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The reaction energetics of 280 polar Diels—Alder (DA) reactions between 70 dienophiles and 4 dienes
have been studied in detail using the B3LYP/6-31G* level of theory, combining conceptual density func-
tional theory (DFT) analysis and the distortion/interaction model. The barrier heights are governed by a
fine balance between the energy required to distort the reactants from their initial to their transition
state geometries (AE}) and the binding energy between the deformed reactants in the TS (AEf). The AE}
values strongly correlate with the electrophilicity index, o, which measures the stabilization energy when
the system acquires an additional electronic charge from the environment, whereas the AE} was found
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to depend mainly on the nature of the diene, structural parameters of the dienophile (degree of substi-
tution and ring size) and the asynchronicity of the TS. A detailed analysis to account for the geometrical
parameters of the strained diene and dienophile moieties that influence the energy strain of the

www.rsc.org/obc distorted fragments is also reported.

Introduction

The Diels-Alder reaction (DA) represents an important and
useful process in modern organic chemistry, and it would be
hard to find many chemical transformations that match its
power in organic synthesis." The 1950 Nobel Prize in Chem-
istry went to Prof. Otto Paul Hermann Diels and Kurt Alder for
“the discovery and development of the diene synthesis”,>
which became a milestone for creating complex molecular
architectures, as two simple bonds can be formed in a regio-
and stereocontrolled manner, yielding six-membered rings
and up to four stereogenic centers in a single step." For that
reason, it remains one of the most theoretically studied chemi-
cal transformation of all times.* The DA reaction usually
requires electron-withdrawing groups in the dienophile and
electron-rich dienes, or vice versa, to afford acceptable reaction
rates. The first case, known as normal-electron-demand DA, is
the most widely used to enhance the reactivity of the system."
This pericyclic transformation is governed by the HOMOg;ene—
LUMOgjenophile interaction according to frontier molecular
orbital (FMO) theory,”” but can be alternatively seen as a
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nucleophilic attack of the diene to the dienophile. The amount
of charge transferred from the nucleophile (the diene) to the
electrophilic counterpart (the dienophile) is related to the elec-
tron-deficient and electron-rich character of the dienophile
and the diene, respectively. A direct relationship between the
charge transfer (CT) during the bond formation process with
the decrease of the DA activation barrier was found.*®

The development of conceptual DFT analysis arising from
modern density functional theory offers a paramount opportu-
nity for the rationalization of several insights regarding
different chemical transformations.>*® One of the key advan-
tages is that it allows the prediction and interpretation of
experimental and theoretical data with only the information
provided by the reagent molecules in their ground state geo-
metries. In this context, the global electrophilicity index o,
which measures the stabilization energy when the system
acquires an additional electronic charge AN from the environ-
ment,” becomes a useful quantity to classify the electrophili-
city of a series of dienes and dienophiles within a unique
relative scale.® Domingo has pioneered the use of this index to
rationalize different aspects of a variety of organic reactions.’
In a recent publication, Domingo and Saez proposed that DA
reactions can be classified according to the polarity of the
process, that is, the amount of charge transferred at the TS.
Therefore, non-polar (N-DA, CT < 0.15¢), polar (P-DA, 0.15e <
CT < 0.40¢) and ionic (I-DA, CT > 0.40¢) Diels-Alder reactions
were defined.'® They also found a good linear relationship
between the activation energy (AE*) and CT (R* = 0.89), and
between AE* and w (R* = 0.92) for twelve representative dieno-
philes and cyclopentadiene as the dienic counterpart at the
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B3LYP/6-31G* level of theory. As a consequence of the good
correlation, they proposed that the classification can be related
to the electrophilicity of the dienophile as well. Therefore,
N-DA, P-DA and I-DA are represented by dienophiles with
w<15eV,1.5eV<w<5eV,and w > 5.0 eV, respectively.*®
According to this finding, the activation barriers of polar DA
reactions, which represent the vast majority of normal-
electron-demand DA, can be properly estimated from the elec-
trophilicity of the reagents in their ground state geometries.

However, the present author and co-workers recently found
that the w index did not account properly for the reactivity
trends experimentally observed in DA reactions between a-halo
enones with a variety of dienes."" Instead, the distortion/inter-
action model could be successfully used to explain both the
experimental and theoretical observations. In this fragment
approach, also known as the activation strain model, the acti-
vation energy is decomposed into two main components: the
distortion energy (AEj, also known as the strain energy), and
the interaction energy AE}, as shown in eqn (1).'?

AEY = AE, + AE} (1)

The AE} is the energy required to distort the reactants from
their initial geometries to their transition state geometries,
while the AE} is the binding energy between the deformed
reactants in the transition state."

Bickelhaupt and co-workers (activation strain model),"* and
Houk and co-workers (distortion/interaction model),"* inde-
pendently developed this useful methodology to understand
different issues such as reactivity trends and TS
geometries.">"*

Among the wide variety of reactions that were computation-
ally studied with this method, the Diels-Alder cycloaddition
has not been forgotten, though the reports are limited. Only
three studies have been fully devoted to this reaction within
the strain activation framework. The first one deals with 1,4-
dihydrogenations and DA cycloadditions of aromatic mole-
cules and ethylene,"* the second one was conceived to explain
the reactivity trends in DA reactions of cycloalkenones and
cyclic dienes'®” and the third one accounts for the selectivity
in DA reactions between Cg, and cyclopentadiene.'*

In this work the first study is presented combining concep-
tual DFT and the distortion/interaction model to fully account
for the reactivity trends in polar Diels-Alder reactions.

Computational methods

All calculations were carried out with the B3LYP" exchange-
correlation functional coupled with the standard 6-31G* basis
set'® using Gaussian 09."” The performance of this computa-
tionally affordable level of theory has been shown to be suit-
able for the geometric, electronic and energetic features of DA
reactions.*”“*1%:18 A]] stationary points were characterized by
frequency calculations, and all TSs were confirmed to have
only one imaginary frequency corresponding to the formation
of the expected bonds. The CT were computed with the natural
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bond order (NBO) method.'® The global electrophilicity index,
w,” was computed according to the following expression, =
u’/2n (eV), where u is the electronic chemical potential and 7
the chemical hardness. Both quantities were estimated on the
basis of the one-electron energies from the HOMO and LUMO,
egand er, as u ~ (ey + £.)/2 and 5 ~ (e, — ey).>° The nucleophi-
licity index, N, was computed as N = Exgomo(diene) — Eromo(TcE)
(eV),”* where TCE stands for tetracyanoethylene. The local elec-
trophilic indices, w,>> were computed according to the follow-
ing expression: w, = wP;, where P is the electrophilic Parr
function of atom k,>* which was computed using the Mulliken
atomic spin density (ASD) by single-point UB3LYP/6-31G* cal-
culations of the anion resulting from adding one electron to
the optimized neutral B3LYP/6-31G* geometry.”> The ANOVA
analysis was carried out using the Historical Data Response
Surface Method (RSM) implemented in the software Design-
Expert™,

Results and discussion

In this study 280 polar DA reactions were studied combining a
set of 70 dienophiles and 4 representative dienes (cyclopenta-
diene, CP, 1,3-cyclohexadiene, CH, 1,3-butadiene, BU, and 2,3-
dimethyl-1,3-butadiene, DMB), Fig. 1. The selection of dienes
was done to account for their cyclic/acyclic nature, and
because they exhibit different electron-rich character: while
CH is the most nucleophilic diene under study, BU is the most
electrophilic one (vide infra). In addition, their symmetry
avoided dealing with competing regioisomeric channels of
addition, simplifying the overall study. Regarding the dieno-
philes 1-70 (40 acyclic and 30 cyclic), the selection was done to
provide a wide variety of molecular architectures, substitution
patterns and functional groups.> The effect of Lewis acids was
introduced by BH;-complexes, and the effect of substitution by
alkyl groups was simplified by the use of methyl groups.

In the cases of unsymmetrically substituted dienophiles,
two modes of addition are plausible, namely endo and exo. To
simplify the analysis and reduce the number of calculations,
only the [4 + 2] endo channels were taken into consideration,"’
as they typically represent the most stable TSs in DA reac-
tions.' > 1011142 Moreover, for levoglucosenone (64) and its
derivatives 65-70, only the TSs resulting from the attack of the
diene on the o face of the molecule were taking into account
as the p-face is efficiently hindered by the 1,6-anhydro
bridge.""*

After exhaustive exploration of the potential energy surface
(PES) all the 280 TSs corresponding to the [4 + 2] endo
channels were located, and were found to range from totally
concerted and synchronous to a one-step two-stage mechan-
ism.'®?° This term was coined to refer to highly asynchronous
TSs, from which the lengths of the two ¢ bonds that are
forming in the reaction are sharply different (Ad = d, 3 — d; ¢
> 0.5 A), Fig. 1. During the first stage, one of the two C-C
bonds is formed via a nucleophilic-electrophilic two-center
interaction. Once this bond is formed, the second C-C bond
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Fig. 1 Dienophiles and dienes used in this study.

begins to develop, comprising the second stage of the mechan-
ism.'%*® Other authors might prefer the term “concerted and
asynchronous”, but as stated by Brinck the difference between
both are flavors of a mechanism that lacks stationary inter-
In the ESIf can be found the most relevant geo-
metric and energetic features of all TSs under study.

mediates.>”

Asynchronicity

The average asynchronicity (Ad)*® is 0.39 A, the TSs resulting
from DMB and CH being slightly more asynchronous than
those arising from CP and BU (0.42 A, 0.41 A, 0.34 A and
0.38 A, respectively). Birney and Houk proposed that the Ad
can be understood in terms of frontier molecular orbital
(FMO) theory.*® Briefly, polar DA reactions are dominated by
the HOMOgiene~LUMOgienophile interaction. The larger the
difference in the LUMO coefficients on the dienophile C1 and
C2 (ALUMO,,), the stronger and weaker the interactions
between C1-C6 and C2-C3,
asynchronous the corresponding TS. However, in this work
this was found to be true only for simple monosubstituted
alkenes. The correlation between (ALUMO,;,) and Ad
becomes increasingly diffuse with the degree of substitution of
the dienophile.®® For instance, the 1,1 substitution pattern
leads to more asynchronous TSs than the corresponding 1,2
analogue. Comparing the pairs 9-10, 13-14 and 20-19 (Fig. 1)
replacement of a methyl group from the p to the o position

respectively, and the more
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involves an increase of ~0.18 A in the Ad. Interestingly, FMO
theory points in the opposite direction, the difference between
Ca and CP LUMO coefficients being higher for the 1,2-disubsti-
tuted isomers 10, 14 and 19 (ALUMO, , = 0.19, 0.24 and 0.13,
respectively) than for the corresponding 1,1-disubstituted
counterparts 9, 13 and 20 (ALUMO,, = 0.16, 0.21 and 0.07,
respectively).>® As discussed later, having access to at least a
rough estimate of the asynchronicity of the TS using properties
computed for the reactants in their ground state geometries
was an important need. Therefore, by similar reasoning with
the FMO theory arguments indicated above, the local electro-
philicity index (wy) was evaluated next as asynchronicity
descriptor. This index measures the distribution of the global
electrophilicity in different sites of a molecule, and is com-
monly used to explain regioselectivity of polar DA reactions.
Briefly, the carbon atom that displays higher wy is said to be
the most electrophilic, and is expected to interact preferentially
with the most nucleophilic center of the asymmetric diene to
afford the corresponding regioisomer. The levels of regioselec-
tivity are usually related to the local electrophilic difference
(Awy) between both C=C atoms of the dienophile."**" In
addition, it has been suggested that the Aw accounted for the
differences in asynchronicity in DA reactions of cyano-substi-
tuted dienophiles and cyclopentadiene, though no explicit cor-
relation data was provided.” Continuing this line of thought,
in this work an acceptable correlation between Awy and Ad
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was found (R* = 0.77), suggesting that the asynchronicity of the
TS can be fairly predicted from conceptual DFT analysis (Ad ~
0.39Awy + 0.07).%°

Activation energies

Probably B3LYP is still the most popular among the vast array
of functionals that modern DFT offers. However, that does not
prevent it giving unsatisfactory performance in some particu-
lar areas, such as underestimating the barrier heights of heavy
atom transfer, nucleophilic substitution and unimolecular
reactions, inability to accurately describe noncovalent inter-
actions and affording unreliable results for transition metal
chemistry.>> To validate the computational results herein
obtained, the activation barriers of the reactions between a
selected 35 of the 70 dienophiles shown in Fig. 1 and CP were
next computed using the high-accuracy composite method
CBS-QB3.?* The complete basis set (CBS) methods were develo-
ped by Petersson and co-workers to remove errors from the
basis set truncation using asymptotic convergence of pair
natural orbital expansions to extrapolate the estimated com-
plete basis set limit.** CBS-QB3, which starts on B3LYP/6-311G-
(d,p) geometries, has been found as a benchmark for predict-
ing the activation barriers, reaction energetics and TS geome-
tries of pericyclic reactions."® As shown in the ESI,{ a good
correlation between B3LYP/6-31G* and CBS-QB3 activation bar-
riers was found (R> = 0.95). Similar results were obtained with
the increasingly popular meta hybrid exchange-correlation
functional M06-2X developed by Truhlar at the 6-31G* basis
set (R* = 0.97).2%%

Next, the effect of strain release in the reactivity trends was
first investigated. The lack of significant linear correlation (R
< 0.59) between AH' with —AH,, proved that the Dimroth,
Bronsted, Evans-Polanyi, or Marcus relationships,**” which
state that AAE* ~ 1/2AAE,, is only true in a qualitative
sense.’”

As shown in Fig. 2, the AE* did not correlate either with the
electrophilicity index w, consistent with previous observations
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Fig. 3 (a) Average values of AE* (dashed line), AEj giene (in green),
AE%_c_c (in red) and AE} (in blue) for the four sets of dienes under
study. (b) Two representative examples from which a high deviation
from the average is found.

of Sarotti et al."* Poor linear correlations (R* < 0.46) are found
for the four sets of dienes, concluding that there is not a
general relationship between both factors as had been orig-
inally proposed.’® Despite all linear regressions having nega-
tive slopes, indicating that the AE* tends to decrease with the
increase of the electrophilicity of the dienophile, the trend is
merely qualitative. For instance, for the DA reactions between
dienophiles with similar w indexes (2.20-2.40 eV) and CP, the
AE* ranges from 12.6 kcal mol™ to 29.0 kcal mol™ (Fig. 2). On
the other hand, activation barriers of ~15 kcal mol™" are com-
puted to a wide variety of electrophilic alkenes (from 1.50 eV
to 6.15 eV).

To understand the causes that affect the activation barriers,
a complete activation/distortion analyses for all model reac-
tions was next addressed. In Fig. 3a are shown the averaged
values computed for AE*, AE} and AE%, which was further
decomposed as the sum of the diene distortion energy
(AEE,diene) and the dienophile distortion energy (AEfi,C:C).
The AE* increases in the order CP < DMB ~ BU < CH, in agree-
ment with the reactivity trends experimentally observed with
these dienes.'"*® The AE} controls the barrier heights on
average, accounting for ~74% of the activation energy. The
AE} giene is the most relevant factor, comprising ~60% of the
distortion energy. The average energy required to distort all
dienes from their equilibrium geometries to the corresponding
geometries at the TSs are in the same order of reactivity indi-
cated above. CH, the least reactive diene under study, requires
additional 4.7 kcal mol™" than CP to achieve the TS. This extra
distortion is mainly responsible for the higher activation bar-
riers computed for this diene. The averaged AE} c—¢ (~14 kecal
mol™) is slightly higher than the averaged AE} (~12 kcal
mol ™), responsible for ~26% of the barrier height. However,
these energetic terms show an important range between
minimum and maximum values (vide infra), therefore any ana-
lysis considering the averaged values conceal the most impor-
tant effects that this work aimed to unravel. For instance, in
the reaction between 24 and CP the AE} is by far the most
important factor, leading to a AE* much lower than the
average, while for the reaction between 63 and CP both the
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diene and the dienophile are highly strained, and coupled
with a relatively low interaction energy, lead to an activation
energy much higher than the average (Fig. 3b).

The activation strain has been pointed out as the factor con-
trolling the reactivity trends in a wide variety of pericyclic reac-
tions studied under the distortion/interaction approach.'****
However, according to the findings described above it is clear
that in polar DA reactions this trend is not fully met, in line
with recent studies of Fernandez et al.">*”

Interaction energy analysis

The -—AE} displays a large range between minimum
(7.3-7.8 kecal mol™") and maximum values (20.6-27.5 kcal
mol ") as shown in Fig. 4. The effect of this term on the acti-
vation energy varies from 18% to 44% in the lower and upper
limits, respectively. The averaged highest and lowest values are
found for CH and BU, respectively, as the dienic counterparts.
Interestingly, both reagents display the maximum and
minimum nucleophilicity indexes (N), respectively, among the
dienes evaluated in this study (CP = 3.37 eV; CH = 3.53 eV;
BU = 2.83 eV and DMB = 2.98 eV).

The interaction energy depends mainly on steric and elec-
trostatic repulsions and charge transfer from occupied orbitals
of one fragment to the empty orbitals of the other moiety.
Within the Kahn-Sham molecular orbital model, the inter-
action energy between strained reactants can be further
decomposed into three terms as shown in eqn (2):'**°

AEi - AVelstat + AEPauIi + AEoi (2)

where AVe.: accounts for the classical electrostatic inter-
action between the unperturbed charge distributions of the
deformed reagents (usually attractive), AEp,,; is the Pauli
repulsion between occupied orbitals (destabilizing interaction,
responsible for the steric repulsion) and AE,; reflects the
charge transfer resulting of the interaction between occupied
orbitals in one moiety with unoccupied orbitals of the
other (for example, HOMO-LUMO interactions and polari-
zation).'®*° As a result, a good correlation between AE} and
the charge transfer (CT) at the TS was not unexpected (Fig. 5).
Moreover, since the amount of charge transferred from the
diene to the dienophile is higher as the dienophilic counter-
part becomes more electrophilic,®'® a good correlation

09 C

275

I
]

\%

Fig. 4 Minimum and maximum AE} values for the four sets of dienes
under study.
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between AE; and « should be expected. Accordingly, both
terms matched nicely for each set of dienes under study
(0.89 < R* < 0.93), Fig. 6.

The failure of the w index to correctly reproduce the reactiv-
ity trends is due to the fact that the electrophilicity of the di-
enophile mainly accounts for the ionicity of the process (as
measured by the CT along the TS), affecting only the AE} term.
This can be proved by the negligible effect that the @ index has
on the distortion energy (R*> < 0.01).° When comparing a
series of similarly distorted TSs, the reactivity trend depends
mainly on the AE}, and therefore, a good correlation between
AE* and  is found. This is indeed the reason for the good
match between AE* and w previously reported.*®

The slopes of the linear regressions depicted in Fig. 6
increase in the order BU < DMB ~ CP < CH, which is the exact
order of nucleophilicity of those reagents. This can be
explained considering that the amount of charge transferred
from the diene to the dienophile (and consequently the
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interaction energy) is higher as the diene becomes more
nucleophilic. Although the interaction energy can be fairly
expressed from the w index of the dienophile, a minor depen-
dence on the degree of substitution of the dienophile is also
found. The term aw + b (where a and b are the slopes and
intercepts of the plots of Fig. 6, respectively) is the interaction
energy that would be predicted on the basis of the w index.
The difference between AEf and aw + b is the residual inter-
action energy, which strongly depends on the number of sub-
stituents (NS) of the dienophile (Fig. 7).

The largest residuals are found for cyclic dienes (mainly
CH), for which a range of +1.5 kcal mol™" is observed. Never-
theless, the general trend is similar for all dienes: the actual
AE} values increase (in absolute value) more than expected
from the @ index as the dienophile becomes more substituted.
This could be, at least in part, because the ® index only
accounts for the stabilizing interaction between occupied/
empty orbitals of both distorted fragments. As stated above,
the interaction energy also has other terms (such as electro-
static and steric interactions), that are not supposed to be
expressed in this simplified aw + b model. Thus, introducing a
correction accounting for the NS effect, the AE} can be
expressed as follows:

—AE} = aw + bNS + ¢ (3)
where a, b and ¢ are the coefficients that after linear-least
squares application minimize the difference between actual
and predicted AE}.*° The values of these coefficients, along
with the correlation R* parameter for each series of dienes, are
given in Table 1. The a and b values display the same order
that was observed for the nucleophilicity (N) of the dienes and
the interaction residuals, respectively. The independent term ¢
might be interpreted as the AE} of a non substituted alkene
with @ = 0.0 eV, but is physically meaningless as @ > 0 for all
organic molecules.® Nevertheless, the resemblance to the —AE}

Table 1 Coefficients of egn (3)

Diene a b c R?

Ccp 3.13 0.49 3.48 0.95
CH 3.32 0.99 2.25 0.94
BU 2.31 0.45 4.40 0.92
DMB 3.14 0.33 3.32 0.94
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computed for ethylene (w = 0.73 eV) and CP, CH, BU and DMB
is noteworthy: 4.0, 4.0, 5.1 and 4.5 kcal mol ™, respectively.*®

The correlation between the actual and predicted (from
eqn (3)) values of AEF for all 280 reactions under study is very
good (see Fig. 17A), concluding that this important term of the
activation barrier can be properly estimated considering only
the w index, easily computed from the HOMO and LUMO ener-
gies, and the degree of substitution of the dienophile.

Distortion energy analysis

As discussed above, the barrier heights of many pericyclic reac-
tions are controlled by the distortion energy, indicating that
AE* is linearly dependent on AE.*“*'* However, only a
modest correlation (R* < 0.71) is found for the polar DA reac-
tions under study (Fig. 8), reinforcing the fact that the barrier
heights depends on a fine balance between the interaction and
distortion energies. Naturally, when comparing the reactivity
trends of a series of dienophiles with similar @ indexes, the
linearity between AE* and AE is met because the AE} is essen-
tially the same (eqn (3)).%°

In a further attempt to identify the structural and/or elec-
tronic factors that influence the distortion energy, a detailed
analysis of the strain energy of both diene and dienophile
counterparts was next performed.

Dienophile distortion energy (AE}_c—c)

As with the AEf, a wide range between minimum (6.8-7.7 keal
mol™") and maximum values (18.4-21.7 kcal mol ™) is found
for AE% c—c (Fig. 9a). This term accounts for 20 to 41% of the
activation energy in the lower and upper limits, respectively.
Interestingly, the dienophile distortion is affected by the
nature of the dienic counterpart, being higher for cyclic
dienes. Moreover, the AEj_c—¢ shows a strong dependence on
the degree of substitution of the dienophile (NS), increasing
an average of ~2.7 keal mol™" per substituent. For cyclic dieno-
philes, the strain activation energy increases with the ring size
(RS), consistent with previous calculations by Houk and co-
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stituents of the dienophile (NS). (c) Dependence of AE)_c_c on the ring
size of the dienophile (RS).
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Fig. 10 Numbering and geometrical meaning of the dienophile out-of-
plane deformations 7, yc1 and yca.

workers.'*? In a simplistic approach, these observations can be
related to the alkene stability. Briefly, as NS and/or RS
increase, the alkene becomes more stable and the energy
required to distort it from its equilibrium to the TS geometry
would be higher.

However, detailed analysis of the distorted dienophile-
derived fragments suggested that slight variations in geometri-
cal parameters, such as bending and dihedral angles, can
generate a great impact on the AE% . To fully account for
the geometrical factors closely linked to the distortion energy,
the four torsion angles (6,_,), and the three out-of-plane defor-
mations (7, yc1 and yc,) were taken into account. The torsion
angle (z, also known as the twisting angle), and the pyramidali-
zation angles (y, also known as the out-of-plane bending
angles) were calculated as described by Winkler and Dunitz to
measure the distortion from planarity of amide groups.’**' In
a non-distorted unstrained alkene, a zero value is expected for
7, ¥c1 and yc,, whose geometrical meanings are given in
Fig. 10. In addition, two more factors were included: the bond
stretching difference, (Adcic,) and the average angle bending
difference (A¢). The first term accounts for the difference in
the C1=C2 bond length between the distorted fragment and
the non-distorted alkene (dcicaistorted) — @c1c2(non-distorted))s
while the second, defined as [Y(Paistorted — Pnon-distorted)]/6),
accounts for the average deviation of the six bending angles
¢1-6 in the distorted fragments.
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After the corresponding 2520 parameters were computed,
the next stage was the application of analysis of variance
(ANOVA) to determine the statistical significance of the effect
of each of the studied factors on the response (in this case, the
AE}%_c—c). The evidence is based on the probability that differ-
ences in the response due to changes introduced by the effects
are greater than the differences that could be expected from
other sources of factors not considered in the model (random
errors).”> The design allowed us to obtain the surface response,
fitting the data to a mathematical model by the linear-least
squares application. The results obtained indicates that
Adcica, AP, 1, ¥c1 and yc, have statistical significance at a 95%
confidence level, and the equation that best matches the dis-
tortion energy is shown in eqn (4), while the a—k coefficients
are given in the ESL:1*°

AEi_C:C = aAdcicz + DAY + ¢t + dyci + exce -|-fA¢2
+gxca® + hAdyct + ibdyca + jrycs + k (4)

Interestingly, none of the four dihedral angles taken alone
was significant, indicating that the out-of-plane deformations
(7, xc1 and yc,) are better descriptors for strained alkene inter-
mediates. On average, 75% of AEY_c—c derives from the quad-
ratic term composed of A, yc1, A¢* and Agdyc,, proving that
the pyramidalization at C1 and the average bending angles
difference play a key role in understanding the energy strain of
a distorted dienophile. In an asynchronous TS, the bonding
between C1-C6 is stronger than C2-C3 (Fig. 1),* therefore y,
is expected to have a higher impact on the distortion energy
than yc,. This last term, along with 7, yc,?, Adyci, Adyc, and
Tyco, account for 19% of the AEY o—c. The remaining 6% is
due to the Adgic, term, whose increment causes a linear
increase in the distortion as the a coefficient is positive. The
effect of the other parameters is simplified in Fig. 11. The yc;
and yc, are not completely independent factors (vide infra),
but they are linked to each other. The lowest distortions are
located in the southwest zone (lowest A¢ and yc; + yc), and
the highest distortion is found in the north zone (at A¢ ~
—3.5°), where yc; + yc, and Adgc, are maximum. Notably, the
highest distortion does not takes place at the highest A¢.

24
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Fig. 11 Variation of AEj_c_c with A¢. The arrows indicate the direction
in which yc1 + yc2 and Adcicz increment.
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The predicted distortion energy from eqn (4) is highly satis-
factory (R* = 0.90), considering that 98% of the cases are
between +1 kcal mol™ of the actual distortion energy com-
puted at the B3LYP/6-31G* level (see Fig. 17B).

Now that the AEY_ ¢ can be fairly expressed as function of
geometrical parameters of the strained dienophiles, the next
question is how those parameters are affected by structural fea-
tures of the alkene, such as NS and RS. This relationship is dis-
closed in Fig. 12, indicating that both Adgic, and A¢ are
affected by the number of substituents (NS) and the ring size
(RS) of the dienophile, and tend to increase to the extent that
the dienophile becomes more substituted to minimize repul-
sive interactions.’® Interestingly, a reverse effect is found
regarding the ring size of cyclic dienophiles. While Adcic,
increases with the RS, the A¢ decreases in the same direction.
The same trends are found in the non-distorted alkenes and
the corresponding DA products, but with different slopes.*”

Regarding the out-of-plane bending angles, a strong depen-
dence is found on the synchronicity of the cycloaddition
process (Fig. 12b). In a highly asynchronous TS, the bond
between C1-C6 is highly advanced, while the bonding at C2-
C3 is only emerging.**> As C1 becomes more pyramidalized
(higher yc;), the pyramidalization at C2 decreases. On the
other hand, in a synchronous TS, both carbon atoms are simi-
larly pyramidalized (~30°). Finally, a minor effect of the degree
of substitution is also found, mainly for the y-, parameter.
This can be explained, at least in part, considering that the
degree of s character of highly strained alkenes (and therefore,
the ease of pyramidalization) increases with the Adgic, (and
consequently with NS).*°

Diene distortion energy (AE4.gienc)

As discussed above, the diene distortion energy is the most
relevant term on average, comprising ~44% of the activation
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energy. Nevertheless, a wide range between minimum
(12.1-15.2 kecal mol™") and maximum values (22.5-28.4 kcal
mol™") is found for this portion of the total distortion energy
(Fig. 13a). Therefore, this term accounts for 31 to 56% of the
activation energy in the lower and upper limits, respectively. It
would be unnecessary to point out that the diene distortion
depends mainly on the nature of the diene, increasing in the
order CP < DMB ~ BU < CH, which is the same order of reactiv-
ity computed for those dienes. However, the AE} giene is also
dependent on the structural features of the dienophile, such
as the NS and RS (Fig. 13b and c), likewise the AE% _c is
dependent on the nature of the diene (Fig. 9a). In the strain/
activation model, the two infinitely separated reagents begin
to interact and deform each other until the TS is reached,
where the rates of change of AE4 and AE; are opposite (0AEq =
—0AE;)."” This result suggest that the distortion of both diene
and dienophile fragments is coupled, though a poor corre-
lation is found between AE} giene and AEY_c—¢ (R? < 0.58).%° To
unravel this issue, the next step was the determination of the
geometrical parameters that influence the energy strain of the
diene fragments in a similar fashion to the analysis performed
for the dienophile distortion.

Accordingly, the factors taken into consideration were the
eight torsion angles (0;-g), and the six out-of-plane defor-
mations (7se, T34, Yc3y Ycas Xos and yce) of the two conjugated
C=C double bonds, as depicted in Fig. 14. In addition, the
approach of the two terminal atoms of the conjugated diene
(AdC3(167 defined as dCSCG[distorted) - dCSC6(n0n7distorted))’ was also
considered a plausible factor. Interestingly, among the 15 para-
meters considered, only three were found significant after
ANOVA analysis was performed: Adgscs and the two out-of-
plane descriptors yc; and yce, which corresponds to the pyra-
midalization of the terminal atoms of the conjugated diene.
The equation that best fits the AE} giene as a function of
Adcsce, xc3 and yce by linear-least squares application is given
below, and the a-f coefficients can be found in the ESI.}

AEﬁ-diene = alAdcsce + byce + cxes + dyce” +excs” + f (5)

The agreement between actual and predicted values is
excellent (R* = 0.97), 98% of the 280 examples being located
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within +0.6 kcal mol™ of the actual distortion energy com-
puted at the B3LYP/6-31G* level (see Fig. 17C).

Analysis of eqn (5) indicates that the most relevant factors
are Adcsce, xoe and yoe, accounting for 80% of the effect on
average. The quadratic dependence on the pyramidalization at
C6 has no minimum within the range, therefore the distortion
of the diene rises with the extent of pyramidalization at C6. On
the other hand, the distortion linearly increases as the termi-
nal atoms of the conjugated diene are increasingly separated.
This effect is more pronounced for CH (Fig. 15).

The deformation of the diene and dienophile at the TS
occur at the geometry that maximizes the orbital interactions
between the two moieties at minimal distortion.'* Thus, a cor-
relation might be expected between Adcic, and Adcszcs, and
the factors affecting the former should also alter the second.
In fact, as depicted in Fig. 16a, the Adcsce slightly increases
with NS and RS with the same trend observed for Adcica
(Fig. 12a). Here again, the pyramidalization terms yces and ycs
are strongly correlated with the asynchronicity of the TS
(Fig. 16b). In a highly asynchronous TS, yce will be higher than
¥c3, and the difference between both decreases as the TS
becomes more synchronous.*” Finally, a minor (almost
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negligible) effect on the degree of substitution of the dieno-
phile is noted.

Distortion energy model

The distortion energy of both strained diene and dienophile
fragments can be accurately predicted considering geometrical
parameters of the distorted moieties at the TS (eqn (4) and
(5)), which in turn depend on more simple terms, such as NS,
RS and Ad. Thus, the final stage of this study was devoted to
finding an easy and reliable way to estimate the AE} term. This
would provide a better understanding (in a semi-quantitative
fashion) of the effects that modify this important term of the
activation energy, besides yielding a useful predicting tool.
After several trials, the equation that, after linear-least squares
application, affords highest accuracy at minimal mathematical
complexity is given below:**

AE% ~ aNS + bRS + cw + dAd + eAd? + f (6)

ANOVA analysis indicates that all terms are significant at a
95% confidence level. A highly acceptable correlation between
actual and predicted distortion energy is found with this
simple model (R* = 0.93, Fig. 17D). In Table 2 are shown the
coefficients computed for each diene series. Notably, Ad is the
only variable of eqn (6) that has to be computed from the TS
geometry. Nevertheless, as indicated above, a fair estimation of
this term can be achieved using conceptual DFT analysis (Ad =~
0.39Awy + 0.07). Replacement of Ad in eqn (6) for this finds
virtually no changes in the result (R* = 0.97).° Moreover, the
combination of eqn (3) and (6) provides an excellent estimate
(considering the simplicity of the calculations) of the B3LYP/
6-31G* barrier heights using only conceptual DFT calculations
(R*=0.91).*°
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Table 2 Coefficients of eqn (6)

Diene C=C a b c d e f

CP Acyclic 3.8 0.0 0.0 9.1 —-15.4 20.1
CH Acyclic 4.8 0.0 0.0 5.7 -8.8 23.5
BU Acyclic 3.7 0.0 0.0 6.2 —-13.2 23.4
DMB Acyclic 3.6 0.0 0.0 8.3 -15.5 23.8
CP Cyclic 4.8 2.6 -3.0 —-4.0 0 12.6
CH Cyclic 6.6 2.9 -3.1 -3.0 0 10.3
BU Cyclic 4.3 2.5 -3.1 -7.5 0 17.6
DMB Cyclic 4.1 2.2 -3.1 -7.2 0 19.9

From the analysis of eqn (6) it is clear that the distortion
increases with the degree of substitution of the dienophile,
but at different rates. For acyclic dienophiles, each additional
substituent accounts for an increase of the strain energy of
~3.7 kecal mol™", except when CH is the dienic counterpart
(4.8 keal mol™). For cyclic dienophiles, the increment of dis-
tortion with the NS is higher, requiring ~0.5 kcal mol™" (BU
and DMB), 1.0 kcal mol™" (CP) and 1.8 keal mol™" (CH) more
energy to distort both fragments.

The ring size is also an important term (as found by
Houk),"*? increasing ~2.6 kcal mol™ when passing from four
to five to six-membered rings. On average, the NS and RS
terms account for ~80% of the distortion energy. Interestingly,
while the influence of the electrophilic index is negligible for
acyclic dienophiles, somehow the distortion tends to decrease
as cyclic dienophiles becomes more electrophilic, comprising
5-10% of the AE}. Finally, the asynchronicity at the TS is also
significant, accounting for ~20% and 5-10% of the total dis-
tortion in the case of acyclic and cyclic dienophiles, respect-
ively. The quadratic term is only significant for the former
(30-50% of the Ad effect in the average). Since the quadratic
coefficient e is negative (Table 2), the resulting parabolas are
upside-down. The maximum is reached when OAE4/0Ad = 0,
and it can be easily proved that this occurs at Ad = —d/2e. In
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Fig. 19 Diels—Alder reaction between 16 and 18 with CP.

this way, the corresponding stationary points are located at Ad
=0.30 A, 0.32 A, 0.23 A and 0.27 A for CP, CH, BU and DMB,
respectively (Fig. 18). As the TS is more asynchronous, the dis-
tortion decreases at a rate indicated by the e coefficient (note
that CH is less affected than the other dienes). As a result, a
highly asynchronous TS is predicted to be considerably less
distorted than more synchronous ones. In the case of cyclic
dienophiles, the synchronicity is a minor factor (5-10%), and
tends to lower the distortion as the TS is more asynchronous.

The effect of the synchronicity on the strain energy can be
seen by comparing the large difference in reactivity between
the dicyanoethylenes 16 and 18 (Fig. 19). As experimentally
determined by Sauer et al., the former is ~500 times more
reactive than the second in DA reactions with CP.*

The experimental trend is well reproduced by B3LYP/6-31G*
calculations (Fig. 19).> The computed o indices are similar
(2.82 and 3.08 eV), therefore such a difference in reactivity
cannot be due to the interaction energy. In fact, the computed
—AE} values for TS-16 + CP and TS-18 + CP are 13.4 and
13.6 keal mol™" respectively, and those estimated from eqn (3)
are 12.8 and 13.7 kcal mol ™", respectively. Based on the above,
the barrier heights must be controlled by the distortion
energy. While the B3LYP/6-31G* AE4 computed for the system
16 + CP is only 22.7 kecal mol™", for the parent reaction of 18 +
CP this value rises to 28.3 kcal mol ™. Since both dienophiles
are acyclic disubstituted alkenes, from eqn (6) the difference
in the distortion energy can only be justified on the asynchro-
nicity of the TSs. The computed wy indices for the C1 and C2
carbon atoms of the dienophiles are highly different for 16
(Awy = 1.82 eV) and similar for 18 (Awy = 0.00 eV), as shown in
Fig. 19. Accordingly, TS-16 + CP is expected to be much more
asynchronous than TS-18 + CP. The Ad values computed on
the transition structures located at the B3LYP/6-31G* level are
0.81 A and 0.03 A, respectively, and the Ad estimated from the
Awy values are 0.77 A and 0.07 A, respectively. Finally, the AE}
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estimated from eqn (6) are 24.9 kcal mol™" and 28.0 kcal
mol ™" for the systems 16 + CP and 18 + CP, respectively, in very
good agreement with the B3LYP/6-31G* calculated values.
Similar conclusions can be drawn considering the geo-
metrical parameters of the distorted fragments at the TS. The
Adcica, A¢ and 7 values are similar for both strained dieno-
philes, but they differ significantly in their pyramidalization
angles (Fig. 20). While the fragment derived from the asyn-
chronous TS-16 + CP is highly pyramidalized on C1 (yc; =
40.9°) and almost unpyramidalized on C2 (yc, = 8.6°), the dis-
torted trans-dicyanoethylene fragment is similarly pyramida-
lized on both atoms (~30°). As yc;1 + yc, is slightly higher for
the second (49.5° vs. 60.4°), according to Fig. 11 a narrow
difference in the distortion energy of both fragments is
expected. In fact, the B3LYP/6-31G* computed AES —c values
for TS-16 + CP and TS-18 + CP are 10.6 kcal mol™ and
12.0 kecal mol™", respectively, and the predicted values from
eqn (4) are 11.3 keal mol™" and 11.8 kcal mol™, respectively.
On the other hand, the distorted cyclopentadiene moieties
show significant differences in their geometrical parameters
Adcsce, xoz and yce (Fig. 20), thus are expected to be respon-
sible for the total distortion energy difference. Here again, the
B3LYP/6-31G* AE} giene values for TS-16 + CP and TS-18 + CP
are 12.1 kcal mol™ and 16.3 kcal mol™', respectively
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(AAEﬁ_diene = 4.2 keal mol™"), and the estimated values from
eqn (5) are 12.5 kcal mol™ and 16.6 kcal mol™", respectively
(AAEX giene = 4.1 keal mol™), in perfect agreement with the cal-
culated values.

Finally, as pointed out by Bickelhaupt, the activation strain
model has to be applied to the entire reaction coordinate.'” A
single-point analysis at the transition states only might yield
misleading conclusions. For that reason, a complete activation
strain analysis was carried out for 10 representative
examples.® Fig. 20 shows the plots of the computed PES along
the IRC trajectories for the 16 + CP and 18 + CP reactions, pro-
jected onto the average bond forming distances. Similar plots
corresponding to the reactions of 1, 24, 33, 40, 41, 48, 55 and
56 with CP can be found in the ESL¥

In the early stages of the reaction the reactants approach
each other and the energy increases. The interaction at this
phase is destabilizing, probably due to steric repulsion (Pauli)
between reactants,'” except when the dienophile is highly elec-
trophilic (24 and 33).%° As the reagents come closer, the repul-
sion is higher but the HOMOgiene—LUMOgienophile Orbitals
begins to interact, and the charge transfer starts occurring
from the diene to the dienophile. Thus, the overall interaction
becomes stabilizing and begins to drop faster as reagents
becomes more closer. On the other hand, the distortion
energy is always positive and increases constantly as the dis-
tance between reagents decreases. Before the TS, the growth
trend of the distortion is higher than the downward trend of
the interaction (mathematically, 0AEq > —0AE;) and the energy
of the system increases. At the TS, the dAE4 = —0AE; and the
stationary point is reached. As the reaction moves forward,
now the dAE4 < —0AE; and the energy starts to drop. A clear
tendency is also observed toward an early transition state as
the activation barrier decreases.

Analysis of the CT along the reaction coordinate indicates
that the electron density transfer increases in a Gaussian
shaped curve, and reaches its maximum at ~2.1-2.2 A, which
is normally not the geometry of the TS. Interestingly, an inflec-
tion point (change in the curvature sign) is also noted at
~2.5-2.6 A, corresponding to the average bond forming dis-
tance at which the interaction energy begins to fall sharply.
Notably, the position of the CT maximum and inflection point
seems to be unaffected by the amount of charge transfer and
the asynchronicity of the TS, as similar curves are found for
the other systems.*®

Conclusions

In this work, 280 polar DA reactions were computationally
studied at the B3LYP/6-31G* level of theory. From the results
obtained, several conclusions can be drawn. The activation
barriers show a poor correlation with the reaction enthalpies
and with the electrophilicity index w, in clear opposition to
what had been originally proposed. Moreover, in contrast to
other pericyclic reactions, the barrier heights do not show a
linear relationship with the distortion energy. Instead, the AE*
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values emerge as a delicate balance between the energy
required to distort the reactants from their initial geometries
to their transition state geometries and the binding energy
between the deformed reactants in the TS. The interaction
energy shows a strong dependence on the amount of charge
transferred from the diene to the dienophile at the TS, and
therefore, displays good correlation with the electrophilicity of
the dienophile. On the other hand, a detailed analysis of the
structural factors that affect the strain energy of both diene
and dienophile distorted fragments was also performed. As a
result, the distortion energy can be expressed as a function of
simple terms, such as the substitution degree, electrophilicity
and, when relevant, the ring size of the dienophile, along with
the asynchronicity of the TS. This term can be better estimated
considering the local electrophilic indices resulting from con-
ceptual DFT analysis than from classical FMO theory. Finally,
this study provides a further example on the outstanding
ability of the distortion/interaction model for understanding
reactivity trends.
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