densely functionalized six-
membered rings, with up to four stereocenters, in a single
reaction step with high atom efficiency.”® As a result, this
organic reaction has been widely utilized to synthesize many
target compounds, including complex natural products, bio-
active molecules, and polymer materials.””

A convenient method to catalyze the DA reaction is by
coordinating a Lewis acid to the dienophile. Until recently, it
was commonly accepted that this enhanced DA reactivity
originates from lowering the LUMO of the activated dienophile,
which, ultimately, gives rise to a smaller normal electron
demand (NED) HOMOjiene~LUMOyienophiie Orbital energy gap and
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hence more stabilizing orbital interactions.”” Recently, however,
we discovered that this rationale behind the enhanced
reactivity of Lewis acid-catalyzed DA reactions is incorrect.”
Lewis acids not only lower the energy of the LUMOieophie and
strengthen the NED orbital interaction, but also lower the
energy of the HOMOyinopnie and hence weaken the inverse
electron demand (IED) LUMO;ene=HOMO ignophiie OFbital interac-
tion. The strengthening of the NED gets effectively counter-
acted by the weakening of the IED orbital interactions, resulting
in a similar orbital interaction for both the uncatalyzed and LA-
catalyzed DA reaction.

Instead, the enhanced DA reactivity originates from a
significant reduction of destabilizing two-center four-electron
Pauli repulsion between the occupied m-molecular orbitals of
the reactants. The LA binds via a donor-acceptor interaction to
the dienophile which reduces the amplitude of its occupied -
orbital by moving part of the amplitude to the LA. The reduced
m-electron amplitude on the dienophile’s reactive C=C bond, in
turn, results in a reduced closed-shell-closed-shell orbital over-
lap with the incoming diene and thus to a less destabilizing
Pauli repulsion. In addition, the LA also increases the asynchro-
nicity of the DA reaction by introducing an asymmetry in the -
orbital on the reactive C=C double bond of the dienophile.”’
This enhanced asynchronicity leads to both an additional
lowering of the Pauli repulsion and less pressure on the
reactants to deform, i.e., less destabilizing activation strain, and
thus an additional lowering of the reaction barrier. Besides LA-
catalyzed Diels-Alder reaction, we, as well as others,"” have
found that this mode of catalysis is also active in a variety of
other catalyzed organic reactions,”"” such as, among others, aza-
Michael addition reactions'? and ene reactions."'® We have
coined the concept of Pauli-lowering catalysis to refer to this
apparently ubiquitous electronic mechanism behind LA
catalysis.""?

The most extreme case of pulling electrons from the
dienophile is ionization, which turns a closed-shell dienophile
into a radical-cation dienophile. The latter, in turn, can engage
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in a radical-cation Diels-Alder reaction.”® The concept of

radical-cation Diels-Alder reactions has been extensively em-
ployed in organic synthesis to accelerate thermally not
accessible neutral Diels-Alder reactions.™ Previous theoretical
studies revealed that radical-cation Diels-Alder reactions pro-
ceed via a stepwise reaction mechanism, not a concerted one
as commonly observed for neutral, closed-shell Diels-Alder
reactions.™ In the stepwise mechanism, the diene and
dienophile first form one new carbon—carbon bond, resulting in
an acyclic intermediate, in which the two original reactants are
in an anti-conformation, followed by a cyclization step, during
which the original reactants rotate around the newly formed
C—C bond from an anti- to a gauche-conformation and the
second carbon—carbon bond is made, yielding the six-mem-
bered cycloadduct. Depending on the reactants, the cyclization
step goes via one transition state, where both rotation and
bond formation happen simultaneously, or via two transition
states, where the rotation and bond formation occur sequen-
tially. The increased reaction rate for radical-cation Diels-Alder
reactions is currently ascribed to the fact that the transition
state of the first, and rate-determining, reaction step is much
more reactant-like than the analogous neutral Diels-Alder
reaction between two closed-shell reactants and the reaction
barrier will, therefore, be significantly lower."” Despite advances
on understanding radical-cation Diels-Alder reactions, little
quantitative data is available regarding the physical origin of
the rate enhancement of radical-cation Diels-Alder reactions.

In this work, we have performed a detailed computational
study to disentangle the physical mechanism behind the rate
enhancement of Diels-Alder reactions upon ionization of the
dienophile. To this end, we have analyzed and compared the
neutral Diels-Alder reaction between 1,3-butadiene (B), acting
as a diene, and an o,fB-unsaturated dienophile (X) with the
radical-cation Diels-Alder reaction involving an ionized dieno-
phile, using relativistic density functional theory (DFT) at ZORA-
(U)BP86/TZ2P (Scheme 1). These reactants were selected in
order to directly compare the results obtained in this work with
our previous studies on Lewis acid-catalyzed Diels-Alder
reactions,® ¥ which enables us to find similarities and differ-
ences between radical-cation Diels-Alder reactions and Lewis
acid-catalyzed Diels-Alder reactions. The activation strain model
(ASM)"'® of reactivity in combination with Kohn-Sham molecular
orbital (KS-MO)""'® theory and a matching canonical energy
decomposition analysis (EDA)"® were employed to obtain
quantitative insights into the origin of the enhanced reactivity

X=0,0"

(/ +aﬁH H
N B

1,3-butadiene

dienophile cycloadduct

Scheme 1. The uncatalyzed and radical-cation Diels-Alder reactions between
1,3-butadiene (B) and o,B-unsaturated dienophile (X) that were computa-
tionally studied.
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of radical-cation Diels-Alder reactions. This methodology has
proven to be reliable for the understanding of fundamental
processes in organic chemistry, such as cycloaddition
reactions.®'"

Computational Method

Computational details

All calculations were performed using the Amsterdam Density
Functional (ADF2019.102) software package.”” The generalized
gradient approximation (GGA) functional BP86 at the spin-unre-
stricted formalism was used for the optimizations of all stationary
points as well as the analyses.”" The basis set employed, denoted
TZ2P,* is of triple-{ quality and is augmented with two sets of
polarization functions on each atom. Scalar relativistic effects are
accounted for using the zeroth-order regular approximation
(ZORA).” This level of theory, i.e., ZORA-(U)BP86/TZ2P, has been
proven to be accurate in calculating the relative trends in reaction
barriers and energies as well as performing the activation strain
and energy decomposition analyses for cycloaddition
reactions,®""?¥ and gives a nearly negligible spin contamination for
the radical-cation species, with (S?) values that are close to the
(§*)=0.75 that is expected for doublet radicals (See Table $1).%%
The accuracies of the fit scheme (ZIm fit)** and the integration
grid (Becke grid)*®® were set to VERYGOOD. Equilibrium and
transition state geometries were verified by means of vibrational
analyses,”” to assess the nature of all structures: for minima, no
imaginary frequencies were found, whereas transition states
present a single imaginary frequency. Besides, the character of the
normal mode associated with the imaginary frequency was
analyzed to ensure that the correct transition state was found. The
potential energy surfaces of the studied Diels-Alder reactions were
obtained by utilizing intrinsic reaction coordinate (IRC)
calculations.”™ The acquired potential energy surfaces were
analyzed using the PyFrag 2019 program.?® Optimized structures
were illustrated using CYLview.”

Activation strain model and energy decomposition analysis

The activation strain model of chemical reactivity (ASM,"® also
known as the distortion/interaction model®"), is a fragment-based
approach based on the idea that the energy of a reacting system,
i.e., the potential energy surface, is described with respect to, and
understood in terms of the characteristics of, the original reactants,
which are the 1,3-butadiene (B) and o,3-unsaturated dienophile (X).
It considers their rigidity and the extent to which the reactants
must deform during the reaction plus their capability to interact as
the reaction proceeds. In this model, we decompose the total
energy, AE(T), into the strain and interaction energy, AE,.in(C) and
AE,(C), respectively, along the IRC which is projected onto a
reaction coordinate  that is critically involved in the reaction
(Eq. (1)].

AE(Q) = AEgn (€) + AEine(T) (1)

In this equation, the strain energy, AEg...(C), is the penalty that
needs to be paid to deform the reactants from their equilibrium
structure to the geometry they adopt during the reaction at point
of the reaction coordinate. On the other hand, the interaction
energy, AE(C), accounts for all the mutual interactions that occur
between the deformed fragments along the reaction coordinate.
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The interaction energy between the deformed reactants is further
analyzed by means of our canonical energy decomposition analysis
(EDA) scheme. The EDA decomposes the AE,(C) into the
following three physically meaningful energy terms [Eq. (2)1:

AEint(c) = Avelstat(C) + AEPauIi(?;) + AEO](C) (2)

Herein, AV,.(C) is the classical electrostatic interaction between
the unperturbed charge distributions of the (deformed) reactants
and is usually attractive. The Pauli repulsion, AE;,;(€), comprises
the destabilizing interaction between occupied closed-shell orbitals
of both fragments due to Pauli’s exclusion principle. The orbital
interaction energy, AE(C), accounts, i.e., for one-electron (e.g.,
SOMO-LUMO), electron-pair (SOMO-SOMO) and three-electron
bonding (e.g., SOMO-HOMO), polarization within reactants, and
charge transfer between reactants (e.g., HOMO-LUMO). A detailed,
step-by-step, guide on how to perform and interpret the ASM and
EDA can be found in Ref. [16c].

The activation strain and energy decomposition analyses were
carried out along the intrinsic reaction coordinate (IRC) projected
onto a critical geometry parameter, which is, in this study, the
shortest of the two newly forming C.-C bonds between the 1,3-
butadiene and acrylaldehyde. This particular geometry parameter
undergoes a well-defined change during the reaction going from
the reactants via the transition state to the cycloadduct and has
been shown to be a valid reaction coordinate for studying
cycloaddition reactions.®'"

Results and Discussion

First, we analyze and compare the molecular orbital diagrams
of acrylaldehyde (0) and acrylaldehyde radical cation (0°*) to
establish how ionization affects the molecular orbitals of the
dienophile that participate in the Diels-Alder reaction with 1,3-
butadiene (B). For clarity, we discuss the nature of the molecular
orbitals and their bonding mechanism (vide infra) in terms of
unoccupied, singly-occupied, and doubly-occupied spatial orbi-
tals. Note, however, that all results have been obtained from
fully unrestricted DFT calculations involving spin-polarized
orbitals (see Computational Details). For a comprehensive
discussion of all details, see the Supporting Information. O°* is
generated by removing an electron from the highest occupied
molecular orbital (HOMO) of O, which is the LP, that has the
appearance of a carbonyl—oxygen lone pair and has most of its
amplitude on that oxygen atom (Figures 1a and 1b). This
electron removal generates a hole and a net positive potential
which is mostly located on the oxygen atom of the radical-
cation dienophile. The resulting SOMO is pulled down signifi-
cantly in energy by its one hole and the associated net positive
potential (see Figure 1). This net positive potential also pulls all
other molecular orbitals of O°* down in energy. The fact that
the generated hole is located largely on the carbonyl oxygen
makes this oxygen atom effectively more electronegative and
polarizes occupied orbitals of 0O°* from the C=C double bond
towards the oxygen. Later, we will show that this ionization-
induced polarization plays a key role in both the enhanced
reactivity as well as the change from concerted to stepwise in
the radical-cation Diels-Alder reactions, in line with our previous
studies on Lewis acid-catalyzed Diels-Alder reactions.”
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Figure 1. Simplified schematic representation of the molecular orbital
diagrams of a) acrylaldehyde O and b) the acrylaldehyde radical cation O°*
(isovalue =0.03 Bohr—'% computed at ZORA-(U)BP86/TZ2P), where the singly
and doubly occupied 3D orbitals are depicted in red and blue, the virtual 3D
orbitals are shown in orange and teal, and the molecular orbital energy level
from which the electron is removed is highlighted in blue. Note that
ionization stabilizes all molecular orbitals.

Next, we examine and compare the neutral and the radical-
cation Diels-Alder (DA) reactions between butadiene (B) and
the o,p-unsaturated dienophile (X=0 and O°*, respectively).
The reaction profiles together with their transition-state
structures of the neutral DA reaction, in which the dienophile is
acrylaldehyde (O), and the radical-cation DA reaction, in which
the dienophile is acrylaldehyde radical cation (0°*), are shown
in Figure 2 (see Figure S2 for all stationary-point structures). In
line with our previous studies on Lewis acid-catalyzed Diels-
Alder reactions™ as well as other studies on radical-cation Diels-
Alder reactions,” we found that Diels-Alder reactions involving
a radical cation as dienophile not only show a significantly
enhanced reactivity, but also an increased asynchronicity of the
reaction, even to the extent that the reaction pathway becomes
stepwise. The neutral DA reaction between B and O follows a
concerted asynchronous reaction mode and hence has a single
reaction barrier of 12.2 kcalmol™. The degree of asynchronicity,
that is, the difference in distance between the two newly
forming C--C bonds in the transition state, is 0.46 A. In contrast,
the radical-cation DA reaction between B and O°* goes via a
stepwise mechanism, in which the first step is the formation of
the first C—C bond between the terminal carbon of B and the f3-
carbon of O°F, which has a relative energy of —31.1 kcalmol™
with respect to the separate reactants (8.5 kcalmol™ with
respect to the preceding reactant complex O**-RC) and results
in an intermediate where the two original reactants are in an
anti-conformation (O°*-INT-1). The second step is the rotation
around the newly formed C—C bond, yielding an intermediate
where the two (original) reactants are in a gauche-conformation
(O°**-INT-2). The final step is the formation of the second C—C
bond, i.e., ring closure, yielding the cycloadduct O**-P.

Next, we examine the physical factors leading to the
enhanced reactivity of the radical-cation compared to the

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. a) Reaction profiles (in kcalmol™") and b) transition state structures
(see Figure S1 for all stationary point structures) with newly forming bond
distances (in A) and degree of asynchronicity (Ar"c.) of the neutral and
radical-cation Diels-Alder reaction between 1,3-butadiene (B) and a,3-
unsaturated dienophile (X), computed at ZORA-(U)BP86/TZ2P.

neutral Diels-Alder reaction, by applying the activation strain
model (ASM) of reactivity,"® where the interacting fragments
are the 1,3-butadiene (B) and a,f-unsaturated dienophile (X).
Here, we show the results of this analysis on consistent,
transition state-like geometries for the DA reactions with both
0O and O°* (Table 1), which are acquired via an IRC calculation
and have a Cg-Cyy distance of 2.203 A between the terminal
carbon of B and the f3-carbon of X (X=0 and 0°"), that is, they
are both at the same point along the reaction coordinate (see
Figure S3 for the analysis along the entire reaction coordinate).
Performing this analysis at a consistent point along the reaction
coordinate (near both transition-state structures), rather than
the transition state alone, ensures that the results are not
skewed by the position of the transition state along the reaction

Table 1. Activation strain and energy decomposition analyses (in
kcalmol™) of the neutral and radical-cation Diels-Alder reactions between
B and X.°d

X AE* AEs(rain AE‘m( AVelsta( AEPau\i AEQ\'
o 114 14.6 —-3.2 —-32.7 70.8 —-41.3
o+ -31.1 9.5 —40.6 —238 52.0 —68.8

[a] Where the interacting fragments are the 1,3-butadiene (B) and a,f3-
unsaturated dienophile (X). [b] Analyses at consistent transition state-like
geometries with a CgCyg distance of 2.203 A between B and the B-carbon
of X at ZORA-(U)BP86/TZ2P. [c] See Figure S3 for the complete potential
energy surface.
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coordinate, i.e., by the differences in distances between the
reactants.'®*¥ We compare and analyze the first reaction step,
which is rate-determining for both reactions, B+0 and B+0°"*
(and which is the only reaction step for the neutral reaction
system). The trend in total energies at the consistent geo-
metries (AAEF*=—42.5 kcalmol™ for O°* relative to O) is in line
with the observed reactivity trend of the actual reaction barriers
(AAE™=—43.3 kcalmol™), that is, the radical-cation DA reaction
goes with a lower, less destabilizing total energy compared to
the neutral analog (Table 1). The enhanced reactivity of the
radical-cation DA reaction can, in turn, be traced back to both a
less destabilizing strain energy (AAE,,.,=—5.1 kcalmol™') and
a significantly more stabilizing interaction energy (AAE,,=
—37.4 kcalmol™).

The differences in strain energy are directly related to the
differences in reaction mode.” The neutral DA reaction
between B and O is concerted asynchronous, which means that
all carbon atoms of B and O, involved in the formation of the
two new C--C bonds during the DA reaction, are pyramidalizing.
In contrast, the radical-cation DA reaction is stepwise and,
therefore, experiences, during the first reaction step, less
geometrical deformation and, ultimately, less destabilizing
strain energy, because only the B-carbon of O°* and one of the
terminal carbon atoms of B are pyramidalizing upon forming
the first Cg—Cyg bond.

To understand why the interaction energy becomes more
stabilizing when going from a neutral to a radical-cation DA
reaction, we have carried out our canonical energy decom-
position analysis (EDA)."" We find that both a reduced
destabilizing Pauli repulsion (AAE,,,;=—18.8 kcalmol™) and a
more stabilizing orbital interactions (AAE,;=—27.5 kcalmol™)
contribute to the more stabilizing interaction energy for the
radical-cation compared to the neutral DA reaction. The electro-
static interaction, on the other hand, shows an opposite trend
(AAV o= +8.9 kcalmol™, i.e., the radical-cation reaction goes
with a less stabilizing electrostatic interaction) and is, therefore,
not responsible for the observed rate enhancement.

The origin of the less destabilizing Pauli repulsion for the
radical-cation Diels-Alder reaction was further investigated by
performing a Kohn-Sham molecular orbital (KS-MO)!""'® analysis
(Figure 3). The key occupied molecular orbitals of B, O, and O°*
that engage in the repulsive closed—shell-closed-shell orbital
interaction, were quantified again at the earlier introduced
consistent, transition state-like geometries, in which the newly
forming Cg-Cyy bond between B and X is at a distance of
2203A (X=0O and O°*). The most important orbital of B
involved in this repulsive interaction is the m-HOMO—1;, where
all carbon 2p, atomic orbitals (AOs) are in phase. The
participating occupied orbitals of O and O°* are the x-HOMO
and m-HOMO-1, where the former has one nodal plane in the
m-orbital system between the carbonyl and olefinic moieties of
the dienophile and for the latter all 2p, AOs of the carbonyl and
olefinic moieties of the dienophile are in-phase. The orbital
overlap between the 1-HOMO—1g and the occupied orbitals of
the dienophile is larger and more destabilizing for the neutral
DA reaction involving O (§=0.14 and 0.08) and smaller and less
destabilizing for the radical-cation DA reaction with O** (S=

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. a) Schematic molecular orbital diagram and the most significant closed-shell-closed-shell orbital overlaps of the Diels-Alder reaction between diene
B and dienophile X; and b) key occupied orbitals (isovalue =0.03 Bohr—") of B, 0, and O**, computed at consistent TS-like geometries BX, i.e., new Cg~Cyy

bond distance is 2.203 A for X=0 and O°* (see text) at ZORA-(U)BP86/TZ2P.

0.08 and 0.00) (Figure 3a). The differences in the repulsive
orbital overlap between O and O°* are a direct consequence of
their difference in reaction mode (vide infra). Along the
concerted asynchronous reaction mode of the neutral DA
reaction, there is repulsive orbital overlap at both the a- and -
carbon side of the dienophile. The stepwise reaction mode of
the radical-cation DA reaction, however, precludes, due to the
evasive orientation of the reactants (see Figure 2b, right), any
repulsive orbital overlap at the a-carbon of O°*, manifesting in
a reduction of repulsive orbital overlap between B and O°**.?
Besides following a different reaction mode, the occupied -
orbitals of O°* has a smaller orbital amplitude on the f-carbon
compared to O, which, in turn, also leads to an additional
reduction of repulsive orbital overlap. Notably, we have found
these exact phenomena behind the rate acceleration of radical-
cation DA reactions also for Lewis acid-catalyzed Diels-Alder
reactions.® All this demonstrates that the concept of Pauli-
lowering catalysis is a more widely occurring phenomenon and
not only limited to Lewis acid-catalyzed Diels-Alder reactions.
Thus, the difference in reaction mode from concerted to
stepwise is a crucial factor for the rate enhancement of the
radical-cation compared to the neutral DA reaction, as it
reduces both the destabilizing activation strain as well as the
repulsive orbital overlap and hence the Pauli repulsion. Where
does this change from a concerted to a stepwise mechanism
come from? In our previous work,™ we have shown that the
reaction mode of a Diels-Alder reaction is determined by the
asymmetry in the MO-coefficients of the 2p, atomic orbitals
(AOs) on the a- and B-carbon atoms of the occupied m-orbitals
of the dienophile. Figure 4 displays the MO-coefficients of the
2p, AOs on the a- and p-carbon atoms of the 71-HOMO and z-
HOMO—1 of O and O°*. The 1-HOMO—1, has a smaller orbital

Chem. Eur. J. 2022, 28, €202200987 (5 of 8)
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Figure 4. Key occupied t-HOMOs (isovalue =0.03 Bohr*?) computed at the

equilibrium structures of a) acrylaldehyde (O) and b) acrylaldehyde radical
cation (0°%), where the MO-coefficients of the carbon and oxygen 2p,
atomic orbital, contributing to the occupied orbitals, are shown in the
schematic 1-HOMOs, computed at ZORA-(U)BP86/TZ2P.

amplitude on the [-carbon compared to the a-carbon, in terms
of 2p, AO coefficients, 0.13 on CP versus 0.26 on C%, causing a
larger, more repulsive orbital overlap between B and the -
carbon of O. This asymmetry introduces a bias towards forming
the CgCop bond ahead of the Cg-Co, bond, to reduce this
repulsive orbital overlap, and hence gives rise to the observed

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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concerted asynchronous reaction mode for the neutral DA
reaction between B and O. Note that the m-HOMO, slightly
counteracts the asynchronicity set by the t-HOMO—1,, because
the former orbital has a larger orbital amplitude on the f-
carbon compared to the a-carbon, in terms of 2p, AO
coefficients, 0.54 on C* versus 0.52 on C“ As previously
discussed, ionizing the dienophile polarizes the m-HOMO,: .,
and n1-HOMO—14, towards the electronegative carbonyl oxy-
gen, thereby amplifying the asymmetry of these orbitals on the
a- and B-carbon atoms, in terms of 2p, AO coefficients, that is,
7-HOMOy, : 0.46 on C versus 0.59 on C% t-HOMO—1:,: 0.05
on CP versus 0.14 on C“ (Figure 4b). Consequently, the highly
repulsive orbital overlap between B and the a-carbon of O°7,
compared to the B-carbon of O°F, increases the bias towards
forming the Cg-Cor 5 bond ahead of the Cg-Cyr ., bond to such
an extent that it affects the orientation of the approaching
reactants, making the radical-cation DA reaction between B and
O°* follow a stepwise reaction mode.

Finally, we address why the radical-cation DA reaction also
benefits from more stabilizing orbital interactions compared to
the neutral reaction, in addition to having less Pauli repulsion
and less activation strain. lonization of the dienophile strength-
ens the normal electron demand (NED), but, simultaneously,
weakens the inverse electron demand (IED) orbital interactions.
As discussed above, all molecular orbitals of the dienophile are
stabilized when an electron is removed from the dienophile.
Therefore, the n-HOMOg-n-LUMO,, energy gap is reduced,
which makes the NED interaction more favorable for the

H
P
)— 7-LUMOg

; = 71-LUMOpga,
7-HOMOg + i

i"l—"_:

B BX X
X MOy (-HOMOgIMOy) € MOy
0  xLUMOg 0.19 —4.1
0** 1LUMOg.,  0.10 -8.3

SOMOg., 0.05 -10.7

radical-cation compared to the neutral DA reaction (Figure 5a).
Additionally, the m-LUMOg-t-HOMO,', energy gap is enlarged
and hence the IED interaction becomes less stabilizing for the
radical-cation compared to the neutral DA reaction (Figure 5b).
These two effects mutually approximately cancel and have little
effect on the overall strength of the combined orbital
interactions, similar to situations we previously found in the
case of LA catalysis.®”

The above raises the question of what does cause the
enhanced orbital interactions for the radical-cation reaction. It
is, in fact, the low-energy SOMO,-,, which is able to accept
electrons from the m-HOMOyg, i.e., it engages in a three-electron
bonding interaction, that, ultimately, gives rise to the more
stabilizing orbital interactions for the radical-cation compared
to the neutral DA reaction. By performing a Kohn-Sham
molecular orbital (KS-MO)™”'® analysis on consistent, transition
state-like geometries with a Cg-Cyy distance of 2.203 A between
B and X (X=0 and 0°*),"”'"® we find that the net positive
potential of the radical cation stabilizes all orbitals on O°* and
in particular the SOMOg, that originally held the electron that
has been removed (vide supra: see Figures 1 and 5a; see also
Figure S7 for comprehensive molecular orbital diagrams based
on the spin-orbitals). Thus, the SOMOgy, enters into a three-
electron bonding interaction with the m-HOMOg with which it
has a moderate overlap of 0.05 and from which it accepts
0.7 electrons. Such a stabilizing three-electron bond is not
possible in the neutral, closed-shell DA reaction and, therefore,

b) J—
m-LUMOg ™=
8=5H)= ¢
+ a-HOMOgo
-ﬁ- 7-HOMOq.,
. :
B BX X
X MOy -LUMOgIMOy) & MOy
0 x-HOMOq 0.15 6.6
0** m-HOMOp.,  0.12 -128

Figure 5. Schematic molecular orbital diagrams with key orbital interactions for a) the normal electron demand (NED) t-HOMOg-MOy, interaction, where the
additional T-HOMOg-SOMOy', interaction is shown in grey; and b) inverse electron demand (IED) 7t-LUMOg-MOy of the neutral and radical-cation Diels-Alder
reaction between diene B and dienophile X, computed at consistent TS-like geometries BX, i.e., new CgCyg bond distance is 2.203 A for X=0 and O°* (see

text) at ZORA-(U)BP86/TZ2P.
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provides an additional stabilizing contribution to the orbital
interactions in the radical-cation versus the neutral DA reaction.

Conclusion

lonization of the dienophile accelerates the Diels-Alder reaction
between 1,3-butadiene (B) and acrylaldehyde (O). It changes
the reaction mechanism from concerted asynchronous, for the
neutral Diels-Alder reaction, to stepwise, for the radical-cation
Diels-Alder reaction. These findings emerge from our detailed
quantum chemical analyses based on the activation strain
model and quantitative molecular orbital theory as contained in
Kohn-Sham density functional theory (DFT).

lonization of the dienophile occurs from the LP., a
molecular orbital with significant lone-pair character on the
carbonyl oxygen which generates a hole and net positive
potential that lends the oxygen atom a higher effective
electronegativity. The latter induces a polarization of all
occupied m-orbitals away from the C=C double bond towards
the oxygen atom. Importantly, it amplifies the asymmetry of the
dienophile’s occupied m-orbitals such that their amplitude on
the a-carbon becomes significantly more prominent than on
the B-carbon. This polarization has two significant consequen-
ces for inducing a kinetic rate enhancement: i) it results in a loss
of destabilizing Pauli repulsion between the occupied m-orbitals
of the diene and dienophile; and ii) it alters the reaction mode
from concerted asynchronous to stepwise, which, due to a
more evasive mutual orientation of the reactants, further
reduces the Pauli repulsion and activation strain.

lonization also promotes the stabilizing orbital interactions
between the diene and dienophile by introducing an additional
three-electron bonding interaction between the SOMO of the
radical-cation dienophile and the HOMO of the diene. In the
neutral Diels-Alder reaction, the same pair of orbitals are
involved in a closed-shell-closed-shell Pauli repulsive interac-
tion. The normal electron demand HOMOy;ene~LUMOienophile
interaction also becomes more stabilizing for the radical-cation
Diels-Alder reaction, but this enhancement is offset by the
significant weakening of the inverse electron demand LU-
MO iene=HOMO gienopniie interaction. Our findings reveal the sim-
ilarities and differences behind the Diels-Alder rate
enhancement through ionization versus Lewis acid catalysis.

Acknowledgements

We thank The Netherlands Organization for Scientific Research
(NWO) and the Dutch Astrochemistry Network (DAN) for
financial support.

Conflict of Interest

The authors declare no conflict of interest.

Chem. Eur. J. 2022, 28, e202200987 (7 of 8)

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: activation strain model - density functional
calculations - Diels-Alder reaction - radical chemistry - reactivity

[1] O. Diels, K. Alder, Justus Liebigs Ann. Chem. 1928, 460, 98.

[2] a) F. Fringuelli, A. Taticchi in The Diels-Alder Reaction: Selected Practical
Methods, Wiley, Hoboken, NJ, 2002; b) S. Sankararaman in Pericyclic
Reactions - A Textbook: Reactions, Applications and Theory, Wiley,
Weinheim, 2005; c) M. B. Smith, March’s Advanced Organic Chemistry:
Reactions, Mechanisms, and Structure, Wiley, New York, 2013.

[3] J.-A. Funel, S. Abele, Angew. Chem. Int. Ed. 2013, 52, 3822; Angew. Chem.
2013, 725, 3912.

[4] W. Carruthers, Cycloaddition Reactions in Organic Synthesis, Pergamon
Press, Oxford, U. K., 1990.

[5] a) H.B. Kagan, O. Riant, Chem. Rev. 1992, 92, 1007; b) C. O. Kappe, S. S.

Murphree, A. Padwa, Tetrahedron 1997, 53, 14179; ¢) K. C. Nicolaou, S. A.

Snyder, T. Montagnon, G. Vassilikogiannakis, Angew. Chem. Int. Ed. 2002,

41, 1668; d) K.-I. Takao, R. Munakata, K.-I. Tadano, Chem. Rev. 2005, 105,

4779; e) M. Juhl, D. Tanner, Chem. Soc. Rev. 2009, 38, 2983; f) B. Briou, B.

Améduri, B. Boutevin, Chem. Soc. Rev. 2021, 50, 11055.

a) U. Pindur, G. Lutz, C. Otto, Chem. Rev. 1993, 93, 741; b) F. Fringuelli, O.

Piermatti, F. Pizzo, L. Vaccaro, Eur. J. Org. Chem. 2001, 439.

a) K. N. Houk, Acc. Chem. Res. 1975, 8, 361; b) M. J. R. Dewar, Molecular

Orbital Theory for Organic Chemists, McGraw-Hill, New York, 1969;

¢) W. T. Borden, Modern Molecular Orbital Theory for Organic Chemists,

Prentice-Hall, Englewood Cliffs, New Jersey, 1975; d)l. Fleming,

Molecular Orbitals and Organic Chemical Reactions, Wiley, New Jersey,

2009.

a) P. Vermeeren, T. A. Hamlin, I. Fernandez, F. M. Bickelhaupt, Angew.

Chem. Int. Ed. 2020, 59, 6201; Angew. Chem. 2020, 132, 6260; b) P.

Vermeeren, T.A. Hamlin, I. Fernandez, F. M. Bickelhaupt, Chem. Sci.

2020, 71, 8105; c) P. Vermeeren, T.A. Hamlin, F. M. Bickelhaupt, .

Fernandez, Chem. Eur. J. 2021, 27, 5180; d)P. Vermeeren, M.

Dalla Tiezza, M. van Dongen, |. Fernandez, F.M. Bickelhaupt, T.A.

Hamlin, Chem. Eur. J. 2021, 27, 10620; e) S. Portela, J. J. Cabrera-Truijillo,

I. Fernandez, J. Org. Chem. 2021, 86, 5317; f) S. Yu, F. M. Bickelhaupt,

T. A. Hamlin, ChemistryOpen 2021, 10, 784.

[9] P. Vermeeren, T. A. Hamlin, F. M. Bickelhaupt, Phys. Chem. Chem. Phys.
2021, 23, 20095.

[10] a) H. Gao, L. Hu, Y. Hu, X. Lv, Y.-B. Wu, G. Lu, Catal. Sci. Technol. 2021, 11,
4417; b) L. Hu, H. Gao, Y. Hu, X. Lv, Y.-B. Wu, G. Lu, Chem. Commun.
2021, 57, 6412; ¢) L. Hu, H. Gao, Y. Hu, X. Lv, Y.-B. Wu, G. Lu, Org. Chem.
Front. 2022, 9, 1033; d) Y. Hu, L. Hu, H. Gao, X. Lv, Y-B. Wu, G. Lu, Org.
Chem. Front. 2022, 9, 2240.

[11] a) T. A. Hamlin, I. Fernandez, F. M. Bickelhaupt, Angew. Chem. Int. Ed.
2019, 58, 8922; Angew. Chem. 2019, 131, 9015; b) P. Vermeeren, F.
Brinkhuis, T. A. Hamlin, F. M. Bickelhaupt, Chem. Asian J. 2020, 15, 1167;
c¢)T. Hansen, P. Vermeeren, R. Yoshisada, D.V. Filippov, G.A.
van der Marel, J. D. C. Codée, T. A. Hamlin, J. Org. Chem. 2021, 86, 3565;
d) E. H. Tiekink, P. Vermeeren, F. M. Bickelhaupt, T. A. Hamlin, Eur. J. Org.
Chem. 2021, 37, 5275.

[12] T. A. Hamlin, F. M. Bickelhaupt, I. Fernandez, Acc. Chem. Res. 2021, 54,
1972.

[13] a) N. L. Bauld, Chem. Cyclobutanes 2005, 1, 549-587; b) C. S. Sevov, O.
Wiest, in Carbon-Centered Free Radicals and Radical Cations: Structure,
Reactivity, and Dynamics, (Ed. M. D. E. Forbes), Wiley, Hoboken, 2010,
pp. 61-82.

[14] a) R. Schutte, G.R. Freeman, J. Am. Chem. Soc. 1969, 91, 3715; b) T. L.

Penner, D. G. Whitten, G. S. Hammond, J. Am. Chem. Soc. 1970, 92, 2861;

c) N. L. Bauld, D. J. Bellville, B. Harirchian, K. T. Lorenz, R. A. Pabon, D. W.

Reynolds, D. D. Wirth, H.-H. Chiou, B. K. March, Acc. Chem. Res. 1987, 20,

371; d) N. L. Bauld, J. Yang, Org. Lett. 1999, 1, 773; e) S. Lin, M. A. Ischay,

C.G. Fry, T.P. Yoon, J. Am. Chem. Soc. 2011, 133, 19350; f) S. Lin, C.E.

Padilla, M. A. Ischay, T.P. Yoon, Tetrahedron Lett. 2012, 53, 3073; g) S.

Ohmura, R. Isogai, K. Ishihara, Asian J. Org. Chem. 2021, 10, 2534.

a) U. Haberl, O. Wiest, E. Steckhan, J. Am. Chem. Soc. 1999, 121, 6730;

b) M. Hofmann, H.F. Schaefer lll, J. Am. Chem. Soc. 1999, 121, 6719;

c) M. Hofmann, H.F. Schaeferlll, J. Phys. Chem. A. 1999, 103, 8895;

=

S

=

=
)

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/jlac.19284600106
https://doi.org/10.1002/anie.201201636
https://doi.org/10.1002/ange.201201636
https://doi.org/10.1002/ange.201201636
https://doi.org/10.1021/cr00013a013
https://doi.org/10.1002/1521-3773(20020517)41:10%3C1668::AID-ANIE1668%3E3.0.CO;2-Z
https://doi.org/10.1002/1521-3773(20020517)41:10%3C1668::AID-ANIE1668%3E3.0.CO;2-Z
https://doi.org/10.1021/cr040632u
https://doi.org/10.1021/cr040632u
https://doi.org/10.1039/b816703f
https://doi.org/10.1039/D0CS01382J
https://doi.org/10.1021/cr00018a006
https://doi.org/10.1002/1099-0690(200102)2001:3%3C439::AID-EJOC439%3E3.0.CO;2-B
https://doi.org/10.1021/ar50095a001
https://doi.org/10.1002/anie.201914582
https://doi.org/10.1002/anie.201914582
https://doi.org/10.1002/ange.201914582
https://doi.org/10.1039/D0SC02901G
https://doi.org/10.1039/D0SC02901G
https://doi.org/10.1002/chem.202004496
https://doi.org/10.1021/acs.joc.1c00534
https://doi.org/10.1002/open.202100172
https://doi.org/10.1039/D1CP02456F
https://doi.org/10.1039/D1CP02456F
https://doi.org/10.1039/D1CY00660F
https://doi.org/10.1039/D1CY00660F
https://doi.org/10.1039/D1CC01917A
https://doi.org/10.1039/D1CC01917A
https://doi.org/10.1039/D1QO01788H
https://doi.org/10.1039/D1QO01788H
https://doi.org/10.1039/D2QO00236A
https://doi.org/10.1039/D2QO00236A
https://doi.org/10.1002/anie.201903196
https://doi.org/10.1002/anie.201903196
https://doi.org/10.1002/asia.202000009
https://doi.org/10.1021/acs.joc.0c02955
https://doi.org/10.1021/acs.accounts.1c00016
https://doi.org/10.1021/acs.accounts.1c00016
https://doi.org/10.1021/ja01042a004
https://doi.org/10.1021/ja00712a043
https://doi.org/10.1021/ar00142a003
https://doi.org/10.1021/ar00142a003
https://doi.org/10.1021/ol9907567
https://doi.org/10.1021/ja2093579
https://doi.org/10.1016/j.tetlet.2012.04.021
https://doi.org/10.1002/ajoc.202100473
https://doi.org/10.1021/ja983993y
https://doi.org/10.1021/ja983338q
https://doi.org/10.1021/jp9927707

Chemistry
Research Article Europe v
doi.org/10.1002/chem.202200987 European Chemical

Societies Publishing

Chemistry—A European Journal

d) N. J. Saettel, J. Oxgaard, O. Wiest, Eur. J. Org. Chem. 2001, 14291; [25] The (S* values in the ADF algorithm are calculated via the formula

e) N. A. Valley, O. Wiest, J. Org. Chem. 2007, 72, 59; f)J.S.J. Tan, V.
Hirvonen, R. S. Paton, Org. Lett. 2018, 20, 2821.

For reviews, see: a) F. M. Bickelhaupt, K. N. Houk, Angew. Chem. 2017,
129, 10204; Angew. Chem. Int. Ed. 2017, 56, 10070; b) P. Vermeeren, T. A.
Hamlin, F. M. Bickelhaupt, Chem. Commun. 2021, 57, 5880; For a step-
by-step protocol, see: c¢)P. Vermeeren, S.C.C. vander Lubbe, C.
Fonseca Guerra, F. M. Bickelhaupt, T. A. Hamlin, Nat. Protoc. 2020, 15,
649.

R. van Meer, O.V. Gritsenko, E.J. Baerends, J. Chem. Theory Comput.
2014, 10, 4432.

T.A. Albright, J. K. Burdett, M.-H. Whangbo, Orbital Interactions in
Chemistry, John Wiley & Sons, Inc., 2013.

For an overview of the EDA method, see: a) T. A. Hamlin, P. Vermeeren,
C. Fonseca Guerra, F. M. Bickelhaupt, in Complementary Bonding Analy-
sis, (Ed. S. Grabowsky), De Gruyter, Berlin, 2021, pp. 199-212; for a
detailed overview of the EDA method, see: b) F. M. Bickelhaupt, E.J.
Baerends, in Reviews in Computational Chemistry, (Eds. K. B. Lipkowitz,
D. B. Boyd), Wiley, Hoboken, 2000, pp. 1-86.

a) G. teVelde, F.M. Bickelhaupt, E.J. Baerends, C. Fonseca Guerra,
S.J. A. van Gisbergen, J. G. Snijders, T. Ziegler, J. Comput. Chem. 2001,
22, 931; b) C. Fonseca Guerra, J. G. Snijders, G. te Velde, E. J. Baerends,
Theor. Chem. Acc. 1998, 99, 391; c¢) ADF2019.102, SCM Theoretical
Chemistry, Vrije Universiteit: Amsterdam (Netherlands). http://www.scm.
com.

a) A. D. Becke, Phys. Rev. A 1988, 38, 3098; b) J. P. Perdew, Phys. Rev. B
1986, 33, 8822; c) A. D. Becke, J. Chem. Phys. 1993, 98, 1372.

E. van Lenthe, E. J. Baerends, J. Chem. Phys. 2003, 24, 1142.

a) E. van Lenthe, E.J. Baerends, J. G. Snijders, J. Chem. Phys. 1993, 99,
4597; b) E. van Lenthe, E. J. Baerends, J. G. Snijders, J. Chem. Phys. 1994,
101, 9783; c) E. van Lenthe, A. Ehlers, E. J. Baerends, J. Chem. Phys. 1999,

implemented by Bulo et al. (See Ref. [29] of R.E. Bulo, A. W. Ehlers, S.
Grimme, K. Lammertsma, J. Am. Chem. Soc. 2002, 124, 13903).

a) M. Franchini, P.H. T. Philipsen, E. van Lenthe, L. Visscher, J. Chem.
Theory Comput. 2014, 10, 1994; b) M. Franchini, P.H.T. Philipsen, L.
Visscher, J. Comput. Chem. 2013, 34, 1819.

a) A. Bérces, R. M. Dickson, L. Fan, H. Jacobsen, D.P. Swerhone, T.
Ziegler, Comput. Phys. Commun. 1997, 100, 247; b) H. Jacobsen, A.
Bérces, D.P. Swerhone, T. Ziegler, Comput. Phys. Commun. 1997, 100,
263; ) S. K. Wolff, Int. J. Quantum Chem. 2005, 104, 645.

a) K. Fukui, Acc. Chem. Res. 1981, 14, 363; b) L. Deng, T. Ziegler, L. Fan, J.
Chem. Phys. 1993, 99, 3823; c) L. Deng, T. Ziegler, Int. J. Quantum Chem.
1994, 52, 731.

a) X. Sun, T. M. Soini, J. Poater, T. A. Hamlin, F. M. Bickelhaupt, J. Comput.
Chem. 2019, 40, 2227; b) PyFrag 2019: X. Sun, T. Soini, L. P. Wolters, W.-J.
van Zeist, C. Fonseca Guerra, T.A. Hamlin, F. M. Bickelhaupt, Vrije
Universiteit Amsterdam, The Netherlands.

CYLview2.0; C. Y. Legault, Université de Sherbrooke, 2020 (http://www.
cylview.org).

a) D. H. Ess, K. Houk, J. Am. Chem. Soc. 2007, 129, 10646; b) D. H. Ess, K.
Houk, J. Am. Chem. Soc. 2008, 130, 10187.

When both the neutral and radical-cation Diels-Alder reactions follow
the same reaction mode, i.e., the concerted asynchronous reaction
mode of the neutral Diels-Alder reaction, the differences in repulsive
orbital overlap and hence Pauli repulsion are significantly smaller
(Table S2; Figures S4 and S5).

110, 8943.
[24] T. A. Hamlin, D. Svatunek, S. Yu, L. Ridder, I. Infante, L. Visscher, F. M.
Bickelhaupt, Eur. J. Org. Chem. 2019, 378.

Manuscript received: March 30, 2022
Accepted manuscript online: April 20, 2022
Version of record online: May 13, 2022

Chem. Eur. J. 2022, 28, €202200987 (8 of 8) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1021/acs.orglett.8b00737
https://doi.org/10.1002/ange.201701486
https://doi.org/10.1002/ange.201701486
https://doi.org/10.1002/anie.201701486
https://doi.org/10.1039/D1CC02042K
https://doi.org/10.1038/s41596-019-0265-0
https://doi.org/10.1038/s41596-019-0265-0
https://doi.org/10.1021/ct500727c
https://doi.org/10.1021/ct500727c
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1002/jcc.1056
http://www.scm.com
http://www.scm.com
https://doi.org/10.1103/PhysRevB.33.8822
https://doi.org/10.1103/PhysRevB.33.8822
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.467943
https://doi.org/10.1063/1.467943
https://doi.org/10.1063/1.478813
https://doi.org/10.1063/1.478813
https://doi.org/10.1002/ejoc.201800572
https://doi.org/10.1021/ct500172n
https://doi.org/10.1021/ct500172n
https://doi.org/10.1002/jcc.23323
https://doi.org/10.1016/S0010-4655(96)00120-8
https://doi.org/10.1016/S0010-4655(96)00119-1
https://doi.org/10.1016/S0010-4655(96)00119-1
https://doi.org/10.1002/qua.20653
https://doi.org/10.1021/ar00072a001
https://doi.org/10.1063/1.466129
https://doi.org/10.1063/1.466129
https://doi.org/10.1002/qua.560520406
https://doi.org/10.1002/qua.560520406
https://doi.org/10.1002/jcc.25871
https://doi.org/10.1002/jcc.25871
http://www.cylview.org
http://www.cylview.org
https://doi.org/10.1021/ja0734086
https://doi.org/10.1021/ja800009z

