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The exo selective Diels—Alder reactions, reported as special cases, usually involve catalytic reaction
conditions and specific cyclic structural motifs on the diene and/or the dienophile. Here we report
a systematic computational investigation on the substituent effect for simple, linear dienes and
dienophiles towards exo control in Diels—Alder reactions under thermal conditions. Through detailed
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dienophiles with various substituents, we summarize a set of design principles aiming for an optimal and

DOI-10.1039/c8ral0438g nearly-exclusive exo selectivity. These results shall lead to valuable guidelines and more versatile
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Introduction

The Diels-Alder cycloaddition reaction ranks among one of the
most classical organic reactions with new aspects continuing to
emerge." Typically, in a normal electronic demand inter-
molecular Diels-Alder reaction, an electron-rich diene and an
electron-deficient dienophile are reacted to form an ortho or para
cycloadduct with exo or endo possibilities. Traditionally, the exo
adduct is believed to be thermodynamically more stable due to
less steric repulsion, but the endo product, usually the major
product found in most reactions, is kinetically favored as pre-
dicted by the empirical Alder-endo rule.> Over the past few
decades, the endo rule has mainly been explained by the well-
known and controversial “secondary orbital interaction”**
although different factors including charge transfer effects, CH: -
T interactions, dipole effects, steric interactions, electrostatic
forces, and etc., have also been proposed.*™® The less frequently
seen exo selectivity may also be achieved under certain reaction
conditions, e.g. in the catalytic environment involving specific
structural motifs on diene or dienophile,"** or in the presence of
complex and bulky Lewis acids.>*?* Although the steric effect was
usually regarded as the key for exo-controlling in Diels-Alder
reactions, other factors are believed to also contribute to the
observed exo selectivity, e.g., the orbital, the electrostatic, and the
dispersive interactions between the strained reactants at the
transition states, or the non-covalent interactions between the
catalyst and the diene.

On the other hand, the exo selectivity under non-catalytic
thermal Diels-Alder reaction conditions has only been
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strategies in organic synthesis that are in accordance with the principles of green chemistry.

observed in few scenarios, reported as special cases,**” and has
not been investigated in detail. Recently, Ho et al. found that the
exo-selectivity may occur between simple, linear dienes and
dienophiles under thermal conditions, an essential and an
optimal condition in order to increase the flexibility and
usefulness of the Diels-Alder reactions in constructing diverse
molecular scaffolds. This newly-found anomalous, yet in the
meanwhile systematic, exo-selectivity implies that certain steric
or electronic interactions critical to exo-control may have been
overlooked for a long time.

In the previously reported cycloaddition between the 2-sily-
lated dienes and various dienophiles, qualitative to quantitative
agreements on the stereoselectivity have been observed in most
cases between computation and experiments.*® Theoretical
analysis indicated that the stereoselectivity may be primarily
derived from the competition between different interaction
forces in two pathways, specifically, the steric repulsion
between Rg at the Cg position of the dienophile and the silyl
group at the C, position of the diene in the exo pathway, and the
steric repulsion between the electron withdrawing group (EWG)
of the dienophile and the R at C, of the diene in the endo
pathway. Most remarkably, the overall observed exo selectivity
trend in terms of EWGs in the sequence of ester > nitrile >
aldehyde > ketone, are faithfully reproduced by ab initio calcu-
lations, regardless of the substitutions or choice of the func-
tional (Fig. S17). This has been rationalized by the combination
of the size effect and the electron-withdrawing power of the
EWG groups.*®

Here we report a systematic computational investigation on
the substituent effect aiming for an ultimate exo-control in
Diels-Alder reactions between simple, acyclic reactants under
thermal conditions. We focus on the para cycloadduct formed
between a C,-silyl substituted diene and an o,B-unsaturated
carbonyl dienophile (Scheme 1). Combinations of different

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Structures of dienes and dienophiles investigated in this
study.

substitutions at three positions are simulated and discussed:
the silyl group at the C, position, and the alkyl group at the C,
position of the diene, represented by [Si] and R, respectively,
and the alkyl group at the Cg position of the dienophile, rep-
resented by Rg. Here the silyl group, abbreviated as [Si], repre-
sents the general form of trialkylsilyl, trialkylsilyloxy, or
trialkylsilylmethyl groups. Six silyl groups ranging from TMS,
TBS, TMSCH,, TBSCH,, TMSO and TBSO groups are considered
as shown in Scheme 1, where TMS refers to trimethylsilyl group,
TBS refers to tert-butyldimethylsilyl group, TBSO refers to tert-
butyldimethylsilyloxy group, and etc. Based on the simple steric
model, one shall expect increasing exo or endo selectivity with
increasing substituent size in R and Rg, respectively. Therefore,
a series of reactions with the increasing substituent size from
hydrogen, methyl, to t-butyl or phenyl are designed and calcu-
lated for R and Rg.

Computational details

Ground state and transition state (TS) optimizations are per-
formed utilizing density functional theory (DFT) using the
program Gaussian 09 in the scheme of M06-2X hybrid func-
tionals with the 6-311++G(d,p) basis set. Product distributions
at room temperature are calculated using the Arrhenius rate
expression derived from standard transition state theory.***
Solvation corrections are included using the polarizable
continuum model (PCM) method.* The activation strain model
(ASM) are utilized to differentiate and quantize the relative
contributions to the activation barrier. More specifically, the
activation barrier (AEI) are decomposed into a distortion energy
(AEY) and an interaction energy (AE}), ie. AE* = AE% +
AE}*%54 The distortion energy is the energy difference
between the energies of the reactants in the optimized geome-
tries (e.g. E[A] + E[B]) and the same molecules in the transition
state (TS) conformations, but without interactions in between
(e.g. (E[A*] + E[B*]), where A* and B¥ are taken from the TS
complex (AB) ¥ = A* — BY). The interaction energy is the energy
difference between the energies of the reactants in the TS
conformations, summed separately (e.g. E[A*] + E[B*]), and the
energy of the entire TS complex (e.g. E[A* — BY]).

Results and discussions

While most of the previous studies utilize a smaller silyl group,
either TMS or TMSO in the Danishefsky's diene,” a much
bulkier TBSO group was used in the recent study.*® We suspect
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the substantial size difference of the silyl group may lead to the
systematic exo-selective behaviors in Diels-Alder reactions.
Fig. 1 shows the calculated product ratio based on relative
reaction rate constants estimated by the Arrhenius equation.
Our results indicate that all combinations of reactants result in
an endo major product as the C, of diene is substituted with the
smallest TMS group, but uniformly and gradually shift to exo-
selectivity as the size of the silyl group increases, regardless of
the choice of EWG. For most cases, the activation energy of the
endo transition state (TSenqo0) Surpasses that of the exo pathway
when the silyl group exceeds a certain size.

Evidently, a slight modification from TMS to TMSX, or from
TBS to TBSX (X=0 or CH,) could result in a reversed stereo-
selectivity. In addition, in most cases, higher exo-selectivity is
predicted for X=0O than for X=CH,. A recent study by Song
et al. reported high exo selectivity in Diels-Alder reactions
involving dienes functionalized by a large bis(silyl) group at the
C, position.* The two bulky silyl groups result in a strong steric
hindrance at both the top and the bottom sides of the diene to
the EWG group when the dienophile approaches in the endo
orientation. On the contrary, our results indicate that, the effect
of bis-silyl group substitution may as well be achieved by
a single silyl group when a bridging methylene group or oxygen
atom is inserted between the C, of diene and the Si atom as in
TMSX or TBSX, (X=CH, or O) for the Diels-Alder reaction with
a trans substituted dienophile. In this case, the silyl group is
rotated away from the Rg of the dienophile at TSy, significantly
alleviating the steric repulsion between the [Si] of the diene and
the Rg of the dienophile, as shown in Fig. 2.

The critical geometric parameters of the transition states are
analyzed as shown in Fig. S2.1 Between the two newly formed
C-C bonds, d;.p (bond distance between C; of diene and Cg of
dienophile, ~1.9-2.0 A) is significantly longer than d,., (bond
distance between C, of diene and C,, of dienophile, ~2.7-2.9 A),
indicating the typical concerted asynchronous behavior in most
asymmetric Diels-Alder reactions.® As the bridging group X is
inserted, the bond length difference between the shorter d;.
g and the longer d,., further increases, indicating an increased

g. ® EWG=-CHO
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Fig. 1 The calculated product ratio Kexo/Kkendo Of the Diels—Alder
reaction pathways. For TMSX and TBSX, the red and black data points
represent those for X=0 and X=CHy, respectively. Here R = Ph for all
dienes and Rg = Me for all dienophiles.
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Fig. 2 lllustration for the geometry and major interactions for exo and
endo transition states. X represents the bridging O or CH, group
inserted between C, of diene and the Si atom.

asynchronicity. Also note that the d,., is increased much more
when X=O0 than when X=CH,, which may result from the
electrostatic repulsion between the bridging O atom in the
TBSO and the EWG.>*?*38

Many of the previous studies attributed the most destabi-
lizing interaction in the endo pathway to the steric repulsion
between the EWG of the dienophile and the C,-phenyl group of
the diene.”” Surprisingly, we find that a much worse exo-selec-
tivity is presented with the most bulky #-butyl group with respect
to methyl substitution or even unsubstituted R, as shown in
Table 1. As the size of R increases, both the exo and the endo
pathways become more sterically destabilized. In the case when
R = ¢-Bu, the distortion energy of the exo pathway even exceeds
that of the endo (Fig. 3), possibly due to enhanced steric
repulsion between the R and the silyloxyl group as the EWG is
twisted away along the C,-C;-Cp-C, dihedral angle. In the
contrary, a substituent with a small to moderate size, e.g. the
methyl group, in combination with a strongly exo-inducting
EWGat the dienophile, e.g. the ester group, could allow for an
exo/endo ratio as high as 32 (Table 1).

On the other hand, based on a simple spatial arrangement of
the transition state geometries, one may crudely assume that
the substituent on Cg of the dienophile exerts a stronger steric
repulsion with the C,-silyl group of the diene in the exo than in
the endo pathway. Similarly, we computed and compared the
stereoselectivities of a series of reactions by changing Ry from
hydrogen, methyl, to ¢-butyl and phenyl, as shown in Table 2.
Surprisingly, the much bulkier phenyl and the #butyl group

Table 1 The calculated product ratio Kexo/Kendo Of the Diels—Alder
reaction pathways with different R group in the diene
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Fig. 3 The distortion energy (AE4) and the interaction energy (AE;) of
TSexo and TSengo for Diels—Alder reactions with different R and EWG
groups (systems in Table 1). Here Rg = Me for all dienophiles.

exhibits the best exo selectivity among all cases and is against
our original assumption. A careful geometry analysis reveals
that, as the d,_g of the TS naturally increases with increasing size
of Rg, the d,, decreases, indicating an overall decrease of
asynchronicity (Fig. S4t). However, the TS, remains more
asynchronous than TS..q,, especially for the exo-dominating
pathways when Ry = t-butyl or phenyl. Also note that the C,~C;-
Cp-C,, twist angle for the endo TS significantly increases with
increasing size of the Rg, as shown in Fig. S3,1 which in turn
results in an elevated distortion energy (Fig. 4) and a more
destabilized reaction pathway with respect to the exo TS.

The energy decomposition analysis in Fig. 4 also reveals
a much more stabilizing interaction energy for phenyl substi-
tution at the Cg position. In the exo orientation, as the EWG

Table 2 The calculated product ratio Kexo/Kendo Of the Diels—Alder
reaction pathways with different Rg group in the dienophile

TBSO._ TBSO. TBSO.
EWG “EWG EWG
R R R
exo

exdo

TBSO. ~ g, TBSO. Ry TBSO. wRg
N \[ ’ *
EWG “EWG EWG
Ph Ph
exo

Ph
exdo

EWG H Me t-Bu Ph EWG H Me t-Butyl Phenyl
COOCH; 6.12 32.06 0.68 5.57 COOCH; 0.19 4.15 6.02 35.55
CN 5.17 6.38 3.23 4.68 CN 0.53 2.29 7.26 32.98
CHO 0.84 1.13 0.65 1.21 CHO 0.22 1.21 10.73 12.72
COCH;3 1.02 0.78 0.08 0.08 COCH3 0.13 0.78 1.14 5.05
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Fig. 4 The distortion energy (AEy) and the interaction energy (AE;) of
TSexo and TSengo for Diels—Alder reactions with different Rg and EWG
groups (systems in Table 2). Here R = Ph for all dienes.

points away from the diene fragment, the substituent at the
trans-Cp position would point towards the diene fragment.
Therefore, with a good overlap between the m* orbital of the
diene fragment and the m orbital of the trans-Cg substituent,
what is defined as the exo configuration with respect to the EWG
group is endo with respect to the trans-Cg substituent, and may
be stabilized by the secondary orbital stabilization. In other
words, for a dienophile with a w-bearing EWG as well as a 7-
bearing trans-Cg substituent, both endo and exo pathways
involve a secondary orbital interaction between the diene frag-
ment and different parts of the dienophile. In this sense,
neither endo nor exo is predominantly stabilized by an elec-
tronic factor, and the major product is determined by the
magnitude of distortion. In this case, the endo dominance may
be tilted without much effort. We designed and examined the
hypothetical Diels-Alder reaction involving the trans-Cg ethenyl
substituted dienophiles and confirmed a much better exo
selectivity than the similar-sized methyl group regardless of the
EWG substitution, as shown in Table S1 and Fig. S5.f In
particular, the ethenyl substituent needs to be in the s-cis
conformation in order to form good orbital overlap with the
diene fragment, as shown in Fig. S6.7

Conclusion

Based on our investigation on the substituent effect at three
different positions of the dienes and dienophiles, some design
principles for exo-exclusive Diels-Alder reaction may be
summarized as the following:
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(1) A bulkier and more electronegative trialkylsilyloxy group
at the C, of diene provides a higher exo-selectivity.

(2) C, substitution of diene with a moderate size provides
a higher exo-selectivity.

(3) A substitutional group involving m-conjugation at the
trans-Cp of dienophile provides a higher exo-selectivity.

(4) For the choice of EWG, the exo-selectivity follows the
general trend: ester > nitrile > aldehyde > ketone.

The combination of the substitutional groups at different
positions may lead to an accumulative effect. For example,
a combination of [Si] = TBSO, R=Me, Rz = Ph and EWG =
COOMe is computationally expected to reach an exo/endo
product ratio as high as about 200 (Table S2}), implying an
almost exo-exclusive product distribution. Overall, we find that
there is a high potential in achieving exo stereoselectivity for
simple, terminal-substituted dienes and dienophiles in thermal
conditions through a delicate control of substituent identities.
We believe this extensive theoretical investigation could offer
effective guidelines to achieve an accurate maneuver of the
stereochemistry of Diels-Alder reactions.
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