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Asynchronicity in Diels—Alder reactions plays a crucial role in determining the height of the reaction bar-
rier. Currently, the origin of asynchronicity is ascribed to the stronger orbital interaction between the
diene and the terminal carbon of an asymmetric dienophile, which shortens the corresponding newly
formed C-C bond and hence induces asynchronicity in the reaction. Here, we show, using the activa-
tion strain model and Kohn—Sham molecular orbital theory at ZORA-BP86/TZ2P, that this rationale
behind asynchronicity is incorrect. We, in fact, found that following a more asynchronous reaction mode
costs favorable HOMO-LUMO orbital overlap and, therefore, weakens (not strengthens) these orbital
interactions. Instead, it is the Pauli repulsion that induces asynchronicity in Diels—Alder reactions.
An asynchronous reaction pathway also lowers repulsive occupied—occupied orbital overlap which,

Received 2nd June 2021, therefore, reduces the unfavorable Pauli repulsion. As soon as this mechanism of reducing Pauli repul-

Accepted 2nd September 2021 sion dominates, the reaction begins to deviate from synchronicity and adopts an asynchronous mode.
DOI: 10.1039/d1cp02456f The eventual degree of asynchronicity, as observed in the transition state of a Diels—Alder reaction, is

ultimately achieved when the gain in stability, as a response to the reduced Pauli repulsion, balances
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1. Introduction

Nearly one century after its discovery, the Diels-Alder (DA)
cycloaddition reaction is still one of the most useful transfor-
mations in chemistry. This is ultimately due to the ability of the
DA reaction to produce densely functionalized six-membered
rings, with up to four stereocenters, in a single reaction step
with high atom efficiency. This specific reaction, therefore,
has been widely utilized towards the synthesis of a vast number
of target compounds, including complex natural products and
molecular species with potential applications in material
sciences and medicinal chemistry.*

Lewis acids (LA) that bind to the dienophile are efficient
catalysts of the DA reaction.” This enhanced reactivity is
traditionally attributed to the lowering of the LUMO of
the activated dienophile, resulting in a smaller HOMOgjene—
LUMOjenophile €nergy gap and hence more favorable orbital
interactions.® In our previous work, however, we have shown
that this rationale behind Lewis acid-catalyzed DA reactions is
incorrect.” Our analyses showed that Lewis acids indeed lower
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with the loss of favorable orbital interactions.

the LUMOgjenophile but do not enhance the total orbital inter-
action, because the strengthening of the normal electron
demand HOMOg;ene~LUMOgienophile interaction is counteracted
by the weakening of the inverse electron demand LUMOgjene—
HOMOy;enophile interaction. Instead, we established that the
increase in reaction rate is originating from a significant
reduction of closed-shell Pauli repulsion between the occupied
n-molecular orbitals of the reactants. The binding of a LA to the
dienophile not only reduces the Pauli repulsion by polarizing
the occupied n-orbital density on the C=C double bond of the
dienophile away from the approaching diene but also by
inducing asynchronicity through the asymmetry in the
n-electronic system (vide infra). In addition, the asynchronicity
also results in less pressure on the reactants to deform and,
thus, less destabilizing activation strain, which leads to an
additional lowering of the reaction barrier. Besides LA-
catalyzed Diels-Alder reactions, it was found that this mode
of catalysis is active in a myriad of other catalyzed organic
transformations,® such as aza-Michael addition reactions,®
aromatic Diels-Alder reactions,?” and cyclohexene oxide ring-
opening reactions,® and we, therefore, have coined the concept
of Pauli-lowering catalysis to describe this mode of catalysis.’
The degree of asynchronicity of a DA reaction, that is, the
difference in length between the newly forming C- - -C bonds in
the transition state, plays a crucial role in determining the
height of the reaction barrier. As previously mentioned, a more
asynchronous DA reaction, i.e., a DA reaction with a larger
difference in length between the newly forming C- - -C bonds in
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the transition state leads to both a less destabilizing Pauli
repulsion and a reduced activation strain, which, ultimately,
manifests into a lower reaction barrier. It is, therefore, essential
to understand why and to which extent DA reactions become
asynchronous. Various studies have attempted to elucidate the
origin of asynchronicity in Diels-Alder reactions.'® The most
well-accepted rationale is by Houk et al.,, who explained the
asynchronicity in DA reaction between 1,3-butadiene and acro-
lein based on frontier molecular orbital (FMO) theory and
ascribed this phenomenon to the magnitude of the molecular
orbital (MO) coefficients of the LUMO,coein On the C—=C
double bond."" The larger MO-coefficient of the LUMO,¢rolcin
on the B-carbon makes this terminal carbon more electrophilic
than the a-carbon, which has a smaller MO-coefficient.
As a result, the greater overlap between HOMO ; pytadiene™
LUMO,crolein at the B-carbon of acrolein leads to a shorter bond
and, thus, an asynchronous DA reaction. In contrast, we found
in our recent studies on LA-catalyzed DA reactions that these
reactions tend to be asynchronous in order to reduce the
otherwise highly destabilizing Pauli repulsion.””? Despite
recent advances on elucidating the mechanism behind asyn-
chronicity in DA reactions, little quantitative data is available
regarding the physical factors that control whether and to
which extent a DA reaction wants to be asynchronous.

In this work, we have performed an in-depth theoretical
study to unravel the physical mechanism behind asynchroni-
city of Diels-Alder reactions. To this end, we have analyzed and
compared the Diels-Alder reaction between 1,3-butadiene (B)
and acrylaldehyde (O-LA) with the analogous reaction catalyzed
by different Lewis acids, namely, AICl;, Li*, and H', using
relativistic density functional theory (DFT) at ZORA-BP86/
TZ2P (Scheme 1). These Lewis acid catalysts were selected
due to their ability to make the Diels-Alder reaction more
asynchronous. The activation strain model (ASM)"? of reactivity
in combination with Kohn-Sham molecular orbital (KS-MO)"*
theory and the matching canonical energy decomposition
analysis (EDA)"* were employed to gain quantitative insights
into the origin of asynchronicity in these Diels-Alder reactions.
This computational approach has been proven to be reliable for
the understanding of fundamental processes in organic
chemistry.”®"®

LA = none, AICl3, Li*, H*

LA, LA,
0 0
| |
7 o
¢ - —
™ B
1,3-butadiene  acrylaldehyde cycloadduct

Scheme 1 The uncatalyzed and Lewis acid-catalyzed Diels—Alder reac-
tions between 1,3-butadiene (B) and acrylaldehyde (O-LA) that were
computationally studied.
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2. Computational method
2.1 Computational details

All calculations were performed using the Amsterdam Density
Functional (ADF2019.102) software package.'® The generalized
gradient approximation (GGA) functional BP86 was used for all
computations and 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 has been proven to be accurate in
calculating the relative trends in reaction barriers and energies
as well as for performing the activation strain and energy
decomposition analyses for cycloaddition reactions.”?° 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 vibra-
tional analysis, to assess the nature of all structures: for
minima, no imaginary frequencies were found, whereas transi-
tion states present a single imaginary frequency. Furthermore,
the character of the normal mode associated with the imagin-
ary frequency was analyzed to ensure that the correct transition
state was found, ie., the formation of the two C-C bonds
between 1,3-butadiene (B) and acrylaldehyde (O-LA). A confor-
mational search has been performed to ensure that the struc-
tures are in their lowest energy conformation. The potential
energy surfaces of the studied Diels-Alder reactions were
obtained by performing intrinsic reaction coordinate (IRC)
calculations.>® The acquired potential energy surfaces were
analyzed using the PyFrag 2019 program.>* Optimized struc-
tures were illustrated using CYLview.**

2.2 Activation strain model and energy decomposition
analysis

The activation strain model of 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, can be described with
respect to, and understood in terms of the characteristics of the
original reactants. It considers the rigidity of the reactants as
well as 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((),
into the strain and interaction energy, AEg.in(C) and AE;n(C),
respectively, along the IRC which is projected onto a reaction
coordinate { that is critically involved in the transformation,

vide infra (eqn (1)).
AE(C) = AEstrain(Q + AEint(C) (1)

In this equation, the strain energy, AEguain(C), is the penalty
that needs to be paid in order 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;,((), accounts for all mutual
chemical interactions that occur between the deformed frag-
ments along the reaction coordinate.

This journal is © the Owner Societies 2021
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The interaction energy between the deformed reactants is
further analyzed by means of the canonical energy decomposi-
tion analysis (EDA)."* The EDA decomposes the AE;,({) into the
following three physically meaningful energy terms (eqn (2)):

AEint(C) = AVelstat(C) + AEPauli(C) + AEoi(g) (2)

Herein, AVi(C) is the classical electrostatic interaction between
the unperturbed charge distributions of the (deformed) reactants
and is usually attractive. The Pauli repulsion, AEp,,;((), 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 for polarization and charge
transfer between the fragments, such as HOMO-LUMO interac-
tions. A detailed, step-by-step guide on how to perform and interpret
the ASM and EDA can be found in ref. 12a.

In both the activation strain and accompanied energy
decomposition diagrams, the intrinsic reaction coordinate
(IRC) is projected onto the shortest of the two newly forming
C---C bonds between 1,3-butadiene (B) and acrylaldehyde
(O-LA). This critical reaction coordinate undergoes a well-
defined change during the reaction from the reactant complex
via the transition state to the cycloadduct and is shown to be a
valid reaction coordinate for studying cycloadditions.”*

3. Results and discussion

The reaction profiles of the uncatalyzed and Lewis acid-
catalyzed Diels-Alder (DA) reaction between 1,3-butadiene (B)
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and acrylaldehyde (O-LA), together with their transition state
structures (intermediate structure for O-H') are shown in
Fig. 1. Note that all dienophiles studied in this work are in
the s-trans conformation, which is the most stable conforma-
tion of the dienophiles (Fig. S1, ESI).>” In analogy with
previous studies,” we establish that Lewis acids not only
significantly lower the reaction barrier but also make the DA
reaction more asynchronous. As expected, the uncatalyzed
reaction (O) has the highest reaction barrier, namely,
12.2 keal mol ™", and follows the least concerted asynchronous
reaction mode (Ar(Tf,AC = 0.46 A, where AryS ¢ refers to the
difference between the newly forming C---C bond lengths in
the transition state). Binding a Lewis acid to acrylaldehyde
lowers the DA reaction barriers to 3.5 kcal mol™ for O-AICI,
and —1.9 keal mol " (2.2 keal mol " with respect to preceding
reactant complex 3-RC) for O-Li" and significantly increases the
degree of asynchronicity of these reactions (O-AlCl;:
ArS. ¢ = 0.78 A, O-Li": ArlS. ¢ = 0.91 A). Strikingly, the DA
reaction catalyzed by H" follows a stepwise reaction pathway,
which can be seen as an extreme case of asynchronicity,
whereby the formation of the first C-C bond between the
terminal carbon of B and the B-carbon of O-H' is barrierless.
The formation of the second C-C bond, i.e., ring closure, goes
with a reaction barrier at —19.5 keal mol " (0.5 keal mol ™" with
respect to preceding intermediate 4-Int). These results already
indicate that the degree of asynchronicity of a DA reaction has a
profound effect on the height of the reaction barrier.

Next, we examine the physical factors leading to the
enhanced reactivity of the LA-catalyzed compared to the

= S 195 1-P
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N —
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4P -36.1
-38.6
e 4 =
f\j -
3.02 ¢
2.11 | 166\
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3-TS 4-Int

AfS¢..c = 0.91A ArSc...c = stepwise

Fig. 1 (a) Reaction profiles (in kcal mol™) and (b) transition state structures (intermediate structure for O—H*) with newly forming bond lengths (in A) and
degree of asynchronicity (Ar&..c) of the uncatalyzed and Lewis acid-catalyzed Diels—Alder reaction between 1,3-butadiene (B) and acrylaldehyde

(O-LA), computed at ZORA-BP86/TZ2P.
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Table 1 Activation strain and energy decomposition analyses (in kcal mol™)
of the uncatalyzed and Lewis acid-catalyzed Diels—Alder reactions between
B and O-LA®

O-LA AE* AEstrain AEint AVelstat AEP-auli AEoi

(o) 12.1 19.3 7.2 —38.9 82.9 —51.5
O-AICl, 1.5 14.9 —-13.4 —34.5 73.5 —52.4
O-Li" -1.9 13.5 —15.4 —31.3 68.1 —52.2
O-H' —-16.4 12.3 —28.7 —28.2 62.0 —62.5

“ Analyses at consistent transition state-like geometries with a Cg-: - -Cg
bond length between B and O-LA of 2.118 A at ZORA-BP86/TZ2P. ” See
ESI Fig. S2 for complete activation strain and energy decomposition
analysis diagrams.

uncatalyzed Diels-Alder reactions, by applying the activation
strain model (ASM) of reactivity.'” Table 1 shows the results of
the activation strain analyses at consistent, transition state-like
geometries with a Cg- - -Cg bond length between B and O-LA of
2.118 A (see ESL Fig. S2 for complete activation strain and
energy decomposition analysis diagrams). Performing this
analysis at a consistent point along the reaction coordinate
(near all transition state structures), rather than on the indivi-
dual transition state structures alone, ensures that the results
are not skewed by the position, earlier or later, of the transition
state.">?° Note that for O-H" the barrierless formation of the
first C-C bond is analyzed.*® The trend in total energies at the
consistent geometry, AE*, in Table 1 follows that of the actual
reaction barriers AE*, namely, the uncatalyzed reaction (O) goes
with the highest, ie., least stabilizing, total energy, while
binding of AICl; (O-AICl;) lowers the energy to 1.5 keal mol
which then further drops to —1.9 kecal mol™' and
—16.4 kcal mol ! for O-Li* and O-H", respectively. The accel-
eration of the LA-catalyzed reactions, i.e., lower reaction bar-
riers, originates from both a consistently less destabilizing
strain energy and a more stabilizing interaction energy.
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The trend in strain energy can be explained by looking at the
degree of asynchronicity (0: Arl ¢ = 0.46 A, O-AICl;:
ArSS. ¢ = 078 A, O-Li*: ArS.c = 0.91 A, O-H": ArJ ¢ =
stepwise). The more asynchronous the reaction, the lower the
degree of deformation of the reactants in the saddle-point
region of the reaction’s PES since the Cp---C, bond forms
behind of the Cg---Cg bond, resulting in a less destabilizing
strain energy. Note that, in the case of the stepwise Diels-Alder
reaction with O-H", the Cg- - -C, bond is not formed at all in the
first step which, ultimately, leads to even less deformation in
the reactants and hence the least destabilizing strain energy. To
understand why the interaction energy becomes increasingly
more stabilizing from O to O-H', we applied the energy
decomposition analysis (EDA).'* In line with our previous
studies,” we find that the reduced Pauli repulsion is the main
actor behind the more stabilizing interaction energy for the
LA-catalyzed compared to the uncatalyzed DA reaction, going
from 82.9 kcal mol " for O to 62.0 kcal mol™* for O-H".
Interestingly, the reaction involving O-H" also benefits from
more stabilizing orbital interactions, while the orbital interac-
tions of both 0-AICI; and O-Li* are nearly equivalent to the
uncatalyzed analog. The electrostatic interaction, on the other
hand, shows an opposite trend, namely, the uncatalyzed reac-
tion goes with the most stabilizing electrostatic interaction, and
is, therefore, not responsible for the observed reactivity trend.

The origin of the less destabilizing Pauli repulsion for the
LA-catalyzed compared to the uncatalyzed Diels-Alder reaction
is further investigated by performing a Kohn-Sham molecular
orbital (KS-MO) analysis."*?*° The occupied molecular orbitals
of B and O, O-AICl;, O-Li*, and O-H' were quantified at
consistent geometries with a Cy---Cg bond length between B
and O-LA of 2.118 A. The most important occupied n-MOs of
the dienophiles that are decisive for the trend in Pauli repul-
sion are the m-HOMO-1 of O, O-Li*, and O-H" and the
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Fig. 2

(a) Molecular orbital diagram and the most significant occupied orbital overlaps of the uncatalyzed and Lewis acid-catalyzed Diels—Alder

reactions between B and O—LA; and (b) key occupied orbitals (isovalue = 0.03 Bohr~*/?), computed at consistent transition state-like geometries with a

Cg --Cp bond length between B and O-LA of 2.118 A at ZORA-BP86/TZ2P.
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n-HOMO-3 of O-AICl;. Note that these n-MOs are of the same
type for each of the different O-LA dienophiles in that they have
all 2p, atomic orbitals (AOs) on the carbon and oxygen atoms
in-phase. The occupied orbitals of B involved in this repulsive
orbital interaction are the t-HOMO and t-HOMO—1, where the
former has a nodal plane between the 2p, AOs of the middle
two carbon atoms while, for the latter, all 2p, AOs are in-phase.
The orbital overlap between the m-HOMOg and n-HOMO-1g
and the occupied n-MOs of O-LA are the largest and, therefore,
most destabilizing for O (S = 0.03 and 0.08) and the smallest
and least destabilizing for O-H" (S = 0.02 and 0.01; see Fig. 2a).
Binding of a LA to O polarizes, due to the strong donor-
acceptor interaction (Table S1, ESIt), the occupied n-MOg_ya
located on the C—=C double bond of the dienophile away from
the incoming B which, in turn, decreases the occupied-
occupied orbital overlap and hence the Pauli repulsion.

In addition, the difference in reaction mode, that is, the
degree of asynchronicity, also plays a significant role in the
reduction of occupied-occupied orbital overlap. A more asyn-
chronous reaction, i.e., the DA reaction catalyzed by AICl; and
Li', has, due to the longer Cg: --C, bond, a reduced repulsive
orbital overlap at the a-carbon of O-LA, manifesting in less
Pauli repulsion between B and O-LA. This effect is further
amplified when the DA reaction is stepwise, in the case of
O-H", because, along this reaction pathway, the reactants are
oriented in a way that no repulsive occupied-occupied orbital

View Article Online
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2p, AO on the a-carbon of O-LA. This driving force behind
Lewis acid catalysis confirms our previous analyses of Lewis
acid and iminium ion-catalyzed Diels-Alder, Michael addition,
and ring-opening reactions,””® and again demonstrate the gen-
erality of the concept of Pauli-lowering catalysis.’

Next, we address why only the LA-catalyzed DA reaction
involving O-H" experiences more stabilizing orbital interac-
tions compared to the uncatalyzed reaction, while the reactions
catalyzed by AICl; and Li* do not. In line with the textbook
rationale behind Lewis acid catalysis,® binding of a Lewis acid
to the dienophile strengthens the normal electron demand
(NED) interaction by lowering the n-LUMOg. 14, but the LA
catalyst simultaneously weakens the inverse electron demand
(IED) interaction by stabilizing the n-MOqo._s and hence
increasing the m-LUMOg-1-MOg_14 €nergy gap. By performing
a Kohn-Sham molecular orbital (KS-MO) analysis on consistent
geometries with a Cg- - -Cg bond length between B and O-LA of
2.118 A,**?° we found that the 1-LUMOg_14 lowers in energy
significantly more pronouncedly than in the case of the neutral
uncatalyzed reaction, from -3.5 eV for the uncatalyzed reaction
to -10.4 eV for the H'-catalyzed reaction (Fig. 3a). The stabili-
zation of the n-LUMOg_;4 and hence reduction of the t-MOg-T-
LUMOg_14 gap is, therefore, significant enough to overcome the
loss of favorable t-HOMOg-n-LUMOg_p4 orbital overlap, which
results from the more asynchronous reaction mode, and hence
results in a more favorable NED interaction for the LA-catalyzed

overlap can occur between the filled orbitals of B and the reactions. In addition, the NED interaction, namely, that
a) /_‘ b) | frm—
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Fig. 3 Molecular orbital diagrams with key orbital overlaps and energies for (a) the normal electron demand (NED) n-MOg-n-LUMOg_ 4 interactions;
and (b) inverse electron demand (IED) n-LUMOg—n-MOq_y4 interactions of the uncatalyzed and Lewis acid-catalyzed Diels—Alder reactions between B

and O-LA, computed at consistent transition state-like geometries with a Cg- -
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between T-HOMO—1g and n-LUMOg_; 4, also becomes stronger,
due to both a smaller orbital energy gap and an enhanced
orbital overlap. The -HOMO—1g has a phase mismatch with
the n-LUMOg 14 and hence only a small net orbital overlap.
This phase mismatch, however, becomes less severe when the
reaction becomes more asynchronous, such as in the case of
O-H", and the n-HOMO—15-1-LUMOg 14 interaction, there-
fore, starts to contribute to the total NED interaction. As
mentioned above, binding of a LA stabilizes all orbitals of
O-LA, thus, also the key occupied n-MOg_1 from —7.5 eV for
the uncatalyzed reaction to -13.9 eV for the H'-catalyzed reac-
tion, yielding an increase of the m-LUMOg-n-MOgq_pa €nergy
gap. This, together with a reduced orbital overlap as a result of
a more asynchronous reaction mode, weakens the IED inter-
action for the LA-catalyzed compared to the uncatalyzed DA
reaction. For the reaction catalyzed by H', the enhancement of
the NED interaction prevails over the reduction of the IED
interaction, which, ultimately, results in more stabilizing orbi-
tal interactions than the uncatalyzed reaction. The reactions
catalyzed by AICl; and Li*, on the other hand, do not engage in
stronger orbital interactions, because the gain in NED inter-
action becomes effectively compensated by the loss of IED
interaction, resulting in orbital interactions that are nearly
identical to the uncatalyzed reaction.

As described above, the reaction mode is a crucial factor for
the kinetics of Diels-Alder reactions, because a larger degree of
asynchronicity results in a lower reaction barrier due to a
reduction of the destabilizing activation strain and Pauli repul-
sion. Understanding the origin of asynchronicity in Diels-Alder
reactions is, therefore, essential for understanding and design-
ing reactivity trends. To that end, we analyzed and compared
Diels-Alder reaction pathways that were artificially constraint
to be synchronous, asynchronous to various degrees, up till the
point at which they turn from concerted asynchronous to
stepwise. This approach allows us to rationalize (i) the origin
of asynchronicity, and (ii) the driving force behind the degree of
asynchronicity.

In Fig. 4, we focus on the activation strain diagram (ASD) of
the uncatalyzed Diels-Alder reaction between B and O, which is
a moderately asynchronous reaction with a degree of asynchro-
nicity of Ar&s. ¢ = 0.46 A. We have artificially constraint this
reaction to be synchronous (Ar&>. . = 0.00 A), increasingly more
asynchronous (Are..c = 0.19 A, 042 A, 0.62 A, 0.82 A, and
1.02 A), and stepwise (Ar&:. . = stepwise). Note that the ASDs of
the artificially constraint reaction pathways of 0-AICl;, O-Li",
and O-H" follow the same trends and can be found in ESI,{
Fig. S4-S6. The reaction barrier lowers when going from a
synchronous to an asynchronous DA reaction with a degree of
asynchronicity of 0.42 A (Fig. 4a), which is close to the actual
degree of asynchronicity of the reaction between B and O. By
further amplifying the degree of asynchronicity, the reaction
barrier increases to such an extent that the stepwise reaction
pathway becomes an up-hill reaction without a kinetically
stable intermediate, that is, the species in which the first C-C
bond is formed would spontaneously fall back to the reactants.
As previously discussed, the more asynchronous reaction yields
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the least destabilizing strain energy (Fig. 4b), because the
Cg- - -C, bond forms behind of the Cg---Cg bond, resulting in
less geometrical deformation. Thus, from a strain energy
perspective, DA reactions prefer to be as asynchronous as
possible. This effect, however, becomes compensated by the
dramatic loss of stabilizing interaction energy, when the DA
reaction becomes asynchronous (Fig. 4c). It is, therefore, the
interaction energy that determines whether and to which extent
a DA reaction becomes asynchronous.

Next, we turn to the EDA to get a more detailed insight into
how the interaction energy determines the degree of asynchro-
nicity. In contrast with the current rationale that ascribes the
origin of asynchronicity to enhanced orbital interactions
between the diene and the B-carbon of the dienophile,** we
found that the reduction of Pauli repulsion is the actual driving
force behind the asynchronicity. The synchronous reaction
pathway goes with the most destabilizing Pauli repulsion,
which the reaction can relieve by increasing the degree of
asynchronicity (Fig. 4d). However, the loss of destabilizing Pauli
repulsion will converge when the DA reaction reaches a degree
of asynchronicity of 0.62 A. Thus, increasing the degree of
asynchronicity beyond 0.62 A will not lead to an additional
stabilization of the DA reaction between B and O. The orbital
interactions, and to a lesser extent the electrostatic interac-
tions, do not benefit from a more asynchronous reaction mode
(Fig. 4e and f), since both energy terms become consistently
less stabilizing when the DA reaction becomes more asynchro-
nous. Thus, asynchronicity arises when the associated
reduction in Pauli repulsion is able to overcome the unfavor-
able loss in stabilizing orbital interactions. And the eventual
degree of asynchronicity, as observed in the transition state, is
achieved when the gain in stability, as a response to the
reduced Pauli repulsion, balances with the loss of favorable
orbital and electrostatic interactions. It is, therefore, the deli-
cate interplay between the reduction of unfavorable Pauli
repulsion and the loss of favorable orbital and, to a lesser
extent, electrostatic interactions that determine the degree of
asynchronicity in Diels-Alder reactions, which is, in the case of
B and O at 0.46 A.

The origin of the reduction in destabilizing Pauli repulsion
when the reaction pathway becomes more asynchronous is
further investigated by performing a KS-MO analysis. The
occupied molecular orbitals of B and O, which determine the
trend in Pauli repulsion, were quantified on consistent geome-
tries with a Cg---Cy bond length between B and O of 2.186 A.
The most important occupied orbitals of B are the --HOMO and
n-HOMO—1, where the former has a nodal plane between the
2p, AOs of the middle two carbon atoms, while, for the latter,
all 2p, AOs are in-phase. The participating orbitals on O are the
n-HOMO, where the 2p, AOs on the C—C double bond are out-
of-phase with the 2p, AO of the carbonyl oxygen, and n-
HOMO-1, where all 2p, AOs of the carbon and oxygen atoms
are in-phase. As expected, the occupied-occupied orbital over-
laps between (n-HOMO-1g|n-HOMOg,) and (m-HOMO-1g|
n-HOMO-1,) decrease when the DA reaction pathway follows
a more asynchronous reaction pathway, from S = 0.17 and 0.08
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Fig. 4 Activation strain analyses: (a) total energy, (b) strain energy, and (c) interaction energy; and energy decomposition analyses: (d) Pauli repulsion,
(e) electrostatic interaction, and (f) orbital interactions, of the artificially constraint synchronous, asynchronous, and stepwise Diels—Alder reaction modes
(rxn mode) between B and O, where the transition states are indicated with a dot and the energy values are projected onto the shorter newly forming a
Cg---C bond, computed at ZORA-BP86/TZ2P.

for the synchronous reaction pathway to S = 0.08 and 0.03 for distance, which, effectively, leads to less occupied-occupied
the stepwise reaction pathway (Fig. 5a). We can trace this orbital overlap at the a-carbon of the dienophile when the
reduction in orbital overlap back to the longer Cg---C, bond reaction becomes more asynchronous and hence results in a
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Fig. 5 (a) Orbital interaction diagram and the most significant occupied

orbital overlaps of the artificially constraint synchronous, asynchronous,
and stepwise Diels—Alder reaction between B and O; and (b) key occu-
pied—occupied overlapping orbitals (isovalue = 0.03 Bohr~*/?), computed
at consistent transition state-like geometries with a Cg...Cyg bond length
between B and O of 2.186 A at ZORA-BP86/TZ2P.

reduction of Pauli repulsion (Fig. 5b). Interestingly, this
reduction of destabilizing Pauli repulsion becomes counter-
acted by the occupied-occupied orbital overlap between
(n-HOMOg|t-HOMOg), which becomes increasingly larger
and hence more destabilizing. The n-HOMOg has a nodal plane
between the 2p, AOs of the middle two carbon atoms and,
therefore, engages, when following the synchronous reaction
pathway, in an in-phase and out-of-phase overlap with
n-HOMO, resulting in much orbital overlap cancellation and
thus a total orbital overlap of only 0.02 (Fig. 5b). When the
reaction pathway becomes more asynchronous, or even step-
wise, the out-of-phase orbital overlap diminishes (Fig. 5b),
which increases the total orbital overlap of (n-HOMOg|
n-HOMOp) to 0.11 for the stepwise reaction. The loss of
destabilizing (r-HOMO-—1g|t-HOMO,) and (m-HOMO-—1g|
1-HOMO—1,) orbital overlap becomes, when the reaction path-
way increases the degree of asynchronicity beyond 0.62 A,
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effectively compensated by the gain in destabilizing orbital
overlap between (n-HOMOg|t-HOMOy) resulting in the
above-mentioned convergence of reduction in Pauli repulsion
when the reaction pathway exceeds the degree of asynchronicity
of 0.62 A. As we will show later, the extent to which the
destabilizing occupied-occupied orbital overlap and hence
Pauli repulsion reduces, when the DA reaction becomes asyn-
chronous, is highly dependent on the asymmetry in the occu-
pied m-orbitals on the C=C double bond of O-LA.

After having established the origin of the less destabilizing
Pauli repulsion in more asynchronous DA reactions, we want to
address why the current rationale behind asynchronicity is
incorrect.’” In other words, why does the asynchronous DA
reaction pathway not benefit from more stabilizing orbital
interactions. In contrast with the current rationale, a more
asynchronous reaction pathway leads to a weakening, not a
strengthening, of both the normal electron demand (NED) and
inverse electron demand (IED) orbital interactions (Fig. 6).
Therefore, neither NED nor IED orbital interactions can be
the reason behind the occurrence of an asynchronous reaction
mode. An increasing degree of asynchronicity not only reduces
the favorable orbital overlap, for both the NED and IED, but
also increases the orbital energy gap. The loss of orbital overlap
can be traced back to the longer Cg: - -C, bond distance when
the reaction becomes more asynchronous, which results in less
favorable orbital overlap between B and the a-carbon of O. The
increased orbital energy gap is related to the reduced geome-
trical deformation of the reactants along a more asynchronous
reaction pathway. Larger geometrical deformation in the reac-
tants, such as along the synchronous reaction pathway, result
in a more significant destabilization of the n-HOMOs and a
larger stabilization of the n-LUMOs of the individual reactants,
which, in turn, leads to a smaller NED and IED n-HOMO-m-
LUMO energy gap. These two effects, the loss of favorable
orbital overlap and enlargement of -HOMO-n-LUMO energy
gap, result in consistently less stabilizing orbital interactions
when the DA reaction between B and O becomes more
asynchronous.

In summary, asynchronicity in Diels-Alder reactions origi-
nates from the interplay between the reduction of destabilizing
Pauli repulsion and the maximization of stabilizing orbital
interactions (Fig. 7). When the DA reaction becomes asynchro-
nous, it is liberated, due to a longer Cg---C, bond distance,
from destabilizing occupied-occupied orbital overlap at the a-
carbon of the dienophile and hence Pauli repulsion. However,
in contrast with the current rationale,'" the elongation of the
Cy- - -C,, bond also leads to less stabilizing orbital interactions,
because of the reduction of both favorable normal electron
demand and inverse electron demand orbital overlap. Thus, in
the event that the mechanism of reducing Pauli repulsion
dominates, the Diels-Alder reaction begins to deviate from
synchronicity and adopts an asynchronous mode. The eventual
degree of asynchronicity in the transition state is achieved
when the gain in stability, as a response to the reduced Pauli
repulsion, balances with the loss of favorable orbital
interactions.
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and (b) inverse electron demand (IED) n-LUMOg-n-HOMOg interactions of the artificially constraint synchronous and asynchronous Diels—Alder
reaction between B and O, computed at consistent transition state-like geometries with a Cg...Cg bond length between B and O of 2.186 A at ZORA-
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Fig. 7 Schematic summary of the effect of asynchronicity on the electrostatic interactions, Pauli repulsion, and orbital interactions of the Diels—Alder
reaction between B and O, where the dashed lines indicate the stabilizing (green) and destabilizing (red) interactions.
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and the extremely asynchronous reaction between O-Li* and B
(0: ArE. ¢ =0.46 A; O-Li": Ar&. ¢ = 0.91 A), we aim to establish
the origin of the differences in reaction mode (Fig. S7, ESIT).
The reaction involving O-Li" goes via a larger degree of asyn-
chronicity because it benefits from a larger reduction of desta-
bilizing Pauli repulsion when the reaction pathway becomes
increasingly more asynchronous than the reaction with O. In
addition, O-Li" also suffers less from a loss in stabilizing
orbital interactions when the reaction becomes more asynchro-
nous because of: (i) a less severe loss of NED orbital overlap
(n-HOMOg|t-HOMOg_y;+) and; (ii) a more pronounced gain in
additional NED orbital interaction, i.e., between t-HOMO and
n-LUMOg_y;+ (Fig. 6 and Fig. S8, S9, ESIt). Both effects can be
traced back to the larger asymmetry in the orbital amplitudes
on the a- and B-carbon atoms of LUMOs of O-Li" compared to
O (Fig. S10, ESIt). Thus, the equilibrium between the reduction
of destabilizing Pauli repulsion and the loss of stabilizing
orbital and electrostatic interactions, which eventually deter-
mines the degree of asynchronicity, lies for the DA reaction
with O-Li" at a significantly more asynchronous reaction mode
than for the uncatalyzed analog. Note that we found that the
same phenomena cause the difference in reaction mode when
we compare the DA reaction involving O and O-H", ie., con-
certed asynchronous versus stepwise reaction (Figs. S11-S14,
ESIT).

The differences in reduction of Pauli repulsion between the
uncatalyzed and Li'-catalyzed DA reaction, upon making the
reaction more asynchronous, are further analyzed by perform-
ing a Kohn-Sham molecular orbital analysis. Comparing the
occupied-occupied orbital overlaps of O and O-Li* with B, that
determine the trend in reduction of Pauli repulsion, reveals
that O-Li" benefits from (i) a larger reduction of destabilizing
(n-HOMO-1g|t-HOMO-10_y;+) orbital overlap; and (ii) a lesser
build-up of repulsive (r--HOMOg|t-HOMOg_y;+) orbital overlap
compared to O when the reaction becomes more asynchronous
(Fig. 5 and Fig. S15, ESIf). These differences can directly be
related to the orbital amplitudes of these key orbitals on the a-
and B-carbon atoms of O and O-Li*. Fig. 8 shows the MO-
coefficients of the 2p, AOs on the ao- and B-carbon atoms of the
key n-MOs of O and O-Li*. As discussed elsewhere,* binding of
a LA induces a polarization of the n-MOs located on the C—=C
double bond towards the LA, due to the strong donor-acceptor
interaction between LA and the dienophile, (Table S1, ESIt)
yielding a larger asymmetry in the 1-MOs on the C—C double
bond of the dienophile. Consequently, the smaller orbital
amplitudes on the B-carbon of the occupied T-HOMO and -
HOMO-1 orbitals of O-Li" (e.g., t-HOMOg_;+: 0.49 on CPversus
0.56 on C%) compared to O (e.g., n-HOMOg: 0.54 on CP versus
0.52 on C%) will, in turn, overlap less with the occupied orbitals
of B and hence result in a larger reduction of destabilizing Pauli
repulsion if the DA reaction follows a more asynchronous
reaction mode. Thus, a large asymmetry in the n-MOs on the
C=C double bond of the dienophile causes the equilibrium
between the reduction of Pauli repulsion and the loss of
stabilizing orbital interactions to shift to a larger degree of
asynchronicity.

20104 | Phys. Chem. Chem. Phys., 2021, 23, 20095-20106

View Article Online

PCCP
I Structure Schematic n-MOs I DFT n-MOs
a)
I _8
= n-HOMOo 4
B g 0.41
o 054 052
7-HOMO-1o ?:9%9
047 0.62 ¢
0.13 0.26
b)
_/~ 3 '
— % -HOMOg. i+ Y%
b Lt " o Lit
% 0.11 0.43
O-Lit 049 0.56
N H%g\‘u* »@
| 043470
008 0.19

Fig. 8 Key occupied n-MOs (isovalue = 0.03 Bohr—*/2) computed at the

equilibrium structures of (a) O and (b) O—Li*, where the MO-coefficients of
the carbon and oxygen 2p, atomic orbitals, contributing to the occupied
orbitals, are shown in the schematic n-MOs, computed at ZORA-BP86/
TZ2P.

4. Conclusions

Asynchronicity in Lewis-acid (LA)-catalyzed Diels-Alder reac-
tions of 1,3-butadiene (B) with acrylaldehyde (O-LA) is induced
by the accompanying lowering of Pauli repulsion of the occu-
pied m-orbitals of B with the asymmetric occupied m orbitals of
O-LA, and not because of the widely accepted picture of more
favorable orbital interactions. In fact, we show that donor-
acceptor orbital interactions become even less stabilizing in the
asynchronous reaction mode and always favor synchronicity.
These and other findings emerge from detailed quantum
chemical analyses based on the activation strain model and
Kohn-Sham molecular orbital theory.

The rate enhancement upon going from the uncatalyzed to
LA-catalyzed Diels-Alder reaction is exclusively caused by the
diminished two-center four-electron Pauli repulsion between
the occupied m-orbitals of B and O-LA and not the enhanced
orbital interactions as commonly accepted. The LA catalyst
polarizes, due to donor-acceptor interactions, the occupied n-
orbitals of the dienophile away from its reactive C—=C double
bond which hence results in less destabilizing occupied-
occupied orbital overlap with the incoming B. However,
the orbital interactions are not strengthened by the LA
catalyst, because the gain in normal electron demand
HOMOyiene~LUMOgienophile  interaction becomes effectively
compensated by the loss of inverse electron demand
LUMOiene~HOMOyienophile interaction. One exception is O-
H*, in which, interestingly, the LUMO is lowered to such a
significant extent that this reaction benefits, besides from the
Pauli-lowering catalysis mechanism, also from LUMO-lowering
catalysis.

The LA catalyst also alters the DA reaction mode by amplify-
ing the asynchronicity of the reaction, which has additional
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reaction barrier lowering consequences, namely, (i) less desta-
bilizing activation strain in the transition state; and (ii) reduced
occupied-occupied orbital overlap and hence Pauli repulsion.
Asynchronicity in DA reactions is exclusively caused by the
reduction of Pauli repulsion, because by following an asynchro-
nous reaction mode, Diels-Alder reactions reduce, as a result of
the larger degree of asymmetry in the two newly forming C- - -C
bonds, the occupied-occupied orbital overlap between B and
the a-carbon side of O-LA and hence the destabilizing Pauli
repulsion. However, following a more asynchronous reaction
pathway also leads, in contrast with the current rationale, to a
significant weakening (not strengthening) of stabilizing orbital
interactions, since the elongation of the Cg: - -C, bond results in
less favorable HOMO-LUMO orbital overlap. Thus, the degree
of asynchronicity, as observed in the transition state of a Diels—
Alder reaction, is achieved when the gain in stability, due to the
reduced occupied-occupied orbital overlap (i.e., reduction of
Pauli repulsion), dominates the loss of favorable orbital
interactions.
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